Biochimica et Biophysica Acta 1813 (2011) 754-762

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbamcr

Real-time cellular impedance measurements detect Ca*" channel-dependent
oscillations of morphology in human H295R adrenoma cells

Athanasios Denelavas ?, Franziska Weibel ?, Michael Prummer °, Alexander Imbach ?, Roger G. Clerc?,
Christian M. Apfel ?, Cornelia Herte] **

@ Metabolic Diseases, F. Hoffmann-La Roche Ltd., Pharma Research and Early Development, Basel, Switzerland
b Discovery Technology, F. Hoffmann-La Roche Ltd., Pharma Research and Early Development, Basel, Switzerland

ARTICLE INFO ABSTRACT

Article history:

Received 20 August 2010

Received in revised form 7 December 2010
Accepted 13 January 2011

Available online 22 January 2011

Endocrine cells, such as H295R have been widely used to study secretion of steroid and other hormones.
Exocytosis-dependent hormone release is accompanied by an increase in plasma membrane surface area and a
decrease in vesicle content. Recovery of vesicles and decrease in plasma membrane area is achieved by
endocytotic processes. These changes in the extent of the surface area lead to morphological changes which can be
determined by label-free real-time impedance measurements. Exo- and endocytosis have been described to be
triggered by activation of L-type Ca?* channels. The present study demonstrates that activation of L-type calcium

fiﬂg;ﬁe channels induces prolonged oscillating changes in cellular impedance. The data support the hypothesis that a
BayK8644 tight regulation of the intracellular Ca>* concentration is a prerequisite for the observed cellular impedance
Ca channel oscillations. Furthermore evidence is presented for a mechanism in which the oscillations depend on a Ca®*-
Exocytosis triggered calmodulin-dependent cascade involving myosin light chain kinase, nonmuscle myosin II and

Endocytosis
Label-free technology

ultimately actin polymerization, a known determinant for cell shape changes and exocytosis in secretory cells. The
described assay provides a method to determine continuously prolonged changes in cellular morphology such as

exo/endocytosis cycles.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Adrenocortical H295R cells have been used to investigate angiotensin
II (Angll) induced steroid hormone synthesis and secretion [1] as well as
peptides [2,3]. Secretion of peptides is mediated by Ca’*-triggered
fusion of exocytotic vesicles with the plasma membrane, resulting in an
increase in cell surface area. The surplus of plasma membrane has to be
tightly balanced by complementary endocytosis to prevent cellular
swelling during secretion [4-7]. Exocytosis as well as endocytosis has
been described to depend on an increase of the intracellular Ca®*
concentration [5], with Ca®>" entry through voltage-gated L-type Ca®™
channels being one of the mechanisms increasing intracellular Ca®™
concentration [6-9]. Several isoforms of the L-type Ca®* channels have
been characterized, two of them Cav1.2 and Cav1.3 are widely expressed
and also found in endocrine cells, often expressed together in a single cell
[10].

Intracellular Ca?* concentration can also be raised after triggering
G protein-coupled membrane receptors (GPCRs) that mobilize Ca®™
from intracellular storage organelles [6,11]. A subsequent rapid
downregulation of intracellular Ca?* concentration is driven by
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energy-dependent Ca®>™ pumps that transport Ca®™ either across
the plasma membrane or back into intracellular Ca®>" storage
organelles. These oscillations in intracellular Ca®>* concentration
have been demonstrated using fluorescent Ca®* indicators, such as
Fluo-4 [7] and Fura-2 [5]. Increased Ca®* concentrations have been
shown to trigger exocytosis by activating calmodulin and subse-
quently calmodulin-dependent myosin light chain kinase and non-
muscle myosin Il [12-16]. Ca%*-dependent exo/endocytosis has been
demonstrated to be accompanied by changes in the cell surface
morphology that were visualized by scanning ion conductance
microscopy observing single cell behavior [17].

Recently label-free real-time technologies have been established
which can be used to follow morphological alterations of cells for an
extended period of time, without disturbing their environment.
Optical sensor based technology detects redistribution of mass close
to the plasma membrane, for example due to activation of GPCRs [18]
or interaction of ion channels and GPCRs [19]. Cellular impedance-
based technology detects changes in the contact area between cells
and electrode due to changes in cell morphology, which can be
induced by GPCRs [20,21] or tyrosine receptor kinases [22]. In contrast
to the optical sensor based method, impedance technology can also be
used to follow long term changes in cell growth and cell death [23].

Here we used impedance technology to investigate activation of
plasma membrane voltage-dependent L-type Ca®" channels on the
morphology of secretory human adrenocarcinoma cells and compared
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it to the effect of Angll. Angll induced a rapid decrease followed by an
increase in impedance reaching a plateau that stayed constant for
several hours. In contrast, opening of L-type Ca®>" channels with
BayK8644 or FPL64176, two structurally distinct activators of L-type
Ca®* channels [24] induced a rapid decrease in impedance followed
by impedance oscillations which continued for several hours.
Frequency and amplitude of the oscillations are concentration
dependent. Membrane depolarization and inhibition of Ca?™ channels
blocked activation of the signal, while inhibition of processes that
decrease the intracellular Ca®™ concentration attenuated the oscilla-
tions. Oscillations are also prevented by inhibitors of calmodulin-
dependent kinase, but interestingly not by inhibitors of protein kinase
C. Finally inhibition of nonmuscle myosin II ATPase activity also
attenuated the oscillations, indicating that the observed oscillations
represent microfilament driven changes in cell shape possibly related
to exocytosis/endocytosis cycles.

2. Materials and methods
2.1. Cell culture

H295R (human adrenocortical cells) were grown in DMEM/F12
(Invitrogen) with 2.5% NuSerum (Invitrogen) and 1% IST (BD) in a
humidified atmosphere containing 5% CO, at 37 °C. For experiments,
cells were detached with EDTA solution and seeded at a density of 1.4 x
10° cells/well in 200 ul growth medium.

2.2. RNAi experiments and cell electroporation

H295R cells grown to 80% confluent were placed in each well of an
Amaxa 96-well electroporation plate 2 x 10° cells/well. Cells were
electroporated with a Nucleofector II Amaxa (Lonza Ltd.) electro-
porator with the corresponding gene-specific siRNAs (200-500 nM
final concentration) in a 96-well nucleofector SF solution (Amaxa
VHCA-2002 (Lonza Ltd.), for 24 h for Ca>* channel L-type alpha 1 C
subunit (CACNA1C) and 48 h for all other silencing siRNAs. Cells were
harvested for RNA extraction and quantification of mRNA levels by
gPCR. mRNA levels were compared with those in cells transfected
with scrambled siRNA oligonucleotides. All RNAi experiments with
sequence-specific siRNAs were tested by qPCR and generated a >60%
reduction of the corresponding mRNAs levels.

2.3. RNA extraction and qPCR

qPCR was carried out to determine changes in gene expression.
RNA was extracted from H295R cells with QIlAshredder and RNeasy
kits (QIAGEN). cDNA was synthesized with the Transcriptor First
Strand cDNA Synthesis Kit (Roche Diagnostics) and purified with a
QIAquick PCR Purification kit (QIAGEN). qPCR assays were performed
using a QuantiTect SYBR Green qPCR Kit (QIAGEN) and the Rotor-
Gene 6000 (Corbett/Qiagen) with specific DNA primers and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) mRNA as internal
reference. Analysis was done by the A-Acycle threshold method to
determine fold changes in expression relative to control (n = 3).
Repeated analysis of variance was applied to statistically compare fold
changes across conditions over time (PROC MIXED of SAS v8).

2.4. Life-cell time-lapse microscopy

Cells were seeded in Falcon 96-well plates at 4 x 10* cells/well 18
h prior to experiment. For the Ca?* imaging assay, the manufacturer's
protocol was followed using Hanks Balanced Salt Solution + CaCl, +
MgCl, + 20 mM Hepes (Fluo-4 NW Calcium Assay Kits, F36205,
Invitrogen) 30 min prior to the experiment, 1 M Hoechst stain was
added to the cells. Imaging was performed immediately afterwards
without further washing. Vehicle treatment consisted of 0.1% DMSO in

HBSS, to which 1 uM BayK8644 or 100 nM Angll was added. Spinning-
disc confocal fluorescence microscopy of individual wells of a 96-well
plate was performed on the high-throughput automated imaging
system Opera™ QEHS (PerkinElmer Cellular Technologies, Hamburg,
Germany). The nuclear stain and the Ca?* indicator were excited with
1 mW at 405 nm and with 50 uW at 488 nm, respectively. At a single
position in each well, a series of 50 images was recorded through a
UAPO 20 x NA 0.7 water immersion objective lens (Olympus) and
optimized filter sets, with a frame rate of 0.4 s~ ! and an integration
time of 0.4 s and 1.0 s for the DNA channel and the Ca channel,
respectively. Time-lapse life-cell microscopy was performed with
manual compound addition under ambient conditions. Image regis-
tration was started once the sample was in the focal plane of the
confocal microscope. After a few (1-3) frames were recorded,
compound was added by complete replacement of the HBSS to
ensure a homogeneous compound concentration across the whole
well.

2.5. Determination of intracellular Ca2* concentration

For the assay, cells were grown overnight in 384-well black clear
flat bottom polystyrene plates (Costar) at 37 °C at 5% CO,. After
washing with DMEM, 20 mM Hepes, 2.5 mM probenecid, 0.1% BSA
(DMEM assay buffer) cells were loaded with 4 uM Fluo-4 in the same
DMEM assay buffer for 2 h at 30 °C. Excess dye was removed and cells
were washed with DMEM assay buffer. Compounds were added to the
assay plate, and cells were monitored for 60 min with a FLIPR (488 nm
excitation; 510-570 nm emission; Molecular Devices).

2.6. Electronic cell sensor technology and measurement of cell electrode
impedance using the xCelligence system

The xCelligence system (Roche Diagnostics) is based on the ACEA
RT-CES cell sensor electrodes which allow monitoring and analysis of
the kinetic aspects of cellular behavior. The technology is described in
detailed elsewhere [23]. Briefly, cell sensor array electrodes are
integrated in the bottom of 96-well plates (E-plates) covering 80% of
the surface area of the well. Impedance measured between electrodes
in an individual well depends on electrode geometry, ionic concen-
tration in the well, and whether there are cells attached to the
electrodes. Cells attached to the electrode sensor surface will alter the
local ionic environment at the electrode/solution interface, leading to
an increase in the impedance. The more cells there are on the
electrodes, the larger the increase in cell electrode impedance.
Furthermore, the cell electrode impedance also depends on cell
morphology and the extent to which cells attach to the electrodes.

To quantify cell status based on the measured cell electrode
impedance, a parameter termed cell index (CI) is calculated [22]
according to the formula:

=il

where Reeyi(f) and Ro(f) are frequency-dependent electrode resistance
with or without cells present in the well, respectively. For these
experiments a frequency of 10 kHz was chosen. Under the same
physiological conditions, more cells attached on to the electrodes lead
to a larger value for CI. For the same number of cells present in the
well a change in the cell status such as cell spreading or cell adhesion
will lead to a change in CI [23].

Data were analyzed using the xCelligence software package
expressing changes in cell electrode impedance as changes in CI
[25]. The kinetics shown represent average + standard deviation for
at least two measurements.
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2.7. Determination of cell electrode impedance changes

Background impedance of E-plates (Roche Diagnostics) was
determined prior to the addition of cells. Cells were added and
incubated overnight to allow attachment. Medium was removed and
135 pl HBSS-20 mM HEPES (Gibco) was added. The cells were inserted
in the xCelligence Station (Roche Diagnostics) and equilibrated for 45
min. For addition of compounds the E-plates were removed from the
station, compounds were added with a Liquidator (Mettler Toledo,
Switzerland) within 45 s. Plates were replaced in the station and
impedance measurement was started using single frequency settings.
Measurements were taken every 10 s for the first 15 min and every 60
s for the following 2 h. Thereafter measurements were taken every 5
min for 5 h and every 30 min for the following 10-15 h.

2.8. Materials

All compounds were obtained from Sigma, unless otherwise stated.
3. Results
3.1. Increasing intracellular Ca®>* concentration alters cellular impedance

The intracellular Ca?* concentration in H295R cells can be
increased either by releasing Ca?* from intracellular stores by
stimulation with Angll, which activates a Gq-coupled GPCR, or by
stimulation with BayK8644 or FLP64176, which open voltage-
dependent L-type Ca?™ channels. Changes in intracellular Ca™
concentration were determined with the fluorescent Ca®*-chelator
Fluo-4. Angll induced a sharp transient increase in intracellular Ca®*
reaching a maximum within 60 s and decreasing to 40% of the
maximum within further 30 s (Fig. 1A). In contrast opening of
voltage-dependent L-type Ca®™ channels induces a slower increase in
intracellular Ca?" reaching a maximum after 3-5 min which is
sustained at 80% of the maximum for 60 min (Fig. 1B-C). The maximal
fluorescence signal observed in the presence of Angll was three times
higher than the one observed with BayK8644 or FPL64176. The final
plateau reached after Angll and BayK8644 stimulation was similar.

While Angll-induced increase and subsequent decrease in the
fluorescence signal is a smooth curve, BayK8644 and FPL64176 show a
wavelike response at intermediate concentrations with a frequency of
5 oscillations/100 s (1 uM BayK8644 and FPL64176, see insert). These
wavelike responses are also visible at 10 and 3 pM in a single-well
analysis (data not shown).

To analyze the time-dependent changes in Ca>* concentration on
a single cell level Ca?"-imaging assays were performed (Fig. 2).
Treatment with vehicle (top row) showed no visible change except
for minor photobleaching compared to Angll (middle row) and
BayK8644 (bottom row). Addition of Angll induced a Ca®™ response
typical for a GPCR: a fast flash of (almost) all cells to a very bright
intensity followed by a slower fading towards the original low
intensity. Some cells blink individually after the initial concerted flash.
In contrast, addition of BayK8644 produces bright concerted waves of
Ca®*-induced fluorescence that travel across the image plane. Groups
of neighboring cells light up at T = 0 while others stay dark, then
other groups at a different place light up while some go dark again
(Fig. 2, circles). This is difficult to display in the image series and can
be seen much better in the movies provided in the Supplementary
Information.

Fig. 1. Time-dependent changes in intracellular Ca>* concentration after stimulation
with angiotensin, BayK8644 and FLP64176. Cells were treated with increasing Angll
(A), BayK8644 (B) or FLP64176 (C) at the indicated concentrations. (Data are shown as
mean + SD, n = 6). Intracellular Ca?>" concentration was monitored for 60 min. The
graphs shows the first 10 min, the inserts the first 100 s. Data points were taken every
10 s (Angll) and every 2 s for BayK8644 and FLP64176.
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Fig. 2. Image series from fluorescent Fluo-4 [Ca®*] time-lapse recordings of H295R adrenoma cells. Treatment with 0.1% DMSO (series 1, no visible change except for minor

photobleaching) is compared to 100 nM AnglI(series 2) and 1 uM BayK8644 (series 3).
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Changes in intracellular Ca®>™ concentration have been shown to
induce changes in cell morphology which can be detected with
cellular impedance measurements [18,21,26]. We used this method to
investigate possible morphological changes of cells for several hours
after inducing an increase in intracellular Ca>* concentration (Fig. 3).
Angll induced a time-dependent change in cellular impedance typical
for Gq-coupled receptor, i.e., a rapid dip followed by a slow, sustained
increase in impedance (Fig. 3A). The observed ECso of 0.12 + 0.05 nM
(n = 3) is comparable to the ECsq determined for Angll in other
functional assays [27]. The time of maximal decrease and maximal
increase in impedance stayed constant over the complete concentra-
tion range of Angll.

Similar to Angll, addition of BayK8644 or FPL64176 induced a rapid
decrease in impedance. However, this was followed by several hours
of impedance oscillations (Fig. 3B, C). In contrast to the effect
observed with Angll, there is a concentration-dependent delay in the
onset of oscillation (insert Fig. 3B). Three parameters of the
oscillations were analyzed quantitatively: The time and amplitude
of the first minimum, the amplitude of the first peak, the number of
oscillations and their duration (Fig. 3D; Table 1). At 1 uM BayK8644
the onset of signal is delayed and duration of oscillations is reduced
compared to 10 pM BayK8644, while signal size and frequency are
similar. At 0.3 uM BayK8644 the onset is further delayed, signal size
decreases and duration of oscillations is reduced. At 0.1 M Bay8644
the immediate decrease in impedance is still occurring, while the
oscillations are no longer induced.

To determine whether the oscillations induced by BayK8644 and
FPL64176 are mediated by the opening of voltage-dependent Ca®™
channels, cells were treated with known Ca®* channel inhibitors prior
to the addition of BayK8644. Benedipine, a selective inhibitior of L-type
Ca?" channels [28,29], completely inhibited the oscillations induced by
BayK8644 and FPL64176. However, there was no effect on the
impedance changes induced by Angll (Fig. 4). Representatives of two
chemical classes of L-type Ca®™ channels inhibitor: a phenylalkylamine
(verapamil) and a benzothiazepine (diltiazem) did not prevent
BayK8644-induced oscillations. However, from the dihydropyridines,
benedipine, amlodipine and nifedipine were all effective. The most
active inhibitor of induced oscillation was bendipine, completely
inhibiting oscillations at 100 nM. Amlodipine (ICso = 2 UM, n = 2)
and nifedipine (ICsp = 2.5 uM, n = 3) were much less potent.

To identify the involvement of specific Ca®>* channel subunits a
panel of siRNAs was applied 48 h prior to treatment with BayK8644.
Of those siRNAs targeted to either alpha subtype or beta subtype only
siRNA targeted to the ald subunit inhibited oscillations (Fig. 5A).
siRNA targeted to alc, alh, a2d1, a2d2, a2d3, p2, B3 subunits had
no effect (data not shown). Suppression of subunit expression was
assessed by qPCR (Fig. 5B). The results support that L-type Ca?™
channels are involved in the impedance oscillations.

3.2. Oscillations in impedance depend on regulation of intracellular Ca®™
concentration

Both releasing Ca™* from intracellular stores by Angll or inducing
Ca?* influx across the plasma membrane by BayK8644 produced a
rapid decrease of cellular impedance followed by a slower increase. In

Table 1
Quantification of BayK8644 induced oscillations: oscillations of six independent
experiments were analyzed as indicated in Fig. 3D.

BayK8644 1st minimum 1st peak Oscillations

Aimpedance, CI  Atime, min Aimpedance, CI per hour duration, h

10uM  0.065 +/-0.011 5.14 +/-1.05 0.034 +/-0.018 3.25 +/- 0.4 5.6 +/- 1.1
1uM 0.07 +/- 0.010 575 +/-1.03 0.038 +/-0.015 3.3 +/-0.8 3.2 +/-0.8
0.3 uM 0.05 +/- 0.014 720 +/-1.51 0.023 +/-0.018 1.8 +/-0.7 1.7 +/-0.4
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contrast to Angll, which produces an elevated and constant
impedance signal, BayK8644 induced oscillations. We speculated
that this might be caused by the oscillations in intracellular Ca?*
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concentration, although these oscillations were much faster than
those in impedance. Oscillations in intracellular Ca>* concentration
could be caused by two opposing mechanisms: extended Ca®* influx
through Ca?* channels and uptake of Ca’?™ into intracellular
organelles or export of Ca®>™ across the plasma membrane.

Therefore we investigated the mitochondrial Ca®*-uniporter, the
endoplasmic Ca®"-transporter (SERCA) and the plasma membrane Na™*/
Ca®* exchanger. Thapsigargine, an inhibitor of SERCA, blocked
BayK8644-induced oscillations completely, while the initial drop and
subsequent increase in impedance were maintained (Fig. 6A). The shape
of the curve is similar to the shape obtained after Angll addition (see
Fig. 3A), which is caused by an increase in intracellular Ca’"
concentration. Ruthenium Red, an inhibitor of the mitochondrial Ca®*-
uniporter, had an effect similar to thapsigargine (data not shown).

To address, whether Ca?* is also transported across the plasma
membrane, ouabain, an inhibitor of the Na/K-ATPase to which the Na™/
Ca®*" exchanger is coupled, was used. The initial drop in signal was not
inhibited, but oscillations were prevented. At lower concentrations,
oscillations recovered, but with a smaller amplitude and higher
frequency (Fig. 6B). These results support the hypothesis that the
oscillations in cellular impedance are dependent not only on an increase
in intracellular Ca®>" concentration but also on mechanisms that
decrease the intracellular Ca®>* concentration.
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3.3. Calmodulin mediates Ca®*-dependent oscillations of impedance

Intracellular Ca®>* regulates many intracellular processes, including
activation of protein kinase C and calmodulin-dependent kinases. Fig. 7
shows that inhibition of calmodulin with trifluoperazine reduced the
amplitude of the initial drop in impedance (ICsp = 8.6 UM) and
completely reduced oscillations at 10 uM (Fig. 7A). W7, a chemically
unrelated calmodulin inhibitor had similar effects (data not shown). In
contrast, inhibition of protein kinase C with the non-selective inhibitor
GFX109203 did not prevent oscillations of impedance or the initial drop
in impedance (data not shown).

One of the kinases regulated by calmodulin is myosin light chain
kinase [13], which can be inhibited by ML-7. Pretreatment of cells
with ML-7 prevented oscillations at 3 pM and reduced the amplitude
of the oscillations even at 100 nM. The initial drop in impedance was
reduced in a concentration-dependent manner with an ICso > 10 uM
(Fig. 7B).

Myosin light chain kinase and calmodulin have been shown to
form a complex with nonmuscle myosin II, which has been shown to
be associated with the F-actin network and to regulate exocytotic
processes [15,18]. A specific inhibitor of myosin Il ATPase activity,
blebbistatin, was added to determine whether myosin II is the link
between Ca and impedance changes (Fig. 8). The initial drop in
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Fig. 7. Effect of calmodulin modulator treatment on BayK8644-induced oscillations in
cellular impedance. Cells were treated for 30 min with trifluoperazine prior to addition
of 1 M BayK8644 (A). ML-7 was added to the cells 30 min prior to addition of 1 pM
BayK8644 (B). (Data are shown as mean + SD, n = 2).
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Fig. 8. Effect of blebbistatin treatment on BayK8644-induced oscillations in cellular
impedance. Blebbistatin was added to the cells 30 min prior to addition of 1 pM
BayK8644. (Data are shown as mean + SD, n = 2).

impedance is reduced in a concentration-dependent manner with an
IC5o of 1.8 uM (Fig. 8, insert). The subsequent oscillations are
completely inhibited at 3 UM and recover at lower concentrations.
Interestingly, at 300 nM oscillations are suppressed for about 60 min
and then start with a lower amplitude.

Addition of latrunculin B, which depolymerizes actin filaments,
induced a rapid massive decrease in impedance. No oscillations could
be induced by BayK8644 after such pretreatment, indicating that
polymerization of actin filaments is a prerequisite for oscillations of
impedance (data not shown).

4. Discussion

Real-time cell electrical sensing (RT-CES) is a label-free technology
that detects changes in the local ionic environment at the electrode/
solution interface as increases or decreases in the electrode
impedance. Such changes occur when cells interact with the
electrode, for example due to an increase in cell number (prolifera-
tion) or due to gross morphological changes [25]. Using an instrument
that can be placed in an incubator, cells can be kept under cell growth
conditions. Thereby it is possible to continuously observe changes in
impedance for several hours or even days [23,25,30]. The method was
used to follow cell adhesion [23] as well as cell survival and toxicity
[30]. In these experiments changes in impedance reflect increase or
decrease of cell number or adherence of cells.

In addition to morphological changes on a prolonged timescale, it
has been shown that stimulation of cell surface receptors induces
rapid changes in cellular impedance due to slight alterations in cell
morphology or cell adhesion. Thus, it has been demonstrated that
activation of GPCRs [20,21] or tyrosine kinases [22] induced rapid
changes in impedance that occurred within minutes. The observed
impedance traces are specific for the type of receptor activated [21].
These results have been supported with another label-free technology
based on optical dynamic mass redistribution, where GPCR activation
[18] and interaction of ion channels with GPCR's [19] could be
detected in real time. However, the question remains which cellular
signaling pathways link the stimulation of the receptor to rapid
changes in cellular morphology and adhesion which result in changes
of cellular impedance. Early experiments had demonstrated that
inhibition of actin polymerization with Latrunculin A, preventing
polymerization of actin [31,32], is essential for cell adhesion and
formation of cellular impedance [23]. Polymerization of actin is
regulated by Ca®"-dependent processes [33] suggesting that Ca®™
might be the second messenger linking receptor activation to cell
morphology-related changes in impedance. Thus, any extracellular
signal that alters the intracellular Ca>* concentration could influence
cellular impedance by changing the actin polymerization of the cell.
Intracellular Ca®" concentration can be elevated by activation of
GPCRs, tyrosine kinases and opening of Ca?>* channels.

H295R cells express Angll receptors as well as L-type Ca®™"
channels [34]. Activation of either results in an increase of
intracellular Ca®>* concentration by activation of intracellular Ca?™
stores or influx of extracellular Ca®*.

Ca®* imaging assays demonstrated that Angll rapidly increased
intracellular Ca®". This increase was not inhibited by benedipine,
suggesting that Ca?™ originated from intracellular stores. Ca’™
mobiliziation was transient and rapidly decreased to a new plateau
that was sustained for 60 min. In contrast opening of L-type Ca®*
channels rapidly increased intracellular Ca?* concentration which
was then sustained for 60 min. During the complete observation time,
small oscillations in the Ca>* concentration were observed indicating
continuous process of Ca®™ influx and Ca?* efflux from the cytoplasm.
Similar results were observed with single cell imaging. Angll induced
a rapid transient increase in the intracellular Ca®>" concentration,
while BayK8644 induced a sustained increase with waves in the Ca®™
concentration that traveled back and forth across the image. These
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distinct patterns of change in intracellular Ca?* concentration
resulted in two different patterns of time-dependent change in
cellular impedance. While Angll induced a biphasic response resulting
in a sustained increase in impedance, BayK8644 and FPL64176
induced an early drop in impedance followed by prolonged oscilla-
tions that lasted for several hours. Furthermore, the response to Angll
was concentration dependent, however, the onset was independent
of the concentration. In contrast, both size and onset of the response
to BayK8644 were concentration dependent. Thus, although both
Angll and BayK8644 increase intracellular Ca>* concentration, the
time course of impedance changes differ, suggesting that they are
related to distinct signaling pathways [34].

Using selective inhibitors of the L-type Ca®>* channel and an siRNA
for L-type Ca®* channel subunit transfection we identified the a1d
subunit of Ca,1.3 as the plasma membrane target of BayK8644.
Opening of Ca,1.3 initiated the prolonged oscillations in impedance.
The oscillations were also dependent on the activity of Ca* transport
systems reducing intracellular Ca®>* concentration, ruthenium red
sensitive mitochondrial Ca?™ uniporter [35] thapsigargine sensitive
endoplasmic Ca®"-ATPase [36] and ouabain-sensitive plasma mem-
brane Na™/Ca®>* exchanger [37]. However, influx from intracellular
Ca* stores, which mediate Angll-induced signaling [11], was not
involved in the BayK8644-induced oscillations (data not shown). Thus
oscillations in impedance are caused by a tightly regulated intracel-
lular Ca?* concentration that is oscillating over a prolonged period of
time in the presence of L-type Ca®>™ channel openers.

Cellular targets of Ca>™ include protein kinase C and calmodulin-
dependent kinases. While inhibiting protein kinase C did not prevent
impedance oscillations, inhibition of calmodulin-dependent kinase
reduced the impedance oscillations, indicating that BayK8644-
induced oscillations are mediated by the calmodulin pathway. Targets
of the calmodulin pathway include myosin II [13] and stress fiber
formation [14] which link directly to cell morphology. Indeed,
BayK8644-induced impedance oscillations are mediated by the
nonmuscle myosin II, as shown by the inhibitor effect of blebbistatin,
which selectively blocks myosin II [38]. Interestingly, nonmuscle
myosin has not only been demonstrated to be involved in maintaining
stress fiber integrity and basal cell tonus [12] but also to sustain an
open exocytic fusion pore in secretory epithelial cells [16] and to
regulate exocytosis in adrenal chromaffin cells [15]. Exocytosis
increases the plasma membrane surface area, which is subsequently
compensated by rapid endocytosis [4]. Such cycling in plasma
membrane surface area could be the cause of the oscillations in
cellular impedance observed during stimulation with BayK8644.

In summary, the present results suggest that opening L-type Ca™
channels in human adrenocortical H295R cells induces sustained
oscillations in cell electrode impedance via a calmodulin mediated
pathway that involves actin polymerization. The prolonged activation
of this pathway possibly results in induction of exocytosis that is
accompanied by endocytosis to control the cell surface area. These
cycles are stabilized over a prolonged period of time.

5. Conclusion

Intracellular Ca?>* concentration can be raised by several mecha-
nism, activating Ca>* either from intracellular stores or from extracel-
lular space. The rise in Ca®>* concentration subsequently activates a
number of cellular processes including morphological changes.

Here we demonstrate that activation of Ca®>* from intracellular
stores and extracellular space showed discernible timecourse of the
change in intracellular Ca?* concentration and resulted in distin-
guishable morphological changes which could be continuously
analyzed with label-free real-time impedance technology. Results
obtained with inhibitors of the involved signaling pathways suggest
that the changes in impedance are linked to exo/endocytosis cycling.
This technology will make it feasible to investigate the link between

cellular signaling and morphological changes of the cell for further
receptors and ion channels.

Supplementary materials related to this article can be found online
at doi: 10.1016/j.bbamcr.2011.01.016.
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