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Abstract

Apoptosis is a strictly regulated and genetically encoded cell ‘suicide’ that may be triggered by cytokines, depletion of growth factors or
certain chemicals. It is morphologically characterized by severe alterations in cell shape like cell shrinkage and disintegration of cell—cell
contacts. We applied a non-invasive electrochemical technique referred to as electric cell-substrate impedance sensing (ECIS) in order to
monitor the apoptosis-induced changes in cell shape in an integral and quantitative fashion with a time resolution in the order of minutes.
In ECIS the cells are grown directly on the surface of small gold-film electratles Z mm). From readings of the electrical impedance of
the cell-covered electrode, performed with non-invasive, low amplitude sensing voltages, it is possible to deduce alterations in cell—cell and
cell-substrate contacts. To improve the sensitivity of this impedance assay we used endothelial cells derived from cerebral micro-vessels as
cellular model systems since these are well known to express electrically tight intercellular junctions. Apoptosis was induced by cycloheximide
(CHX) and verified by biochemical and cytological assays. The time course of cell shape changes was followed with unprecedented time
resolution by impedance readings at 1 kHz and correlated with biochemical parameters. From impedance readings along a broad frequency
range of 1-10Hz we could assign the observed impedance changes to alterations on the subcellular level. We observed that disassembly of
barrier-forming tight junctions precedes changes in cell-substrate contacts and correlates strongly with the time course of protease activation.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction in a human body per day to ensure tissue homeostasis, so
that within a typical year a person loses as many cells by
Apoptosisandnecrosisare two different pathways for an-  apoptosis as corresponds to its total body weight (Wu et al.,
imal cells to die. Whereaapoptosisis a strictly regulated,  2001). Disturbances in a cell’s ability to undergo apoptosis
genetically encoded and evolutionary selected active cellmay lead to severe pathologies most notably the progres-
‘suicide’ that mediates the safe and controlled deletion of sion and growth of solid tumor§ fompson, 1996 In most
unwanted cellspecrosisis more a passive, ‘accidental’ and recent report@poptosisis also more and more considered
pathological cell deathWyllie et al., 198(. Necrosisis not when cell death induced by toxic chemicals in moderate
believed to ever occur in a living organism under strictly concentrations is discussedaucke et al., 1998; Robertson
physiological conditions but it does occur when cells are and Orrenius, 2000
severely poisoned or compromised by other external fac- Apoptosisandnecrosiscan be clearly distinguished from
tors. In contrastapoptosisis as important for the normal each other by several morphological and biochemical fea-
development of multicellular organisms as cell division and tures (Gobe and Harmon, 200icConkey, 1998 Apop-
differentiation and it is regarded as the indispensable coun-totic cells shrink without loosing the integrity of their plasma
terpart tomitosis For example, 18 cells die by apoptosis ~membrane. In vivo they are then removed and digested by
phagocytic cells. In contrast, necrotic cells swell and their
plasma membrane eventually ruptures so that cytoplasmic
molecules escape into the extracellular space and induce a
fax: +49-251-833-3206. . : L
E-mail addresswegenej@uni-muenster.de (J. Wegener). subsquent inflammatory response in the surroundl_ng tissue.
1 present address: Institut fiir Physiologie, Med. Fakultat Carl-Gustav- APOptotic cells are known to loosen contacts to their neigh-
Carus, Fetscherstr. 74, 01307 Dresden, Germany. bors, form cytoplasmic vacuoles, show nuclear and plasma
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membrane blebbing, a characteristic chromatin condensa-diffusion pathway along the intercellular cleft between two
tion and DNA fragmentation (Gobe and Harmon, 2001; adjacent endothelial cells. Since the tightness of this en-
McConkey, 1998 Many of these processes along the apop- dothelial barrier, which is accessible from ECIS readings,
totic pathway are mediated or transmitted by a family of is extraordinary sensitive for changes in cell shape we used
intracellular cysteinyl-aspartate-specific proteinases, calledmonolayers of these particular cells as a transducer within
caspasesThese enzymes are subdivided into either initia- a bioelectrical hybrid device. This whole-cell biosensor is
tor or effector caspases dependent on their individual role designed to read apoptosis-induced changes in biological
and targetsl(eist and Jaattela, 2001; Takahashi, 19%8i- activity independent of the trigger mechanism in a strictly
tiator caspases are capable of proteolytically cleaving inac- physiological environment.
tive pro-caspases, whereas effector caspases directly cleave
certain target proteins within the cell and induce the con-
comitant structural and functional alterations. Caspase-3 is2. Materials and Methods
probably the most relevant and efficient effector caspase and
is, thus, also called théeath caspase 2.1. Cell preparation and culture conditions

Since apoptosis plays such a crucial role in many phys-
iological or pathophysiological processes, the underlying Endothelial cells of cerebral micro-vessels were isolated
mechanisms are studied extensively. In the light of this back- from pig brain (porcine brain capillary endothelial cells
ground it was our objective to develop a new bio-analytical (PBCECS)) as described previouslyrénke et al., 2000
assay to monitor apoptosis in cultured cells non-invasively Briefly, cerebra of freshly slaughtered pigs were mechani-
and in real time. As the three-dimensional shape of adherentcally homogenized and gradually digested by two proteases,
cells is a very sensitive indicator for their viability or any together with further purification steps including density
deteriorating changes in their environment we based the newcentrifugation.
assay on a shape-sensitive electrochemical technique that PBCECs suspended in M199 Eagle’s medium supple-
is referred to as electric cell-substrate impedance sensingmented with 10% (v/v) ox serum, 0.7 mM-glutamine,
(ECIS) Giaever and Keese, 1993; Keese and Giaever,)1994 100pg/ml penicillin and 100 U/ml streptomycin (all pur-
In ECIS the cells are grown on gold-film electrodes that chased from Biochrom, Berlin) were seeded in a density of
are deposited on the surface of ordinary cell culture dishes.100,000 cells/crh on gelatine-coated gold-film electrodes
Readings of the electrical impedance of the cell-covered which are described in more detail below. Cell adhesion to
electrode allow to extract information about the shape of the substrate was found to be most stable when the gelatine
the cells on the electrode surface quantitativélye@ener was cross-linked by brief exposure to 2.5% (v/v) glutaralde-
et al., 2000 and with a time resolution that can be reduced hyde for 15 min. Subsequently glutaraldehyde was washed
to less than a secon&iaever and Keese, 199 ECIS has out thoroughly with ultrapure water and the electrodes were
been successfully applied to monitor cell shape changes insoaked in water over night prior to inoculation. On the
various cell types under very different experimental condi- third day after inoculation complete medium was replaced
tions. For instanceTiruppathi et al. (1992have used ECIS by serum-free medium (SFM) made from Dulbecco’s
to monitor the morphological response of bovine endothe- Modified Eagle’s Medium F12 (Cell Concepts GmbH,
lial cells to the addition ofx-thrombin and to explore the  Umkirch, Germany) supplemented with 108/ml peni-
second messenger pathways involved. The enormous seneillin, 100 U/ml streptomycin, and 1Q0g/ml gentamicin.
sitivity of the ECIS device was demonstrated by detecting In experiments addressing the anti-apoptotic activity of the
the morphological alterations of cultured cells caused by glucocorticoid hydrocortisone (HC) the medium was addi-
the periodic injections of C®in ordinary cell culture in- tionally supplemented with 550 nM HC. Medium exchange
cubators I(o et al., 1994. The rapid changes in cell shape had to be performed extremely careful since the cell mono-
that can be induced in human orbital fibroblasts by exposurelayers responded very sensitively to any mechanical chal-
to prostaglandin E have also been monitored by ECIS andlenges. All experiments of this study have been performed
shown to be mediated by cAMP-dependent signal transduc-with confluent (i.e. continuous and densely packed) cell
tion pathways Reddy et al., 1998 monolayers.

Our selection of an appropriate cell type as the ultimate
sensory elements in an ECIS-based apoptosis assay has beéh2. Induction of apoptosis
endothelial cells derived from brain capillaries. In vivo these
cells line the wall of the cerebral micro-vessels and formthe  We used cycloheximide (CHX; Sigma—Aldrich, Deisen-
so-called blood-brain barrier, a tight diffusion barrier be- hofen, Germany) to induce apoptosis in PBCECs. Stock so-
tween the circulating blood and the brain that is responsible lutions were prepared in DMSO with a CHX concentration
for the establishment and maintenance of a constant chem-of 100 mM. The final concentration of CHX in the culture
ical environment in the central nervous systdamadbury, medium was adjusted to 26M. Introduction of DMSO into
1993. The functionality of the blood—brain barrier is based the cell culture medium was always less than 0.05% (v/v)
on the expression of tight cell-cell contacts that occlude the throughout the experiments, which by itself did not induce
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any morphological response of the cells. The incubation 2.5. Immuno-staining for the tight junctions associated
times are shown with the results. protein ZO-1 and occludin

2.3. DNA fragmentation Confluent monolayers of PBCEC grown on collagen
G-coated cover slips in SFM with or without HC for 3 days
were washed twice with phosphate-buffered saline contain-
ing 1mM C&* and 0.5mM Mdg* (PBSH). Cells were
fixed with 4% (w/v) paraformaldehyde in PBS for 10 min

at room temperature (RT) and then washed again with
PBS"*. The cell membranes were permeabilized by incu-
bation with 0.2% (v/v) Triton-X-100 in PBS" for 10 min

at RT. After washing with PBS' the samples were exposed
to a solution containing 3% (w/v) bovine serum albumin in
PBSH* for 20 min at RT to block unspecific binding sites.
The first antibodies (1@g/ml monoclonal rat antronula
occludens protein {ZO-1), Chemikon, Bad Nauheim, Ger-

In order to detect apoptosis-induced DNA fragmentation
we used the so-calle@ell Death Detection ELISAPLUS
(Roche, Mannheim, Germany). After exposure of confluent
PBCEC to 25.M CHX or the corresponding DMSO vehi-
cle control for the indicated time the cells were harvested
with a cell-scraper. 5« 10* cells were first re-suspended
in 1ml of the kit's lysis buffer for about 30min and
were then collected by centrifugation at 280g. The
principle of this assay is to transfer g0 of the super-
natant into a streptavidin-coated 96-well microtiterplate.
Subsequently a mixture of biotin-labeled anti-histone and

peroxidase-labeled anti-DNA antibodies were added. During ) . : .
X . . C . . many; 1.25.g/ml polyclonal rabbit anti-occludin, Zymed,
the incubation period, the anti-histone antibody binds to the ; S :

. . San Francisco, CA) were applied in a 0.5% bovine serum
histone component of the nucleosomes and simultaneously . - . .
. . . - albumin/PBS ™ solution for 90min at RT. Cells were
immobilizes the immuno-complex to the streptavidin-coated . : . .

: L e . . then washed with PB'S" and incubated with 3% bovine
bottom of the titer plate via its biotin residue. Addi- : . : )

: : . , serum albumin/PBSt solution for 20 min at RT again.
tionally, the anti-DNA-POD antibody reacts with the . . .

.~ After being washed with PBS" the cells were incubated
DNA-component of the nucleosomes. In order to determine

- .. with fluorochrome-labeled secondary antibodies (giml
guantitatively the amount of nucleosomes bound to the titer- rhodamine-labeled. polvclonal anti-rat 1aG. Siama—Aldrich
plate walls, 2,2acinobis[3-ethylbenzthiazoline-sulfonic » POYY g%, 519 '

. i ; _Deisenhofen, Germany; 1@/ml bodipy-labeled poly-
_aC|d] (ABTS), a POD-substrate, is added after some wash clonal anti-rabbit IgG, Molecular Probes, Eugene, OR) for
ing cycles. The amount of the ABTS conversion product

was then photometrically quantified (405 nm) 45min at RT. Finally cells were washed three times with
P ya ' PBS™* and fixed with 4% paraformaldehyde for 10 min at

2.4. Specific activity of caspase-3 RT again. After the last fixation step the cover slips were
mounted upside down onto glass slides to protect the spec-
The CaspACEM Assay System Fluorometr{Promega, imen. Microscopic images were recorded with the confocal

Heidelberg, Germany) was applied to quantify the activ- laser scanning microscope Leica TSL.

ity of caspase-3. After exposure of confluent PBCECs to

25pM CHX or a corresponding DMSO vehicle control 2.6. Electric cell-substrate impedance sensing (ECIS)

for the indicated time the cells were first harvested with

a cell-scraper and were then permeabilized in lysis buffer Changes in the shape of PBCECs during apoptosis were
by four repeats of freezing (liquid nitrogen) and thawing monitored by electric cell-substrate impedance sensing
(37°C). The lysis buffer contains 25 mM HEPES (pH 7.5) (Giaever and Keese, 1993; Keese and Giaever, Y1994
(Sigma-Aldrich), 5mM Mgdl-6H,0 (Merck, Darmstadt, = The method is based on measuring non-invasively the
Germany), 5mM EDTA (Fluka, Neu-Ulm, Germany), 5mM frequency-dependent electrical impedance of cell-covered
dithiothreitol (Sigma—Aldrich) and a protease inhibitor gold-film electrodes along the time course of the experiment.
cocktail tablet (complete EDTA-free, Boehringer Mannheim Subsequently morphological information about the cells on
GmbH, Mannheim, Germany). After centrifugation (15min, the electrode surface may be extracted from the recorded
5°C and 14,000x g) the cell extract was incubated with impedance readings by data modeling. The basic idea of
a caspase-3 substrate called Ac-DEVD-AMC. This sub- the measurement has been described in more detail before
strate consists chemically of two parts: the caspase-3(Wegener et al., 2000; Giaever and Keese, 129t only a
specific oligopeptide DEVD (Asp-Glu-Val-Asp) and the condensed outline is included here. When mammalian cells
fluorochrome AMC (7-amino-4-methyl coumarin). AMC is  attach and spread on the surface of a planar gold-film elec-
released upon cleavage of Ac-DEVD-AMC by caspase-3 trode they behave essentially like insulating particles that
and shows then a yellow—green fluorescence (excitationhinder unrestricted current flow from the electrode into the
= 360 nm, emissior= 460 nm) which can be used to quan- bulk electrolyte and thereby increase the overall electrode
tify the caspase-3 activity. To guarantee the comparability impedance. When the frequency of the applied ac signal
of different samples, fluorescence data were normalizedis sufficiently high a certain amount of current can capaci-
with respect to the protein concentration in the sample. tively couple through the plasma membranes and get across
Protein concentrations were determined according to thethe cell layer on transcellular pathways. For most frequen-
Lowry approach. cies, however, the current has to bypass the cellular bodies.
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medium with the radius of the celt;, the specific resistivity of the
electrolyte underneath the ceglland the distance between
Cn IRPER R, membrane and electrode surfat& he dielectric properties
\:L of the plasma membrane are described by the membrane
8<9 capacitance&C, (Fig. 1). According to this model, the total
Au : impedance of the cell-covered electradigy is described
a by the equation
Fig. 1. Schematic of adherent cells on gold-film electrodes. Solid arrows
represent paracellular current pathways whereas the broken arrow indicates 1 _ i Zn Zm/(Zn+Zm)
the transcellular current pathway. The‘parameters that can be eX”aCt,edZtotal " Zn | Zn+ Zm (1/2)y - re - o(yre)/ In(yre))
from electrochemical impedance recordings and subsequent data modeling T Ro((1/Zn) + (1/Zm))

Ry, @ and C, are assigned to their respective cellular origin. Please note
that all experiments have been performed with confluent cell layers as ,, h
shown inFig. 8 This schematic is confined to three cells for presentational

reasons. a1 N 1
J/_rc Zn Zm ’

Along these paracellular pathways the current needs to flowz,, is the impedance of the cell-free gold-film electrode,
through the narrow channels between cell and electrodez,, the total impedance of both, the apical and basolateral
surface before it can escape through the intercellular shuntplasma membranes witfy,, = 2/iwCp,- 10 andl; are modi-

into the bulk electrolyteKig. 1). Accordingly, trans- and  fied Bessel functions of the first kind of order 0 and 1, respec-
paracellular currents experience individual impedance con-tively. The impedance of the cell-free electrode was derived
tributions that originate either from the plasma membrane or from the impedance spectra of the cell-covered electrode at
the cell adhesion zone together with the intercellular cleft. the low-frequency end using the empirical constant phase el-
Since the trans- and paracellular impedance contributionsement (CPE) for modeling, thu&, = Zcpe. The resistance
are dependent on the frequency of the applied ac signal, theyof the bulk electrolyte which is not included Hiya andz,

can be separated and quantified individually by impedancewas independently determined from the high frequency end
measurements over an extended frequency range. Deconvoef the spectrum and added to both impedance values.
lution of the overall ECIS signal can be performed by fitting  Fig. 2sketches the core components of this technique, the
a mathematical model that was recently derived3igever  measurement chambers, that we build in a somewhat differ-
and Keese (1991p the experimental data by least-square ent layout than described for the commercial ECIS electrode
optimization procedures. In the ECIS-model the impedance arrays http://www.biophysics.coin The alterations in elec-
contributions of the adherent cell layers are described by trode size and layout are, however, insignificant with respect
three independent parameters. A param&g(resistance  to the basic ECIS theory and data analysis procedures. The
between cells) accounts for the impedance contribution aris-measurement chamber consists of three individual work-
ing within the intercellular shunt. Impedance contributions ing electrodes 4 = 3mmz) and one common, horse-shoe
arising from the cell-substrate adhesion zone are accountedike counter electrode (approx. 3 émDuring the measure-

for by the parametes that is defined as ment one of the individual working electrodes in combina-

tion with the counter electrode form a two-probe system.

o= re P Since the counter electrode is significantly larger in surface
d

glass plate —w

®

- »

o —microscope slide screw cap
* \

— LRGN

[ o

(A) B)

counter electrode\

working electrodes

evaporated gold-films

Fig. 2. Measurement chambers to record ECIS data of cell layers grown to confluence on top of integrated gold-film electrodes. (A) Microscope slide
with the evaporated gold-film in an arrangement composed of three small working electrodes and one common, horse-shoe like counter electrode. (B
Top and side view of the completed measurement chamber with the electrode holding slide as the chamber bottom. For details of chamber constructio
see Wegener et al., 1996During data recording chambers were placed in a humidified incubat6C|37
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area than the working electrode, the total impedance of thefication of apoptosis (Gobe and Harmon, 2001). However,
system is exclusively dominated by the electrical properties instead of using ultrastructural imaging techniques like EM
of the cell-covered working electrode and the resistance of that are confined to a field of view of one or a few cells at
the bulk electrolyte. Thus, ECIS data recorded for the three the most, we applied the electrochemical ECIS device that
working electrodes provide independent readings from threeis capable of recording average alterations in cell shape inte-
individual spots within the cell layer. The electrode arrange- grated over a cell monolayer of hundreds of cells. ECIS has
ment is prepared by high-vacuum thermal evaporation of proven to be extraordinary sensitive to changes in cell—cell
gold through a corresponding mask onto an ordinary micro- and cell-substrate contact¥/égener et al., 1999; Tiruppathi
scope slide as described elsewhahegener et al., 1996 et al., 1992; Lo et al., 1994Since the shape of individual
A glass top with a screw cap is mounted onto the slide by cells within a confluent monolayer is determined by their
a non-cytotoxic silicon glue forming a chamber that can be various contacts to their nearest neighbors as well as by
handled like a common cell culture dishig. 2). their molecular interactions with the growth substrate, ECIS
Impedance data were recorded in the frequency range be-should be well suited to monitor the onset and the dynamics
tween 1 and 19Hz using sinusoidal ac voltages of 10mV of apoptosis. In order to make the assay very sensitive even
amplitude (rms). The dc bias potential between the two iden- for subtle changes in cell morphology we used endothelial
tical gold electrodes was clamped to 0V. The continuous cells derived from porcine brain micro-vessels (PBCEC) as
wave impedance analyzer Solatron SI-1260 (Farnborough,the sensing elements as introduced above. The functional-
UK) was used for all impedance readings. A computer con- ity of this interfacial tissue is provided by barrier-forming
trolled relay board was used to switch between the indi- cell-cell contacts, so-calletight junctions These tight
vidual working electrodes of two measuring chambers that junctions occlude the intercellular cleft between adjacent
were usually followed in parallel. Impedance analyzer and cells tight enough to impede even the passage of small in-
relay board are controlled by a tailor-made software writ- organic ions (N&, K*, CI™) (Fromter, 1972 Accordingly,
ten in LabView. During the experiments the chambers were the establishment and modulation of barrier-forming tight
kept in an ordinary cell culture incubator with a humidified, junctions can be sensitively measured by their electrical
CO, supplemented atmosphere (5vol.%). Processing of theresistance. Consistent with the physiological requirement
raw data to extract the parameté&s o andCy, has been of a constant ionic environment within the CNS, cerebral
performed as described in more detail elsewh&Yegener endothelial cells are characterized by tight junctions of
et al., 2000. high electrical resistance which is very sensitive to minute
changes or partial disintegration. With the tightness of the
intercellular junctions being one of the parameters that is ac-
3. Results and discussion cessible from ECIS readingRy), a bioelectrical hybrid con-
sisting of the ECIS device interfaced to an endothelial cell
The majority of existing technigues to monitor apoptosis monolayer of unique barrier properties promises to be a sen-
in vitro is based on fluorescence probes designed to specif-sitive and physiologically relevant indicator for apoptosis.
ically label relevant molecules in apoptotic cells which can  In order to trigger apoptosis in a well-defined and re-
then be detected either by fluorescence microscopy or—for producible manner, we exposed the cells to cycloheximide.
suspended cells—by flow cytometry. Other more biochemi- CHX is primarily known as a potent inhibitor of protein
cal assays read the activity of apoptosis-related enzymes likebiosynthesis. However, dependent on cell type and exact ex-
caspase-3 or determine the degree of DNA fragmentationperimental conditions CHX also induces apoptosis as has
by means of agarose gel electrophoresis or ELISA tech- been shown for peripheral micro-vessel endothelial cells by
nigues. It was the major objective of this study to develop a Hu et al. (1998)To ensure that CHX also induces apoptosis
new bio-analytical technique that is capable of monitoring in PBCEC, we first determined the degree of DNA fragmen-
apoptosis in monolayers of adherent cells non-invasively, tation and the specific activity of caspase-3 after PBCEC had
in real time and independent of any fluorescent or radioac- been exposed to 328V CHX for 16 h. Compared to con-
tive probes. Developing a real-time sensor device seemedtrol cells that were only treated with a corresponding dose
most valuable to us in order to provide a technical means of DMSO (solvent for CHX) we found a significantly ele-
to study the dynamics of apoptosis rather than just snap-vated degree of DNA fragmentatioRi@. 3A) and caspase-3
shots. Instead of using the activity of one particular enzyme activity (Fig. 3B). A five-fold up-regulation of DNA frag-
or one particular biochemical reaction as a measure for mentation was accompanied by a 20-fold increase of the
apoptosis we focused on apoptosis-induced changes in thespecific caspase-3 activity. Both of these independent bio-
three-dimensional shape of the cells. The rationale for this chemical parameters consistently confirm a specific induc-
approach is based on very detailed electron microscopiction of apoptosis as a response to CHX addition to the culture
(EM) studies that revealed clear morphological changes in medium.
apoptotic cells (Gobe and Harmon, 2001) as they have been The strength of the ECIS technique is its capabil-
described in the introduction. The ultrastructural morphol- ity to monitor changes in the shape of cultured cells
ogy is still regarded as the most reliable method for identi- non-invasively. For simply monitoring the cell response
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12 5 trum (f < 10Hz) the overall impedance of the system is
) T ®) T 190 5 dominated by the impedance of the electrode/electrolyte
s 10y {50 O interface. The impedance at very high frequencigs>(
T st @ 100 kHz) is the sum of the resistance of the culture medium,
= 140 @ ot ; i
g @ the constriction resistance of the working electrode and
> o 130 § all the wiring. Accordingly, the electrical impedance of
“; 4t 120 g the system at both ends of the frequency spectrum is in-
z T > dependent of the shape and viability of the cells. In the
o 2r 110 S . . . .
g intermediate frequency range the cell bodies dominate the
0 © total impedance of the system and consistently the major

+ + CHX ; ; i
Control -+ CHX  Control - +C impedance alterations occur at these frequencies when the

Fig. 3. (A) DNA fragmentation and (B) caspase-3 activity determined for apoptosis cascade is released. Please note, that even within
micro-vessel endothelial cells that had been exposed {aM28yclohex- the intermediate frequency window (10 Rz f < 100 kHz)
imide (CHX) for 16 h. Control cells were only exposed to an iQe_nticaI the time course of the recorded impedance varies for dif-
dose of DMSO (0.1%) that was used as a solvent for cycloheximide.  ¢o .ot frequencies. This is due to the fact that the fractional
contribution of cell-cell and cell-substrate contacts to the
to any kind of stimulus it is most often sufficient to read overall impedance is strictly dependent on the frequency of
the impedance at one designated frequency. But to makethe sensing voltage.
an appropriate frequency selection it is instructive to look  Fig. 5compares the first and the last impedance spectrum
at the electrical impedance of the cell-covered electrode recorded in this experiment in two-dimensional represen-
over an extended frequency rangég. 4 shows the raw  tation. Open circles@) represent the frequency-dependent
data of a typical experiment in three-dimensional represen-impedance before the confluent PBCEC monolayer was
tation when a confluent layer of PBCEC was exposed to exposed to 2pM CHX (¢t = Oh in Fig. 4 whereas the
25pM CHX approximately 0.75 h after the first impedance filled circles @) correspond to the impedance spectrum
spectrum was recorded. Looking along the surface of the of the same electrode after the cells have experienced
data mesh provides the most comprehensive survey on theapoptosis-induced changes in cell shape (5 h inFig. 4).
frequency-dependent changes in electrode impedance whetPlease note that the direction of the frequency axes had to be
the cells undergo apoptosis and cell—cell and cell-substratereversed inFig. 4 for presentational purposes. As apparent
contacts are altered. At the low-frequency end of the spec-from Fig. 5 the difference in the total impedance between

log (12| / Ohm)

? LTTRaLLs

i gt ’

7 Iy”’fllj iy /
s L

i

e

.

s
e

10
. 5
time / hrs 06 log (f/ Hz)

Fig. 4. Evolution of the impedance magnitud® 4long a frequency range from 1 to®z when confluent micro-vessel endothelial cells are exposed

to 25uM cycloheximide. After recording base line data cycloheximide was added 0.75h after the first spectrum was recorded. Please note that the
frequency axes has been reversed to provide a view on the impedance surface. The veryfirk) @nd the very lastt = 15 h) impedance spectrum
recorded in this experiment are re-plottedFiy. 5 in two-dimensional representation.
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ol % . w/o cells
c 10°F ™% ECIS-model c
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N
2
10100

f/Hz

Fig. 5. Two-dimensional overlay of the frequency-dependent electrical
impedance of gold-film electrodes covered with a confluent monolayer
of micro-vessel endothelial cells befor®) and after @) exposure to
25uM cycloheximide for 15 h. The corresponding spectra are highlighted

in Fig. 4 The solid line represents the transfer function of the ECIS-model
after the model parameters had been optimized by least-square techniques.
The broken line indicates impedance values at a frequency of 1kHz. In
initial experiments we only recorded impedance data at this particular
frequency to achieve best time resolution for apoptosis monitoring.

1 2 3

120+ [ wioHC T
Il v HC

activity of caspase-3/a.U.

40t
vital and apoptotic cells passes a maximum at roughly O mumm -
1kHz indicating that impedance readings at this frequency 0 3 10 16

are most sensitive to mirror the associated changes in cell g, CHX incubation time / hrs
morphology.

Thus, we first monitored impedance values at a sampling Fig. 6. (A) Time course of the imp_edance magnitude a_t a sampling fre-
requency of 1kt Kig. 64) while a confluent monolayer (7% S when ot o vesse adonii ol e e
of PBCEC was exposed to 23 CHX (O) oracorrespond-  germ_free medium either witH8) or without (O) 550nM hydrocorti-
ing dose of DMSO @). In the control experiment the addi-  sone. In the control experiment (no hydrocortisone present) the cells were
tion of DMSO (0.05%, v/v) did not induce any significant exposed to a corresponding dose of DMSE) that served as solvent for
perturbation in impedance indicating that the cell shape did CHX. The correspondi_ng control_i_n presence of hydroco_rtis_on_e (data not
not change. Addition of 2BM CHX induces a rapid and shown) behaveq identically. Addition of CH_X_ or DMSO is indicated by

h L L the arrow. (B) Time course of caspase-3 activity for micro-vessel endothe-
monotonic decrease in |mpedance after an initial Iag phaselial cells upon exposure to 38M cycloheximide. Open columns present
of approx. 0.5h ©). Within 6 h the impedance magnitude enzyme activity in serum-free medium, whereas filled columns represent
approaches values of a cell-free electrode. The time resolu-caspase-3 activity in serum-free medium supplemented with 550 nM hy-
tion was adjusted to 10 min but could have been improved droc_ortisone. The timeds( t, t3) \_Nhen samples were taken and analyzed
many times if the experimental situation would have re- 2 indicated in (A) by broken fines.
quired so. To get a quantitative measure for the dynamics of
apoptosis-induced changes we determined the time necesexposure caspase-3 activity amounts to less than 30% of its
sary for half-maximum reduction of the impedance at 1 kHz final value while the impedance of the cell layer at 1 kHz has
(tzso). Analysis of 19 time courses similar to the one shown already decreased for more than 75% of its total change indi-
in Fig. 6Areturned a mean value ft¥so of (1.2+ 0.1) h. cating the improved sensitivity of the impedance assay. After

Since caspase-3 has been reported to be the major prod0 h of CHX exposure the caspase-3 activity has reached its
tease that is responsible for apoptosis-induced proteolysismaximum levels whereas the impedance changes are final
of various intracellular target proteins, we compared the after 6 h. Accordingly, the time for half-maximum activation
time course of the impedance changegy( 6A) with the of caspase-3tfaspase shwas determined to (3+ 0.1) h by
time course of caspase-3 activation upon CHX exposure.fitting a sigmoidal curve (Boltzmann-type) to the recorded
Fig. 6B (open columns) traces the activity of caspase-3 be- data. Taken together, this comparison indicates that in com-
fore and several hours after exposing the cells tq25 bination with ECIS recordings cell morphology is a very sen-
CHX. For easy comparison the time markers(prior to sitive indicator for the onset of apoptosis since the cell shape
CHX addition),t> (3 h after CHX addition) ands (10 h af- responds drastically even to small increases in caspase-3
ter CHX addition) have also been includedRig. 6A. The levels.
two time courses indicate that even very small and clearly It has been reported for various cell types that glucocor-
sub-maximum levels of caspase-3 activity go hand in hand ticoids like dexamethasone or hydrocortisone are capable
with rather drastic changes in impedance. After 3h of CHX of reducing the level of apoptosis when it is initiated by
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Table 1 Table 2
Kinetic parameters of cycloheximide-induced apoptosis in micro-vessel Morphological parameters as extracted from ECIS readings for confluent
endothelial cells incubated in serum-free medium alone or in SFM sup- micro-vessel endothelial cells cultured either in serum-free medium (SFM)

plemented with 550 nM hydrocortisone (HC) or in SFM supplemented with 550 nM hydrocortisone (HC)

tzso (h) tcaspase 50(N) Ro (Qcn?) a (205 cm) Cm (1Fler?)
SFM 1.2+ 0.1 3.3+ 0.1 SFM 142+ 80 34+ 9 1.09+ 0.12
SFM + HC 3.0+ 03 16+ 6 SFM + HC 470+ 140 59+ 5 1.16+ 0.13

tz50 denotes the time necessary for half-maximum reduction of the elec- R, denotes the electrical resistance between adjacent cells indicative
trical impedance at a sampling frequency of 1kHz after exposing the for the establishment for barrier-forming cell-cell contaetsexpresses

cells to 25uM cycloheximide (CHX).tcaspase sodenotes the correspond- impedance contributions arising from the cell-substrate adhesion zone
ing time necessary for half-maximum activation of caspase-3. The given and is thus indicative for cell-substrate interactio@ig. abbreviates the
values are meait S.D. (n > 8). capacitance of the plasma membrane. The given values are4n@én

(n > 8).

cytokines or serum-depletionMen et al., 1997; Messmer

et al.,, 1999; Huang and Cidlowski, 1999Thus, we ad- different apoptotic stimuli can be explained by one common
dressed whether hydrocortisone when applied in physi- mechanism.

ological concentrations can retard the apoptosis-induced After applying ECIS for simply monitoring the dynamics
impedance decrease that we observed for PBCEC in ourof CHX-induced changes in cell shape, we then made use
system.Fig. 6A compares the time course of the electrical of its analytical capabilities to find out more precisely what
impedance when a confluent monolayer of PBCEC was ex- happens on the cellular level with respect to cell—cell and
posed to 2wM CHX in presence of 550 nM HC&) with cell-matrix contacts and the time course of their modula-
the dataset discussed befo@ {hat was recorded in absence tion during apoptosis. We thus recorded impedance data
of HC. In control experiments in which we only applied a over the entire frequency range from 1Hz to 1 MHz for
corresponding volume of DMSO (data not shown) we could both conditions £HC) and analyzed the data by means of
not detect any significant response of the cells similar to the the ECIS-model previously derived l§yiaever and Keese
control experiment in absence of H®). The figure shows  (1991) By applying this model to the recorded impedance
thatin presence of HC the decrease in electrical impedance igdlata we can distinguish between impedance contributions
significantly slower and a biphasic time course is indicated. due to cell-cell contacts and those due to cell-substrate
After an initial drop within the first 2.5 h the impedance val- adhesionR, denotes the specific resistance between adja-
ues stabilize for 2 h before they eventually approach valuescent cells and therefore reflects the integrity of tight junc-
of a cell-free electrode in an asymptotic fashion. From 24 tions. The parameter describes the frequency-dependent
experiments we determined the time for half-maximum re- impedance contribution arising from cell-substrate adhe-
duction of impedancesgto (3.0£0.3) hin presence of HC.  sion. The morphology of the plasma membrane is mirrored
Accordingly, physiological concentrations of HC increase in the plasma membrane capacitar@g. The solid line
tzso by a factor of 2.5 for micro-vessel endothelial cells. in Fig. 5 demonstrates the good agreement between the
We then addressed whether or not this HC-mediated retar-experimental data and the ECIS-model after parameter
dation of apoptosis is also reflected in levels of caspase-3optimization. Such an analysis revealed significant differ-
activity. The filled columns irFig. 6B show the time course  ences between PBCEC monolayers that were either kept in
of caspase-3 activation when PBCEC are exposed to CHXHC-supplemented or HC-free medium, respectively, even
in presence of HC. Compared to the same experiment inprior to any CHX challenge. The resistance between cells
absence of the glucocorticoid we found a significant reduc- Ry is elevated roughly three-fold from (14080)€2 cn? in

tion of caspase-3 activity. Fitting the data with a sigmoidal the absence of HC to (429140)Q2 cm? when HC is present
curve (assuming the same final activity as in absence ofin 550 nM concentrations. The value @ffor unchallenged
HC) returns the time needed for half-maximum caspase PBCEC cultured without HC amounts to (349) Q%°cm
activationtcaspase s@S (16+ 6) h. Thus, the half-maximum  and is only half the value of (5% 5) Q%5 cm that we find
activation is retarded almost by a factor of 5. The character- in presence of HC. The membrane capacitancgswére

istic timestsg that describe the dynamics of apoptosis in the not significantly affected and were found to be very close to
different assays are summarizedTible 1 Taken together, 1 uF/cn? as it is typically found for smooth cellular plasma
ECIS readings and caspase-3 activity measurements consismembranes. ECIS parameters for unchallenged PBCECs
tently show the anti-apoptotic influence of hydrocortisone (£HC) are summarized iffable 2 The impact of HC on

for PBCEC. Comparison of both time courses again con- endothelial barrier function as revealed by the resist&tce
firms the improved sensitivity of the ECIS-based assay to is consistent with previous studies from our laboratory in
indicate the onset of apoptotic changes. The mechanism bywhich we described the reduction of paracellular permeabil-
which glucocorticoids inhibit apoptosis is not well under- ity for sucrose upon exposure of PBCEC to hydrocortisone
stood at the present time. And it is questionable whether the (Hoheisel et al., 1998 ECIS analysis as performed here
anti-apoptotic effect of glucocorticoids for different cellsand furthermore reveals that HC does not only strengthen the
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500 60 a tendency ofx to decrease in a biphasic fashion as it is
indicated inFig. 7A.
“g 400} | Exposing confluent PBCECs to 81 CHX in presence
é 140 T of HC (Fig. 7B), prolongs the time until both parameteRg,
~_300r Q anda, become insignificantly low. In terms of cell morphol-
o Q;ooOf\o\ o) ogy, this means that functional disintegration of cell—cell
| 200 e . 1o & and cell-matrix contacts occurs at later times of exposure to
T SRS g CHX. It takes almost 5h foR, to completely vanish. Al-
1007 .\b DO%OC%O% thougha declines monotonically with the same indications
L S %W for a mechanism that relies on two time constants, it does not
0 ! 0 . . . .
0 2 4 6 8 10 completely disappear till the end of the experiment. Consis-
(A) t/hrs tently, phase contrast microscopy revealed that the cell bod-
ies were still present on the electrode surface after 10 h of
500 60 incubation with CHX but apparently cell-substrate contacts
had been altered significantly.
“g 400 poocs QPOOO l The observed functional c_hanges_ in cell—cell an_d
&) |ssese -f“\ﬁ& la0 | cell-substrate contacts as monitored with ECIS agree with
S 300t % Q more structural studies reported by others. Most notably,
o K O%OC Pe) caspase-3 was recently found to cleave actin, the monomeric
| 200 O%Ooa% 5 building block of cytoskeletal microfilamentdvi@shima
T \ O"OOOOOOO 20 S et al., 1995; Mashima et al., 1997These microfilaments
100} ".... s SO span the cytoplasm running from one point of substrate
*e., anchorage to the next and they are furthermore linked to
% 2 4 '”'"6 S " sites of cell-cell contacts forming a belt like structure along
®) t/hrs the cell peripherie. Dependent on the local concentration
of monomeric actin and many other factors they can dy-
Fig. 7. Time courses of the ECIS paramet&s(®) and « (O) when namically expand or contract. Thus, caspase-3 mediated

confluent layers of micro-vessel endothelial cells were exposed V25 proteolysis of actin may explain the observed changes in
cycloheximide (CHX) at the time indicated by the arrows. Cells were in- both, cell—cell and cell-substrate contacts. Furthermore
(c;)b.ated either in the absence (A) or in presence of 550 nM hydrocortisone Bannerman et al. (1998pund for apoptotic endothelial
cells derived from bovine pulmonary arteries that activated
caspases cleay® andvy-catenin. Both catenins are molec-
tight junctions of PBCEC, but also enforces cell-substrate ular key constituents of the adherens junctions, a class of
interactions providing an improved substrate adhesion of cell-cell contacts that interconnect the microfilament sys-
the cells. The morphology of the plasma membrane astem of adjacent cells mechanically through the intercellular
mirrored in the membrane capacitanCg, is not altered cleft (Alberts et al., 1994). Herein, catenins are the molec-
in any significant manner which was verified by electron ular linker between the microfilaments and specialized
microscopy revealing almost unfolded membranes for both transmembrane proteins, so-called cadherins, that make
conditions (data not shown). contact to cadherins on the opposing cell surfddetren
Fig. 7shows typical time courses of the parameRy £®) et al. (1998)Yurthermore found cleavage of the extracellular
anda (O) derived from ECIS raw data for confluent PBCEC domains of VE-cadherin in apoptotic endothelial cells by
incubated in serum-free medium only (A) or in presence of secreted matrix metallo-proteinases (MMP). Thus, the rapid
550 nM HC (B). The cells were exposed to 281 CHX at decrease of impedance after induction of apoptosis may
the times indicated by arrows. Without HC-supplementation be the result of both processes: disintegration of adherens
R, decreases very fast and eventually vanishes within 2 hjunctions in concert with proteolysis of actin filaments.
(Fig. 7A). Since the time course &, (®) primarily mirrors In order to probe the degradation of PBCEC cell—cell
the modulation of barrier-forming cell-cell contacts (tight contacts as recorded with ECIS upon exposure to CHX from
junctions), the data implies that these contacts are function-a more structural viewpoint we immuno-stained for two
ally completely disintegrated within 2 h of CHX-exposition. proteins that are associated with barrier-forming cell—cell
For the same cell populatienshows a different time course  contacts Figs. 8 and 9 Fig. 8 shows fluorescence micro-
(O). o apparently decreases in two steps starting from val- scopic images of immuno-stainings directed aganostula
ues around 3@%° cm. During the first 2 h after addition of  occludens protein,he first protein that was identified to be
CHX we monitored a fast drop ofto roughly half the start-  a unique constituent of the tight junctions. ZO-1 is an intra-
ing values. After a delay then decreased asymptotically to cellular peripheral membrane protein that serves as a linker
zero. The first phase of-decrease parallels the reduction of protein between the actin cytoskeleton and the junction
Ry. Throughout the pool of datasets we consistently found forming transmembrane proteingd/¢gener et al., 1996We
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Control

Fig. 8. Immuno-cytochemical staining for the tight junction associated protein ZO-1 when confluent layers of micro-vessel endothelial celisezte ex
to 25uM cycloheximide (CHX) for increasing exposure times either in absence (A-D) or presence of 550nM hydrocortisone (E-H). The scale bar
corresponds to 4@m. HC: hydrocortisone.

prepared samples of PBCEC monolayers that were culturedZO-1 for both conditions are not very pronounced and do
in serum-free medium without HC addition (upper panel) not mirror the measured differencesRg (compareTable 29

or in presence of HC (lower panel). All samples—except directly. If at all, staining of the cell perimeter appears some-
controls in (A) and (E)—were exposed to M CHX and what more homogeneous for PBCEC cultured in presence of
stained at the times given in the figure. As expected for a HC (E) compared to cells grown in its absence (A). One hour
tight junctions associated protein, ZO-1 immuno-reactivity after apoptosis had been triggered the cell border staining
was almost exclusively localized at the cell borders under starts to get a fuzzy appearance, invaginated with structures
both conditions£HC). In cells that had not been challenged that point to the center of the cell. These morphological alter-
with CHX (A and E) differences in the staining pattern of ations are very likely due to cell contraction and indicate loss

Control 1 h CHX 3h CHX 6 h CHX

Fig. 9. Immuno-cytochemical staining for the tight junction transmembrane protein occludin when confluent layers of micro-vessel endoshekaé cell
exposed to 2pM cycloheximide (CHX) for increasing exposure times either in absence (A-D) or presence of 550 nM hydrocortisone (E-H). The scale
bar corresponds to 40m. HC: hydrocortisone.
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of cell—cell contacts although no open intercellular spaces ECIS provides quantitative data that can be easily analyzed
could be observed. Comparing the ZO-1 staining at identical and characterized by quantities likgso. Describing the
times for conditions with and without HC clearly shows that structural changes that are provided by the imagé&sga. 8
the lateral density of defects in the cell-cell contact pattern and 9by an easy-to-grasp parameter requires, however, elab-
is significantly higher in cells that were grown without HC. orate image analysis techniques. (ii) ECIS readings report
Please note that after 6 h of CHX exposure in the absence ofthe functional status of the cells rather than any structural
HC individual cells have lost the cell border staining entirely information. In many instances a functional parameter is the
(circle inFig. 8D), whereas in presence of HC only disconti- more significant and relevant information. (iii) The ECIS
nuities within the cell borders occurred. Taken together theseapproach is highly automated and computerized. It does not
structural snap shots of ZO-1 distribution during apoptosis require a lot of manpower since one and the same culture
confirm the HC-mediated retardation of apoptotic disintegra- is non-invasively followed with time instead of sacrificing a
tion of cell-cell contacts as shown in the time courses of Rb culture for each time point.
in Fig. 7. When cells were kept in absence of HC the electri-
cal resistance between adjacent cdfig(7A) Ry is reduced
to less 3@2 cn? within 1 h and is close to @ cn? after 3h. 4. Conclusion
At the same time®, amounts to more than 25dcn? (1 h) _ o
or 50Q cn? (3h) with the apoptosis inhibitor HC present N summary th|§ study demoqstrated the capab|I|t|_es of a
in the medium. Apparently ECIS readings that report on bioelectrical hybrid device consisting of an endothelial cell
functional changes of the tight junctions are significantly Monolayer with unique barrier properties and the electro-
more sensitive to apoptic changes than immuno-stainingsChemical ECIS technique to monitor the dynamics of apopto-
that rather indicate structural alterations. It is noteworthy SiSin unprecedented time resolution. The three-dimensional
that R, can drop to values very close to zero without any shape of the cellg served as the ultimate sensor _for the on-
visible intercellular gaps within the cell monolayer. This Setand propagation of programmed cell death which proved
is consistent with previous studies in which we and others 0 be significantly more sensitive than caspase-3 activity
examined continuous monolayers of cells that express only©F structural changes in the cell-cell contacts. The techni-
very leaky tight junctions (e.g. macrovascular endothelial cal benefits of the electrochemical ECIS measurements are
cells). ECIS analysis for these cell monolayers providgs (i) its non-invasive performance, (ii) the quantitative nature
values of R2cm? and below Giaever and Keese, 1991; of the recorded data, (iii) access to functional changes in
Wegener et al., 199@with no cells missing in the cell sheet. the status of the cells rather than structural, and (iv) the

We also stained for an integral protein of the tight junc- ability to run ECIS experiments completely automated and
tions named occludin. Occludin was the first transmembrane computer-controlled. ECIS readings by themselves provide
protein that was exclusively assigned to the barrier-forming Multiple information about the cells on the electrode sur-
cell contacts. Itis linked intracellularly to the actin cytoskele- face in one experiment that are otherwise only available with
ton via ZO-1.Fig. 9 compares fluorescence micrographs @ combination of cytological and biochemical techniques
of occludin immuno-stainings when confluent PBCEC were equiring a corresponding number of cellular samples. In
exposed to 2rM CHX for the indicated times. The up- combination with appropriate cells used as sensory elements
per panel holds images recorded for cells in absence of HCON the electrode surface—even genetically engineered cell
whereas the lower panel shows the situation in presence ofiN€s—ECIS may serve as a whole-cell biosensor in cyto-
HC. The observed cell border staining is very similar to the toXicity studies but also in the course of drug development.
one obtained for ZO-1Hg. 8). In general, the occludin stain-
ing is more exclusively localized to the cell contacts in pres-
ence of HC whereas in its absence there is some diffuse back/ cknowledgements
ground. The reason for this is unclear although the staining
protocol was identical. Similar to the observations described
for the ZO-1 experiments the staining pattern becomes irreg-
ular with discontinuities and invaginations upon exposure to
CHX. And again, these irregularities within the cell border
staining are more pronounced when HC is omitted from the
culture medium (A-D). The occludin staining provides an-
other independent prove for the apoptosis-induced changes
within the tight junctions of micro-vessel endothelial cells
and the retarding effect of HC.

A more general comparison b.etween th.e two expgrimen- Bannerman, D.D., Sathyamoorthy, M., Goldblum, S.E., 1998. Bacterial
tal approaches that have been discussed in the previous sec- Iipopolys,accha,ride disrupts enéioth;elial monollayer i,ntegrity and sur-

tion (immuno-staining versus ECIS) underlines two unique yjval signaling events through caspase cleavage of adherens junction
methodological advantages of the bioelectrical assay: (i)  proteins. J. Biol. Chem. 273 (52), 35371-35380.
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