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Podocytes are highly specialized cells that wrap around glomerular capillaries and comprise a key component of
the glomerular filtration barrier. They are uniquely sensitive to insulin; like skeletal muscle and fat cells, they
exhibit insulin-stimulated glucose uptake and express glucose transporters. Podocyte insulin signaling ismediat-
ed by protein kinase G type I (PKGI), and it leads to changes in glomerular permeability to albumin. Here, we in-
vestigated whether large-conductance Ca2+-activated K+ channels (BKCa) were involved in insulin-mediated,
PKGIα-dependent filtration barrier permeability.
Insulin-induced glomerular permeability was measured in glomeruli isolated from Wistar rats. Transepithelial
albumin flux was measured in cultured rat podocyte monolayers. Expression of BKCa subunits was detected by
RT-PCR. BKCa, PKGIα, and upstream protein expression were examined in podocytes with Western blotting
and immunofluorescence. The BKCa–PKGIα interaction was assessed with co-immunoprecipitation.
RT-PCR showed that primary cultured rat podocytes expressedmRNAs that encoded the pore-formingα subunit
and four accessory β subunits of BKCa. The BKCa inhibitor, iberiotoxin (ibTX), abolished insulin-dependent glo-
merular albumin permeability and PKGI-dependent transepithelial albumin flux. Insulin-evoked albumin perme-
ability across podocyte monolayers was also blocked with BKCa siRNA. Moreover, ibTX blocked insulin-induced
disruption of the actin cytoskeleton and changes in the phosphorylation of PKG target proteins,MYPT1 andRhoA.
These results indicated that insulin increased filtration barrier permeability through mobilization of BKCa

channels via PKGI in cultured rat podocytes. This molecular mechanism may explain podocyte injury and
proteinuria in diabetes.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Podocytes are highly specialized cells that wrap around glomerular
capillaries, and they comprise a key component of the glomerular filtra-
tion barrier. Podocyte damage leads to a retraction of the foot processes,
and proteinuria ensues [1].

Podocytes consist of three morphologically and functionally differ-
ent segments: a cell body, major processes, and foot processes. The
podocyte cell body gives rise to primary processes that branch into
foot processes; in turn, the foot processes of neighboring podocytes
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establish a highly branched, interdigitating pattern known as the slit di-
aphragm [1]. The slit diaphragm represents a signaling platform that
regulates podocyte function and includes many proteins, including
nephrin, podocin, Neph1, CD2AP, TRPC6, BKCa, and actin [2–5].

Podocytes express proteins that are characteristic of the smooth
muscle cell contractile system [6,7]. The presence of F-actin, myosin,
and α-actinin in foot processes was proposed to facilitate glomerulus
adaptation to changes in pressure gradients; rearrangements of these
proteins can modify the surface area for filtration. Podocytes also ex-
press receptors for factors that regulate contraction and relaxation;
this suggested that podocyte function may be regulated by vasoactive
hormones and autocrine/paracrine factors [8,9]. Moreover, mechanical
stress induces F-actin reorganization. Podocyte processes become thin
and elongated in response to mechanical stress. The podocyte cell
body size is smaller in stressed compared to unstressed conditions.
Podocytes cultured in vitro exhibit a unique ability to reorganize the
actin cytoskeleton, which depends on Ca2+ influx and Rho kinase.
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This reorganization results in the formation of radial stress fibers con-
nected to an actin-rich center. Thus, podocytes can be regarded as in-
trinsically mechanosensitive cells [8]. In addition, hormonal regulation
of podocytes affects the size-selectivity of the filtration barrier. This reg-
ulation may be similar to that of smooth muscle cells. The size-selective
properties of podocytes are also regulated by cGMP-dependent changes
in proteins, like protein kinase G type I alpha (PKGIα), which may reg-
ulate the cytoskeleton and slit diaphragm.

The PKGIα isoform stimulates myosin light-chain phosphatase
(MLCP) activity by phosphorylating its regulatory subunit, MYPT1, at
Ser 695 and Ser 852 [10,11]. Increased MLCP activity reduces the level
of MLC phosphorylation and causes relaxation [12]. Moreover, PKGIα
opposes the inhibitory effect of RhoA/ROCK onMLCP activity. PKGIα di-
rectly inhibits RhoA by phosphorylation at Ser188 [13], and it directly
phosphorylates large-conductance Ca2+-activated K+ channels (BKCa)
[14].

BKCa channels are a unique class of ion channel; they couple intracel-
lular chemical and electrical signals in podocytes [4,15]. These channels
interact with podocyte proteins that are functionally connected to the
foot process cytoskeleton, including nephrin [15], the nephrin-like pro-
tein, Neph1 [16], synaptopodin [17], and the transient receptor poten-
tial cation channel, TRPC6 [18]. The binding of mechanosensitive
TRPC6 to BKCa channels may allow the activation of BKCa channels by
Ca2+ influx during podocytes stretch [18]. Moreover, an intact actin cy-
toskeleton is required for normal expression of BKCa channels on the
podocyte cell surface [19].

Growing evidence has suggested that insulin plays important roles
in podocyte metabolism and function [20]. We previously demonstrat-
ed that insulin increased the activation of PKGIα subunits, which led
to podocyte dysfunction [21]. We found relationships between PKGIα
activation, oxidative stress, actin reorganization, and changes in the per-
meability of the filtration layer to albumin [22]. Other studies showed
that insulin stimulated the surface expression of BKCa channel
pore-forming subunits (Slo1 proteins) in mouse podocytes. This ex-
pression was accompanied by an increase in BKCa channel activi-
ty [19]. In the present study, we investigated whether BKCa was
involved in insulin-mediated, PKGIα-dependent regulation of filtra-
tion barrier permeability.

2. Materials and methods

2.1. Isolation of renal glomeruli

Rat kidneys were removed and placed in ice-cold PBS, pH 7.4, sup-
plemented with 5.6 mMglucose. Glomeruli were isolated with a gradu-
al sieving technique [23]. Briefly, the renal capsule was removed, and
the cortex was minced with a razor blade to a paste-like consistency.
This was strained through a steel sieve with a pore size of 250 μm. The
material that passed through this sieve was suspended in ice-cold PBS
and then passed through two consecutive steel sieves (120 and 70 μm
pores). The glomeruli retained on top of the 70 μm sieve were washed
off with ice-cold PBS and resuspended in ice-cold PBS buffer. The final
suspension consisted of decapsulated glomeruli devoid of afferent and
efferent arterioles. The tubular contamination was less than 5%,
assessed under the light microscope. The entire procedure was carried
out in an ice bath and it was completed in no more than 1 h.

2.2. Preparation and culture of rat podocytes

All experiments were approved by the local ethics committee (No.
11/2007). Female Wistar rats weighing 100–120 g were anesthetized
with thiopental (70 mg per kg body weight, i.p.). The kidneys were ex-
cised andmincedwith a scalpel, then pressed through a systemof sieves
with decreasing pore diameters (160, 106, and 53 μm). The final mate-
rial comprised glomeruli suspended in RPMI 1640 supplemented with
10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin. The
glomeruli were plated in 75 cm2, type I collagen-coated culture flasks
(Becton Dickinson Labware, Beckton, UK), and maintained at 37 °C in
an atmosphere of 95% air and 5% CO2 for 5–7 days. The outgrowing
podocytes were trypsinized and passed through sieves with 33-mm
pores to remove the remaining glomerular cores. The suspended
podocytes were seeded in culture flasks and cultivated at 37 °C in an at-
mosphere of 95% air and 5% CO2. Experiments were performed with
podocytes thatwere cultivated for 12–20days. Thepodocyte phenotype
and cell viability were determined as described previously with immu-
nocytochemical methods. Cell phenotype was determined with
podocyte-specific antibodies against Wilm's tumor-1 protein, WT-1
(Biotrend Koeln, Germany) and synaptopodin (Progen, Heidelberg,
Germany). Cell viability was determined by detecting lactate dehydro-
genase leakage.

2.3. Western blot analysis

Podocytes were suspended in lysis buffer (1% Nonidet P-40, 20 mM
Tris, 140 mMNaCl, 2 mM EDTA, 10% glycerol) in the presence of a pro-
tease inhibitor cocktail (Sigma-Aldrich), and homogenized at 4 °C by
scraping. The cell homogenates were centrifuged at 9500 × g for
20 min at 4 °C. Supernatant proteins (20 μg) were separated on an
SDS-polyacrylamide gel (10%) and electrotransferred to a nitrocellulose
membrane. The membrane was blocked for 1.5 h with Tris-buffered sa-
line (TBS) (20 mM Tris–HCl, 140 mM NaCl, 0.01% NaN3) containing 3%
non-fat dry milk. Then, membranes were washed with TBS containing
0.1% Tween-20 and 0.1% bovine serum albumin (BSA). Next, mem-
branes were incubated overnight at 4 °C with primary antibodies dilut-
ed in TBS containing 0.05% Tween-20 and 1% BSA. The following
primary antibodies were used: anti-p-RhoA (Ser188) (1:400, Sigma-
Aldrich), anti-RhoA (1:400, Santa Cruz Biotechnology), anti-PKGIα
(1:400, Santa Cruz Biotechnology), anti-MYPT1 (1:400, Santa Cruz Bio-
technology), anti-p-MYPT1 (Ser-695) (1:400, Santa Cruz Biotechnolo-
gy), anti-Slo1 (1:1000, Abcam), anti-MaxiKβ (1:400, Santa Cruz
Biotechnology), and anti-actin (1:3000, Sigma-Aldrich). To detect pri-
mary antibodies bound to proteins on the immunoblot, the membrane
was incubated for 2 h with the appropriate alkaline phosphatase (AP)-
conjugated secondary antibodies (goat anti-rabbit IgG-AP, goat anti-
mouse IgG-AP, or goat anti-rabbit IgG-AP, Santa Cruz Biotechnology).
The protein bands were detected with the colorimetric 5-bromo-4-
chloro-3-indolylphosphate/nitroblue tetrazolium (BCIP/NBT) system.
The band density was measured quantitatively with the Quantity One
program (Bio-Rad). Protein content was measured with the Lowry
method.

2.4. Immunofluorescence

Podocytes were seeded on coverslips coated with type-I collagen
(Becton Dickinson Labware, Beckton, UK) and cultured in RPMI 1640
supplemented with 10% FBS. Then, cells were fixed in PBS containing
2% formaldehyde for 10 min at room temperature. Next, the coverslips
were placed on ice, and the cells were permeabilized by adding 0.3%
Triton-X 100 for 3–4 min, and then, cells were blocked with a PBSB so-
lution (PBS containing 2% FBS, 2% BSA, and 0.2% fish gelatin) for 60min.
After blocking, cells were incubatedwith anti-PKGIα and anti-Slo1 anti-
bodies in PBSB (1:100) at 4 °C for 1 h. Non-specific staining was evalu-
ated by substituting the primary antibodies with PBSB. Next, cells were
washed three times with cold PBS and incubated for 45 min with sec-
ondary anti-mouse antibodies conjugated with Alexa Fluor 488
(1:100) or anti-goat antibodies (1:100) conjugated with Cy3. After
three 5-minwashes, the coverslips were attached to slideswithMowiol
4-88 diluted in glycerol-PBS (1:3 v:v), and the cells were viewed with a
confocal laser scanning microscope (Olympus FluoView FV10i) or with
a fluorescence microscope (Olympus IX51).

F-actin network was labeled and visualized by fluorescence micros-
copy as described by Pubill et al. with minor modifications [24].



Fig. 1.BKCa inhibitionwith iberiotoxin (ibTX) reduced insulin-stimulatedglomerular albu-
min permeability. Glomerular albumin permeability (Palb) wasmeasured in isolated glo-
meruli exposed to an oncotic gradient with or without insulin (INS, 300 nM, 5 min) and
iberiotoxin (ibTX, 20 nM, 20 min). Control glomeruli received the same treatments, but
without an oncotic gradient (5% bovine serum albumin inside and outside). The values
represent the mean ± SEM (n = 12–14 glomeruli from four rats), *P b 0.05 compared
to control.
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Digitized fluorescence images of F-actin network were used to generate
fluorescence intensity profiles (from basal membrane to nucleus) using
the CellSens image software. To normalize the fluorescence intensity
profiles originating from different cells, we expressed the fluorescence
intensity of X-axis pixels in distance of 1 μm as the percentage of the
mean value of the fluorescence intensity for the total X-axis and the
cell membrane was positioned at point 0. Fluorescence values of each
profile were expressed as a percentage of the mean fluorescence value
of the corresponding profile.

2.5. Permeability assay

Transepithelial permeability to albumin was evaluated by measur-
ing the diffusion of FITC-labeled BSA (Sigma) across the podocyte
monolayer, as described by Oshima et al., with minor modifications
[25]. Rat podocytes (1 × 105 cells/cm2) were seeded on type IV
collagen-coated Cell Culture Inserts (3-μm membrane pore size,
0.32 cm2 membrane surface area, BD Biosciences). Inserts were placed
in 24-well plates, and the cells were allowed to differentiate for one
Fig. 2. Identification of BKCa channel subunit mRNA in cultured rat podocytes. (A) RT-PCR re
podocytes. The predicted sizes of the amplicons were 171, 170, 133, 186, and 202 bp for Slo1 a
reverse transcriptase. M, molecular weight ladder.
week. Cells were used for experiments between post-seeding days 7
and 15. Before use in experiments, the podocytes were washed twice
with PBS and medium on both sides of the insert, and the medium
was replaced with serum-free RPMI 1640 medium (SFM). After 2 h,
the medium in the upper compartment was replaced with 0.3 mL
fresh SFM, and that in the lower compartment was replaced with
1.5 mL SFM containing 1 mg/mL FITC-albumin. After 1 h incubation,
200 μL of the solution in the upper chamber was transferred to a 96-
well plate, and the absorbance of the FITC-albumin was determined by
measuring absorbance at 490 nm with a plate spectrophotometer
(BioTek EL808).

2.6. Glomerular permeability to albumin in vitro

The volume response of glomerular capillaries to an oncotic gradient
generated by defined concentrations of albumin was measured as de-
scribed previously [26]. Isolated glomeruli were allowed to fix to glass
coverslips coated with poly-L-lysine (1 mg/mL) and incubated in medi-
um containing 5% BSA, insulin (300 nM, 5 min), and apocynin (100 μM)
for 15min at 37 °C. Afterwards, the insulin and/or apocyninwere wash-
out with 5% BSA medium. The initial incubation medium was replaced
with a medium that contained 1% BSA to produce an oncotic gradient
across the glomerular capillary wall. Control glomeruli were treated
with equivalent volumes of buffer that contained 5% BSA (no oncotic
gradient). The glomerular volume responses were recorded with
videomicroscopy (Olympus microscope IX51) before and 1 min after
the test reagents were added. Glomerular volume (V) was calculated
from the surface area (S) of the glomerulus with the formula: V = 3/
4π (S/π)3/4 with cellSens Dimension software (Olympus). There is a di-
rect relationship between the increase in glomerular volume (ΔV) cal-
culated as (Vfinal − Vinitial)/Vinitial and the oncotic gradient (ΔΠ)
applied across the capillary wall. This principle was used to calculate
the reflection coefficient of albumin (σalb), defined as the ratio of ΔVs
in the presence (experimental) and absence (control) of an oncotic gra-
dient:

σalb ¼ ΔVexperimental=ΔVcontrol:

The reflection coefficient of albumin was used to calculate the
glomerular capillary permeability to albumin (convectional Palb =
1 − σalb), which describes the movement of albumin consequent to
water flow. At least ten glomeruli isolated from three or more rats
were studied in each experiment.

2.7. RNA interference and cell transfection

Small interference RNA (siRNA) that targeted the BKCa beta subunit
(MaxiKβ)mRNA transcript and a nonsilencing siRNA (scrambled siRNA,
negative control) were obtained from Santa Cruz Biotechnology.
sults show expression levels of Slo1 and β1 to β4 subunits, as indicated, in cultured rat
nd β1-4, respectively. (B) Negative control shows PCR products from the mixture without

Image of Fig. 2
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Podocytes were seeded at a density of 9 × 104 cells/well in six-well
plates coated with type-I collagen (Becton Dickinson Labware, Beckton,
UK) and cultured in RPMI 1640 supplemented with 10% FBS. One day
before transfection, the culture medium was removed, and cells were
cultivated in antibiotic-free RPMI 1640 supplemented with 10% FBS.
The siRNA was transfected into cells with a siRNA Transfection Reagent
(Santa Cruz Biotechnology), according to the manufacturer's instruc-
tions. Briefly, MaxiKβ siRNAs or scrambled siRNAs were diluted in
transfection medium (final concentration, 80 nM), mixed with siRNA
Transfection Reagent, and incubated for 30 min at room temperature.
This transfection mixture was added to the transfection medium,
mixed gently, and added to the cells. After 7 h, a growth medium
was added that contained 2-fold higher concentrations of FBS and
Fig. 3. Insulin increases permeability to albumin in cultured rat podocytemonolayers via PKGIα
(H2O2 and 8-Br-cGMP, 100 μM, 5 min), and BKCa inhibitor, iberiotoxin (ibTX, 20 nM, 20 min),
shown as themean± SEM; *P b 0.05 compared to control, **P b 0.05 compared to the appropri
(siRNA) that targeted MaxiKβ subunit transcripts in cultured rat podocytes. Densitometry was
actin. Controlswere transfectedwith a scrambled siRNA. Values are themeans±SEM (n=4). *
transfected podocytes show MaxiKβ and actin expression. (C) The effects of downregulating M
means ± SEM of four independent experiments. *P b 0.05 compared to control.
antibiotics. Then, the cells were incubated for an additional 24 h. After
transfection, gene silencingwasmonitored at the protein level byWest-
ern blotting.

2.8. Preparation of the membrane and cytosolic fractions

Podocytes were washed twice with ice-cold PBS and homogenized
in a lysis buffer (30 mM Tris, pH 7.5, 10 mM EGTA, 5 mM EDTA, 1 mM
DTT, 250 mM sucrose) in the presence of a protease inhibitor cocktail
(Sigma-Aldrich). The lysates were centrifuged at 9500 ×g for 10 min
at 4 °C, and the supernatant was ultracentrifuged at 60,000 ×g for
30 min at 4 °C. Afterwards, the supernatant was used as the cytosolic
fraction and the pellet was resuspended in lysis buffer (without
-dependent BKCa activation. (A) The effects of insulin (INS, 300 nM, 5min), PKG activators
on albumin permeability across a podocyte monolayer. Results from four experiments are
ate control with insulin or PKG activators. (B, upper panel) Effects of small-interfering RNA
performed to evaluate the expression of MaxiKβ protein, normalized to the expression of
Pb 0.05 vs. other groups. (Lower panel) Representative immunoblots of homogenates from
axiKβ on podocyte albumin permeability in the presence of insulin. Values represent the

Image of Fig. 3
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sucrose) and solubilized with 1% Triton X-100 for use as the membrane
fraction. The expression of the Slo1 subunit protein in membrane and
cytosolic fractions was examined by Western blot analysis.

2.9. Real-time PCR analysis

Total RNA was isolated from cultured podocytes by adding the TRI
Reagent (Sigma-Aldrich) and performing chloroform/isopropanol ex-
traction. The quantity of isolated RNAwas determined with spectrome-
try (NanoDrop 2000 UV–Vis, Thermo Scientific). The RNA was
considered pure when the A260/A280 ratio was 1.8 to 2.2. Next, the
Fig. 4. Insulin increases phosphorylation of the myosin-binding subunit of myosin phosphatas
pendent BKCa activation. Cells were stimulatedwith insulin (INS, 300 nM, 5min) or PKG activat
iberiotoxin (ibTX, 20 nM, 20min pre-incubation). Proteins (20 μg) were separated by SDS-PAG
phospho-RhoA (Ser 188) antibodies, and visualizedwith an alkaline phosphatase-dependent rea
are reported as the ratios of band intensities (A) for p-MYPT1 (Ser 695) to MYPT1 and (B) for p
iments. ∗P b 0.05 compared to untreated cells. (C, D) The effects of downregulating MaxiKβ o
shown represent the means ± SEM of four independent experiments. *P b 0.05 compared to c
RNA solution was treated with deoxyribonuclease I (DNase I) (Sigma-
Aldrich) to eliminate possible contaminating DNA.

Reverse transcription was performed with 700 ng of RNA (DNAse
treated) and 100 U of M-MLV Reverse Transcriptase (Promega) in a
mixture of M-MLV Reaction Buffer, 0.2 mM dNTPs, 10 mM DTT,
0.25 μg Primer p(dT)15 (Roche), and 8 U of RNAse Inhibitor (EURx). Re-
verse transcriptionwas allowed to proceed for 1 h at 42 °C, and then, the
reaction was heated for 5 min at 95 °C.

Real-time PCR was performed with a Roche LightCycler® 480 sys-
tem to evaluate the mRNA expression of the alpha pore-forming gene,
Kcnmα1, and the four genes that encode components of the BKCa beta
e I (MYPT1) and phosphorylation of RhoA kinase in cultured rat podocytes via PKGIα-de-
ors (H2O2 and 8-Br-cGMP, 100 μM, 5min) in the presence or absence of the BKCa inhibitor,
E, immunoblotted with anti-MYPT1, anti-phospho-MYPT1 (Ser 695), anti-RhoA, and anti-
ction.Densitometric quantification of the corresponding bandswas performed, and values
-RhoA to RhoA. The values shown represent the mean ± SEM of four independent exper-
n (C) MYPT1 and (D) RhoA kinase phosphorylation in the presence of insulin. The values
ontrol.

Image of Fig. 4
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subunit, Kcnmβ1, Kcnmβ2, Kcnmβ3, and Kcnmβ4. The total reaction
mix (final volume 20 μL) contained ~70 ng of cDNA, 1× LightCycler®
FastStart DNA Master SYBR Green I (Roche), 4 mM MgCl2, and 0.5 μM
each of sense and antisense intron-spanning primers. The PCR condi-
tions were: pre-incubation 10 min at 95 °C, then 35 cycles of: denatur-
ation for 10 s at 95 °C, annealing for 5 s at 60–62 °C, and elongation for
18 s at 72 °C. The primer sequences were: 5′-GCC AGG CAG ATG GTA
CTC TCAA-3′ (forward), 5′-CAA GGG CAC CAA TGC TGAGA-3′ (reverse)
for Kcnmα1; 5′-ACC ACT GTG CTG CCC CTC TA-3′ (forward), 5′-ATA
CAG CAT GGC CCA TCT GC-3′ (reverse) for Kcnmβ1; 5′-CGC TCG TAC
ATG CAG AGT GT-3′ (forward), 5′-GCA GGC AAG GGT ACT GAG AG-3′
(reverse) for Kcnmβ2; 5′-CTT CCA TCG AGC GCT GGT GA-3′ (forward),
5′-GCA AAG TCC AGC CAA TCA TCT GC-3′ (reverse) for Kcnmβ3; and
5′-ATG GCG AAG CTC AGG GTG TC-3′ (forward), 5′-ACT CGA ACA CCT
CGC CGA TC-3′ (reverse) for Kcnmβ4. The PCR products were verified
on melting curve plots and in 2.5% agarose gels stained with ethidium
bromide.
2.10. Immunoprecipitation

Cell extractswere pre-clearedwithmouse IgG plus Protein A/G-PLUS
Agarose at 4 °C for 1 h. Then, extracts were incubated with a prima-
ry antibody plus Protein A/G-PLUS Agarose at 4 °C overnight. The
agarose beads were washed gently once with lysis buffer. Proteins
were eluted from the beads by adding SDS loading buffer. Then, the
mixture was boiled for 5 min and subjected to Western blot
analysis.
Fig. 5. Insulin remodels the actin cytoskeleton of podocytes via PKGIα-dependent activation o
(300 nM, 5 min), PKG activators (H2O2 and 8-Br-cGMP, 100 μM, 5 min), and the BKCa inhibito
phalloidin and visualized with fluorescencemicroscopy. (Upper panel) The fluorescence intens
were used to generate fluorescence intensity profiles (from the basalmembrane to the nucleus)
panel) Representative images.
2.11. Statistical analysis

Statistical analyseswere performedwith one-wayANOVAs followed
by the Student–Newman–Keuls test to determine significance. Values
are reported as the mean ± SEM. Significance was set at P b 0.05.
3. Results

3.1. Iberiotoxin reduces insulin-stimulated glomerular albumin permeabil-
ity in Wistar rats

In the presence of 300 nM insulin, significant increases were ob-
served in the albumin permeability (Palb) of isolated glomeruli
(0.466± 0.03, n=12 vs. control 0.11±0.03, n=12; P b 0.001), within
5min of incubation (Fig. 1). This effectwas prevented by the BKCa inhib-
itor, iberiotoxin (20 nM, 20 min preincubation); inhibition resulted in a
Palb of 0.15 ± 0.02 (n = 12).
3.2. Cultured rat podocytes express mRNA for the Ca2+-activated K+

channel

We performed RT-PCR with total RNA extracted from primary cul-
tured rat podocytes to evaluate mRNA expression of the pore forming
α subunit (Slo1) and four accessory beta subunits of BKCa (Fig. 2A)
PCR reactions without reverse transcriptase showed no amplification
product; this excluded amplification of contaminating DNA (Fig. 2B).
f the BKCa channel. Rat podocytes were grown on coverslips, then incubated with insulin
r, iberiotoxin (ibTX, 20 nM, 20 min). The F-actin network was labeled with isothiocyanate
ity profile of the F-actin network. The digitized fluorescence images of the F-actin network
with CellSens imaging software. The values represent themean± SEM (n=6–8). (Lower

Image of Fig. 5


1605A. Piwkowska et al. / Biochimica et Biophysica Acta 1852 (2015) 1599–1609
3.3. Insulin increases podocyte permeability to albumin via PKGIα-
dependent BKCa mobilization

Fig. 3A shows that insulin significantly increased the permeability of
a podocyte monolayer by about 81% (from 52.87± 3.1 to 95.86± 7.39,
n = 4). The PKGIα activators, hydrogen peroxide and 8-Br-cGMP (both
100 μM, 5 min) also increased podocyte permeability to albumin by
about 134% and 112%, respectively. This effect was prevented by
preincubations with the BKCa inhibitor, iberiotoxin (20 nM, 20 min).
We further investigated the role of the BKCa channel in insulin-
stimulated permeability to albumin by knocking-down BKCa beta sub-
unit expression with small-interfering RNAs (siRNAs). We found a sig-
nificant reduction in MaxiKβ protein expression in podocytes
transfected with MaxiKβ siRNA compared to cells transfected with
scrambled siRNA (44.3% decrease compared to control, P b 0.05,
Fig. 3B). Non-silencing siRNA (scrambled control) had no effect on
MaxiKβ expression in control cells. Downregulation of MaxiKβ
abolished the insulin-evoked increase in albumin permeation across
the podocyte monolayer (Fig. 3C).

3.4. Insulin-induced phosphorylation of MYPT1 and RhoA kinase leads to
actin reorganization through PKGIα-dependent BKCa activation in cultured
rat podocytes

The PKGIα isoform induces phosphorylation ofMYPT1 at serine 695,
which activatesMLCP, and leads to a reduction inMLC phosphorylation.
PKGIα also induces phosphorylation of RhoA at serine 188, which leads
to a reduction of RhoA kinase activity. We hypothesized that insulin
could induce changes in MYPT1 and RhoA phosphorylation by activat-
ing PKGIα, and that this signaling pathway required BKCa activation.
Fig. 6. Insulin and PKG activators remodel the actin cytoskeleton of podocytes. Rat podocyteswe
and 8-Br-cGMP, 100 μM, 5min). F-actin networkwas labeled using isothiocyanate phalloidin, fo
jugated secondary antibody, nuclear counterstaining revealed with DAPI.
To test this hypothesis, podocytes were incubated with insulin
(300 nM, 5 min) and PKGI activators (8-Br-cGMP and H2O2, 100 μM,
5 min) in the presence or absence of the BKCa inhibitor, iberiotoxin
(20 nM, 20 min). The cells were then lysed and the proteins analyzed
by immunoblotting with anti-MYPT1, anti-p-MYPT1 (Ser 695), anti-
RhoA, or anti-p-RhoA (Ser 188) antibodies. Insulin treatment increased
the basal level of phosphorylated MYPT1 by 123% (from 0.32 ± 0.02 to
0.72± 0.11; P b 0.05, Fig. 4A) and increased the basal level of phosphor-
ylated RhoA by 107% (from 0.14± 0.02 to 0.28± 0.04, P b 0.05, Fig. 4B).
Both PKGI activators also increased phosphorylation of MYPT1 and
RhoA in podocytes (Fig. 4A, B). The effects of insulin and the PKGI acti-
vators were abolished by preincubating cells with the BKCa inhibitor
(Fig. 4A, B, n = 4, P b 0.05).

Downregulation of MaxiKβwith small-interfering RNA (siRNA) also
abolished the insulin-dependent increase in MYPT1 (Fig. 4C) and RhoA
(Fig. 4D) phosphorylation.

The quantitative analysis confirmed that insulin and PKGIα activa-
tors directly increased F-actin immunostaining in the vicinity of the
plasma membrane, but had little effect on intracellular F-actin staining
(Figs. 5,6). The effects of insulin and the PKGI activators on the F-actin
network were abolished by preincubating with the BKCa inhibitor
(Fig. 5). These results suggested that insulin may regulate the contrac-
tion apparatus in podocytes via PKGIα-dependent BKCa channel
activation.

3.5. The role of insulin in PKGIα interactions with the Slo1 subunit of the
BKCa channel

Here, we addressed whether PKGIα could associate with the BKCa

channel in rat cultured podocytes, and the role of insulin in this
re grownon coverslips, then incubatedwith insulin (300 nM, 5min), PKGactivators (H2O2
cal contacts were revealed using anti-vinculinmonoclonal antibody and an Alexa488-con-

Image of Fig. 6


Fig. 7. PKGIα binds to large-conductance Ca2+-activatedK+ channel subunits. (A) Immunoblot shows that PKGIαwas associatedwith the immunoprecipitated Slo1-subunit of BKCa in rat
podocyte extracts. The input lane indicates a sample of the original cell lysate (before immunoprecipitation) from podocytes. (B) Immunoblot shows that the Slo1-subunit of BKCa was
associated with the immunoprecipitated PKGIα in rat podocyte extracts. (C) Insulin increased the amount of Slo1 that was co-immunoprecipitated with PKGIα. Values represent the
mean ± SEM (n = 4). *P b 0.05 compared to control; no ab: no antibody (negative control).

Fig. 8. Effect of PKGIα signaling on the expression and translocation of the Slo1 subunit.
(A) Western blot analysis of cytosolic and membrane fractions. Values are the means ±
SEM (n=4). *P b 0.05 vs. control. (B) Representative immunoblots for cytosolic andmem-
brane fractions.
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interaction.When podocyte extractsweremixedwith amonoclonal an-
tibody against the pore-forming subunit of BKCa, Slo1, PKGIα was de-
tected in the immunoprecipitates (Fig. 7A). In the reciprocal
procedure, where PKGIα was immunoprecipitated, the same interac-
tionwas observed (Fig. 7B). Moreover, the interactionwas not observed
in either directionwhen the immunoprecipitationwas carried outwith-
out an antibody orwhen the antibodywas preabsorbedwith the appro-
priate antigen. The amount of Slo1 subunit that coprecipitated with
PKGIα increased in the presence of insulin by about 61.4% (from
3.08 ± 0.17 to 4.97 ± 0.31, n = 4, P b 0.05).

3.6. PKGI signaling affected insulin-dependent expression and membrane
translocation of the Slo1 subunit of BKCa channels

Next, we investigated the translocation of the Slo1 subunit to the
membrane in the presence of insulin (300 nM, 5 min) and/or the PKGI
inhibitor, Rp-8-cGMPS (100 μM, 20min). Fig. 8 shows that insulinmark-
edly enhanced the Slo1 subunit content in the membrane fraction, by
about 132% (P b 0.05). Concomitantly, Slo 1 content decreased in the cy-
tosolic fraction, by about 30% (P b 0.05). These effects were abolished by
pre-incubating podocytes with the PKGI inhibitor.

Immunofluorescence experiments showed that insulin and PKG ac-
tivators (hydrogen peroxide and 8-Br-cGMP) caused substantial chang-
es in the subcellular localization of the Slo1 subunit in cultured rat
podocytes (Fig. 9). With insulin and PKG activators the intensity of
Slo1 immunostaining increased close to the cell surface. Thus, insulin
stimulation was associated with the translocation of the Slo1 subunit
of the BKCa channel to the cell membrane via a PKGI-dependent
mechanism.

4. Discussion

This study revealed a novelmechanism for insulin-mediated regula-
tion of filtration barrier permeability via PKGI activation of BKCa

Image of Fig. 7
Image of Fig. 8


Fig. 9. Activation of PKGIα signaling pathways induced changes in subcellular distributions of PKGIα and the Slo1 subunit of the BKCa channel. Rat podocytes seeded onto coverslipswere
incubated for 5 min in the absence or presence of 300 nM insulin, 100 μM H2O2, or 100 μM 8-Br-cGMP. Cells were then immunostained with anti-PKGIα and anti-Slo1 antibodies, as
indicated.
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channels in cultured rat podocytes. First, exogenous insulin induced an
increase in albumin permeability and actin cytoskeleton reorganization,
and both were dependent on BKCa channel activation via PKGI. Second,
insulin regulated the PKGIα interaction with the Slo1 subunit of the
BKCa channel; in addition, insulin regulated Slo1 expression on the cell
surface via PKGI-dependent signaling in rat cultured podocytes.

Podocytes play an important role in determining the glomerular fil-
tration rate (GFR) and in blocking the filtration of proteins [4]. More-
over, these cells have contractile activity, and they can respond to
changes in glomerular capillary pressure [27]. A consistent finding was
that insulin increased the GFR in insulin-sensitive subjects. This oc-
curred through local renal vasodilation, which was mediated by a
prostaglandin-dependent pathway [28] and regulated by endothelial
NO synthase [29]. Interestingly, a number of groups have shown
that insulin increased the GFR in subjects with normal insulin sensi-
tivity, but this response was lost in insulin-resistant subjects [30,
31]. However, to date, the mechanism underlying this action has
remained unknown.

In the present study,we assessedwhether insulin-dependent effects
on glomerular permeability to albumin were influenced by BKCa inhibi-
tion.Weused an ex vivo systemof isolated glomeruli, because it allowed
detection of rapid, subtle changes in albumin permeability without the
influence of hemodynamics (changes in GFR) or circulating factors
(cytokines). Recently, we demonstrated that insulin increased albumin
permeability in glomeruli isolated fromWistar rats by activating PKGIα
[21]. The present study demonstrated that inhibition of BKCa channels
abolished that effect. We also found that the insulin effect on albumin
permeability was evident in a cultured rat podocyte monolayer, and
this effect was also dependent on BKCa channel mobilization. Other au-
thors previously demonstrated that the C-terminus of the human BKCa

channel α-subunit enhanced the permeability of brain endothelial
cells by interacting with caveolin-1 [32]. Moreover, we showed that
podocyte permeability changed with PKGIα activators (8-Br-cGMP
andhydrogenperoxide), and this effectwas inhibitedwith aBKCa channel
inhibitor or after knocking-down BKCa channel expression with siRNA.
These results suggested that insulin increased albumin permeability
across the podocyte filtration barrier through PKGIα-dependent, BKCa

channel activation.
In this study, we also showed that insulin regulated the contraction

apparatus in podocytes via the PKGIα-dependent, BKCa channel activa-
tion pathway. Previous studies have shown that PKGI mediated relaxa-
tion by acting on constriction apparatus proteins. MLCK increased cell
constriction by phosphorylating MLC at Ser-19; conversely, relaxation
was observed when MLCP was activated. PKGIα interacted directly
withMYPT1 (which regulatesMLCP) and that interaction led to reduced
phosphorylation of MLC [10,33]. Recently, we also demonstrated that

Image of Fig. 9


1608 A. Piwkowska et al. / Biochimica et Biophysica Acta 1852 (2015) 1599–1609
insulin may induce changes in MYPT1 and MLC phosphorylation by ac-
tivating PKGIα [21].

Actin organization is regulated through the Rho kinase pathways
[34]. One previous study showed that inhibition of Rho kinase led to
time-dependent increases in flux through the podocyte barrier [35].
Those authors suggested that regulation of the actin cytoskeleton by
Rho was critical for podocyte structure and permeability. Interestingly,
PKGIα had an inhibitory effect on Rho kinase activity [13]. In this
study, we showed that insulin-mediated activation of PKGIα caused
an increase in the phosphorylation of RhoA kinase at position Ser188.
These effects were abolished in the presence of a BKCa channel inhibitor
or after knocking-downBKCa channel expressionwith siRNA.Wehypoth-
esized that insulin-induced changes in the contraction apparatus would
require the activation of the BKCa channel in rat cultured podocytes.
Other authors have shown that BKCa channel activity was reduced in
microvascular smooth muscle cells isolated from insulin-resistant rats,
which could impair vascular relaxation [36]. Collectively, these results re-
vealed the critical importance of podocyte insulin sensitivity for kidney
function.

We also showed that PKGIα played a role in regulating the surface
expression of the Slo1 subunit of BKCa channels in podocytes. We
showed that insulin markedly enhanced the Slo1 subunit content in
the membrane fraction and concomitantly decreased the Slo1 content
in the cytosolic fraction. Pre-incubating podocytes with a PKGI inhibitor
abolished this effect. This studywas the first to demonstrate that PKGIα
could interact with the Slo1 protein in rat cultured podocytes. More-
over, the amounts of Slo1 subunit that coprecipitated with PKGIα in-
creased in the presence of insulin. Other authors have also shown that
insulin stimulated the expression of the Slo1 subunit of BKCa channels
in mouse podocyte plasma membranes. Insulin can also modulate
BKCa channel activity by activating the Erk/MAP kinase and PI3K/Akt
signaling cascades [19]. It has been shown that nephrin can interact
with the Slo1 and β4 subunits of BKCa channels, and that nephrin and
actin dynamics are necessary for the normal expression of functional
BKCa channels on the podocyte cell surface [15,17]. Insulin also stimulat-
ed BKCa channel activity in mesangial cells through a MAPK-dependent
pathway; this pathway may also entail increased expression on the cell
surface [37].

In summary, this study showed that insulin rapidly and directly
stimulated signaling in the podocyte in the glomerulus. This signal
could dynamically remodel the actin cytoskeleton of the podocyte to in-
crease glomerular barrier permeability. We also showed that BKCa

played a critically important role in this process. This molecular mecha-
nism might explain podocyte injury and proteinuria in diabetes.
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