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G protein-coupled receptors (GPCRs) constitute impor-
tant targets for drug discovery against a wide range of
ailments including cancer, inflammatory, and cardiovas-
cular diseases. Efforts are underway to screen selective
modulators of GPCRs and also to deorphanize GPCRs
with unidentified natural ligands. Most GPCR-based cel-
lular screens depend on labeling or recombinant expres-
sion of receptor or reporter proteins, which may not
capture the true physiology or pharmacology of the
GPCRs. In this paper, we describe a noninvasive and
label-free assay for GPCRs that can be used with both
engineered and nonengineered cell lines. The assay is
based on using cell-electrode impedance to measure
minute changes in cellular morphology as a result of
ligand-dependent GPCR activation. We have used this
technology to assay the functional activation of GPCRs
coupled to different signaling pathways and have com-
pared it to standard assays. We have used pharmacologi-
cal modulators of GPCR signaling pathways to demon-
strate the specificity of impedance-based measurements.
Our data indicate that cell-electrode impedance mea-
surements offer a convenient, sensitive, and quantitative
method for assessing GPCR function. Moreover, the
noninvasive nature of the readout offers the added ad-
vantage of performing multiple treatments in the same
well to study events such as desensitization and receptor
cross-talk.

G-protein-coupled receptors (GPCRs) constitute the largest
family of plasma membrane proteins that are involved in signal
transduction across the plasma membrane.1-3 These receptors
play a prominent role in regulating a variety of physiological
functions such as sight, taste, and smell, as well as fluid electrolyte
balancing, cardiovascular function, and neurotransmission.2 The
vast majority of GPCRs couple to and activate heterotrimeric G
proteins and subsequently stimulate second messenger systems.
The heterotrimeric G proteins consist of a GR subunit and Gâ/γ
complex, both of which can activate downstream effectors depend-
ing on the receptors being activated.2 More recently, it has also
become apparent that GPCR signaling either through or in
addition to heterotrimeric G proteins also activate the Rho family
of small GTPases.3,4

The Rho family of small GTPases, which include Rho, Rac,
and CDC42, are well-characterized effectors of oncogenes, growth
factor and adhesion-mediated signaling pathways5,6 and are not
classically thought of as being key effectors for GPCRs. Rho family
GTPases participate in a number of cellular processes, the main
one being regulation and maintenance of specific structures within
the actin cytoskeleton framework.6 GPCRs have been shown to
modulate the actin cytoskeleton and hence cell morphology in a
very specific manner depending on the Rho family GTPase being
activated.6,7 The current view of the actin cytoskeleton is that of

* To whom correspondence should be addressed. E-mail:
yabassi@aceabio.com. V-mail: 858-724-0928.

† ACEA Biosciences.
‡ Euroscreen.

(1) Lefkowitz, R. J. Trends Pharmacol. Sci. 2004, 25, 413-422.
(2) Pierce, K. L.; Premont, R. T.; Lefkowitz, R. J. Nat. Rev. Mol. Cell. Biol. 2002,

3, 639-650.
(3) Hall, R. A.; Premont, R. T.; Lefkowitz, R. J. J. Cell. Biol. 1999, 145, 927-

932.
(4) Bhattacharya, M.; Babwah, A. V.; Ferguson, S. S. Biochem. Soc. Trans.

2004, 32, 1040-1044.
(5) Bishop, A. L.; Hall, A. Biochem. J. 2000, 348, 241-255.
(6) Etienne-Manneville, S.; Hall, A. Nature 2002, 420, 629-635.
(7) Jaffe, A. B.; Hall, A. Annu. Rev. Cell. Dev. Biol. In press.

Anal. Chem. 2006, 78, 35-43

10.1021/ac051695v CCC: $33.50 © 2006 American Chemical Society Analytical Chemistry, Vol. 78, No. 1, January 1, 2006 35
Published on Web 12/02/2005

ac research 

Axion Exhibit 1008 
Axion v. Agilent



a dynamic and plastic system that is a reflection and manifestation
of the intracellular signaling and not simply a static structure
designed to maintain cellular architecture.8 Since GPCRs couple
to the actin cytoskeletal network and induce very defined
morphological changes, it is possible to harness this information
as a functional and biologically relevant readout for GPCRs.

Therefore, we have designed electronic cell sensor arrays
embedded in the bottom of the well of microtiter plates that are
capable of measuring minute changes in cell morphology.9-11 The
electronic sensors measure changes in cell-substrate impedance
as a result of the disruption of the ionic environment due to the
presence of cell and cell morphology dynamics. The main
advantages offered by using cell-substrate impedance and cell
morphology as a readout are that both exogenously expressed
and endogenous receptors can be assayed without the need for
engineering the cell with promiscuous G proteins and reporters
or labeling the cells with dyes. In addition, since the readout is
noninvasive, multiple stimulations with the same ligand or different
ligands can be performed to assess events such as desensitization
and receptor cross-talk. Finally, another major aspect of using
cell-substrate impedance and cell morphology as a readout is
that potentially all GPCRs, regardless of the signaling pathways,
can be functionally monitored.

In this paper, we explore the utility of using cell-substrate
impedance as a quantitative and functional readout for GPCRs.
We tested both exogenously expressed and endogenous receptors
coupled to different signaling pathways and performed side-by-
side comparison with standard assays such as IP3 and cAMP
measurements. The cells were continuously monitored using a
real-time cell electronic sensing (RT-CES) system that we have
developed. Using molecular, cellular, and biochemical assays, we
demonstrate that the impedance readout correlates with specific
changes in cell morphology and activation of signaling pathways
and interfering with these pathways using pharmacological inhibi-
tors abolishes the impedance readout. Furthermore, we have used
cell-substrate impedance-based measurement of cell morphology
to assay and characterize inverse agonists for the histamine H1
receptor and to assess its desensitization.

MATERIALS AND METHODS
Cell Culture. All the cells used in this study were purchased

from ATCC unless indicated otherwise. Cells are cultured in a
standard humidified incubator at 37 °C with 5% CO2/ 95% air. HeLa
and N1E-115 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum, 2 mM glutamine,
and 100 IU/mL penicillin and 100 µg/mL streptomycin. CHO cells
were maintained in Ham’s F12 medium supplemented with 10%
fetal calf serum, 2 mM glutamine, and 100 IU/mL penicillin and
100 µg/mL streptomycin. Cell lines stably expressing human
histamine receptor 1 (H1), human dopamine receptor 1 (D1), and
human vasopressin 1a receptor (V1a) in CHO-K1 cells were
obtained from Euroscreen and maintained in Ham’s/F12 medium
supplemented with 10% fetal calf serum, 2 mM glutamine, 100

IU/mL penicillin, 100 µg/mL streptomycin, and 400 µg/mL G418.
Cell lines stably expressing human 5-hydroxytryptamine receptor
1A (5-HT1A) and 5-hydroxytryptamine receptor 2B (5-HT2B) in
CHO-K1 cells were obtained from Euroscreen and maintained in
Ultra-CHO medium supplemented with 100 IU/mL penicillin, 100
µg/mL streptomycin, and 400 µg/mL G418.

Reagents. All the reagents were purchased form Sigma unless
indicated otherwise. Loratidine, mirtazepine, mepyramine, tripro-
lidine, tiotidine, clemastine, dimethidene, doxepin, ketotifen,
SFK 38393, and 8-OH-DPAT were purchased from Tocris.

RT-CES Experimental Setup. The detailed experimental
procedures have been described previously.11 Briefly, 95 µL of
media was added to wells in 16× E-plates to obtain background
readings followed by the addition of 100 µL of cell suspension
containing the indicated number of cells. The E-plates containing
the cells were allowed to incubate at room temperature for 10
min before being placed on the device station in the incubator
for continuous recording of impedance as reflected by cell index
(CI, see detailed definition below). The cells were allowed to attach
and spread typically for 6-8 h to reach a stable baseline before
the addition of agonists. Typically, 5 µL of 40× stock solution of
agonist was gently added to the well and recording was resumed.
For pharmacological and mechanistic studies, antagonists or
inhibitors were added to the cells 5-10 min prior to agonist
application. The results were expressed by normalized CI, unless
indicated otherwise, which are derived from the ratio of CIs before
and after the addition of the compounds. For concentration-
dependent study, maximal response of a given concentration of
the compound was used to plot the concentration-dependent curve
and EC50 or IC50 were calculated by Prism.

Impedance and Cell Index Measurements by RT-CES
System. The electrodes in the E-plates are made out of thin gold
film using lithographical methods. Gold is deposited on glass
slides and is then patterned to form electrode arrays. The “circle
on line” design used in this technology was chosen because it
allows for maximal sensitivity for the detection of the cells with
relatively uniform distribution of the electric field while maximiz-
ing the coverage area of each well; the electrodes cover ∼75% of
the total area of the well. Impedance measured between electrodes
in an individual well depends on electrode geometry, ionic
concentration in the well, and whether there are cells attached to
the electrodes. In the absence of the cells, electrode impedance
is mainly determined by the ion environment both at the
electrode/solution interface and in the bulk solution. In the
presence of the cells, cells attached to the electrode sensor
surfaces 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 impedance change
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 is derived, according
to
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where Rb(f) and Rcell(f) are the frequency-dependent electrode
resistances (a component of impedance) without cells or with cell
present, respectively. N is the number of the frequency points at
which the impedance is measured. Thus, CI is a quantitative
measure of the status of the cells in an electrode-containing well.
Under the same physiological conditions, more cells attached onto
the electrodes leads to a larger Rcell(f) value, leading to a larger
value for cell index. Furthermore, for the same number of cells
present in the well, a change in the cell status such as morphology
will lead to a change in the cell index. For example, an increase
in cell adhesion or cell spreading leads to larger cell-electrode
contact area, which will lead to an increase in Rcell(f) and thus a
larger value for cell index. A “normalized cell index” at a given
time point is calculated by dividing the cell index at the time point
by the cell index at a reference time point. Thus, the normalized
cell index is 1 at the reference time point.

Fluorescence Microscopy. H1/CHO and V1a/1321-N1 cells
were seeded in 16-well Lab-tec chamber slides and allowed to
attach and spread for 24 h at 37 °C. The cells were stimulated
with 100 nM histamine or µM vasopressin for 5 min, followed by
fixation in 4% paraformaldehyde for 10 min and permeabilization
in PBS containing 0.2% Triton X 100 for 10 min. After washing,
the fixed cells were blocked in PBS containing 0.5% BSA for 30
min. The cells were stained with phalloidin conjugated with FTIC
(10 µg/mL final concentration in blocking buffer) and a mono-
clonal anti-paxillin ascites fluid (1:500 final dilution in blocking
buffer) for 1 h. The cells were washed 3 times with PBS, and the
cells stained with anti-paxillin ascites fluid were further stained
with goat-anti-mouse IgG conjugated to TRITC (Sigma, 20 µg/
mL final dilution) for 1 h. All incubations were carried out at room
temperature. The slides were mounted, visualized, and imaged
using a Nikon E400 epifluorescence microscope and Nikon ACT
software.

Immunoprecipitation and Western Blotting Analysis for
Phosphorylated Paxillin. H1/CHO cells were stimulated with
vehicle or 20 nM histamine for 5 min. The cells were lysed with
RIPA buffer containing phosphatase and protease inhibitors, and
the lysate was centrifuged for 10 min at 14 000 rpm in a Beckman
microcentrifuge. The soluble lysate was incubated with 2.5 µg of
anti-paxillin monoclonal antibody and immunoprecipitated with the
addition of protein A-Sepharose. The immunoprecipitates were
washed, eluted in 2× SDS sample buffer, and fractionated on
4-20% SDS-PAGE gel (Invitrogen). The gel was transferred to
a nitrocellulose membrane and immunoblotted with either PY-20
HRP (Santa Cruz Biotech) or anti-paxillin antibody. The blot was
developed using SuperSignal West Dura Extended Duration
Substrate (Pierce), and images were captured by a CCD camera
(UVP BioImaging System).

IP3 and cAMP Assays. To quantify the functional activities
of H1/CHO cells, a modification of the described method12 based
on the measure of the depletion of [3H]-phosphatidylinositol was
used. Briefly, 2.8 × 106 cells were loaded overnight with [2-3H-
(N)]myo-inositol (10 nCi/plate), washed 3 times, and detached
with PBS-EDTA. A total of 2.5 × 105 cells were resuspended in
400 µL of LiCl buffer (121.5 mM NaCl, 5.4 mM KCl, 0.8 mM
MgCl2, 1.8 mM CaCl2, 24.93 mM Tris-HCl, 15 mM glucose, and

10 mM LiCl, pH 7.4) and incubated with 100 µL of histamine at
different concentrations for 30 min. The reaction was stopped by
adding 500 µL of methanol/HCl (88 mL of ethanol/12 mL 1 M
HCl) and quick frozen at -20 °C. The cells were filtered on GF/B
filters preincubated in 0.1% PEI, and [2-3H(N)]myo-inositol was
counted in a TriCarb counter. Results shown are expressed as a
decrease of membrane-bound [3H]PI content (in counts/min).

The effects of increasing concentration of SKF 38393 on D1/
CHO-K1 cells were tested by seeding cells the day before the
experiment (2.5 × 104/well in a 96-well plate). The cells were
incubated in KRH + IBMX buffer for 15 min at 37 °C. After this
preincubation, increasing amounts of SKF 38393 were added to
the wells and incubated for 20 min at 37 °C. The reaction was
stopped by removal of the supernatant, and 100 µL of lysis buffer
was added on each well. The plate was incubated for 30 min at 37
°C and finally spun down for 3 min at 1200 rpm. The supernatant
were recovered, and cAMP concentrations were determined using
a Tropix kit (Applied Biosystems), according to manufacturer’s
specifications.

To assess the functional activation of 5-HT1A receptor, 5-HT1A/
CHO cells were grown for 20 h in media without antibiotics and
detached by PBS-EDTA. After centrifugation, cells were sus-
pended at 6.25 × 105 cells/mL in KRH-IBMX (5 mM KCl, 1.25
mM MgCl2, 124 mM NaCl, 25 mM HEPES pH 7.4, 13.3 mM
glucose, 1.25 mM KH2PO4, 1.45 mM CaCl2, and 0.5 g/L BSA
supplemented with 1 mM IBMX). The 96-well plates (Costar) are
then successively filled with KRH-IBMX, cells (7.5 × 103 cells/
well), increasing concentrations of agonist (diluted in KRH-IBMX),
and forskolin (10 µM). The plate was then incubated for 30 min
at room temperature. After addition of the lysis buffer, cAMP
concentrations are estimated by an HTRF kit from Cis-Bio
International.

RESULTS
Principle of Cell Electrode Impedance and Measurement

of Cell Morphological Dynamics in Response to GPCR
Activation. We have designed interdigitated microelectrodes that
are embedded in the bottom of the wells of microtiter plates (E-
plates) that are used in conjunction with an RT-CES system.10,11

As illustrated in Figure 1, in the absence of cells, the impedance
value (Z) is derived from the electrode/solution interface (Z0).
The presence of cells on the electrode will affect the local ionic
environment as well as the electrode/solution interface leading
to an increase in electrode impedance. The impedance difference
between the presence and absence of cells in the well reflects
the pure impedance due to the presence of the cells (Zcell). The
addition of the agonist for different GPCRs will affect cell
morphology in a very specific manner depending on the pathways
being activated, and further change in impedance is a reflection
of the morphological dynamics that are induced by the ligand
(Zactivated cell). Because the readout can be sampled in as little as
50 ms/well, the rate of change, magnitude, and duration of the
response can be precisely measured.

To demonstrate the utility of impedance measurement of cell
morphology as a functional readout for GPCR activation, CHO-
K1 cells expressing the human H1 histamine receptor (H1/CHO)
and 1321-N1 cells expressing the human vasopressin receptor
(V1a/1321-N1) were seeded on the E-plates and stimulated with
histamine and vasopressin, respectively (Figure 2). Both histamine

(12) Cussac, D.; Newman-Tancredi, A.; Sezgin, L.; Millan, M. J. Naunyn
Schmiedebergs Arch. Pharmacol. 2000, 361, 569-572.
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and vasopressin induced an immediate (within 5 min) and
transient increase in impedance, which is represented as normal-
ized CI. The maximal response for H1/CHO cells was at 40 min
after histamine addition (Figure 2A), while it was at 36 min after
vasopressin addition for V1a/1321-N1 cells (Figure 2C). Both H1
receptor and V1a receptor act through Gq and can modulate the
actin cytoskeleton and its regulatory proteins such as focal
adhesion kinase and paxillin.13-15 To determine whether histamine-
and vasopressin-induced increases in normalized CI correlate with
modulation of the actin cytoskeleton and its associated proteins,
H1/CHO cells and V1a/1321-N1 cells were stimulated with
histamine and vasopressin, respectively, fixed, and stained with
FITC-phalloidin and anti-paxillin mAb. Histamine treatment of
H1/CHO cells led to an immediate (5 min) induction of membrane
ruffles and translocation of paxillin to the site of membrane ruffles,
which is indicative of active actin remodeling (Figure 2B, lower
right panel). Similarly, vasopressin also induced formation of
membrane ruffles and translocation of paxillin to these sites
(Figure 2D, lower right panel). Furthermore, as shown previously,
histamine-mediated stimulation of H1 receptor leads to tyrosine
phosphorylation of paxillin, a major regulator of actin cytoskeleton
(Figure 2E). In summary, impedance-based measurements of
GPCR-mediated actin cytoskeleton dynamics and morphological
changes can serve as a useful readout for ligand-mediated GPCR
activation.

Specificity of Ligand-Mediated Changes of Impedance as
a Functional Readout for GPCR Activation. To establish the
specificity of impedance measurements represented as normalized
CI as a functional readout for GPCR activation, we undertook a
multifaceted approach including utilization of specific antagonist,

pathway blockers, and pathway modulators. Starting at the level
of the H1 histamine receptor in H1/CHO cells, a number of
selective H1 receptor antagonists were screened and ranked
according to their relative potencies. As shown in Figure 3A, all
H1 receptor antagonists blocked histamine-induced CI increases
in H1/CHO cells in a concentration-dependent manner. Plotting
the peak responses against concentrations of antagonists allows
for the calculation of IC50s (see caption of Figure 3. for IC50s). No
significant effect of tiotidine, a selective H2 receptor antagonist,
was found at the highest concentration used (100 µM).

It has been well established that activation of Gq leads to
stimulation of phospholipase C and consequently protein kinase
C (PKC) pathways. Stimulation of Gs activates adenylate cyclase
and hence increases cAMP while Gi is negatively coupled to
cAMP.2 Therefore, we attempted to test the specificity at the
pathway level. First, we demonstrated that blocking the PKC
pathway by bisindolylmalemide, a specific inhibitor of PKC,
completely abolished histamine-induced CI increases (Figure 3B)
in H1/CHO cells, indicating the involvement of the PKC pathway.
Second, dopamine receptor 1, overexpressed in CHO-K1 cells (D1-
CHO, coupled to Gs) was stimulated with its natural ligand
dopamine in addition to forskolin. As shown in Figure 3C,
dopamine and forskolin, an adenylate cyclase activator that
bypasses the receptor and artificially activates adenylate cyclase,
lead to CI increases with similar kinetics and comparable
amplitudes, indicating that cAMP production may result in
increases in CI. Finally, to demonstrate the specificity of serotonin
(5-hydroxytryptamine, 5-HT) on serotonin receptor (5-HT1A
receptor) overexpressed in CHO-K1 cell (5-HT1A/CHO, coupled
to Gi), the cells were pretreated with pertussis toxin, a potent
and selective inhibitor of Gi16 before 5-HT was added. As shown
in Figure 3D (left panel), pertussis toxin pretreatment selectively
blocks serotonin-induced 5-HT1A activation but does not affect
serotonin-induced stimulation of 5-HT2B cells, which is coupled

(13) Welles, S. L.; Shepro, D.; Hechtman, H. B. J. Cell. Physiol. 1985, 123, 337-
342.

(14) Yuan, Y.; Meng, F. Y.; Huang, Q.; Hawker, J.; Wu, H. M. Am. J. Physiol.
1998, 275, H84-H93.

(15) Zachary, I.; Sinnett-Smith, J.; Turner, C. E.; Rozengurt, E. J. Biol. Chem.
1993, 268, 22060-22065. (16) Milligan, G. Biochem. J. 1988, 255, 1-13.

Figure 1. Schematic representation of microelectrodes and the principle of utilizing cell-electrode impedance to noninvasively measure GPCR-
mediated modulation of cell morphology. In the absence of cells, the baseline impedance (Z0) value is determined by the software. Addition of
cells to the sensor microelectrodes leads to changes in impedance signal (Zcell) that is directly proportional to the number of cells seeded on the
sensors. Agonist-mediated stimulation of GPCRs expressed on the cell surface leads to transient changes in cell morphology that further increase
or decrease the impedance value (Zactivated cell) depending on the activated signaling pathways.
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to Gq and is pertussis toxin insensitive (Figure 3D, right panel).
Taken together, these results strongly support the notion that
cell-electrode impedance measurement as displayed by CI is
dependent on the stimulation of specific signal transduction
pathways mediated by a specific receptor/ligand pair of GPCRs.

Monitoring Activation Kinetics of Exogenous and Endo-
genous GPCRs in Live Cells: Comparison with Traditional
Assays for EC50 Values. To measure functional activation of
GPCRs by cell-electrode impedance measurement, both recom-
binant GPCRs and endogenous GPCRs were tested with their
respective agonists. For recombinant GPCRs, three representative
categories of GPCRs were tested by the RT-CES system, namely,
H1/CHO (Gq), D1/CHO (Gs) and 5-HT1A/CHO (Gi). The cells

were seeded on E-plates and treated with the indicated concentra-
tions of either respective natural agonist (histamine, Figure 4A,
upper panel) or receptor subfamily selective agonists (SKF 38393,
D1 selective, Figure 4A, middle panel and 8-OH-DPAT, 5-HT1A
selective, Figure 4A, lower panel). For each treatment, the cellular
responses from four agonist concentrations are shown. Ligand
application led to an immediate and sharp increase (H1/CHO and
D1/CHO) in normalized CI, which reached maximal response
between 30 min and 1 h depending on the receptors. Plotting the
maximal response against each concentration allows for the
calculation of EC50 for each agonist as shown in Figure 4B. To
further validate these findings, we performed functional GPCR
assays using standard methods including a [3H]-phosphatidyli-

Figure 2. Correlation of agonist-induced increases of CI and cell morphology dynamics. (A) H1/CHO cells were seeded on cell sensor
microelectrodes and stimulated with various concentrations of histamine (indicated by the arrow). Cell sensor impedance as displayed by
normalized CI was continuously monitored every 3 min for the duration of the experiment. (B) H1/CHO cells were seeded on 16-well Lab-tec
chamber slides and stimulated with vehicle or 100 nM histamine for 5 min. After stimulation, the cells were fixed and processed as described
in Materials and Methods. The arrows indicate the site of membrane ruffles and paxillin translocation as a result of histamine treatment. The
scale bar is in micrometers. (C) V1a/1321-N1 cells were seeded on cell sensor microelectrodes and stimulated with vehicle or 1 µM vasopressin.
Cellular response was continuously monitored every 3 min as described above. (D) V1a/1321-N1 cells were seeded on 16-well Lab-tec chamber
slides and stimulated with vehicle or 1 µM vasopressin for 5 min. After stimulation, the cells were fixed and processed as described in section
of methods. The arrows indicate the site of membrane ruffles and paxillin translocation as a result of vasopressin treatment. The scale is in
micrometers. (E) H1/CHO cells were stimulated with 100 nM histamine for 15 min. After the stimulation, the cells were processed as described
in Materials and Methods. Upper panel shows the phosphorylated paxillin detected by PY-20 antibody in unstimulated (U) and stimulated (S)
cells. Lower panel shows the total paxillin after immunoprecipitation.
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nositol depletion assay for H1/CHO (Figure 4C, upper panel),
cAMP measurement for D1/CHO (Figure 4C. middle panel) and

inhibition of forskolin-induced cAMP for 5-HT1A/CHO (Figure
4C, lower panel). EC50 values obtained by cell-electrode imped-

Figure 3. Specificity characterization of GPCR-mediated CI increases in three CHO cell lines stably expressing three representative GPCRs.
(A) Selective H1 receptor antagonists but not H2 receptor antagonist (tiotidine) blocked histamine-induced CI increases in a concentration-
dependent manner. IC50s (in nM) for triprolidine, loratidine, mirtazapine, and mepyramine were 9, 24 000, 343, and 9, respectively. IC50s (in nM)
for brompheniramine, clemastine, dimethidene, doxepin, and ketotifen were 16, 5, 394, 8, and 2, respectively (curves not shown). IC50 for
tiotidine was greater than 100 µM (microM). (B) Complete block of histamine-induced CI increase in H1/CHO by PKC inhibitor bisindolylmaleimide.
(C) Comparison of magnitude and duration of CI increases induced by dopamine and adenylate cyclase activator forskolin in D1/CHO cells
(coupled to Gs). (D) Pertussis toxin pretreatment abolished 5-HT-induced CI increases only in 5-HT1A/CHO cells (coupled to Gi; left panel) but
not in 5-HT2B/CHO cells (coupled to Gq; right panel).

Figure 4. Comparison of RT-CES system with standard GPCR functional assays to obtain EC50s of agonists in exogenous GPCRs and
application for endogenous GPCRs. (A) Representative traces of CI of H1/CHO (upper panel), D1/CHO (middle panel), and 5-HT1A/CHO
(lower panel) cells were stimulated by their ligands histamine, SKF 38393 and 8-OH-DPAT (arrows), respectively. The cells were continuously
monitored. (B) Plotting the peaks of normalized CI responses versus corresponding agonist concentrations allows for the generation of
concentration-dependent curves and calculation of EC50s as shown in each panel. (C) Concentration-dependent curves and EC50s generated
from standard GPCR assays. Histamine on H1/CHO cells (upper panel), SKF 38393 on D1/CHO cells (middle panel), and 8-OH-DPAT on
5-HT1A/CHO cells (lower panel). (D) Measurement of activation of three representative endogenous GPCRs by RT-CES system. Response
profiles and EC50s for each agonist/cell pair are shown for histamine/HeLa cells (upper panel), calcitonin/CHO cells (middle panel), and DPDPE/
N1E-115 cells (lower panel), which express endogenous H1 histamine receptor, calcitonin receptors, and opioid δ receptors, respectively.
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ance measurements (Figure 4B) are comparable to the EC50 values
obtained by the traditional assays (Figure 4C) indicating that the
assays are equally sensitive.

One of the challenges encountered by current label-based
assays such as calcium measurements is that the cells have to be
engineered to express promiscuous G proteins coupled to the
calcium pathway.17 Alternatively, receptors may need to be
overexpressed in order to obtain sufficient measurable signal.18

All these artificial manipulations may ease the burden of screening
large sets of compounds; however, physiological and pharmaco-
logical relevance of the findings will need to be supplemented
with additional experiments. The number of assays available to
measure the functional activation of endogenous GPCRs in their
natural and physiologically relevant settings is limited. To deter-
mine the utility of impedance-based measurements in monitoring
activation of endogenous receptors, three different cell lines
expressing endogenous levels of histamine receptor, calcitonin
receptor, and δ opioid receptor were selected. We tested histamine
on HeLa cells (Gq), calcitonin on CHO cells (Gs), and DPDPE
(selective δ opioid receptor agonist, Gi) on N1E-115 mouse
neuroblastoma cells. Similarly, all the ligands generated transient
increases of CI (Figure 4D). Peak CIs of each concentration of
the agonist were chosen to plot the concentration-dependent
curves and to extrapolate the EC50s for histamine (Figure 4D,

upper panel) calcitonin (Figure 4D, middle panel), and DPDPE
(Figure 4D, lower panel). In summary, these results indicate that
cell-electrode impedance measurements can be used to function-
ally assess both endogenous and exogenous GPCRs dynamically
without the need for labeling or engineering the cells to express
reporter proteins. Furthermore, receptors coupled to the three
common pathways, Gq, Gs, and Gi, can be assayed by the same
technology platform.

Application of the RT-CES System To Characterize Inverse
Agonists and To Study Desensitization of H1/CHO. Interest-
ingly, the majority of the H1 receptor antagonists have been shown
to stabilize the inactive state and serve as inverse agonists of the
H1 histamine receptor19-21 by decreasing the basal levels of IP3

and calcium.22 Incubation of H1/CHO with H1 receptor “antago-
nist”, loratidine alone (Figure 5A, left panel) or other H1 receptor
antagonists (Figure 5A, right panel) lead to a dose-dependent
decrease in CI. Incubation of the same compounds with CHO-K1
cells had no effect (data not shown). These results strongly
support the notion that cell morphology is a very sensitive
indicator, and manifestation of intracellular signaling and imped-
ance measurements of cell morphology can be potentially used
to discover and characterize inverse agonists of different GPCRs.

Last, we took advantage of the noninvasive nature of impedance
readout to assess the desensitization of H1 histamine receptor.
Ten hours after the initial histamine stimulation, the media were
removed and the cells were washed. Various concentrations of
histamine were reintroduced to the cells 10 and 25 h after the

(17) Monteith, G. R.; Bird, G. S. Trends Pharmacol. Sci. 2005, 26, 218-223.
(18) Sarramegna, V.; Talmont, F.; Demange, P.; Milon, A. Cell. Mol. Life Sci.

2003, 60, 1529-1546.

Figure 5. Utilization of RT-CES system to characterize inverse agonists and study desensitization of GPCRs. (A) Selective H1 antagonist
loratidine (left panel) or other H1 receptor antagonists (right panel) alone were incubated with H1/CHO cells. Plotting the lowest values of
normalized CI responses versus corresponding agonist concentrations allows for the generation of concentration-dependent curves. Tiotidine,
a selective H2 antagonist did not affect CI. (B) Dynamics of H1 receptor desensitization. Ten hours after the initial activation by histamine, the
medium of H1 cells was removed and the cells were washed twice and replaced with fresh medium. Ten (left panel) and 25 h (right panel) after
removal of media, various concentrations of histamine were reintroduced to the cells and responses of impedance were monitored continuously.
Concentration-dependent curves were generated, and EC50s were calculated by plotting the maximal responses versus the concentrations of
histamine.
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removal of the media containing histamine, respectively. As shown
in Figure 5B, 10 h (left panel), after the removal of histamine,
the magnitudes to histamine restimulation were 57% of the control
with a 37-fold (89 vs 2.4 nM) increase of EC50 and 25 h (right
panel) afterward with comparable magnitudes and 2.5-fold (4.5
vs 1.8 nM) increases of EC50. These results clearly demonstrated
that RT-CES system is a simple and effective means to study
receptor desensitization.

In summary, we have shown that impedance measurements
can be used for pharmacological characterization of GPCR.
According to our data, impedance readout is as sensitive as some
of the standard functional assays for GPCR activation, such as
IP3 and cAMP measurements. The major advantages of impedance
as a functional readout for GPCR activation are that the cells do
not need to be labeled or engineered with promiscuous G proteins
and reporters. Therefore, cells expressing both recombinant and
endogenous receptors can be assayed. Furthermore, potentially
all classes of GPCRs, regardless of the pathways they are coupled
to, can be assayed on the same technology platform. In addition,
since the readout is noninvasive, multiple stimulations with
ligands, agonists, or antagonists can be conducted in the same
well over time to assess receptor cross-talk or desensitization.

DISCUSSION
In addition to the canonical signaling pathways mediated by

various G proteins, most GPCRs also have the capacity to
modulate the actin cytoskeleton through the Rho family GT-
Pases.3,8 The manner in which the actin cytoskeleton and hence
cell morphology is modulated by GPCRs largely depends on the
Rho family member(s) being activated. Each member of the Rho
family GTPase affects the actin cytoskeleton in a very specific
manner.7 For example, activation of Rho induces stress fiber
formation and cellular contraction and rounding; Rac is mainly
responsible for membrane ruffles and lamellapodia formation,
which are extensions of the plasma membrane; CDC42, another
member of the Rho family GTPases, induces the formation of
filipodia, which are also extensions of the plasma membrane but
distinct from lammelipodia.5,6 In this paper, we have described a
noninvasive and label-free method based on measurement of cell-
electrode impedance. The RT-CES system has the capacity to
quantitatively measure minute changes in cell morphology. Due
to the kinetic aspects of the measurements, agonist stimulation
of GPCRs leads to receptor-specific profiles that depend on the
signaling pathways being activated.

To establish the specificity of using cell morphology changes
in conjunction with impedance measurements as functional
readout for GPCRs, we screened several well-established antago-
nists of the H1 histamine receptor. According to our data, the
histamine H1 receptor antagonists were able to dose-dependently
and selectively block histamine-mediated stimulation of H1/CHO
cells, whereas selective H2 (tiotidine) receptor antagonist did not
have any effect, demonstrating the specificity of the response
(Figure 3A). In addition, we were able to demonstrate that

selective PKC inhibitor, bisindolylmalemide, was able to com-
pletely block the H1/CHO cell response to histamine stimulation,
indicating that the PKC pathway plays an important role in H1
receptor signaling pathways leading to morphological changes
(Figure 3B). This finding is corroborated by earlier findings that
PKC plays an important role in histamine H1 receptor-mediated
responses such as cytokine secretion and activation of transcrip-
tion.23,24 The specificity of the D1/CHO receptor activation, which
is coupled to Gs activation of adenylate cyclase and production of
cAMP, was demonstrated by using forskolin to artificially activate
adenylate cyclase and cAMP production (Figure 3C). The re-
sponse profiles of D1/CHO to forskolin were very similar to those
by dopamine in terms of amplitude and duration (Figure 3C),
indicating that the cAMP pathway may be responsible for D1
receptor-induced cellular response on the electronic sensors.
Finally, the specificity 5-HT1A/CHO (coupled to Gi) upon stimula-
tion with 5-HT was demonstrated by using pertussis toxin (PTX),
a specific inhibitor of Gi. PTX completely blocked 5-HT stimulation
of 5-HT1A/CHO cell impedance response (Figure 5C, left panel)
while 5-HT-induced responses in 5-HT2B/CHO (coupled to Gq)
were not affected by PTX treatment (Figure 5C, right panel).

We have taken several approaches to demonstrate the utility
and versatility of impedance measurements as a functional readout
for GPCRs. First, we have demonstrated that different recombi-
nantly expressed GPCRs coupled to the Gq, Gs, and Gi pathways
can be monitored in an agonist-dependent manner in live cells
using the RT-CES system (Figure 4). For histamine-mediated
stimulation of H1/CHO cells, we have shown that the impedance
signal generated corresponds to concurrent changes in cell
morphology in the form of membrane ruffles, being indicative of
Rac activation. Furthermore, histamine stimulation of H1/CHO
cells is also accompanied by concomitant phosphorylation of
paxillin, an actin-binding protein that is known to be involved in
modulation of the actin cytoskeleton.25 The versatility of the
impedance measurements as a readout for GPCRs is demonstrated
by the fact that receptors linked to three different pathways can
be functionally monitored on the same system. Typically, several
different technologies including those capable of measuring
calcium or IP3 and cAMP would be required to functionally assess
all these receptors. Furthermore, our data indicate that measure-
ment of cell sensor impedance upon agonist addition is as sensitive
as traditional assays such as IP3 and cAMP measurements (Figure
4), which are reflected by similar EC50 values.

The other major benefit of impedance measurements with
respect to GPCRs is their capability to monitor activation of
endogenous GPCRs in live cells without the need for labels or
reporters (Figure 4D). This is a much needed development in
the GPCR assay field because it allows for the monitoring of
GPCRs in their natural and relevant cell lines or even primary
cells. Physiological relevance of current assays that employ labels,
reporters, and overexpression of GPCRs needs to be interpreted
with much caution because it may not necessarily reflect the actual
signaling scheme of the receptors in their natural states.18

Overexpression of receptors can disrupt the stoichiometry of the(19) Bakker, R. A.; Wieland, K.; Timmerman, H.; Leurs, R. Eur. J. Pharmacol.
2000, 387, R5-R7.

(20) van der Goot, H.; Timmerman, H. Eur. J. Med. Chem. 2000, 35, 5-20.
(21) Leurs, R.; Church, M. K.; Taglialatela, M. Clin. Exp. Allergy 2002, 32, 489-

498.
(22) Fitzsimons, C. P.; Monczor, F.; Fernandez, N.; Shayo, C.; Davio, C. J. Biol.

Chem. 2004, 279, 34431-34439.

(23) Megson, A. C.; Walker, E. M.; Hill, S. J. Mol. Pharmacol. 2001, 59, 1012-
1021.

(24) Hernandez-Angeles, A.; Soria-Jasso, L. E.; Ortega, A.; Arias-Montano, J. A.
J. Neurooncol. 2001, 55, 81-89.

(25) Brown, M. C.; Turner, C. E. Physiol. Rev. 2004, 84, 1315-1339.
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receptor with respect to downstream signaling and can lead to
aberrant measured responses. Furthermore, some receptors may
be difficult to overexpress in cells in order to assess their function.
Moreover, another pitfall with overexpression is the realization
that certain receptors in their natural and physiological setting
form heterooligomers with other receptors with very distinct
pharmacological and regulatory properties.26,27 Therefore, while
overexpression in a heterologous cell line may be convenient for
the generic identification of agonists and antagonists, the signaling
pathways employed in a heterologous system such as CHO cells
may vary significantly when compared to a primary cell such as
a neuron.

Interestingly, while screening H1 receptor antagonist, we
observed that the antagonists alone dose-dependently decreased
the baseline impedance values in H1/CHO cells (Figure 5A) but
not in parental CHO cells (data not shown). This observation
indicated to us the possibility that H1 antagonists may act as
inverse agonists of the H1 receptor rather than a pure antagonist.
Indeed, it has been shown in the literature that most H1
antagonists do function as inverse agonists through the H1
receptor serving to downmodulate basal signaling such as IP3

production.19,21 This is an important observation and further

supports the premise that cellular morphology is a very sensitive
and precise indicator of intracellular signaling events, and any
perturbation in intracellular signaling, however subtle, is reflected
by changes in cellular morphology.

We have demonstrated that stimulation of GPCRs leads to
certain morphological changes, which can be sensitively and
precisely measured by cell-electrode impedance measurement.
The major advantages offered by impedance measurement over
traditional GPCR functional assays is that it can be used in cells
expressing both exogenous or more importantly endogenous
receptors. The preclusion of labels, reporters, and promiscuous
G proteins allows for a more physiologic assessment of GPCR
functions. Furthermore, the change in cell cytoskeleton or cell
morphology that is measured by cell sensor impedance is an
inherent cellular response that reflects the status of intracellular
signaling. The kinetic element of the assay system allows for
receptor-specific response profiles that can potentially be used to
characterize orphan GPCRs. In summary, impedance readout
allows another vantage point to assess GPCR functions and in
combination with standard technologies and other emerging
technologies such as BRET and FRET will undoubtedly add to
our understanding of GPCR biology and drug discovery.
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