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Abstract

Renal podocyte survival depends upon the dynamic regulation of a complex cell architecture that
links glomerular basement membrane to integrins, ion channels and receptors. Alport syndrome is
a heritable chronic kidney disease where mutations in a3, a4 or o5 collagen genes promote
podocyte death. In rodent models of renal failure, activation of the calcium sensing receptor
(CaSR) can protect podocytes from stress related death. In this study we assess CaSR function in
podocyte-like cells from induced-pluripotent stem cells derived from two patients with Alport
Syndrome (AS1 & AS2), a renal disease free individual (NHMC) and an immortalized podocyte-
like (HIP) cell line. Extracellular calcium elicited concentration-dependent elevations of
intracellular calcium in all podocyte-like cells. NHMC and HIP, but not AS1 or AS2 podocyte-
like cells also showed acute reductions in intracellular calcium prior to elevation. In NHMC
podocyte-like cells this acute reduction was blocked by the large conductance potassium channel
(KCNMAL) inhibitors iberiotoxin (10nM) and tetraethylammonium (5 mM), as well as the focal
adhesion kinase inhibitor PF562271 (10nM). Quantitative PCR and immunolabelling showed the
presence of KCNMAL1 transcript and protein in all podocyte-like cells tested. Cultivation of AS1
podocytes on decellularized plates of NHMC podocyte-like cells partially restored acute
reductions in intracellular calcium in response to extracellular calcium. We conclude that the AS
patient-derived podocyte-like cells used in this study show dysfunctional integrin signalling and

potassium channel function which may contribute to podocyte death seen in Alport syndrome.
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Introduction:

Podocytes regulate renal filtration through slit diaphragms; modified adherens junctions that span
the 30-50nm wide gaps between foot processes, with a zipper-like pattern of transmembrane
proteins, including nephrin and fatty acid transporter tumor suppressor homologue, and P-cadherin
(Reiser et al., 2000). At the cytoplasmic surface, the slit diaphragm contains dense regions of
Triton-X resistant material(Mundel and Kriz, 1995), which acts as a signalling hub for downstream
regulators of integrin activity, such as focal adhesion kinase(Blattner and Kretzler, 2005), as well
as ion channels and G-protein coupled receptors(Greka and Mundel, 2012).

Chronic kidney disease may arise secondary to other diseases, such as diabetes or, less commonly
through mutations of genes essential for normal kidney function; such as a-actinin-4(Obeidova et
al., 2006) or collagen IV(Feingold et al., 1985). Alport Syndrome (AS) is a genetic condition
associated with progressive loss of kidney function as well as hearing loss and eye abnormalities.
Individuals with AS have mutations in the COL4A3, COL4A4 or COL4AG5 collagen genes, resulting
in the absence of a3a4a5 collagen chains in the glomerular basement membrane. Ultimately AS
results in proteinuria and renal failure(Feingold et al., 1985; Barker et al., 1990; Mochizuki et al.,
1994; Hudson et al., 2003; Cosgrove, 2011). Although the mechanisms underlying renal failure
are unclear, evidence suggests that the translation of mutant COL4A5 mRNA results in a protein
that is unable to interact with heat shock protein 47, an endoplasmic reticulum protein that
regulates appropriate protein folding(lshida and Nagata, 2011). This is thought to lead to
incorrectly folded protein accumulation in the endoplasmic reticulum and induction of the
unfolded protein response(Pieri et al., 2014).

Although treatments for AS commonly rely on inhibition of effects of angiotensin Il to promote

podocyte survival, the activation of another G-protein coupled receptor, the calcium sensing
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receptor (CaSR) has profound podocyte cytoskeleton-stabilizing and pro-survival effects (Oh et
al., 2011).

The paucity of treatments for chronic kidney diseases such as AS is, we believe, partly due to a
lack of robust, in vitro model systems to study podocyte function in health and disease. Current
model systems such as primary cultures of human podocytes only replicate for a short time and
cannot be maintained over long periods (Shankland et al., 2007). Alternatively, immortalizing
podocytes has enabled the production of large numbers of podocyte-like cells, however, the
process of immortalization reduces their suitability for toxicological screening applications and
may introduce changes in phenotype that are not immediately obvious. Recently, we have used
induced pluripotent stem (iPS) cells, derived from normal human mesangial cells (NHMC) to
generate podocyte-like cells that express the morphological and genetic characteristics of human
podocytes (Song et al., 2011; Song et al., 2012). The current study extends this work to produce
two new AS patient-derived iPS cell lines (AS1 and AS2). Given the contributions of the CaSR
(Ogata et al., 2003; Oh et al., 2011) and angiotensin Il (Liebau et al., 2006) receptor subtypes to
podocyte function and survival, we now use activators of these receptor signalling systems to
compare the functional activities of AS and NHMC podocyte-like cells against commonly used
human immortalized podocyte-like (HIP) cells(Saleem et al., 2002). We show that AS patient-
derived podocyte-like cells show a distinct pattern of response to the addition of activators of the
CaSR. In NHMC and HIP, but not AS podocyte-like cells, extracellular calcium-dependent
elevations of intracellular calcium are preceded by acute reductions in intracellular calcium. The
large conductance calcium activated potassium (KCNMAL) channel opener, NS1619(Olesen et
al., 1994), similarly reduced resting calcium in HIPs and NHMC, but not AS podocyte-like cells.

In contrast to functional analysis, KCNMAL channel mRNA and immunolabelled protein were
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equally evident in both AS and NHMC podocyte-like cells. Replating AS1 podocytes onto
decellularized NHMC podocyte-like cell plates partially restored the acute reductions in
intracellular calcium. We conclude that the two AS patient-derived podocyte-like cell lines
generated herein show a loss of large KCNMAU1 channel activity, and speculate that the loss of

function of these channels is due to inappropriate collagen-integrin interactions.

Methods

Derivation of iPS cells from AS patients

These studies have been carried out in accordance with the Declaration of Helsinki and approved
by the Northern Health Human Research Ethics Committee. Fibroblasts from unrelated male
patients with X-linked AS due to COL4A5 missense mutations (p.G908R (AS1) or p.G624D
(AS2)) were collected via biopsy. AS1 male mutation phenotype was severe, with early onset renal
failure at age 14 years as well as hearing loss, lenticonus and central fleck retinopathy. AS2 male
had renal failure onset at age 54 years, with hearing loss, no lenticonus but had central retinopathy
(a much milder clinical phenotype). After skin biopsy, patient fibroblasts were cultivated in
Dulbecco’s Modified Eagle medium (DMEM, Invitrogen, Australia) with 10% fetal bovine serum
(FBS; Invitrogen), 1% penicillin/streptomycin (Invitrogen) and 1% L-glutamine (Invitrogen) at 37
°C prior to reprogramming. Figure 1 panel (A) shows typical immunolabelling for fibroblast
desmin. Skin biopsy derived dermal fibroblasts were plated in a 12 well plate (Falcon, USA) at a
range of densities including 12,500, 25,000, 50,000 and 100,000 cells/well in duplicate. The plate
was incubated for 2 days at 37°C, 5% CO,. At 80% confluence, one well was selected to reprogram
based on viable appearance and cell density, the directions of CytoTuneTM-iPS 2.0 Sendali

Reprogramming Kit (Thermo Fisher Scientific, USA) were applied to reprogram and resultant
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cells were plated on a 1 million cell mouse embryonic fibroblast (MEF) feeder layer. Once colony
formation was observed at 2-3 weeks post induction colonies were mechanically passaged using a
26 gauge needle onto new MEF layer. After reprogramming iPS cultures were maintained on a
MEF feeder layer in ES media (DMEM/F12 media, GLUTAMAX, Knockout Serum Replacement,
Non-essential Amino Acid (Gibco, USA) and 10ng/ul basic fibroblast growth factor (Merck
Millipore, USA). Media was changed once daily for optimal cell growth/survival (Figure 1 panel
(B) shows colonies expressing alkaline phosphatase activity). At this stage the colonies displayed
a normal karyotype (Figure 1, panel C).

Differentiation of iPS cells to podocyte progenitors

iPS colonies were cut into small pieces and the cells transferred into MEF-coated organ culture
dishes for 7 days prior to characterization studies. To initiate differentiation, iPS cell colonies were
mechanically cut into pieces and cultured in geltrex (Life Technologies, Australia)-coated plates
containing DMEM/F12 (Sigma-Aldrich, Australia) supplemented with 2.5% FBS, 1% NEAA,
100 uM B-mercaptoethanol, with 10 ng/ml activin A, 15 ng/ml BMP7 and 0.1 uM retinoic acid
(all. Life Technologies). Figure 1, panel D, shows an overview of the podocyte differentiation
protocol. To assess differentiation capacity, undifferentiated iPS cells were transplanted under the
kidney capsule of immune-incompetent mice for 3 months where they formed cyst like structures
(Figure 1, panel E). Within the cyst-like structures H&E staining showed the formation of crude
glomerulus-like structures (Figure 1, panels F and G). For differentiation, cells were re-plated at
day four and permitted a further six days of directed differentiation, the iPS-derived podocytes
were grown for a further 10 days in DMEM/F12 without the activin A, BMP7 and retinoic acid,
and were able to maintain their morphology and functional characteristics(Song et al., 2012). By

day 10, colonies demonstrated a characteristic “cobblestone” morphology (Figure 1, panel H). By
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day 20 podocyte-like cells exhibit the characteristic morphology of 2D cultured podocytes, ie large
cells with intracytoplasmic extensions (Kabgani et al., 2012). Our previous studies have shown
that this differentiation protocol markedly increases transcript and or protein levels for podocin,
synaptopodin, WT-1, Pax2 and WT1 and nephrin at comparable levels to primary human
podocytes (Song et al., 2012). Furthermore podocytes differentiated using this protocol were able
to successfully integrate into developing kidney (Song et al., 2012). The key aspect of this previous
work is that immunolabelling showed that large cells with intracytoplasmic extensions were
immunoreactive for podocin, synaptopodin and WT-1; see figure 2 and figure 9 as exemplars of
the morphologically distinct cell types that we select for imaging studies. Within the limitations of
immunolabelling studies we report no observable differences in podocyte-specific
immunolabelling between AS1, AS2 and NHMC podocytes (not shown). At no stage did we see
evidence that any of these differentiated podocyte-like cells were immunoreactive for the

fibroblast marker desmin.

For functional studies, podocyte-like cells were seeded onto either 6 well plates for g°PCR or onto
glass bottomed 35 mm dishes (MatTek®, USA) for calcium imaging and used at days 20-25 of
differentiation (Figure 1, panel I).

Cell culture of immortalized podocytes

Human, SV40-T transformed podocytes (Saleem et al., 2002) (HIPs) were routinely cultured at
33°C in RPMI 1640 medium with penicillin/streptomycin, insulin, transferrin, selenite and 10%
fetal calf serum. Following splitting, these cells were incubated in the presence of 2% fetal calf
serum at 37 °C for two weeks to reduce proliferation and promote differentiation prior to use.

Calcium Imaging
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Calcium imaging studies were undertaken using a modification of a previously published
protocol (Watmuff et al., 2015). Briefly, podocyte-like cells were loaded with FURA-2AM or
Fluo4-AM (10uM, Molecular Probes, USA) for 30 min at 37°C. All experiments were performed
in buffer (of composition, in mm, NaCl 145; MgSOs 1; KCI 5; glucose 10; HEPES 10)
containing 0.1% BSA (w/v), pH 7.4. Depending upon the experimental protocol, the buffer
contained 0, 0.2 or 2 mM or 0, 0.02, 0.2, 2 and 20 mM calcium chloride. A heated stage kept
cells at 37°C while they were viewed with a Nikon Eclipse TE2000E microscope (Nikon, Japan)
at 10x magnification. Within each field of view, 5—10 podocyte-like cells were chosen and
analysis regions drawn within each cell.

For FURA-2 imaging, cells were illuminated alternately with 340/26 and 387/11nm light for
500ms in a 1.5s cycle. Emission was captured at 520/20 nm using a SPOT-RT camera
(Diagnostic Instruments, USA) controlled by MetaFluor imaging software (v6.1r5, Universal
Imaging Company, USA). Background emission values from excitation wavelengths (measured
in a cell-free region) were subtracted from each image. The resultant emission values were
expressed as an emission ratio (340:380 nm). All podocyte-like cells were allowed a 15-20
minute equilibration period prior to agonist addition.

Cumulative concentration-response curves and vehicle (buffer) responses were generated by the
addition of calcium (CacCly, 0.2-20 mM in calcium free buffer) or angiotensin 1l (0.3-300nM in 2
mM CaCl; buffer). For gadolinium and spermidine cumulative concentration-response curves,
podocyte-like cells were incubated in buffer containing 0.2 mM calcium throughout
experimentation. Concentrations of vehicle (either buffer or 0.01% final concentration DMSO)
were added to culture wells for 1-3 minutes before the addition of ligand. In some experiments,

iberiotoxin (100nM (Cook et al., 2002)), tetraethylammonium (TEA, 5 mM(Lang et al., 2004)),
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the focal adhesion kinase (FAK) inhibitor (PF562271 10nM, approximately 7 times its I1Cso for
FAK and 0.7 times its IC50 for Pyk2(Roberts et al., 2008)), or vehicle (0.01% DMSQO) were
added to cultures 10-15 minutes prior to the addition of calcium chloride.

The KCNMAZ1 channel opener, NS1619(Olesen et al., 1994) (1-10uM), was added cumulatively
at 10min intervals.

To calculate ligand-induced elevations of [Ca*]i, peak responses were expressed as a fraction of
the average (340:380) emission ratio over the 25s period prior to the first addition of ligand or
vehicle. To calculate ligand-induced reductions in [Ca®'];, the post-ligand minimum response
was expressed as a fraction of the average (340:380) emission ratio over the 25s period
immediately before each addition of ligand.

Cellular (nM) calcium was calculated according to the method described by (Preston and
Haynes, 2003) using the equation: [Ca?*]i = Ko ( (R-Rmin)/ (Rmax-R)) (Grynkiewicz et al., 1985).
B is the emission ratio, Rmin/Rmax, at 380 nm. The Kp value (285 nM) was taken from(Groden et
al., 1991). The Rmin value was obtained in the presence of both 4-Br-A23187 (20uM) and EGTA
(10 mM). The Rmax Was obtained in the presence of 4-Br-A23187 (20uM) and Ca?* (100 mM).
Mean and 95 % confidence interval data was calculated using logio resting cytosolic [Ca?*]i from
each cell.

For AS1 replating experiments, cells were loaded with fluo4-AM (10uM, 30 min) and placed
onto the heated stage of a Nikon A1R confocal microscope and illuminated at 488nm every
second. Following equilibration (5-10 minutes) calcium chloride (0, 0.02, 0.2, 2 or 20 mM) was
added over a 20 minute period. Nikon software was used to calculate emission intensity
(520/20nm) in regions within cells. For analysis, background fluorescence intensity was

subtracted from each cellular region of interest. To calculate acute reductions in [Ca?*];, the post-

10
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ligand minimum response was expressed as a fraction of the average fluorescence over the 25s
period immediately before each addition of ligand.

Immunolabelling

Cells were processed as described previously(Song et al., 2012). Briefly, cells were fixed with 4%
paraformaldehyde, labelled with anti-podocin, anti-WT-1 or anti-KCNMAL antibodies (Abcam
Australia, 1ug/ml 24hr, 4°C) followed by Alexa Fluor 488 or Alexa Fluor 555 secondary
antibodies (1:1000, Molecular Probes, USA) for two hours at room temperature. Cells were
counterstained with DAPI (1:10,000; Life Technologies) or Alexa 567 conjugated phalloidin
(1:1000; Molecular Probes) prior to visualization with a Nikon A1R microscope.

Quantitative PCR

Quantitative PCR was undertaken using a method previously described(Watmuff et al., 2015).
Briefly, total RNA was extracted from 10° cells using the Bioline RNA Mini kit according to
manufacturer’s instructions. Samples were analyzed for RNA content using a Nanodrop ND-
1000 (Thermo Scientific, USA) spectrophotometer. Reactions were performed in triplicate on
samples aggregated from at least three independently differentiating wells using the Bioline
Sensifast SYBR No-ROX One Step Kit according to the manufacturer’s specifications.
KCNMAL forward primer CCTGGCCTCCTCCATGGT (melting temperature, 60°C), reverse
primer TTCTGGGCCTCCTTCGTCT (59°C). Relative gene expression was expressed as the
ratio between target gene Ct values to p-actin Ct values.

Replating AS podocyte-like cells onto decellularized plates that had contained NHMC
podocyte-like cells:

Decellularized tissue scaffolds, where removal of living cells leaves behind a cellular matrix that

can influence culture differentiation and/or cellular function are commonly used in stem cell

11

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 13, 2018 as DOI: 10.1124/jpet.118.250142
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#250142

biology (for example see (Morissette Martin et al., 2018)). We tested the idea that replating AS
podocytes onto tissue culture plates that had contained NHMC cells could restore potassium
channel function. Thus, we took tissue culture plates containing confluent monolayers of
NHMC or AS1 podocyte-like cells and decellularized using the method of(Baiguera et al., 2013):
briefly, plates were frozen (-80°C) and thawed four times, incubated with Milli-Q water (72 h at
room temperature), and then processed twice with 1.0% Triton X-100 (60 min), water (30 min),
4.0% deoxycholate (60 min), water (30 min). After the last washing step, plates were washed
with PBS prior to addition of AS1 podocyte-like cells. To extract AS1 podocyte-like cells from
culture plates were incubated with TrypLE Select (Thermo Fisher, Australia) prior to
centrifugation (150xg). Cells were re-suspended in culture media and plated into tissue culture
plates that had contained AS1 or NHMC podocyte-like cells. Five days later the cells were used
for Fluo-4 calcium imaging (as described above).

Statistical analysis:

Unless otherwise stated, results from experiments are presented as mean + standard error of the
mean (SEM) of at least 3 biological replicate experiments. Statistical analysis was performed on
raw data with one- or two-way analysis of variance (ANOVA) followed by post-hoc Dunnett’s
test to show ligand effects vs vehicle response. All analysis was performed using PRISM v6.00
(GraphPad Software, USA). In all cases, a p-value of less than 0.05 was considered significant.
Graphs are shown with ligand effects expressed as a fraction of the response to the appropriate
vehicle.

Results

iPS cell derived podocyte-like cells express podocyte markers:

12
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Differentiation generated cultures containing around 30-50% cells with podocyte-like
morphology, ie. large flat cells with irregular borders. To qualitatively confirm the success of the
directed differentiation pluripotent stem cell-derived podocyte-like cells were immunolabelled
with antibodies for the podocyte markers Wilm’s tumor-1 (WT1) and podocin (Song et al., 2012).
At day 20 of differentiation, iPS-derived podocyte-like cells immunolabelled for both WT-1 and
podocin (Figure 2). This expression was consistent with that observed in HIPs (Figure 2).
Resting Ca?*: Following loading with FURA-2AM, average resting calcium was found to be
significantly higher in AS1 and AS2 than in NHMC podocyte-like cells; 92 (with 95% confidence
intervals, 68,126) and 90 (75,108), vs 55 (44,69) nM, respectively (One-way ANOVA of logio
resting calcium, with post-hoc Tukey’s test, n = 5-9 biological replicates using 44-63 individual
cells). Podocyte-like cells were identified in culture by having a podocyte-like cell morphology
(see methods). These cells were generally quiescent with occasional spontaneous calcium
transients (not shown).

Responses to extracellular calcium: HIPs

In calcium-free HEPES buffer, extracellular calcium ([Ca?*]o), the orthosteric ligand for the
calcium-sensing receptor, elicited concentration-dependent changes in intracellular calcium
([Ca?*]i). These changes were evident as an acute depression of [Ca?*]i preceding an elevation;
Figure 3 panel A shows a typical response to 2 mM [Ca?*],. Compared to vehicle control, [Ca?*]o
elicited both significant decreases and increases in [Ca®*]i (P<0.05, one-way ANOVA with post-
hoc Dunnett’s test, n = 31 cells from five replicate experiments; Figure 3, panels B and C). We
then assessed effects on [Ca?*]i of two other activators of the calcium sensing receptor, the

polyamine, spermidine, and the trivalent cation, gadolinium (Gd**). Spermidine but not Gd**

13
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elicited both concentration-dependent decreases and increases in [Ca?*];, (Figure 3, panels B and
C).

Given the relationship between calcium sensing receptors and large conductance calcium activated
potassium (KCNMAL) channels(Vysotskaya et al., 2014), we explored the possibility that
KCNMA1 channels might be responsible for the reductions in [Ca®']i that preceded elevations.
We therefore incubated podocyte-like cells with the KCNMAZ1 channel inhibitor, iberiotoxin
(100nM), as well as the less specific voltage gated potassium channel blocker,
tetraethylammonium (TEA, 5 mM), prior to the addition of [Ca?*]. Neither iberiotoxin, or TEA
affected the maximal elevations or inhibitions of [Ca?*]; in response to [Ca®**], (Figure 3, panels D
and E).

Responses to extracellular calcium: NHMC podocyte-like cells

In calcium-free HEPES buffer, [Ca?*], also elicited changes in [Ca®']i in NHMC podocyte-like
cells. These changes were evident in a rapid decrease followed by a rapid elevation of [Ca?"];
(Figure 4, panel A shows a typical response to 2 mM [Ca?*]o; n = 72 cells from six replicate
experiments). As with the HIPs, spermidine, but not Gd®*, produced both elevations and inhibitions
of [Ca®']i (Figure 4, panels B and C).

Both iberiotoxin (100 nM) and TEA (5 mM) had no effect on [Ca?*]o-induced elevations of [Ca?]i
(Figure 4, panel D), but both ligands prevented the acute decreases in [Ca®']i (Figure 4, panel E)
in response to [Ca?'],, indicating that the acute reductions were due to KCNMAZ channel activity.
These channels are known to be modulated by focal adhesion kinase(Rezzonico et al., 2003), so
we incubated cells with the selective focal adhesion kinase inhibitor, PF562271 (10 nM), before

the addition of [Ca®*]o. This kinase inhibitor increased responses to [Ca?*], and prevented acute
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reductions in [Ca?*]i (Figure 4, panels D and E) possibly indicating an interaction between focal
adhesion kinase and KCNMAL channels in NHMC podocyte-like cells.

Responses to extracellular calcium: AS1 podocyte-like cells

In contrast to both HIPs and NHMC podocyte-like cells, AS1 podocyte-like cells responded to
[Ca?*], only with elevations of [Ca®']i (n = 33 cells from five replicate experiments). Figure 5,
panel A shows a typical response to 2 mM [Ca®']o. Spermidine, but not Gd®*, was an effective
elevator of [Ca?*]i (Figure 5, panel B) but neither spermidine or [Ca?*], produced reductions in
[Ca?*]i (Figure 5, panel C). Neither tetraethylammonium (TEA, 5 mM), iberiotoxin (100 nM) nor
PF562271 (10 nM) reduced the magnitude of elevations in [Ca®']i in AS1 podocyte-like cells
(P<0.01, one way ANOV A with post-hoc Dunnett’s, n = 33 values from five replicate experiments,
Figure 5, panel D). Neither TEA, iberiotoxin nor PF562271 promoted the appearance of an acute
reduction in intracellular calcium (Figure 5, panel E).

Responses to extracellular calcium: AS2 podocyte-like cells

The AS2 podocyte-like cell responses to [Ca?*]o were similar to the AS1 cell line, with
concentration-dependent elevations, but no acute decreases in [Ca?*]i (Figure 6, panels A, B and
C).

Large conductance calcium activated potassium channel activity

Given the role of KCNMAL channels in podocyte function(Tao et al., 2016) and our own evidence
of an effect, we further investigated the possibility that these channels were functional only in
NHMC podocytes. The KCNMA1 channel opener, NS1619 (1 -10 uM), elicited concentration-
dependent reductions in basal calcium in both NHMC and HIP, but not AS1 podocyte-like cells
(Figure 7).

Responses to angiotensin I11:
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We next assessed whether another G-protein coupled receptor, the angiotensin Il receptor, could
elicit both elevations and inhibitions of [Ca?*]i. Although angiotensin 11 elicited robust elevations
of intracellular calcium in NHMC, HIP and AS1 and weak responses in AS2 podocyte-like cells
we rarely saw any evidence of concentration-dependence or acute decreases in intracellular
calcium prior to elevations (not shown). However, responses to angiotensin Il (0.3-300nM) were

robustly blocked by the AT1 receptor antagonist, losartan (1uM), but not by the AT2 receptor

antagonist PD123,319 (1uM) in all groups tested (Figure 8).

gPCR and immunolabelling. Since our data indicated the absence of functional KCNMAL
channels in AS patient derived podocyte-like cells, we undertook gPCR and immunolabelling
studies to identify whether transcript and protein for this receptor were present. We found largely
equivalent levels of KCNMAL transcript in AS1, but significantly reduced transcript (P<0.05, one
way ANOVA with post-hoc Dunnett’s test) present in immortalized podocyte-like cells (expressed
as a fraction of NHMC podocyte-like cells values: 1.29 + 0.34 (3) for AS1 and 0.18 + 0.13 (2) for
HIP, (N) values). Nonetheless, immunolabelling showed evidence of KCNMAL protein in all three
cell lines tested (Figure 9 shows typical labelling). We then tested the theory that replating AS1
podocyte-like cells onto decellularized plates of NHMC podocyte-like cells could restore channel
function.

Effects of replating AS podocyte-like cells onto decellularized plates that had contained
NHMC podocyte-like cells:

Following decellularization, plates were devoid of any sign of cells or cellular debris (not shown).
AS1 podocyte-like cells cultivated upon plates that once contained NHMC podocyte-like cells

responded to lower concentrations of extracellular calcium with acute reductions of [Ca?*]; that
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were not evident in AS1 podocytes re-plated onto decellularized AS1 podocyte plates (P<0.001,
two way-ANONA with post-hoc Dunnett’s test, Figure 10). The acute reductions in intracellular
calcium could be inhibited be TEA (5mM, Figure 10).

Discussion

In this study we compare the activities of podocyte-like cells derived from AS patients, a healthy
individual and a commonly utilized, immortalized podocyte cell line. Consistent with our previous
work(Song et al., 2011; Song et al., 2012), the iPS cells used for this study showed expression of
markers commonly used to identify podocytes; WT-1 and podocin. We then investigated whether
AS patient-derived podocyte-like cells showed any discernible functional phenotype associated
with the regulation of intracellular calcium; a critical regulator of function and survival in many
cell types(van Empel and De Windt, 2004; Mattson, 2007; Oh et al., 2011). Podocyte-like cells
were largely quiescent with infrequent spontaneous elevations of intracellular calcium. Resting
[Ca?*]i in both AS1 and AS2 podocyte-like cells (~90nM) was significantly greater than in NHMC
podocyte-like cells (~55nM). However, these values lie within previously reported values in
human primary 113+22(Foster et al., 2003) as well as human immortalized; 146+76(Ardaillou et
al., 1996), 102+35(Foster et al., 2003), and mouse immortalized podocyte-like cells 49+11(Huber
et al., 1998), 82+12(Fischer et al., 2002). The variability of these data may be attributable to
different assay methods and or the presence of the spontaneous calcium fluctuations. That our
assay shows significantly higher [Ca?*]i in the AS podocyte-like cells may indicate some difference
in calcium handling capability.

We next determined whether the podocyte-like cell cultures showed differences in response to two
G-protein coupled receptors that have profound effects on podocyte function and survival; the

CaSR and angiotensin Il receptors. The CaSR belongs to the family C G-protein coupled receptors,
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it is expressed throughout the body, especially the thyroid and parathyroid glands, kidney, bone
and brain(Brown, 1991; Brown and Macleod, 2001). Although widely distributed within the
kidney(Riccardi and Brown, 2010), it is highly localized at the endoplasmic reticulum and the cell
plasma membrane especially at, or close to podocyte slit diaphragms(Oh et al., 2011). This
receptor plays a pivotal role in podocyte survival in sub-total nephrectomized rats(Ogata et al.,
2003) and more recently Oh and co-workers suggested that positive allosteric modulators
(activators) of the CaSR limit antibiotic-induced podocyte damage via phosphorylated-ERK
mediated anti-apoptotic and cytoskeleton-stabilizing effects(Oh et al., 2011).

In response to the orthosteric activator of the CaSR, extracellular calcium, all podocyte-like cells
showed elevations of [Ca®']i. We then tested two other ligands known to activate the calcium
sensing receptor, gadolium(Brown et al., 1993) and spermidine(Quinn et al., 1997). Gadolinium
was ineffective across all cell lines tested, however, this lack of effect should be viewed with
caution since Gd** has been shown to suppress receptor-activated TRP and ORAI (calcium release-
activated calcium channel protein 1(Malasics et al., 2010; Bouron et al., 2015; Xu et al., 2015))
activity. In contrast, the polyamine, spermidine was as effective modulator of [Ca?*]i. Prior to
elevations of intracellular calcium, we noted that both spermidine and [Ca?*], elicited a transient
decrease in [Ca?*]i in HIPs and NHMC, but not AS podocyte-like cells. One of the most striking
aspects of responses to spermidine in the four cell “lines” was the inconsistency of response. While
the morphology of the podocyte-like cells was consistent, particularly across the induced
pluripotent stem cell derived lines, the responses to extracellular calcium and spermidine were not.
Thus while extracellular calcium robustly increased intracellular calcium in NHMC podocyte-like
cells, responses in HIP, AS1 and AS2 were greatly reduced. More curious perhaps was the

observation that responses to spermidine were relatively consistent in AS1 and NHMC. Whether
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this effect relates to differences in calcium sensing receptor mutations, function or expression, or
more generic differences in cell lines is currently unknown. Consistent with this inconsistency,
modulators of potassium channels produced little change in extracellular calcium induced
elevations of intracellular calcium in HIP and NHMC, while TEA appeared to produce a truncated
response in AS1 podocyte-like cells. Similarly, focal adhesion kinase inhibition produced a
marked increase in extracellular calcium-induced maximal response in NHMC podocyte-like cells,
but a profound decrease in AS1 podocyte like cells. At present we believe that these disparate
effects may result from differing states of tonic channel or kinase activity within each cell line.
Perhaps of more significance is the idea that our observations raise questions about the suitability
of single cell lines as exemplars of cell function. While much is made of isogenic control
modifications for induced pluripotent stem cell derived cells, our observations indicate that caution
must be observed in conclusions based upon single cell-line experiments since any one of these

cell lines may not be representative of broader aspects of “typical” physiological behavior.

Since elevations of intracellular calcium can activate KCNMAL channels(Tao et al., 2016), we
assessed whether blockers of this channel, iberiotoxin and TEA(Singh et al., 2012), could inhibit
transient decreases in [Ca®']i. In NHMC podocyte-like cells, but not HIPs, the reductions of
intracellular calcium were blocked by both iberiotoxin and TEA. The insensitivity of the
immortalized podocyte-like cells to KCNMAL blockers may indicate that this channel was either
not present or functional, or that other calcium activated potassium channels were capable of
masking its activity. In a second effort to establish whether this channel was present we assessed
effects of the KCNMAUL1 channel opener, NS1619(Debska et al., 2003). NHMC and HIP, but not

AS1 podocyte-like cells showed decreases in intracellular calcium in response to NS1619,
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indicating the presence of KCNMAL channels. To confirm the presence of these channels we
assessed AS1, NHMC and HIP cultures for KCNMA1 channel mRNA. Surprisingly, we found
this transcript to be universally expressed, with little difference in expression in AS1 and NHMC
cultures. This finding indicates that while the channel transcript is present in AS podocyte-like
cells, the protein may not be. To ascertain whether the channel protein was present we used
immunolabelling and found the channel present in all cell lines; particularly in regions around the
periphery of AS1 and NHMC podocyte-like cells. Given the presence of transcript and
immunolabelled protein, we conclude that AS1 podocyte-like cells possess KCNMAZL channels,
but they are not functional. The absence of functional KCNMAU1 channels may have ramifications
for podocyte survival since KCNMAL channels are significant regulators of activity in podocytes
and other cell types. In podocytes, KCNMAL channels localize with nephrin and may regulate
podocyte activity in response to stretching (Morton et al.,, 2004), although more complex
interactions involving synaptopodin, Rho and cytoskeletal proteins are also likely (Kim et al.,
2010). In other cell types, KCNMA1 activation can protect cardiomyoblast cells from
hypoxia/reperfusion damage(Fretwell and Dickenson, 2011) and reduce shock-induced reductions
in vascular reactivity(Hu et al., 2014). KCNMAL channel activity can also facilitate prostate
cancer cell growth possibly through an association with avf3 integrin and focal adhesion
kinase(Du et al., 2016). Although the absence of potassium channel function may explain the
elevated intracellular calcium in AS1 (and AS2) podocyte-like cells, the mechanism underlying
this effect was not immediately clear. Interestingly in HIPs iberiotoxin and TEA did not block the
acute reductions in [Ca?*];, but NS1619 showed an effect and gPCR indicated the presence, albeit
at relatively low levels, of KCNMAU1 transcript. At present we speculate that KCNMAUL channels

are present on these cells, but may be present with additional TEA and iberiotoxin-insensitive
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small conductance calcium activated potassium channels(Sah, 1996). Whether this makes these
cells a better or worse in vitro model of podocyte function than pluripotent stem cell derived
podocyte-like cells is unclear.

There is evidence linking the integrin linked focal adhesion kinase(So et al., 2011), the related
kinase Pyk2(Ling et al., 2004) as well as src(Yang et al., 2010), with the modulation of KCNMAL1
channel activity in other cell types, so we speculated that collagen gene mutations in AS podocyte-
like cells impacted upon integrin signalling. To investigate this idea we assessed the influence of
the selective focal adhesion kinase inhibitor PF562271 upon transient decreases in [Ca®']; and
found it to abolish the acute reduction in intracellular calcium in NHMC podocyte-like cells.
Although this data indicates some form of relationship between integrin signalling, focal adhesion
kinase and potassium channel signalling in podocytes, much more work is needed to identify the
specific mechanisms underlying interaction.

We investigated whether another G-protein coupled receptor known to modulate podocyte activity,
the angiotensin Il receptor (Nitschke et al., 2000; Hsu et al., 2008; llatovskaya et al., 2014), also
showed acute decreases in intracellular calcium prior to elevations. Consistent with the idea that
angiotensin 1l interacts with TRPC6 channels to elevate intracellular calcium (llatovskaya et al.,
2014), angiotensin Il elevated, without acute decreases, intracellular calcium at all concentrations
tested. That these responses were predominantly blocked by the Angiotensin Il receptor antagonist,
losartan, indicates a major role of the angiotensin Il type 1 receptor in regulating acute elevations
of intracellular calcium, a finding consistent with that reported in rat podocytes (Henger et al.,
1997). As calcium, but not angiotensin Il promoted acute reductions in intracellular calcium we
believe that this may indicate specific coupling of G-protein coupled receptors to potassium

channels in podocytes.
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The extracellular matrix plays a significant role in regulating cell and tissue function and many
studies have employed decellularized tissue matrices to regulate the growth and survival of a
number of different cell types, from hepatocytes (Lorvellec et al., 2017) to cardiomyocytes (Eitan
et al., 2010). A smaller body of literature also indicates that 2D cultures can generate their own
matrix which, after decellularization can be applied to new culture vessels (Decaris et al., 2012) or
used as a substrate for re-seeding (Pham et al., 2008). Since our PCR evidence indicated that
KCNMAL channels were present, but not functional, in AS1 podocyte-like cells, we tested the
idea that re-plating AS podocyte-like cells onto surfaces once occupied by NHMC cells could help
restore channel activity. Following plating upon decellularized NHMC plates we observed a small,
but significant reduction in [Ca?']i in AS1 podocyte-like cells following the addition of
extracellular calcium. This effect was not evident in AS1 cells seeded onto decellularized AS1
plates. That this effect was also blocked by TEA indicated an effect through potassium channels.
Given the findings that (i) inhibition of FAK blocked the transient reduction in intracellular
calcium in response to extracellular calcium and, (ii) replating of AS1 podocyte-like cells upon
NHMC decellularized plates, promoted a TEA-sensitive reduction of intracellular calcium, we
suggest that the KCNMA1 channels require appropriate integrin-FAK signalling for function.
While we show that calcium sensing receptor activating ligands produce fundamentally different
effects in immortalized, non-AS and AS patient derived podocyte-like cells, possibly through
changes in KCNMAL channel function, we must acknowledge the limitations of the current
approach. The first of those limitations is that we show differences in some aspects of podocyte-
like cell function using data from a limited sample size; two patient-derived, one control-derived
and one immortalized cell line. The second potential limitation is that, while our podocyte-like

cells possess the morphological and immunocytochemical profile of podocytes, in vitro studies
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may not truly show the functional properties of podocytes in situ. In spite of these limitations our
studies demonstrate that induced pluripotent stem cell derived podocyte-like cells may represent a

useful system for basic mechanistic and pharmacological studies of heritable kidney disease.
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Legends for Figures

Figure 1. Induced pluripotent stem cell-derived podocyte-like cells. Panel (A) shows dermal
fibroblasts from AS patient, prior to reprogramming, immunolabelled for desmin (green) and
DAPI (blue). Panel (B) shows a low power image of a colony expressing alkaline phosphatase
activity and expressing a normal karyotype (panel C). Panel (D) provides an overview of the
differentiation method for pluripotent stem cell derived podocyte-like cell differentiation. At day
four of differentiation cells were re-plated or transplanted under the kidney capsule of immune-
competent mice where they formed cyst like structures at day 20 (Figure 1, panel E, the scale bar
shows mm divisions). Within the cyst-like structures H&E staining showed the formation of crude
glomerulus-like structures (Figure 1, panels F and G). During development colonies demonstrated
a characteristic epithelial cell “cobblestone” like morphology (Figure 1, panel H). At the time of
use, podocyte-like cells exhibited the morphology of cultured podocytes, ie. large flat generally

rounded cells with pronounced cytoskeleton (Figure 1, panel 1).

Figure 2. Immunolabelling profiles of HIP, NHMC and AS1 podocyte-like cells at day 20 of
differentiation. Images show high magnification images of single podocyte-like cells to confirm
expression of podocyte markers; Wilms tumor-1 (WT1), and podocin (Nephrosis 2, Idiopathic,
Steroid-Resistant protein). Images show representative cells from three different differentiations,

except podocin in HIPs. Scale bar indicates 20um (applicable to all images).

Figure 3. Effects of extracellular calcium ([Ca®*]o) on intracellular calcium ([Ca?*]i) in FURA-

2AM loaded human immortalized podocyte-like cells. Panel (A) shows a typical effect of 2mM
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[Ca?*], on fluorescence emission in one of 44 cells. The elevations of [Ca?*]i induced by [Ca?*],
could be mimicked by one calcium sensing receptor activator, spermidine, but not by another,
gadolinium (Gd®*"). The effects of [Ca®], appear elevated in the presence of NPS2143 (NPS,
10uM), a negative allosteric modulator of the calcium sensing receptor (panel B). In addition to
elevations of [Ca?'];, [Ca?*], and spermidine, but not Gd** also produced transient reductions in
[Ca?*)i (panel C). The effects of [Ca®*], on maximal elevations of [Ca?*]i were not modulated by
the large conductance calcium activated potassium channel inhibitor, iberiotoxin (100nM), nor by
the voltage gated potassium channel blocker tetraethylammonium (TEA, 5mM, panel D). These
potassium channels blockers had no effect upon the acute decreases in [Ca?*)i elicited by [Ca®']o
(panel E).

** and *** indicate significant differences (at P<0.01 and 0.001, respectively). Although data in
panels (B)- (E) shows mean + s.e. mean maximum or minimum responses expressed as a fraction
of vehicle response, the statistical analysis compares responses of ligand with responses to vehicle
control using one way ANOVA followed by post-hoc Dunnett’s test. Data were analyzed using
44-97 cells (from four to seven replicate experiments) and expressed as a fraction of cell vehicle

control.

Figure 4. Effects of extracellular calcium ([Ca®*]o) on intracellular calcium ([Ca®']i) in FURA-
2AM loaded normal human mesangial cell derived (NHMC) podocyte-like cells. Panel (A) shows
a typical effect of 2mM [Ca?*], on fluorescence emission in one of 72 cells (six separate
experiments). The elevations of [Ca®']; induced by [Ca®*']o (panel B) could be mimicked by one
calcium sensing receptor activator, spermidine (sperm), but not by another, gadolinium (Gd**). In

addition to elevations of [Ca®];, [Ca®']o and spermidine, but not Gd** also produced transient
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reductions in [Ca?*]i (panel C). The effects of [Ca?*], on maximal elevations of [Ca?*]i were not
modulated by the large conductance calcium activated potassium channel inhibitor, iberiotoxin
(100nM), the voltage gated potassium channel blocker tetraethylammonium (TEA, 5mM) or the
focal adhesion kinase inhibitor, PF55271 (PF, 10nM, panel D). Both potassium channels blockers
as well as the focal adhesion kinase inhibitor reversed the acute decreases in [Ca?*]; elicited by
[Ca**]o (panel E).

*** indicates significant differences (P< 0.001). Although data in panels (B)- (E) shows mean +
s.e. mean maximum or minimum responses expressed as a fraction of vehicle response, the
statistical analysis compares responses of ligand with responses to vehicle control using one way
ANOVA followed by post-hoc Dunnett’s test. Data were analyzed using 53-107 cells (from four

to seven replicate experiments) and expressed as a fraction of cell vehicle control.

Figure 5. Effects of extracellular calcium ([Ca®']o) on intracellular calcium ([Ca®']i) in FURA-
2AM loaded Alport syndrome patient-derived podocyte-like cells (AS1). Panel (A) shows a typical
effect of 2mM [Ca?*], on fluorescence emission in one of 31 cells (five separate experiments). The
elevations of [Ca?*]i induced by [Ca?*], could be mimicked by one calcium sensing receptor
activator, spermidine, but not by another, gadolinium (Gd**), panel B. Neither spermidine, Gd**
or [Ca?*], showed any transient reduction of [Ca®*]; prior to elevation (panel C). The effects of
[Ca?"]o on maximal elevations of [Ca?*]i were not modulated by the large conductance calcium
activated potassium channel inhibitor, iberiotoxin (100nM), the voltage gated potassium channel
blocker tetraethylammonium (TEA, 5mM) or the focal adhesion kinase inhibitor, PF55271 (PF,
10nM, panel D). The presence of the potassium channels blockers or PF did not promote the

appearance of acute decreases in [Ca?*]; elicited by [Ca?*], (panel E).
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*** indicates significant differences (P< 0.001, one way ANOVA followed by post-hoc Dunnett’s
test). Data were analyzed using 31-103 cells (from five to seven replicate experiments) and

expressed as a fraction of cell vehicle control.

Figure 6. Effects of extracellular calcium ([Ca®']o) on intracellular calcium ([Ca®']i) in FURA-
2AM loaded Alport syndrome patient-derived podocyte-like cells (AS2). Panel (A) shows a typical
effect of 2mM [Ca?*], on fluorescence emission in one of 47 cells (five separate experiments). The
elevations of [Ca?']i induced by [Ca®*]o (panel B) were not preceded by acute decreases in [Ca?*];

(panel C).

*** Indicates significant differences (P< 0.001, one way ANOVA followed by post-hoc Dunnett’s

test). Data was expressed as a fraction of cell vehicle controls.

Figure 7. Effects of a BKCa channel opener, NS1619 (1-10uM) on intracellular calcium. NS1619
promoted concentration-dependent decreases in [Ca?*]i in NHMC and HIP, but not AS1 podocyte-
like cells.

** and *** indicate significant differences (at P<0.01 and 0.001, respectively, one-way ANOVA
followed by post-hoc Dunnett’s test (n = 129 (NHMC), 48 (HIP) and 81 (AS1) cells from 7, 5 and

5 replicate experiments).

Figure 8. The effects of losartan and PD123,319 (both at 1uM) upon angiotensin Il concentration-

response effects in podocyte-like cells. Panels (A) to (D) respectively show responses to NHMC,
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HIP, AS1 and AS2 podocyte-like cells. Responses of the three pluripotent stem cell derived lines
could be uniformly blocked by the AT1 receptor antagonist, losartan.

* and ** indicate significant differences (at P<0.05 and 0.01, respectively, one-way ANOVA, n =
29-38 (NHMC), 30-38 (HIP), 34-49 (AS1) and 42-71 podocyte-like cells from four replicate

experiments).

Figure 9. Immunolabelling of iPS derived NHMC and AS1 podocyte-like cells, as well as HIPs.
Panels (A-C) respectively show DAPI, anti-KCNMAL and phalloidin labelling of NHMC
podocyte-like cells. Panels (D-F) respectively show DAPI, anti-KCNMAL and phalloidin labelling
of AS1 podocyte-like cells. Panels (G-I) respectively show DAPI, anti-KCNMAZ1 and phalloidin

labelling of HIPs. Scale bar is 50um.

Figure 10. Effects of re-plating AS1 podocyte-like cells either back onto (decellularized) plates
that had contained either AS1 or NHMC podocyte-like cells. AS1 cells re-plated onto NHMC
plates responded to low concentrations of extracellular calcium with acute reductions in
intracellular calcium, an effect that could be blocked by the addition of tetraethylammonium (TEA,
5mM).

*** Indicates significant differences (at P< 0.001, respectively. Two way ANOVA with post-hoc
Dunnett’s test). Data was expressed as a fraction of vehicle control in 25-56 cells from four

replicate experiments.

36

202 ‘6T |1MdV uo speuinor 134SY e Bio'seulnofiedse ed[ wol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 13, 2018 as DOI: 10.1124/jpet.118.250142
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#250142

Figures

| I
% w
r L] " u
L L1 e
T i ! - ” -
(1] l .
" b 2 =2 X ¥
D Replate E
Day -7 0 a 8 9 10 20
| 1 1 ] O R
] R |
Maintenance Expand to Induction Replate Arborisation
bulk culture & Maturation
iPS cell
Cell Type colony iPS cell bulk culture iPS-Podocyte Differentiation
Media ES Media iPS-podocyte Media
10ulL Activin A (50ug/mL)
Additives 10ng/ul bFGF 7.5uL BMP7 (100ug/mL})
Sul Retinoic Acid (1mM)
Growth =
Condition MEF Layer Geltrex™ Layer

Figure 1

¥20z ‘6T |udy uo sfeunor 1345V e Bio'sfeulnolfiadse ed [ wouy pspeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 13, 2018 as DOI: 10.1124/jpet.118.250142
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#250142

Figure 2

HIP NHMC AS1

202 ‘6T |1MdV uo speuinor 134SY e Bio'seulnofiedse ed[ wol) papeojumoq


http://jpet.aspetjournals.org/

340:380 ratio
(fraction of vehicle)

1.5+

1.34

1.14

0.94

JPET Fast Forward. Published on August 13, 2018 as DOI: 10.1124/jpet.118.250142

This article has not been copyedited and formatted. The final version may differ from this version.

D

O Cca?*
-»- Ca?*iberio

rr— T 1 T 1
6 5 -4 -3 2 -1

= Ca?'TEA wkk

-6

r-~=~RMaauIi I
5 -4 -3 -2 -1

log [ligand] (M)

1.004

0.984

0.96+

0.94+

0.924

0.90-

wedkk
dedede

Figure 3

N 1357 A

B 1,30

% 1.254

Q 1.204 r ="

2 1.5 -

o

é 1.10 .

2 1,05 E i et

g 100.___

0852 : 2mM calcium
0 25 50 75 100 125 150 175 200
time (s)
1518 1.10,C

B I} Ca2+ 1.08 1
5 & = spermidine [1 #** 1.061

o — il 3+
E E 1.34 =+ Gd 1044
O w 1.02 4
% o
85 1.00----ccmere e
> 0.98-

= 0.96-

0.944
0.924

rrrr—rr T

6 -5 -4 3 -2 -1

f24

rrr r r°r 11
6 5 -4 3 2 1
log [ligand] (M)

JPET#250142

202 ‘6T |1MdV uo speuinor 134SY e Bio'seulnofiedse ed[ wol) papeojumoq


http://jpet.aspetjournals.org/

340:380 ratio
(fraction of vehicle)

mean typical 340:380 ratio

340:380 ratio
(fraction of vehicle)

JPET Fast Forward. Published on August 13, 2018 as DOI: 10.1124/jpet.118.250142

This article has not been copyedited and formatted. The final version may differ from this version.

200

Err

Figure 4
1.45- A
1404
1.354
1.304
1,254 - ’ 3
1.204 o
1.15
1.104 o
108 2mM calcium
0 25 50 75 100 125 150 175
time (s)
231B 1.049 ¢
o 1.02-
2.14 o Caz+ ke o
1.9 =+ sperm 7
3+ 0.984
1.7+ -+ Gd
0.96+4
1.5 0.94-
1.3+ 0.92
114 / 0.90
0.4 0.884
| pa pa E — a—|
Laumm mem e m— m—
R PR 6 -5 -4 -3 -2 -
591D 1181 E
4.9- , drdeke 1.144
_D_ +
s 1.101
3.94 * Ca“ iberio
= Ca* TEA 1.06-
2.9{ =+ Ca®* PF
e 1.024
1.9 o 0.98-
TE:E A Gatll 0.94-

| e —
6 -5 -4 3 -2 -1
log [ligand] (M)

| e m— a— a— ]
6 -5 -4 -3 -2

log [ligand] (M)

-1

JPET#250142

%202 ‘6T [1dYy uo sfeulnor 134SY e Bio'seuuno fiadse jed | Wwouy papeojumoq


http://jpet.aspetjournals.org/

340:380 ratio
(fraction of vehicle)

mean typical

340:380 ratio
(fraction of vehicle)

JPET Fast Forward. Published on August 13, 2018 as DOI: 10.1124/jpet.118.250142

This article has not been copyedited and formatted. The final version may differ from this version.

Figure 5
1459 A
1.404
1.354
1.30 . e
B B B S i S L -
1.20
1.15
1.104
L : 2mM calcium
0 50 100 150 200
time (s)
4578 1.124
b 2+ Ak 1.08+
3741 Ca
4% sperm 1.044
33 - Gd3+
2.9 1.00-
2.5
514 0.96-
1.74 0.92-
1.3
0.9l 0.88-
| D S S a— m—
6 5 -4 3 -2
ek 1.13"E
1.144
1.104
1.06
e 1.02-
0.98
0.944

L e ma m— m—
6 5 -4 3 -2 -
log [ligand] (M)

T T T
6 5 4 3 2 41
log [ligand] (M)

JPET#250142

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

340:380 ratio
(fraction of vehicle)

mean typical

JPET Fast Forward. Published on August 13, 2018 as DOI: 10.1124/jpet.118.250142

This article has not been copyedited and formatted. The final version may differ from this version.

Figure 6
1.454 A :
1.404 :
1.304 -
1.25 ;
1.20
1.15-
1.104 :
LR :2mM calcium
l;! 5'0 160 160 200
time (s)
1498 1.081C
ok 1.04-
1.00dceieennnn B/a/u
........... 0‘96-
0.924
| B S S E— a— | rr—rr 11
6 5 -4 -3 2 -1 6 -5 -4 -3 -2 -1
log [CaZ*] (M) log [CaZ*] (M)

JPET#250142

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

340:380 ratio
(fraction of vehicle)

JPET Fast Forward. Published on August 13, 2018 as DOI: 10.1124/jpet.118.250142

This article has not been copyedited and formatted. The final version may differ from this version.

Figure 7

1.024

1.004

0.98

0.96+

0.94+

0.92-

60 -55 -50 -45
log [NS1619] (M)

JPET#250142

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

increase in 340/380 emission ratio

increase in 340/380 emission ratio

JPET Fast Forward. Published on August 13, 2018 as DOI: 10.1124/jpet.118.250142

This article has not been copyedited and formatted. The final version may differ from this version.

Figure 8

1.304
1.254
1.204
1.154
1.104
1.054
1.00+
0.95-

1.30+
1.254
1.204
1.154
1.104
1.05-
1.004

ok

0.95-

T T T 1
-10 -9 -8 -7 -6
angiotensin Il (log M)

1.554
1.454
1.354
1.254
1.154
1.054

0.95-

1.30+
1.254
1.20+
1.154
1.104
1.054
1.00+

D -8 vehicle
& PD123,319
=& |osartan

0.95-

| . . L |

10 -9 -8 -7 6
angiotensin Il (log M)

JPET#250142

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 13, 2018 as DOI: 10.1124/jpet.118.250142
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#250142

Figure 9

202 ‘6T |1MdV uo speuinor 134SY e Bio'seulnofiedse ed[ wol) papeojumoq


http://jpet.aspetjournals.org/

maximal inhibition

JPET Fast Forward. Published on August 13, 2018 as DOI: 10.1124/jpet.118.250142
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#250142
Figure 10
1.%' ek P hkk
3 104 /\i——i
T 1.02
E 1.00-
(=]
£ 0.98-
@
Z 0.6
% 0.94- & AS1-AS1 plates
£ 09 - AS1- NHMC plates -TEA
0.90- I+ AS1- NHMC plates

ik

5 4 3 2 -1
log[Ca®*] mM

202 ‘6T |1MdV uo speuinor 134SY e Bio'seulnofiedse ed[ wol) papeojumoq


http://jpet.aspetjournals.org/

	Quantitative PCR
	Statistical analysis:

