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Abstract: The CellKey™* (MDS Sciex, South San Francisco, CA) system enables comprehensive
pharmacological evaluation of cell surface receptors, including G-protein coupled receptors (GPCRs)
and tyrosine kinase receptors, using adherent and suspension cell lines and primary cells. A unique
application enabled by the ability of the CellKey system to reliably quantify activation of endogenous
receptors is receptor panning. This application allows investigators to easily screen disease-relevant
cell types for functionally active target receptors by treating cells with a panel of receptor-specific
ligands. Receptor panning of multiple cell types including Chinese hamster ovary, human embryonic
kidney 293, HeLa, U-937, U-2 OS, and TE671 cells resulted in the identification of many functionally
active, differently coupled endogenous GPCRs, some of which have not been previously documented
in the literature. Upon detecting GPCR activation in live cells, unique cellular dielectric spectroscopy
(CDS) response profiles are generated within minutes that reflect the signaling pathways utilized and
have been shown to be characteristic of Gs, Gq, and Gi GPCRs. The fact that the CDS response
profiles are predictive of the G-protein coupling mechanism of the receptor was demonstrated by
using examples of subtype-selective agonists/antagonists to identify the subtypes of the endogenous
histamine and B-adrenergic receptors expressed in U-2 OS cells. A direct correlation is shown
between receptor subtype G-protein coupling and CDS response profile. In addition, complex
pharmacology, including detection of partial agonism and Schild analysis for endogenous receptors, is
presented. The CellKey system allows investigators to conduct studies using endogenously expressed
receptors to generate data that are physiologically relevant and in disease context.

Introduction cent- or bioluminescent-based probes. The ability to as-

sess endogenous receptor function in their native setting

G-PROTEIN CcoUPLED RECEPTORS (GPCRs) represent
the largest receptor target class in drug discovery,
and they are important in therapeutic areas such as heart
disease, metabolism, and immune disorders. Function is
commonly assessed in cells artificially overexpressing
the receptor of interest. Often, the overexpressed recep-
tor is also coupled to a promiscuous G-protein or an ar-
tificially engineered reporter gene system using fluores-

may lead to information that is more biologically rele-
vant than data collected from engineered cell lines. A
key feature that distinguishes assays performed on the
CellKey™ (MDS Sciex, South San Francisco, CA) sys-
tem from other cell-based assays is the ability to reliably
and robustly measure endogenous receptors that may be
undetectable with other functional assays. The CellKey
system has been used to perform comprehensive phar-

MDS Sciex, South San Francisco, CA.

*CellKey™ is a trademark of MDS Inc. through its MDS Sciex Division.

ABBREVIATIONS: cAMP, cyclic AMP; CDS, cellular dielectric spectroscopy; CGRP, calcitonin gene-related peptide; CHO, Chinese ham-
ster ovary; CRF, corticotrophin-releasing factor; ECs, 50% effective concentration; GPCR, G-protein coupled receptor; HEK, human embryonic
kidney; 5-HT, S5-hydroxytryptamine (serotonin); ICsy, 50% inhibitory concentration; iec, extracellular current; itc, transcellular current; LPA,
lysophosphatidic acid; TKR, tyrosine kinase receptor; VIP, vasoactive intestinal peptide.
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macological evaluation of cell surface receptors, includ-
ing differently coupled GPCRs and tyrosine kinase re-
ceptors (TKRs) within adherent and suspension cell lines
and primary cells.! In a single-assay format, cellular di-
electric spectroscopy (CDS) monitors activation of dif-
ferent classes of endogenous GPCRs and simultaneously
differentiates among those receptor classes. This is a large
advantage over other cellular assays that require devel-
opment of separate assays to monitor changes in sec-
ondary messengers, such as intracellular calcium (Ca?™)
or cyclic AMP (cAMP), or other universal assays that do
not distinguish among the different GPCR subtypes.

CDS measures the changes in complex impedance
(delta Z or dZ) of a cell layer that occur in response to
receptor stimulation. Cells are seeded onto a CellKey
standard 96-well microplate that contains electrodes at
the bottom of the wells (Fig. 1). The CellKey instrument
applies small voltages to these electrodes at 24 different
measurement frequencies, once every 2 s. At low fre-
quencies, these voltages induce extracellular currents
(iec) that pass around individual cells in the layer. At high
frequencies, they induce transcellular currents (itc) that
penetrate the cellular membrane (Fig. 1). The ratio of the
applied voltage to the measured current for each well is
its impedance (Z) as described by Ohm’s law.

When cells are exposed to a stimulus, such as a receptor
ligand, signal transduction events are activated that lead to
complex cellular events such as modulation of the actin cy-
toskeleton that cause changes in cell adherence, cell shape
and volume, and cell-to-cell interaction. These cellular
changes individually or collectively affect the flow of ex-
tracellular and transcellular current, and therefore, affect the
magnitude and characteristics of the measured impedance.

Specifically, stimulation of differently coupled GPCRs
generates differential effects on the actin cytoskeleton
that affect the cellular parameters measured by imped-
ance (Fig. 2). It has been shown that activation of Gg>*#
and Gi GPCRs>° and some TKRs”-® leads to increased
actin polymerization, while stimulation of Gs GPCRs
leads to actin depolymerization,® ! all within 30 s after
receptor activation.!?!3 In addition, rapid changes in
actin stress fiber formation are induced by direct modu-
lators of second messengers involved in classical GPCR
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signaling pathways. For example, treating cells with
agents that elevate the intracellular cAMP level causes
marked alterations in cell morphology, including a
rounded phenotype and a complete loss of actin micro-
filament bundles,'4 !¢ while treatment with agents that
decrease the cAMP level results in increased actin stress
fiber formation.!” Phorbol ester-activated protein kinase
C induced the early appearance of a great number of actin
stress fibers.!® CDS technology allows quantification of
the changes in bioimpedance resulting from both cy-
toskeletal and non-cytoskeletal changes following recep-
tor activation.

Materials and Methods

Cell lines

Chinse hamster ovary (CHO),,; (M1WT3; CRL-1985),
HeLa (CCL-2), human embryonic kidney (HEK) 293
(CRL-1573), U-2 OS (HTB-96), TE671 (CCL-136), and
U937 (CRL-1593.2)! cell lines were obtained from ATCC
(Manassas, VA). CHOyy cells were grown in Ham’s F12K,
HeLa and HEK293 cells were grown in Minimal Essential
Medium, U-2 OS cells were grown in McCoy’s 5a, TE671
cells were grown in Dulbecco’s Modified Eagle’s Medium,
and U937 cells were grown in RPMI-1640. All media were
supplemented with 10% fetal bovine serum, 50 ng/ml strep-
tomycin, and 50 units/ml penicillin. CHO cells expressing
transfected receptors (CHOy,) were maintained under drug
selection with 100 wg/ml G418.

Reagents

Reagents were purchased from Sigma-Aldrich (St.
Louis, MO) unless otherwise indicated. Somatostatin,
adrenomedullin, calcitonin gene-related peptide (CGRP)-
1, neurokinin B, pituitary adenylyl cyclase-activating
polypeptide-38, and motilin were purchased from Cal-
biochem (San Diego, CA). (+)-Atenolol was purchased
from Biomol (Plymouth Meeting, PA), and thioperamide
and (2R,4R)-4-aminopyrrolidine-2,4-dicarboxylate were
purchased from Tocris (Ellisville, MO). Human growth
factor, keratinocyte growth factor, and -nerve growth

itc iec itc iec
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FIG. 1. CellKey standard 96-well microplate (left), assay well with a close-up of interdigitated gold electrodes (center left)

with live cells plated on and between the electrode fingers (center right), and diagram highlighting flow of extracellular (iec)
and transcellular (itc) current (right).
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FIG. 2. Example of receptor-mediated changes in the cell that influence impedance measurements. Activation of Gi GPCRs
leads to increased actin polymerization resulting in an increase in impedance, while stimulation of Gs GPCRs leads to actin de-

polymerization resulting in a decrease in impedance.

factor were purchased from R&D Systems (Minneapolis,
MN).

Hanks’ Balanced Salt Solution and HEPES Buffer So-
Iution were purchased from Invitrogen (Grand Island,
NY). Fetal bovine serum was purchased from Invitrogen
(Grand Island, NY) and Gemini Bio-Products (Wood-
land, CA). Ham’s F12K, Minimal Essential Medium,
Dulbecco’s Modified Eagle’s Medium, McCoy’s Sa,
RPMI-1640, penicillin, streptomycin, and G418 were
purchased from Cellgro (Herndon, VA).

The CellKey system

The CellKey system integrates a proprietary imped-
ance measurement system, custom 96-well microtiter
plates, onboard 96-well fluidics, and environmental con-
trol and custom acquisition and analysis software in a full
solutions package (MDS Sciex) that is compatible with
commercially available robotic platforms.

Small-amplitude AC voltage at 24 frequencies, from 1
KHz to 10 MHz, is applied to a monolayer of cells, and
the resultant current is measured at an update rate of 2 s.
The system is thermally regulated and experiments can
be conducted between 28°C and 37°C. Onboard fluid ad-
ditions and exchanges are handled by a 96-well head fluid
delivery device with a range of 5-200 wl. In addition to
the cell plate location, the CellKey system includes two
additional stations for 96- or 384-well compound plates.

All aspects of assay set up, execution, and data acqui-
sition and analysis are controlled by CellKey software.

Data in this study were collected from the CellKey sys-
tem or prototypes of the CellKey system.

CellKey protocols

Adherent cells were seeded into the wells of CellKey
standard 96-well microplates in standard tissue culture
media containing serum, and the plates were incubated

overnight under standard conditions (37°C, 5% CO,).
During the overnight incubation the cells adhered to, and
formed a monolayer over, the electrodes at the bottom of
the microplate, thus becoming part of an electric circuit.
Typically, an average of 4 X 10* cells per well was used
to form the monolayer, depending on the cell type.
Growth medium is exchanged to buffer (Hanks’ Balanced
Salt Solution containing 20 mM HEPES and 0.1% bovine
serum albumin) before the start of the experiment. Plates
are placed onto the CellKey system, and pre-addition
measurements are made for 5 min to obtain a baseline
reading. Then, ligands are added simultaneously to all 96
wells using an integrated fluidics system. Activation of
endogenous receptors results in changes in impedance
that start occurring immediately after fluid addition and
mixing. The quick update rate (2 s) of the CellKey sys-
tem allows detection of these immediate changes in im-
pedance. Impedance measurements are collected for 10
min after ligand addition to monitor cellular responses to
ligand interaction and to generate CDS response profiles
that are characteristic of the signaling mechanisms uti-
lized. In the studies reported in this paper, experiments
were conducted at 28°C.

For experiments with non-adherent cells, cells were
harvested from stock tissue culture flasks and washed by
centrifugation three times with buffer. Typically an av-
erage of 1 X 10° cells were then added to each well and
allowed to settle for 30 min at room temperature. This
resulted in a single layer of cells on top of the electrodes.
After the cells settled, the cell plate was placed on the
instrument, and experiments were initiated in the manner
described above for adherent cell assays. For non-adher-
ent cells, the pipetting speed and pipette tip height of the
fluidics head were adjusted so as not to disturb the mono-
layer of settled cells. Basic protocols for running adher-
ent and non-adherent cell assays that can be further re-
fined by the user are included in the CellKey software.
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FIG. 3. CDS responses identify functional endogenous receptors in cells treated with a panel of ligands targeting GPCRs and
TKRs at 28°C. The ligand-induced response is measured as the maximum deviation from a baseline measurement. Those recep-
tor ligands that yield CDS responses in terms of dZiec that are 3 standard deviations (SD) above and below the buffer mean (dot-
ted lines) are considered statistically significant and indicative of functionally active endogenous receptors. B-NGF, B-nerve
growth factor; EGF, epidermal growth factor; FGF, fibroblast growth factor; HGF, human growth factor; IGF-1, insulin-like
growth factor-1; KGF, keratinocyte growth factor; PDGF-BB, platelet-derived growth factor BB; VEGF, vascular endothelial
growth factor; (2R4R)-APDC, (2R,4R)-4-aminopyrrolidine-2,4-dicarboxylate; CCK-8, cholecystokinin octapeptide; GABA, -
aminobutyric acid; LTB4, leukotriene B4; NECA, 5’-N-ethylcarboxamidoadenosine; NPY, neuropeptide Y; PACAP-38, pituitary
adenylate cyclase activating polypeptide 38; PGD2, prostaglandin D2; PGE2, prostaglandin E2; SDF-1«, stromal cell-derived
factor-1a.
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Results

Cataloguing active endogenous receptors in
different cell types

The unique ability of the CellKey system to measure
functional activation of endogenous receptors enables
screening and pharmacological evaluation of compounds
targeting cell surface receptors in a native setting. Re-
ceptor panning is a novel application enabled by the
CellKey system that allows rapid assessment of the en-
dogenous receptors that are functionally active in differ-
ent cells to facilitate selection of relevant cells or cell
lines in which to assess the receptor(s) of interest.

Receptor panning involves treating cells with a panel of
generic and receptor-specific ligands, compounds, and pep-
tides known to activate different types of receptors of in-
terest. Changes in impedance related to extracellular cur-
rent (dZiec) are measured before and after exposure to
ligands. The ligand-induced response is measured as the
maximum deviation from a baseline measurement, and this
response can be either positive or negative because the
CellKey platform measures both increases and decreases in
impedance that occur following receptor activation. Those
receptor ligands that yield CDS responses in terms of
dZiec that are 3 standard deviations above and below the
buffer mean (negative control) are considered statistically
significant and indicative of functionally active endogenous
receptors. Using a series of bioactive ligands, functional ac-
tivation of a wide range of TKRs and differently coupled
GPCRs can be detected on a single plate in a single-assay
format for each cell line of interest just by measuring the
change in impedance that occurs upon ligand addition.

To illustrate the use of the receptor panning applica-
tion, adherent cells (CHO, HEK293, HeLa, TE671, and
U-2 OS) and suspension cells (U-937) that are commonly
used in drug discovery were treated with a panel of li-
gands targeting GPCRs and TKRs to catalog the active
endogenous receptors in each cell line. Ligand-induced
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activation of a wide range of GPCRs and TKRs were dif-
ferentially detected in the cell lines tested (Fig. 3). Some
ligands such as thrombin generate a positive response in
most or all cells tested, whereas other ligands generate a
positive response in only one cell line. For example, 5-
hydroxytryptamine (5-HT; serotonin) activates the en-
dogenous 5-HT;g receptor in CHO,,; cells but did not
elicit a response in the other cells tested in this study. In
addition, CHO,,,; cells appear to be the only cell line
tested here that expresses the fibroblast growth factor re-
ceptor. The addition of epidermal growth factor elicits a
positive response in HeLa, HEK293, U-2 OS, and TE671
cells but not in CHO,,; or U-937 cells. A list of the func-
tionally active endogenous receptors identified by recep-
tor panning of the cells tested is available in Table 1. The
data shown here indicate that the CellKey system can
quickly and easily detect a variety of differentially active
endogenous receptors and receptor classes in the context
of a variety of cell types.

The magnitude of the CDS response is dependent pri-
marily upon how tightly the receptor is coupled to the
signaling mechanism upon ligand stimulation, and less
dependent upon receptor expression levels. For example,
the magnitude of the transfected muscarinic m; receptor
response in CHOy,; cells is not significantly different
from those pertaining to the endogenous receptors (sero-
tonin 5-HT;g, CGRP, P2Y, and prostanoid EP,) in the
same cells. The CHO,; cells (MIWT3) are reported to
express 800 fmol of receptor protein/mg of membrane
protein,?® while expression of the 5-HT;g receptor in
CHO cells is too low to be detected by radioactive ligand
binding assays.?! However, functional assays such as in-
tracellular cAMP and CDS can be used to detect activa-
tion of this low-density receptor that is very efficiently
coupled to its effector.?!?2 The sensitivity of CDS to re-
ceptor-mediated cytoskeletal and an integrated cellular
response enables robust and reliable measurement of
many endogenous cell surface receptors.

TABLE 1. PARTIAL LiST OF ACTIVE ENDOGENOUS RECEPTORS IDENTIFIED BY RECEPTOR PANNING

Cell GPCRs? TKRsP
TE671 Muscarinic m3,2> ET, histamine, 8-adrenergic, LPA, sphingolipid, EGF, HGF
thrombin, adenosine, opioid, VIP, somatostatin, prostanoid, CXCR-4

U-937 P2Y, CXCR-4

HelLa al- and a2-adrenoceptors, bradykinin, dopamine, ET, histamine, EGF, HGF,
LPA, sphingolipid, thrombin, prostanoid, P2Y, CXCR-4 IGF-1

HEK?293 al- and B2-adrenoceptors,>* muscarinic m3, ET,?* LPA, VIP, EGF, IGF-1
sphingolipid, thrombin, P2Y,?* adenosine A,p*

CHOm; 5-HTp,?! (muscarinic m;, transfected), prostanoid, LPA, FGF, HGF,
sphingolipid, thrombin, P2Y, CGRP IGF-1, PDGF

U-2 OS Histamine, LPA, sphingolipid, thrombin, prostanoid, dopamine, 32- HGF, EGF,
adrenoceptor, muscarinic, adenosine, VIP, CRF, somatostatin PDGF

3ET, endothelin.

YEGF, epidermal growth factor; HGF, human growth factor; IGF-1, insulin-like growth factor-1; PDGF, platelet-derived growth

factor.
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FIG. 4. CDS response profiles of differently coupled GPCRs in U-2 OS cells. (A—C) Activation of the B-adrenergic (A), do-
pamine (B), and VIP (C) receptors were stimulated by addition of isoproterenol (10 wM), dopamine (10 wM), and VIP (633 nM),
respectively, and yielded CDS response profiles that were typical of Gs GPCRs. (D) The endogenous somatostatin receptor was
stimulated by addition of somatostatin (10 wM) to generate a response profile typical of Gi GPCRs. (E and F) Cells were treated
with histamine (10 wM; E) and carbachol (10 wi; F) to stimulate the endogenous histamine H; and muscarinic receptors, re-
spectively, that both yielded Gg-like CDS response profiles. The early transient dip in impedance followed by the later increase
in impedance that is characteristic of Gq GPCRs is circled. dZiec, changes in current due to extracellular current. dZitc, changes

in current due to transcellular current.

Identifying the G-protein coupling mechanism
of GPCRs

Few reports in the literature document the expression
of endogenous receptors in U-2 OS cells. However,
receptor panning showed that the following GPCRs
were functionally active in U-2 OS cells: muscarinic,
prostanoid, thrombin, adenosine, corticotropin-releasing
factor (CRF), dopamine, B-adrenergic, histamine, lyso-
phosphatidic acid (LPA), sphingolipid, vasoactive in-
testinal peptide (VIP), and somatostatin receptors.

To increase understanding of these endogenous recep-
tors expressed in U-2 OS cells, we next focused on iden-
tifying their respective G-protein coupling mechanisms.
We have previously established that upon detecting
GPCR activation, the CellKey system generates unique
CDS response profiles that reflect the signaling pathways
utilized in the cells and are characteristic of Gs, Gq, and
Gi GPCRs.! The CDS response profiles of GPCRs are
similar in many cell types, including CHO, HeLa,
HEK293, and U-2 OS cells. These data suggest that dif-
ferently coupled GPCRs generate distinct CDS response
profiles that are characteristic of the signaling mecha-
nisms used during receptor activation. Comparing the

CDS response profiles of known GPCRs can be used to
provide an indication of the signaling mechanism of un-
known GPCRs.

A few examples of CDS response profiles generated
upon ligand addition to activate endogenous receptors in
U-2 OS cells are shown in Fig. 4. Addition of isopro-
terenol, dopamine, or VIP resulted in CDS response pro-
files typical of Gs GCPRs, consisting of a decrease in
impedance, suggesting that the endogenous B-adrenergic,
dopamine, and VIP receptors in U-2 OS cells are Gs-cou-
pled (Fig. 4A—C). Addition of somatostatin to activate
the endogenous somatostatin receptor in U-2 OS gener-
ated a CDS response profile typical of Gi GPCRs con-
sisting of an immediate increase in impedance (Fig. 4D).
The Gi-like nature of somatostatin receptor response pro-
file is consistent with the fact that all known subtypes of
the somatostatin receptor are Gi-coupled.?> What distin-
guishes the Gq GPCRs from the Gi GPCRs is an initial
transient dip in impedance that is followed by a later in-
crease in impedance.! Activation of the endogenous his-
tamine and muscarinic receptors with addition of hista-
mine or carbachol, respectively, generated CDS response
profiles that are characteristic of Gq GPCRs (Fig. 4E and
F), suggesting that these receptors are Gq-coupled in
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FIG. 5. Characterizing the endogenous histamine and -adrenergic receptor subtypes in U-2 OS cells. (A) Concentration—re-
sponse curve of histamine targeting the endogenous histamine receptor yields an ECsq value of 182 nM in U-2 OS cells. (B) Con-
centration—response curves of antagonists [triprolidine (@); fluphenazine (H); cimetidine (3); and thioperamide (O)] targeting
different histamine receptor subtypes in U-2 OS cells challenged with 10 wM histamine. Responses were normalized to 10 uM
histamine. The ICs values of the histamine H; receptor antagonists triprolidine and fluphenazine are 9.7 nM and 440 nM, re-
spectively. The H; subtype-selective antagonist (cimetidine) and an Hj-, Hy-subtype-selective antagonist (thioperamide) were un-
able to achieve blocking at physiological concentrations. (C) Concentration—response curve of isoproterenol targeting the en-
dogenous B-adrenergic receptor yields an ECs value of 10.6 nM in U-2 OS cells. (D) Concentration—response curves of antagonists
targeting different B-adrenergic receptor subtypes in U-2 OS cells challenged with 100 nM isoproterenol. Responses were nor-
malized to 100 nM isoproterenol. The subtype-selective 82- and (B3-antagonists ICI-118,551 (O) and SR 59230A (@) had ICsg
values of 18.7 nM and 1.6 uM, respectively, while the B1-antagonist atenolol (7J) did not block the response induced by isopro-
terenol. Data represent mean * standard deviation values (n = 3).
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U-2 OS cells. Thus, not only does the CellKey system
enable analyses of receptors in their natural settings, but
this platform also generates CDS response profiles that
provide an indication of the receptor signaling mecha-
nisms.

Receptor subtyping

In this study, generic receptor ligands that targeted the
majority of the subtypes for each receptor family were
used for receptor panning to maximize the chances of
identifying active endogenous receptors in each cell line
(Fig. 3). Addition of histamine to U-2 OS cells during re-
ceptor panning resulted in a positive response significantly
above buffer background, suggesting that the histamine
receptor is functionally active in these cells (Fig. 3). Treat-

ing U-2 OS cells with varying concentrations of histamine
resulted in a 50% effective concentration (ECsg) value of
182 nM (Fig. 5A), which is within the range of published
values for the endogenous H; receptor in different sys-
tems such as isolated guinea-pig heart (54 nM),?° cultured
bovine corneal endothelial cells (0.84 wM),>’ and HeLa
cells (8.6 uM).?8 ECsy and 50% inhibitory concentration
(ICsp) values determined using the CellKey system are re-
producible across separate experiments, resulting in val-
ues that fall within a half-log of each other.

The process of identifying the specific receptor sub-
type expressed in a cell is simplified by the ability to
analyze real-time kinetic CDS response profiles. For ex-
ample, the shape of the CDS response profile, character-
ized by an initial transient dip followed by a later increase
in impedance that was generated upon addition of hista-
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mine to U-2 OS cells (Fig. 4E), suggested that these cells
express a histamine receptor subtype that is Gg-coupled.
Of the four known subtypes of the histamine receptor,
only H; is Gg-coupled, whereas H; is Gs-coupled, Hj is
Gi-coupled, and Hy is Gi- and G15/16-coupled. The Gg-
like format of the CDS response profile suggests that U-
2 OS cells express the H; subtype. This was confirmed
by demonstrating that two H; subtype-selective antago-
nists were able to block the cells’ response to 10 wM his-
tamine, whereas an H, subtype-selective antagonist and
an H3 and Hy subtype-selective antagonist were unable
to achieve blocking at physiologic concentrations (Fig.
5B).

Addition of isoproterenol to U-2 OS cells generated a
positive response in the receptor panning experiments,
suggesting that an endogenous B-adrenergic receptor is
functionally active in these cells. Treating U-2 OS cells
with a range of isoproterenol concentrations yielded an
ECs( value of 10.6 nM, which is in agreement with pub-
lished values for the endogenous B-adrenoceptor in other
endogenous systems.?>30 Activation of the B-adrenergic
receptor elicited a CDS response with a Gs-like profile
characterized by a decrease in impedance (Fig. 4A). Be-
cause all three known subtypes of B-adrenoceptors are
Gs-coupled, the response profile did not provide an in-
dication of the subtype expressed in these cells. Subtype-
selective antagonists were then used to determine that the
B2-subtype is functionally active in U-2 OS cells. As
shown in Fig. 5D, the B2-selective antagonist ICI
118,551 blocked the isoproterenol-induced response with
an ICs( value of 18.7 nM. Meanwhile, concentrations in
the micromolar range were required for the 83-selective
antagonist SR 59230A to block the B-adrenoceptor re-
sponse, and atenolol, a B1-selective antagonist, was un-
able to block the response elicited by isoproterenol. These
data suggest that the 32-adrenoceptor is functionally ac-
tive in U-2 OS cells. The CellKey system is sensitive
enough to provide information regarding the presence of
functionally active endogenous receptors such as the 82-
adrenoceptor in U-2 OS cells that have not been previ-
ously documented in the literature. In fact, studies had
been published focusing on the transfected version of the
2-adrenoceptor in these U-2 OS cells that are shown
here to contain a functionally active endogenous form of
the same receptor.3!-32

The CDS response profiles also provide indications of
the G-protein coupling mechanisms utilized upon addi-
tion of VIP, dopamine, or carbachol to U-2 OS cells. The
three currently characterized VIP receptors signal via Gs-
(VPAC)), Gs/Gg- (VPAC,), and Gq- (PAC;) coupled
mechanisms. The Gs-like response profile that is gener-
ated upon addition of VIP to U-2 OS cells suggests that
the subtype expressed in these cells is the VPAC; sub-
type. In a similar manner, the dopamine receptor subtype
expressed in these cells can be deduced to be one of the
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two Gs-coupled subtypes (D; or Ds) because the re-
maining subtypes (D,, D3, and Dy4) are Gi-coupled. The
CDS response profile indicates that the muscarinic re-
ceptor subtype expressed in U-2 OS cells is Gg-coupled,
and not Gi-coupled (Fig. 4F). The muscarinic receptor
response was insensitive to pretreatment of the cells with
a Gi inhibitor, pertussis toxin (data not shown), which
confirmed that the subtype expressed in U-2 OS cells is
not Gi-coupled. Thus, the muscarinic receptor subtype in
U-2 OS cells is likely to be one of the Gg-coupled sub-
types, which include the m;, m3, and ms subtypes. The
use of subtype-selective agonists and/or antagonists can
then be used to confirm or refine the determination of the
subtypes expressed in U-2 OS cells.

Pharmacology

The data presented thus far demonstrate that CDS is a
powerful tool for screening of mammalian cell lines for
endogenous receptors with minimal assay development
and without fluorescent or bioluminescent-based probes.
In addition to detecting and characterizing activation of
endogenous receptors, the CellKey system can also be
used to generate relevant pharmacological data, such as
potency ranking (Fig. 5) for ligands targeting these en-
dogenous receptors. CDS generates pharmacological data
that are comparable to data generated from assays de-
signed to measure changes in intracellular second mes-
sengers. For example, CDS generates the same potency
rankings as calcium mobilization for agonists targeting
the endogenous P2Y receptor in U-937 cells.! CDS has
also been used to generate ECs, values measuring the
functional effect of interleukin-8 on the endogenous
CXCRI1 and CXCR2 receptors in primary human neu-
trophils that were in agreement with values obtained from
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FIG. 6. Concentration-response curves of agonists target-
ing the endogenous muscarinic receptor in U-2 OS cells. Cells
were treated with the following muscarinic agonists: carba-
chol (O), oxotremorine M (), arecaidine propargyl ester
(@), and arecoline (H). CDS responses were normalized to
100 uM carbachol. Data represent mean * standard devia-
tion values (n = 3).
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FIG. 7. Schild analysis with histamine agonist and pyrilamine antagonist on U-2 OS cells. (A) Cells were pretreated with dif-
ferent concentrations of the antagonist pyrilamine [no pyrilamine (@); 1 nM (O); 3 nM (3); 10 nM (V); 30 nM (A); or 100 nM
(<) prior to stimulation with varying concentrations of histamine. As the concentration of antagonist was increased, a rightward
shift in the ECs of the agonist was observed. CDS responses were normalized to 10 uM histamine. Data represent mean = stan-
dard deviation values (n = 3). (B) From the relationship between the shifted ECs values and the concentration of antagonist, the

pA, value was determined to be 9.1 (#2 = 0.996).

chemotaxis assays. The ability to measure activation of
the CXCR receptors in the neutrophils provided a demon-
stration of the sensitivity of the CDS technology to as-
saying an endogenous receptor system that is not
amenable to traditional Ca?>* flux or cAMP assays.!

Partial agonism. The CellKey system’s ability to
measure a range of increases and decreases in imped-
ance as a result of GPCR activity suggests that in ad-
dition to measuring potency, the efficacy of ligands tar-
geting endogenous receptors can also be assessed. To
provide a demonstration of how the platform can be
used to distinguish partial agonism from full agonism
for ligands targeting an endogenous receptor, U-2 OS
cells expressing the endogenous muscarinic receptor
were treated with ligands previously characterized as
full or partial agonists to generate the concentration—re-
sponse curves shown in Fig. 6. Arecaidine and arecol-
ine exhibited partial agonism, while oxotremorine-M
and carbachol displayed full agonism in the U-2 OS
cells. These data are consistent with previously pub-
lished information about the full and partial agonist ef-
fects of these ligands targeting both the endogenous
m333 and transfected muscarinic m; receptors.’*

Schild analysis. We have previously shown that CDS
can be used to generate pA, values for the transfected
dopamine Dy receptor in CHO cells.! Here we provide a
demonstration that Schild analysis can also be extended
to antagonists targeting an endogenous receptor using the
CellKey system. U-2 OS cells expressing a functionally
active endogenous histamine H; receptor were pretreated
with various concentrations of the classical H; antago-
nist, pyrilamine, prior to the generation of histamine con-

centration—response curves (Fig. 7A). From the relation-
ship between the shifted ECs, values and the concentra-
tion of antagonist, the pA, value of pyrilamine was de-
termined to be 9.1 (Fig. 7B), which is in close agreement
with the pA, value of 8.9 based on [*H]inositol trispho-
sphate accumulation.’’

Thus, in addition to ranking compounds in terms of
potency and efficacy, the CellKey system can also be
used to generate pA, values for antagonists targeting
endogenous receptors via Schild analysis. These data
demonstrate both the sensitivity and ease of use of the
CellKey system in generating relevant pharmacological
data for endogenous receptors in a universal and simple
assay format.

Discussion

The frequency of cell-based assays usage in the con-
text of drug discovery for GPCR targets is increasing
as such assays are utilized in primary and secondary
screening and lead evaluation and optimization. The
challenging aspects of traditional cell-based GPCR as-
says including the requirement for overexpressing the
GPCR target and development of different types of as-
says for differently coupled GPCRs are circumvented
by the CellKey system because of its ability to sensi-
tively measure cellular changes that occur upon GPCR
activation regardless of G-protein coupling mechanism.
The rich kinetic and physiologically relevant nature of
the CellKey data underlies a wide range of applications
including receptor panning, analysis of signaling path-
ways, and complex pharmacology. These applications
and the 96-well format are more amenable to target
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identification and validation, hit confirmation or sec-
ondary screening, and lead validation and optimization
than primary or high throughput screening. However,
the ability of the CellKey system to reliably and ro-
bustly measure endogenous receptors is truly enabling,
allowing users to screen smaller focused libraries on
the order of tens of thousands of compounds for ligands
targeting an endogenous receptor that may be patent-
protected or otherwise unavailable for transfection and
overexpression.

The CellKey system enables the screening of mam-
malian cell lines for endogenous receptors with minimal
assay development and without fluorescent or biolumi-
nescent-based probes. Receptor panning of cell lines fre-
quently used in drug discovery has resulted in the iden-
tification of functionally active and differently coupled
endogenous GPCRs, many of which have not been pre-
viously documented in the literature for these cells. Of
particular interest is the fact that studies are frequently
conducted with receptors transfected into CHO, HEK293,
and U-2 OS cells that actually express many of these
same receptors or related subtypes endogenously. For ex-
ample, receptor panning and subsequent analysis with
subtype-selective agonists indicate that an endogenous
B2-adrenergic receptor is activated by addition of iso-
proterenol in U-2 OS cells, yet studies have published us-
ing arrestin translocation to generate ECs, values for ag-
onists on the transfected B2-adrenoceptor in U-2 OS
cells.?!32 Even though CHO cells express a functionally
active 5-HTp receptor?! (Fig. 3), studies have been per-
formed using transfected versions of the following 5-HT
receptor subtypes in CHO cells: SHT ;5,303 5-HTp,*°
5-HT7,*! and 5-HT4** A series of antiparkinsonian
agents were evaluated for their interactions within CHO
cells transfected with the 5-HT;s, 5-HTg, 5-HTp,
5-HT,4, or 5-HT,¢ receptors.*? Studying the effects of
ligands on transfected receptors in cells already express-
ing endogenous versions of either the same receptor or
related subtypes may lead to confounding results upon li-
gand binding and activation of the multiple subtypes.

The ability to monitor endogenous receptor activation
provides several advantages, including the generation of
biologically relevant data, freedom from lengthy and ex-
pensive DNA and cell cloning procedures, and the abil-
ity to investigate systems whose recombinant genes are
patent-protected. In addition, determining the profile of
active receptors in a cell can be used to characterize the
state of a cell based on disease, origin, tissue, state of dif-
ferentiation, and exposure to compounds. This is in con-
trast to methods such as gene expression and protein
profiling, which only yield information about relative
amounts of messenger RNA and protein in different cell
contexts and require cumbersome amplification and de-
tection techniques. Instead, disease relevant cell types can
be screened for functionally active target receptors or bio-
markers of interest. The ability to quickly and easily de-
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termine the profile of active receptors in any given cell
may be of great use in a variety of fields ranging from
research into disease processes to diagnostics.
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