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ABSTRACT We have developed an electrical method to
study endothelial cell shape changes in real time in order to
examine the mechanisms of alterations in the endothelial
barrier function. Endothelial shape changes were quantified by
using a monolayer of endothelial cells grown on a small (10~3
cm?) evaporated gold electrode and measuring the changes in
electrical impedance. Bovine pulmonary microvessel endothe-
lial cells and bovine pulmonary artery endothelial cells were
used to study the effects of a-thrombin on cell-shape dynamics
by the impedance measurement. a-Thrombin produced a
dose-dependent decrease in impedance that occurred within 0.5
min _in both cell types, indicative of retraction of endothelial
cells and widening of interendothelial junctions because of
‘‘rounding up’’ of the cells. The a-thrombin-induced decrease
in impedance persisted for ~2 hr, after which the value
recovered to basal levels. Pretreatment of endothelial cells with
the protein kinase C inhibitor, calphostin C, or with 8-bro-
moadenosine 3’,5'-cyclic monophosphate prevented the de-
creased impedance, suggesting that the endothelial cell change
is modulated by activation of second-messenger pathways. The
a-thrombin-induced decrease in impedance was in agreement
with the previously observed increases in transendothelial
albumin permeability and evidence of formation of intercellu-
lar gaps after a-thrombin challenge. The impedance measure-
ment may be a valuable in vitro method for the assessment of
mechanisms of decreased endothelial barrier function occur-
ring with inflammatory mediators. Since the rapidly occurring
changes in endothelial cell shape in response to mediators such
as thrombin are mediated activation of second-messenger
pathways, the ability to monitor endothelial cell dynamics in
real time may provide insights into the signal-transduction
events mediating the increased endothelial permeability.

The vascular endothelium plays a central role in the main-
tenance of vascular homeostasis. Vascular endothelial cell
monolayer functions as a barrier between the blood and
interstitial compartments (1). A decrease in the barrier prop-
erties of vascular endothelium leads to tissue edema. In-
creased endothelial permeability to plasma proteins is the
characteristic feature of many inflammatory conditions.
Proinflammatory mediators such as a-thrombin, histamine,
platelet-activating factor, and oxygen radicals have been
shown to increase vascular endothelial permeability to mac-
romolecules (2-8). However, the intracellular mechanisms
by which these agents mediate the response remain unclear.

The cultured endothelial cell monolayer grown on a porous
filter has been used extensively to study the barrier function
of endothelial cells (9, 10). We have examined in a series of
studies the permeability-increasing properties of a-thrombin,
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a potent proinflammatory mediator (2-5, 11). Morphological
studies indicated that a-thrombin causes endothelial cell
retraction, which is believed to lead to intercellular gap
formation and to the observed increases of the paracellular
transport of macromolecule solutes such as albumin (12, 13).
To date, there have been no methods available for assess-
ment of endothelial-cell shape changes in real time. In this
paper, we describe a new method to study the shape change
of endothelial cells involving the determination of the elec-
trical impedance characteristics of endothelial cell monolay-
ers grown on small gold-film electrodes. The results indicate
that a-thrombin causes a rapid dose-dependent decrease in
impedance of the endothelial cell monolayer, indicating wid-
ening of the paracellular pathways. This response was inhib-
ited by pretreatment of the cells with a protein kinase C
(PKC) inhibitor and 8-bromoadenosine 3',5’'-cyclic mono-
phosphate (8-Br-cAMP), suggesting that the secondary mes-
sengers, PKC and cAMP, modulate endothelial barrier func-
tion by preventing the thrombin-induced alterations in endo-
thelial cell shape.

MATERIALS AND METHODS

Materials. Dulbecco’s modified Eagle’s medium (DMEM)
and fetal bovine serum were obtained from GIBCO. Human
a-thrombin and catalytically inactive diisopropylphosphoryl
a-thrombin (DIP-a-thrombin) were gifts from John W. Fen-
ton II, Wadsworth Center for Laboratories and Research,
New York State Department of Health, Albany, NY.
Calphostin C was purchased from Kamiya Biomedical (Thou-
sand Oaks, CA). 8-Br-cAMP was purchased from Sigma.

Electrode Preparation. Electrodes were prepared in a man-
ner similar to that described by Giaever and Keese (14, 15)
with some modifications. Gold was evaporated at 10~¢ torr
through a mask onto a polycarbonate plastic substrate to
provide two strips of gold (=0.5 cm wide). A narrow (100 um)
line of gold projected a few millimeters beyond the end of one
of the strips. A piece of Parafilm was cut to size and applied
to the gold/polycarbonate surface by using heat and mechan-
ical pressure such that it insulated the central region of the
gold strips. Two electrodes extended beyond one side of the
Parafilm: a small active electrode (=10~3 cm?) and a large
counter electrode (=0.25 cm?). Copper leads were soldered
with indium to the gold at the other side of the Parafilm. The
solder junctions and exposed gold around the junctions were
covered with a layer of insulating wax. The completed
two-electrode device was mounted with wax to the bottom of
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a 35-mm tissue culture dish, and the entire assembly was
sterilized with UV irradiation.

Cell Cultures. Bovine pulmonary microvessel endothelial
cells (BPMVEC) and bovine pulmonary artery endothelial
cells (BPAEC) were cultured by procedures of Del Vecchio
et al. (16, 17). The cell passage number used for the present
study was between 20 and 25. Both BPMVEC and BPAEC
were seeded (4 x 10° cells per electrode dish) and were
allowed to grow to confluency. In all cases, confluent endo-
thelial monolayers grown on the electrode were used for the
impedance measurement. The electrode-containing dishes
were run with 1.5 ml of culture medium [DMEM with 10%
(vol/vol) fetal bovine serum]. a-Thrombin, calphostin C, and
8-Br-cAMP were diluted in the culture medium and then
added to the endothelial cell monolayer at the indicated
concentrations.

Impedance Measurement. Background. The measurement
of cell shape of endothelial cells grown in a monolayer was
based on a technique developed to study the dynamic cell
behavior in culture (14, 15, 18-20). Because the method is
unique, it will be described in some detail. In this system,
referred to as electric cell-substrate impedance sensor
(ECIS), the cells are cultured on a small gold electrode, and
culture medium is used as the electrolyte. An approximately
constant current source applies an ac signal of 1 uA between
this small electrode and a large counter electrode, while the
voltage is monitored with a lock-in amplifier. Voltage and
phase data are stored and processed with a personal com-
puter. The same computer controls the output of the amplifier
and switches the measurement to different electrodes in the
course of an experiment.

The critical feature of the setup is the relatively small size
of the active electrode (10~3 cm?). With larger electrodes, the
cell-related signals become difficult to detect. This is the
consequence of solution resistances in the system that pre-
dominate over the electrode’s impedance and mask any
changes caused by the cells. When electrodes are reduced to
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=~10~3 cm? or smaller, the impedance of the electrode-
electrolyte interface at 4000 Hz predominates. In this situa-
tion, the presence of the cells and morphology changes are
clearly revealed. The size of the electrode restricts the
maximum cell populations that can be observed at one time
to about 100 cells, but it should be noted that the shape
change of even a single cell can be easily measured.

Present Setup. Fig. 1 shows the schematic of the electrodes
and the basic setup of electrodes used in these measure-
ments. The small electrode and the larger counter electrode
were connected to a phase-sensitive lock-in amplifier, and a
1-V, 4000-Hz ac signal was supplied through a 1-MQ resistor
to approximate a constant-current source. This has the
advantage, if the sample is regarded as a resistor and capac-
itor in series, of having the measured in-phase voltage
proportional to the resistance and the out-of-phase voltage
proportional to the reactance. Because the larger changes
occur in the resistance, we have chosen to concentrate on
those changes in the present study.

RESULTS AND DISCUSSION

In the present study, we used ECIS to assess whether
thrombin produced a shape change of endothelial cells, since
retraction and ‘‘rounding up’’ of endothelial cells have been
proposed to occur with various permeability-increasing me-
diators. Previous morphological studies suggest that
a-thrombin causes endothelial-cell retraction. Laposata et al.
(13), using a grid assay method to study a-thrombin-induced
effects on human umbilical vein endothelial cells, observed
gap formation between cells within 2 min after the addition of
a-thrombin and recovery to normal shape after 2 hr. They
also showed that the cells did not detach from the substratum.
Suidan et al. (21) have investigated the a-thrombin-induced
cell retraction in neuroblastoma cells with time-lapse vid-
eomicroscopy. Upon monitoring cell retraction every 20 sec,
they observed the maximum cell retraction within 1 min.
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Fi1G. 1. Basic setup used to measure endothelial cell monolayer impedance.
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We measured in-phase voltage changes to monitor the cell
shape change under physiological conditions using the cul-
ture medium as the electrolyte solution. Fig. 2 shows the
effects of different concentrations of a-thrombin on BPM-
VEC. The addition of medium alone did not change the
in-phase voltage. However, the voltage decreased within 30
sec after the addition of a-thrombin to the electrode system
containing the BPMVEC monolayer. The decrease observed
in BPMVEC showed a characteristic biphasic pattern. The
first part of the response occurred within 2 min and then there
was partial recovery which was followed by a longer decrease
in the voltage. The response of a-thrombin was always
dose-dependent. The a-thrombin-induced in-phase voltage
changes with BPAEC (Fig. 3) showed a slightly different
profile. In this case, the voltage decreased immediately after
the addition of a-thrombin. At low concentrations of
a-thrombin (25 nM and 50 nM), the in-phase voltage recov-
ered to normal values in a short period of time. However, at
the high concentration studied (100 nM), the decrease in the
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Fi1G. 2. Dose-dependent decreases in in-phase voltage of BPM-
VEC induced by 25 nM a-thrombin (4), 50 nM a-thrombin (B), and
100 nM a-thrombin (C). The arrow ‘‘S”’ indicates the addition of
culture medium alone. The arrow “T”’ indicates the addition of
a-thrombin. The addition of culture medium alone did not change the
impedance of the monolayer. Other details are described in Materials
and Methods. In-phase voltages measured at time zero were 5.194
mV, 5.433 mV, and 5.331 mV for A, B, and C, respectively.
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voltage persisted for a longer period. The sustained decrease
in voltage observed with the addition of a-thrombin (100 nM)
is in close agreement with the a-thrombin-induced increase in
albumin permeability observed at this concentration (3-5).
Moreover, the increase in endothelial permeability to albu-
min in response to a-thrombin occurred within 2 min and was
associated with alterations in the actin cytoskeleton (22),
findings consistent with the present observation.
Morphological studies (13) and albumin permeability mea-
surements in endothelial monolayer (3—5) have shown recov-
ery of endothelial cells from a-thrombin-induced effects after
1-2 hr. When we continuously measured the in-phase voltage
after the addition of 25 nM a-thrombin to the electrode
system containing BPMVEC monolayer, the decrease in the
voltage persisted for at least 2 hr, and then the cells recovered
their normal voltage (Fig. 4), in accord with previous obser-
vation of recovery of the permeability-increase (3-5).
a-Thrombin binds to endothelial-cell surface receptor and
activates this receptor by a unique mechanism described
recently by the cloning of this receptor from Dami (mega-
karyocyte-like cell line) and Chinese hamster lung fibroblasts
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Fi1G. 3. Concentration-dependent decrease in in-phase voltage of
BPAEC induced by 25 nM a-thrombin (4), 50 nM a-thrombin (B),
and 100 nM a-thrombin (C). The arrow ‘T’ indicates the time at
which a-thrombin was added to the electrode containing the BPAEC
monolayer. In-phase voltages measured at time zero were 3.895mV,
4.575 mV, and 4.056 mV for A, B, and C, respectively.
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F1G. 4. Reversibility of a-thrombin-induced decrease in in-phase
voltage in BPMVEC. a-Thrombin (25 nM) was added to the electrode
system containing BPMVEC monolayer, and the in-phase voltage
was monitored for a longer period of time. In-phase voltage measured
at time zero was 5.194 mV.

(23, 24). These studies indicated that thrombin-receptor
activation occurs by cleavage of the receptor at a point 41
amino acids from the receptor’s start methionine. The newly
formed NH,-terminal region acts as a ‘‘tethered ligand’’ and
binds to a domain on the receptor, which thereby activates
the thrombin signal (23). For this process to occur, prote-
olytically active-form a-thrombin is essential. To study
whether a-thrombin-induced endothelial cell shape change is
a receptor-mediated event, we measured in-phase voltage
changes using 50 nM catalytically inactive DIP-a-thrombin in
BPMVEC (Fig. 5). DIP-a-thrombin alone did not alter the
voltage of BPMVEC, an observation similar to the absence
of morphological (13) and permeability-increase in endothe-
lial cells challenged with the catalytically inactive thrombin
(5). The present observations support the hypothesis that the
involvement of a proteolytically activated thrombin receptor
is required for mediation of endothelial-cell shape change.
It is well known that the cytoskeletal actin plays an
important role in maintaining the cell structure (25). Studies
have shown that PKC-mediated phosphorylation of actin-
binding proteins leads to alterations in cell shape and wid-
ening of interendothelial junctions (26-31). Previous studies
from our laboratory indicate that the activation of PKC by
phorbol 12-myristate 13-acetate resulted in increase in endo-
thelial albumin permeability presumably through increase in
the diameter of the paracellular pathways (11). Furthermore,
the a-thrombin-induced increase in endothelial albumin per-
meability was inhibited by PKC inhibition (11). Recent mor-
phological evidence also shows that PKC inhibitors pre-
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Fi1Gg. 5. Effect of catalytically inactive thrombin (DIP-a-
thrombin) on the in-phase voltage of the BPMVEC monolayer.
DIP-a-thrombin (50 nM) was added to the electrode system contain-
ing BPMVEC monolayer, and the in-phase voltage was measured.
In-phase voltage measured at time zero was 4.507 mV.
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vented a-thrombin-induced cell shape changes (21). In the
present study, we examined whether a specific PKC inhibitor
[calphostin C (32)] altered the a-thrombin-induced decrease
in the in-phase voltage. Calphostin C interacts in a light-
dependent manner with or near the diacylglycerol binding
domain of PKC (33). The results of pretreatment of endo-
thelial cells with calphostin C for 20 min are shown in Fig. 6
A and B. Pretreatment of BPMVEC with 20 nM calphostin C
in the absence of light did not prevent the a-thrombin-
induced decrease in voltage (Fig. 6A). However, calphostin
C (10 nM) pretreatment in the presence of light inhibited the
second, longer-lasting decrease in the in-phase voltage in-
duced by a-thrombin (Fig. 6B). These results support the
morphological (13, 21) and albumin permeability studies in
endothelial cells on the inhibitory effects of PKC inhibition
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Fi1G. 6. Inhibition of a-thrombin-induced decrease in in-phase
voltage by pretreatment of endothelial cell monolayers with PKC
inhibitor, calphostin C, and 8-Br-cAMP in BPMVEC. (4) Calphostin
C (20 nM) was preincubated with endothelial cell monolayer in the
absence of light for 20 min, and then the in-phase voltage was
measured by challenging with 50 nM a-thrombin. (B) Calphostin C
(10 nM) was preincubated with endothelial cell monolayers in the
presence of light, and then in-phase voltage was measured by
challenging with 50 nM a-thrombin. (C) The endothelial cell mono-
layer was pretreated with 1 mM 8-Br-cAMP for 30 min, and then the
effect of 50 nM a-thrombin was measured. In-phase voltages mea-
sured at time zero were 3.858 mV, 6.123 mV, and 4.861 mV for A,
B, and C, respectively.



Medical Sciences: Tiruppathi e al.

on cell shape and barrier function (11). The results suggest
that PKC activation mediates the more sustained decrease in
voltage observed with BPMVEC, indicating a critical role of
PKC in regulation of endothelial barrier function.

A number of studies have demonstrated that increased
intracellular cAMP prevents the increase in albumin perme-
ability in endothelial cells produced by a variety of inflam-
matory mediators (34-37). In the present study, preincuba-
tion of BPMVEC with 1 mM 8-Br-cAMP prevented the
a-thrombin-induced decrease in the in-phase voltage (Fig.
6C), supporting the hypothesis that increased cAMP inhibits
“‘rounding up’’ of endothelial cells and thereby prevents the
increase in endothelial permeability.

In conclusion, we describe a novel method for assessment
of changes in cell shape in real time. As the cells attach and
spread on the small electrodes, their effective area is partially
blocked, and this results in an increase in impedance. We
have used the device to detect the response of murine
macrophages to biologically active compounds (38). In more
recent work, we have used a spectrum of ac frequencies from
22 to 90,000 Hz. The effects of cells on impedance measure-
ments at these different frequencies have been related to
parameters of cell morphology using a simple model (18).
These results show that the ECIS measurements can be used
to measure the height of the spaces that are known to exist
between the ventral side of the cell and the substratum (39).
In addition, as the present results indicate, it is possible to
obtain information regarding the intercellular impedance
changes of cell monolayers such as the endothelial and
epithelial barriers.

Use of a spectrum of ac frequencies and analysis of both
the in- and out-of-phase component of the voltage should
make it possible to make more definitive statements (such as
relative change in the height of cells and diameter of inter-
cellular junctions) resulting from thrombin and other perme-
ability-increasing mediators.

The results obtained with this method are in close agree-
ment with the morphological and macromolecular permeabil-
ity data using the same endothelial cell monolayers. The
electrical impedance method utilizing ECIS may be useful for
assessment of the endothelial barrier function and thus may
provide insights into the role of second-messenger pathways
in mediating alterations in endothelial permeability.
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