Evaluating Cellular Impedance Assays for Detection
of GPCR Pleiotropic Signaling and Functional Selectivity

MATTHEW F. PETERS and CLAY W. SCOTT

G-protein—coupled receptors can couple to different signal transduction pathways in different cell types (termed cell-specific
signaling) and can activate different signaling pathways depending on the receptor conformation(s) stabilized by the activat-
ing ligand (functional selectivity). These concepts offer potential for developing pathway-specific drugs that increase efficacy
and reduce side effects. Despite significant interest, functional selectivity has been difficult to exploit in drug discovery, in
part due to the burden of multiple assays. Cellular impedance assays use an emerging technology that can qualitatively dis-
tinguish Gs, Gi/o, and Gq signaling in a single assay and is thereby suited for studying these pharmacological concepts.
Cellular impedance confirmed cell-specific Gs and Gq coupling for the melanocortin-4 receptor and dual Gi and Gs signaling
with the cannabinoid-1 (CB1) receptor. The balance of Gi versus Gs signaling depended on the cell line. In CB1-HEKSs, Gi-
and Gs-like responses combined to yield a novel impedance profile demonstrating the dynamic nature of these traces. Cell-
specific signaling was observed with endogenous D1 receptor in U-2 cells and SK-N-MC cells, yet the pharmacological
profile of partial and full agonists was similar in both cell lines. We conclude that the dynamic impedance profile encodes
valuable relative signaling information and is sufficiently robust to help evaluate cell-specific signaling and functional selec-

tivity. (Journal of Biomolecular Screening 2009:246-255)
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INTRODUCTION

-PROTEIN-COUPLED RECEPTOR (GPCR) SIGNALING is well

known to be pleiotropic. A given receptor-agonist pair
can activate different G-proteins depending on the cellular
environment. Within a given cell type, different agonists can
cause the same receptor to preferentially activate different
downstream signaling pathways. This latter concept, variously
referred to as functional selectivity, biased agonism, or ligand-
directed trafficking, has generated intense interest in the drug
discovery arena.' Conceivably, drugs would be tailored to
selectively activate therapeutically relevant pathways rather
than those associated with side effects. Translating this poten-
tial opportunity into practice has faced technical hurdles. Most
traditional GPCR drug screening assays are specialized for
individual G-protein classes thereby necessitating multiple
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assays to evaluate differential signaling. New technologies
that distinguish GPCR coupling in a single assay are needed
to make functional selectivity screening a routine part of drug
discovery.

New cell-based, label-free screening technologies have emerged
that can detect GPCR coupling through each of the three
main classes of G-proteins. Currently these include several cellular
impedance-based platforms*® and a related dynamic mass
redistribution platform.” Each of these platforms uses unique
proprietary algorithms to transform complex data into simple
kinetic traces. Although absolute shape of the profiles varies as a
result of different data transformation, in each case the response
profiles are sensitive to activation of different G-protein pathways.
One cellular impedance-based platform, CellKey™, is specifically
tailored to GPCR detection and has the novel feature of producing
response profiles that are consistent across a range of assay
conditions and distinguish Gs, Gi/o, and Gq.

We recently evaluated cellular impedance assays for use in
drug discovery focusing on direct detection of Gi-coupled
receptors.® The impedance data matched or exceeded traditional
GiPCR assays in terms of the sensitivity and precision when
testing agonists, antagonists, and positive modulators. In
addition to these reported conclusions, which were based on
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Assessing GPCR Signaling with Impedance Profiles

endpoint measurements (net impedance change), we also
gained experience with kinetic response profiles. Specifically,
when impedance time course profiles revealed unexpected
G-protein coupling, these findings were consistently confirmed
with pathway-specific reagents. Thus, despite initial reservations
regarding the qualitative nature of the profiles, these preliminary
studies suggested that the kinetic impedance response could
reveal useful information concerning divergent signaling
pathways, which warranted further investigation as described
herein. To focus on assay evaluation rather than biological
discovery, receptors with well-established coupling to multiple
G-protein transduction pathways were selected. Attempts were
made to go beyond simply testing the manufacturer’s G-protein—
specific profiles and determine if these profiles are dynamic
enough to evaluate complex GPCR pharmacology such as dual
signaling and functional selectivity.

MATERIALS AND METHODS

Compounds

Dopamine (DA), dihydrexidine (DHX), SKF83959,
SKF38393, A77636, SCH23390, acetylcholine, pertussis toxin
(PTX), cytochalasin D, and U73122 were obtained from Sigma
(St. Louis, MO). CP55940, Win55212-2, and O-2050 were
purchased from Tocris Biosciences (Bristol, UK). MTIIL,
o-MSH, and SHU91 19 were obtained from Phoenix Pharmaceuticals
(Burlingame, CA).

Cell culture

The base media for CHO, HEK, SK-N-MC, and U-2 OS
cells were Ham’s F-12, DMEM, DMEM plus pyruvate and
nonessential amino acids, and McCoy’s 5A, respectively. Media
were supplemented with 10% dialyzed FBS and 2 mM
L-glutamine. CHO-K1 or HEK293 cells expressing human
receptors as stable clones were cultured in appropriate selection
medium (G418-sulfate or hygromycin B). Cell culture reagents
were from MediaTech (Herndon, VA). Cells were harvested in
Cellstripper™ and plated in 150 pL in 96-well plates. Optimized
cell seeding density per well for each cell type was as follows:
65 K for CHO, 50 K for HEK, 90 K for U-2, and 105 K for
SK-N-MC. HEK cells were seeded 48 h before testing; all
others were plated 24 h in advance.

CDS assays

Twenty-five minutes before agonist addition, cell culture
media was replaced with 135 puL of Hanks’ balanced salt
solution, 20 mM HEPES pH 7.4, 0.1% BSA (HHBS), and
supplemented with antagonist as indicated. After incubating
at 28 °C, plates were loaded in the CellKey™ (MDS Sciex,
Concord, Ontario, Canada) and the baseline impedance (dZiec)
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Table 1. Potency and Efficacy
Values of D1/5 Agonists

Emax (% of DA) ECs, (nM)

SK U-2 SK U-2
DA 100 100 78 + 02 16 + 0.05
SKF83959 24 + 2 50 £ 5 1.0 £ 0.1 1.3 + 0.04
SKF38393 47 = 8§ 83 = 9 14 + 01 11 + 0.06
DHX 9% + 2 99 £ 4 11 + 0.1 1.8 + 0.1
AT7636 9% = 6 9% =+ 4 29 = 004 0.054 = 0.01

Impedance data are the mean + SEM of three independent experiments. DA, dop-
amine; DHX, dihydrexidine.

was established (5 min, 2-sec intervals). Agonist (15 uL) was
added from a 10x stock solution to yield the final concentrations
indicated in figure legends. Impedance was measured for the
indicated times. Signal pathway-assessing reagents were
included as follows: cytochalasin D (10 uM) and U73122 (9
uM) in HHBS for 30 min prior to agonist addition; PTX (100
ng/mL) in cell culture media 16 h prior to agonist addition.

Data analysis

All data represent extracellular impedance (dZiec).
Concentration response curves were generated by fitting data to
a four-parameter logistic equation using Prism 4.0 software
(GraphPad, San Diego, CA). Default data variance plotted in
graphs and shown in the Table are SEM. Variance in text is
standard deviation.

RESULTS

Gs, Gi/o, and Gq impedance profiles

To establish typical Gs, Gi/o, and Gq impedance response
profiles, we selected receptors with well-defined coupling.
Activating the Gs-coupled DA D5 receptor induced a decrease
in cellular impedance (Fig. 1). Decreases in impedance appear
to be unique to increases in cAMP and can be replicated by
directly activating cAMP with forskolin (not shown). In
contrast, activating the DA D2 receptor, a representative
Gi-linked GPCR, resulted in a rapid increase in impedance.
Pretreatment with the Gi-selective PTX eliminated the D2
response but not the D5 response (Fig. 1). The Gq-linked
muscarinic acetylcholine receptor M1 also yielded an increase
in impedance but only after a transient dip. As expected, the M1
response was not significantly affected by PTX. Although the
transient dip in impedance is regarded as a hallmark of
Gq-coupling responses, its magnitude was variable particularly
at intermediate to low (<EC,,) concentrations of agonists. Thus,
additional pathway characterization such as PTX sensitivity
can help distinguish between Gq and Gi responses. These data
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Distinctive cellular impedance response profiles for Gs, Gi/o, and Gq signaling using CellKey™. The dopamine receptors D5 and D2

and the muscarinic M1 receptor were stimulated with agonist at concentrations (acetylcholine 10 nM, dopamine 1 nM for D2, 100 pM for DS5)
approximately 10-fold greater than the EC50. This concentration was used as the standard in control (left column), after pretreatment with pertus-
sis toxin (middle), or after pretreatment with cytochalasin D (right). Untransfected CHOs do not respond to dopamine or acetylcholine; stable
CHO cell lines were used for each receptor. Ligands were added after a 5-min baseline was established.

are representative of experience with more than 20 assays in
which response profiles matched second messenger literature
data and/or were confirmed with pathway-specific inhibitors.
The mechanism by which impedance assays detect GPCR
responses is not well studied. Pioneering experiments with
cellular impedance focused on relating impedance changes to
cellular morphology. These studies demonstrated exquisite
sensitivity to changes in actin dynamics.** Although GPCRs
are known to alter actin dynamics,'®'? the relationship between
GPCR impedance responses and actin changes is untested. As
shown in Figure 1, the inhibitor of actin polymerization,
cytochalasin D, eliminated the impedance response to D5 and
D2 receptor activation. In contrast, the M1 impedance response
was only partially inhibited. In a similar CHO cell model, M1
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activation has been shown to induce both spectrin reorganization
as well as cytochalasin D-sensitive changes in actin
cytoskeleton.” It is unknown whether spectrin reorganization
and partial cytochalasin D insensitivity is unique to M1-CHO
or is common to Gq-coupled receptors. The present data
indicate that impedance assays can detect GPCR-induced
changes in the cytoskeleton that include but are not limited to
modulation of actin.

Cell-specific signaling

Although the cellular environment is known to alter GPCR
coupling, traditional GPCR assays are tailored to individual
pathways thereby leading to an underappreciation of coupling
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FIG. 2. Cell-type—specific G-protein coupling is readily detected by impedance profiles. (A) In HEK cells expressing the melanocortin-4 recep-
tor (MC4R), the agonists o-MSH (50 nM) and MTII (50 nM) decreased impedance. (B) In MC4R-CHO cells, o-MSH (50 nM) and MTII (50
nM) increased impedance. The two agonists had similar response profiles at their respective EC50 values. (C) In MC4R-HEK cells, these
responses were specifically blocked by the MC4R-selective antagonist SHU9119 (1 uM) but not by pertussis toxin (PTX; n = 12 wells). (D) In
MC4R-CHO cells, the responses were specifically inhibited by SHU9119 (1 uM) and the phospholipase C inhibitor U73122 (9 uM), but not
significantly by PTX (n = 8 wells). (E) Representative concentration response curves for o-MSH and MTII in MC4R-HEK cells (n = 4 wells)
are shown. The pECS50 values for o-MSH and MTII were 9.5 + 0.4 and 9.1 £ 0.4, respectively (=3 experiments). (F) Representative concentration-
response curves for o-MSH and MTII in MC4R-CHO cells (n = 8 wells) are shown. The pEC50 values for o-MSH and MTII in MC4R-CHOs
were 8.2 £ 0.3 and 8.0 + 0.2, respectively (=3 experiments). The pICs, values for SHU9119 in HEKs and CHOs were 8.0 + 0.1 and 8.0 £ 0.7,
respectively (4 experiments, o-MSH stimulus: 2 nM for HEKs and 50 nM for CHOs).

diversity. In contrast, impedance assays can detect activation of
Gs, Gi, and Gq pathways and thus have the potential to readily
detect cell-specific differences in G-protein coupling. For
example, the melanocortin-4 receptor (MC4R) showed different
coupling when expressed in HEK cells versus CHO cells. In
MC4R-HEKSs, the agonists o-MSH and MTII decreased

Journal of Biomolecular Screening 14(3); 2009

impedance (Fig. 2A), which matches the well-established Gs
response for this receptor.'* In MC4R-CHO cells, both a-MSH
and MTII increased impedance, which suggests either Gq or
Gi/o coupling (Fig. 2B). Consistent with Gq coupling in
CHO, the responses were blocked by pretreatment with the
phospholipase C inhibitor U73122 whereas PTX had little
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effect (Fig. 2D). Preferential coupling through Gq is not widely
recognized but has been reported in GT1-1 neurons expressing
endogenous MC4R.

The Gs-like and Gg-like MC4R responses showed similar
pharmacological characteristics. The MC4R antagonist
SHU9119 inhibited both responses (Fig. 2C, D). MTII and
0o-MSH had similar relative potencies in HEK cells (pEC,,
9.5£0.4 vs. 9.1 £0.4) and in CHO cells (pEC,, 8.2 £ 0.3 vs.
8.0 £ 0.2). The absolute agonist potency was significantly
higher in the Gs-like MC4R-HEKSs. Although this higher
potency could be caused by more efficient coupling through
Gs, we cannot rule out the possibility that impedance assays are
more sensitive to coupling through Gs than Gg. Additional
studies would be needed to assess the relative detection
efficiency for each G-protein pathway. The greater efficacy of
MTII versus o-MSH in the Gg-coupled MC4R-CHOs was
consistently observed (Fig. 2F). This may be a cell-specific
effect, because MTII has been reported as less efficacious
than o-MSH in astrocytes and similar to o-MSH in HEK cells
(Fig. 2E).

The shapes of the MC4R response profiles show subtle
differences from the prototypical Gs and Gq profiles that are
not uncommon and worth comment. The HEK cell response
includes a fluid addition artifact that was clearly evident in both
the buffer and the agonist traces. Fluid addition artifacts are
more common with weakly adherent cell types like HEKSs, but
for unknown reasons, this effect was only modestly reduced by
slower fluid addition in the MC4R-HEK cells. In the MC4R-
CHO cells, the impedance profile exhibited a transient delay
rather than the transient dip that typically precedes the increase
in impedance associated with Gq signaling. Additional
experiments are needed to investigate signaling processes
associated with earliest phase of the Gq response profile.

Dual signaling profiles

The known diversity in impedance profiles for GPCR
signaling is currently limited to the three standard Gs, Gi/o, and
Gq traces® (Fig. 1). If these profiles are simply nodes on a
continuum rather than fixed responses, then receptors that
activate multiple pathways should yield novel profiles. To test
this idea, we selected the cannabinoid receptor (CB1), which
can activate both Gi and Gs. In CB1-CHO cells, the selective
agonists CP55940 and Win55212-2 produced Gi-like profiles.
However, after inhibiting Gi signaling with PTX, both agonists
induced Gs-like responses (Fig. 3A, B). No responses were
detected in untransfected CHOs or after pretreatment with the
CB1-selective antagonist O-2050, confirming a CB1-mediated
response (data not shown). These impedance results are
consistent with cAMP measurements in CB1-CHOs that
demonstrated prominent Gi signaling that could be blocked
with PTX to reveal a Gs response.'®'” In contrast, more
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balanced Gs/Gi coupling has been observed for natively
expressed CB1 in striatal and cortical neuronal cultures.'”'$

Impedance experiments with CB 1 expressed in HEKs revealed
a novel profile. Both CP55490 and WIN55212-2 induced a rapid
decrease in impedance followed by a robust reversal (Fig. 3C).
Pretreatment with PTX did not alter the initial Gs-like impedance
drop but dramatically reduced the Gi-like rebound (Fig. 3C, D).
No responses were detected in untransfected HEKs or after
pretreatment with the CB1 antagonist O-2050 (data not shown).
This dual profile was not unique to CBI1, because selective
agonists for the dual Gs/Gi-coupled [3,-adrenergic receptor
produced indistinguishable biphasic profiles in A431 cells (M.
Peters, unpublished data). This discovery of a novel dual-
signaling profile indicates that the shape of impedance profiles
encodes a qualitative readout of differential signaling.

Endogenous receptor signaling

The repertoire of signaling pathways activated by a particular
GPCR is influenced by the expression and stoichiometry of
receptor, G-proteins, and effector molecules. Because recombinant
cell lines with high receptor expression can activate G-protein
pathways not found under more physiological conditions,!*
aspects of pleiotropic signaling were studied using native receptor
complexes. The human U-2 osteosarcoma and SK-N-MC
neuroblastoma cells express functional dopamine receptors that
respond to D1/5 agonists.>*' (Currently available ligands do not
allow pharmacological distinction between D1 and D5
receptors.) In U-2 osteosarcoma cells, DA and the synthetic
agonist DHX induced Gs-like responses’ (Fig. 4A). In contrast,
the same ligands produced Gi/o-like profiles in SK-N-MC
neuroblastoma cells (Fig. 4B). The Gi/o-like responses in
SK-N-MCs were inhibited by PTX, whereas the Gs-like
responses in U-2 cells were unaffected (Fig. 4C, D). Potency
and efficacy values in both cell lines were highly similar to
literature values®* and the responses were inhibited with the
D1/5-selective antagonist SCH23390 (Fig. 5C, D).

Using D1-HEK cells, Ryman-Rasmussen et al.”** identified
agonists with different pathway bias for stimulating adenylate
cyclase and inducing receptor internalization. SKF83959 and
SKF38393 were partial agonists at stimulating cAMP
production, but did not induce D1 internalization. DHX and
A77636 were full agonists in the adenylate cyclase assay and
were super agonists in the internalization assay, inducing 110%
and 118% of DA’s response, respectively. The availability of
ligands with different pathway biases provides a useful test set
for evaluating impedance responses in cell lines that show
distinct receptor coupling.

The synthetic ligands SKF83959, SKF38393, DHX, and
A77636 induced qualitatively similar Gs-like impedance
profiles in U-2 cells and Gi/o-like profiles in SK-N-MC cells
(Fig. 5A, B, and data not shown). As expected, the impedance
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FIG. 3. Dual G-protein coupling is detectable and can result in novel impedance response profiles. (A) In CB1-CHO cells the agonists CP55940
(CP, 60 nM) and Win55212-2 (Win, 1 uM) yielded Gi-like profiles. Pretreatment with pertussis toxin (PTX) eliminated the Gi-like profile and
revealed Gs-like responses. (B) The impedance data at 13 min post ligand were converted to the percent response of CP55940 (60 nM) or
Win55212-2 (1 uM). The two agonists had similar response profiles at their respective EC50 values. (C) In CB1-HEKs both CP55940 (60 nM)
and Win55212-2 (1 uM) yielded a novel profile comprised of a rapid and robust decrease in impedance followed by an equally robust rebound.
Only the rebound was eliminated by treatment with PTX. (D) The two components of the agonist response were quantified as the baseline to
negative-most impedance change (peak, left two bars) and the negative-most point to 13 min post addition (rebound, right two bars). Data in B
and D are the mean + SD of eight wells and are representative of two experiments. In three independent experiments, CP55940 and Win55212-2
showed similar relative potencies in CB1-CHO cells (pEC50 8.8 £ 0.4 and 8.0 + 0.3, respectively) and in CB1-HEK cells (pEC50 calculated

using peak Gs-like response, 7.6 + 0.1 and 6.5 + 0.2, respectively).

response of each ligand was sensitive to PTX pretreatment in
SK-N-MC cells, but was insensitive in U-2 cells (Fig. 5B, D).
Thus, although the two cell lines show very different coupling
biases by impedance measures, all the synthetic ligands used in
this study reproduce the coupling profile seen with the native
ligand DA. The ligands that reportedly are unable to induce
receptor internalization had the same impedance profile shape
as ligands that are super agonists for internalization.

In terms of quantitative impedance responses, SKF83959
and SKF38393 were partial agonists in both impedance assays,
with SKF38393 being the more efficacious ligand (Table). This
was also true in the adenylate cyclase assay using D1-HEK
cells.”” Both partial agonists had greater efficacy in U-2 cells
than in SK-N-MC cells. The greater efficacy for a Gs-like
response could reflect biased coupling by these ligands, but

Journal of Biomolecular Screening 14(3); 2009

could also be due to cellular or assay differences that are not
understood. A77636 was a full agonist in both cell lines, but was
54-fold more potent in U-2 cells than in SK-N-MC cells. A
potency difference of this magnitude was not seen with DA or the
other three synthetic agonists. This result may reflect biased
agonism for Gs over Gi/o by A77636 or more complex DA
receptor expression in U-2 cells. Either way, the CellKey™
impedance profiles were robust with sufficient precision to enable
studying pathway bias with endogenously expressed GPCRs.

DISCUSSION

Within drug discovery, the complexities of pleiotropic GPCR
signaling have been underexploited as an opportunity and
difficult to handle as a variable. Running multiple functional
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Impedance response profile of endogenous D1/D5 reveals different coupling in U-2 and SK-N-MC cells. (A) Impedance response

profile of human osteosarcoma U-2 cells treated with dopamine (DA; 1 uM) or dihydrexidine (DHX; 80 nM). (B) Impedance response profile of
human neuroblastoma SK-N-MC cells treated with DA (1 uM) or DHX (80 nM). (C) U-2 cells were pretreated with cytochalasin D, pertussis
toxin (PTX), or buffer, then treated with 300 nM DA or 30 nM DHX. (D) The SK-N-MC response to DA (1 uM) and DHX (80 nM) was inhib-

ited by pretreatment with either PTX or cytochalasin D (n = 8§ wells).

assays requires substantial additional costs and resources.
However, the recent development of instrumentation that can
quantify cellular impedance in real time has provided inroads to
detecting the classical Gs, Gi/o, and Gq pathways in a single assay.
Although recent studies with impedance measurements have
demonstrated the ability to distinguish each of these pathways
using prototypic receptor-ligand pairs,” the use of impedance
profiles to discern cell-specific signaling, dual signaling, and
functional selectivity has not been previously probed.

The cellular environment in which a GPCR is expressed can
influence G-protein coupling.'”* Although widely recognized,
the scope and importance of cell-specific G-protein signaling
has been difficult to assess with traditional assays. The present
impedance data indicate that cell-specific signaling may be
underappreciated and is not infrequent even in recombinant cell
lines that use host cells containing functional Gs, Gi/o, and Gq
pathways. For example, impedance data confirmed the widely
accepted Gs coupling for the MC4R receptor in HEK cells,
whereas coupling through Gq was observed in CHO cells (Fig.
2A, B). Gq signaling appears to be biologically relevant based
on studies with endogenously expressed MC4R in GTI
neurons.'” Analogous results were observed with the dual Gi/

252  www.sbsonline.org

Gs-coupled CB1. Impedance assays in CHO cells reveal a
dominance of Gi coupling with Gs signaling detectable only
after PTX treatment (Fig. 3A, B). This Gi coupling preference
for CB1in CHO cells matches published results.!”* In contrast,
impedance studies discovered a more balanced dual Gi/Gs-like
profile in HEKs (Fig. 3C, D). Although not previously
recognized, this CB1-HEK coupling compares favorably with
data from native CB1 in neuronal cultures where a more substantial
Gs signaling has been observed.'™® Finally, endogenous D1/5
responses coupled through Gs and Gi in human osteosarcoma U-2
and neuroblastoma SK-N-MC cells, respectively (Figs. 4, 5). The
present experiments do not address the mechanisms leading to the
cell-specific signaling observed for D1/5, CB1, or MC4R. We
cannot exclude the possibility that changes in receptor density and/
or clonal selection may contribute to the signaling changes.
Independent of mechanism, the data clearly illustrate the importance
of evaluating cell-specific signaling during assay development to
ensure that the desired signal transduction pathway is activated and
to determine if other classical G-protein pathways are also
affected.

A new response profile, clearly distinct from the standard
Gs, Gi, or Gq profiles, was identified for CB1 in HEKs. The
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FIG. 5. Cellular impedance profiles of pathway-selective D1/5 agonists in differentially coupled native human cell lines. Dopamine (DA),
dihydrexidine (DHX), A77636, and SKF38393 were tested for their impedance response efficacy and potency in both U-2 cells (A) and SK-N-MC
cells (B) (n = 4 wells). Responses in U-2 cells (C) and SK-N-MC cells (D) showed similar inhibition to D1/5-selective antagonist SCH23990

(1 uM) but differed in sensitivity to pertussis toxin.

shape of this profile and its selective alteration after PTX
treatment match the dual Gs/Gi coupling expected for CBI.
This profile was not limited to CB1; an indistinguishable
trace was observed for a second Gs/Gi-coupled receptor
(B-adrenergic). This dual profile (Fig. 3C) represents the first
demonstration that impedance responses are dynamic in
response to complex signaling. The dynamic quality of these
profiles is significant because it suggests that the shape of
impedance profiles may be used not only to discern dual
signaling, but that changes in response shape may be used to
detect ligands that preferentially modulate a particular pathway,
that is, functionally selective ligands. The selective impact of
PTX pretreatment on the rebound phase of the CBI1-HEK
impedance profile provides evidence consistent with this
hypothesis. It should be noted that the present data only address
qualitative comparisons of response profiles. The relative
sensitivity of impedance assays to activation of different
pathways is unknown. Thus, relative ratio of Gs:Gi activation
observed in impedance assays may differ from other measures
of these pathways. Despite this qualitative limitation, screening
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for relative profile shape changes would be valuable in a drug
discovery setting. For example, discovery of functionally
selective CB1 agonists that favor either Gi or Gs would
certainly be of interest in determining whether one can separate
clinical efficacy from mechanism-based side effects typically
associated with cannabinoids.

Among the emerging literature on functionally selective
agonists, a set of well-validated D1 ligands are available as
tools to evaluate the sensitivity of impedance assays to biased
agonists. In studies using D1-HEK cells, synthetic ligands were
identified that induced cAMP production, but not receptor
internalization, and others that were super agonists for
internalization.”> SK-N-MC cells endogenously express D1,
but not D5 receptors,*'?® and therefore represent a useful cell
line to compare the pharmacology between endogenously
expressed/coupled DI receptors to Dl-transfected cells. In
contrast to the results with D1-HEKSs, the native ligand and four
synthetic agonists all induced a Gi/o impedance response in
SK-N-MC cells. Although Gi/o coupling has been reported,””*
most literature indicates that D1 activates the Gs family of
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signaling molecules® as observed with the U-2 cells. Compared
with the native ligand, internalization-deficient ligands did not
induce a different impedance phenotype. This was true in both cell
lines; that is, impedance was not influenced by cell-specific
signaling of the endogenous receptor. Some ligands showed
quantitatively enhanced response in Gs-coupled U-2 cells compared
with Gi/o-coupled SK-N-MC cells. This may reflect signaling bias
although we cannot rule out the possibility that differences in D1/
D5 subtype expression contribute to the enhanced response in U-2
cells. Nevertheless, the data clearly validate impedance assays as a
tool with the novel ability to detect pathway-specific activity even
for endogenously expressed receptors.

The molecular events in GPCR signaling detected by
impedance assays are not well recognized. Early work
pioneering the technology for cellular morphology assays
revealed exquisite sensitivity capable of resolving 1-nm changes
in cell diameter.” These small changes in morphology were
blocked by inhibitors of actin polymerization.** GPCRs are
well known to induce actin-dependent changes in cellular
morphology.'*'* Specifically, cell spreading is associated with
Gi activation®'*> whereas a rounded or stellate morphology is
associated with Gs activation or cAMP elevation.*** More
recently, actin polymerization has been shown to be required
for the movement of GPCRs within the membrane associated
with B-arrestin-mediated receptor recycling.’**’ Thus, not
surprisingly, blocking actin polymerization inhibited or
eliminated detection of GPCR responses by impedance assays
(Fig. 1). To guide future experiments aimed at understanding
the limitations of this technology, further mechanistic studies
are needed to refine the signal pathways connecting GPCR
activation with changes in actin dynamics.

Overall, we find that cellular impedance assays in
combination with pathway-specific inhibitors are reliable for
detecting and distinguishing G-protein coupling. The sensitivity
to detect endogenous responses is straightforward to achieve
and expands the scope of GPCR testing to include traditionally
difficult issues such as native expression levels. The ability to
identify changes in G-protein coupling in a single assay leads
to significant benefits for drug discovery. These data demonstrate
that impedance assays are highly robust for a wide range of
GPCR applications and support broad use in SAR studies
including functional selectivity.

ACKNOWLEDGMENTS

We thank Lois Ann Lazor, David Aharony, Reto Gadient,
and Jay Liu for their insightful comments on the manuscript.

REFERENCES

1. Urban JD, Clarke WP, von Zastrow M, Nichols DE, Kobilka B, Weinstein
H, et al: Functional selectivity and classical concepts of quantitative
pharmacology. J Pharmacol Exp Ther 2007;320:1-13.

254 www.sbsonline.org

14.

17.

Galandrin S, Oligny-Longpré G, Bouvier M: The evasive nature of drug
efficacy: implications for drug discovery. Trends Pharmacol Sci 2007;
28:423-430.

Kenakin T: Functional selectivity through protean and biased agonism:
who steers the ship? Mol Pharmacol 2007;72:1393-1401.

Giaever I and Keese CR: A morphological biosensor for mammalian
cells. Nature 1993;366:591-592.

Verdonk E, Johnson K, McGuinness R, Leung G, Chen YW, Tang HR,
et al: Cellular dielectric spectroscopy: a label-free comprehensive plat-
form for functional evaluation of endogenous receptors. Assay Drug Dev
Technol 2006;4:609-619.

Yu N, Atienza JM, Bernard J, Blanc S, Zhu J, Wang X, et al: Real-time
monitoring of morphological changes in living cells by electronic cell
sensor arrays: an approach to study G protein-coupled receptors. Anal
Chem 2006;78:35-43.

Lee PH, Gao A, van Staden C, Ly J, Salon J, Xu A, et al: Evaluation of
dynamic mass redistribution technology for pharmacological studies of
recombinant and endogenously expressed G protein-coupled receptors.
Assay Drug Dev Technol 2008;6:83-94.

Peters MF, Knappenberger KS, Wilkins D, Sygowski LA, Lazor LA, Liu
J, et al: Evaluation of cellular dielectric spectroscopy, a whole-cell, label-
free technology for drug discovery on Gi-coupled GPCRs. J Biomol
Screen 2007;12:312-319.

Giaever I, Keese CR: Micromotion of mammalian cells measured electri-
cally. Proc Natl Acad Sci U S A 1991;88:7896-7900.

Dutt P, Kjoller L, Giel M, Hall A, Toksoz D: Activated Galphaq family
members induce Rho GTPase activation and Rho-dependent actin fila-
ment assembly. FEBS Lett 2002;531:565-569.

Cant SH, Pitcher JA: G protein-coupled receptor kinase 2-mediated phospho-
rylation of ezrin is required for G protein-coupled receptor-dependent reorga-
nization of the actin cytoskeleton. Mol Biol Cell 2005;16:3088-3099.

Singh I, Knezevic N, Ahmmed GU, Kini V, Malik AB, Mehta D:
Galphaq-TRPC6-mediated Ca2+ entry induces RhoA activation and
resultant endothelial cell shape change in response to thrombin. J Biol
Chem 2007;282:7833-7843.

Street M, Marsh SJ, Stabach PR, Morrow JS, Brown DA, Buckley NJ:
Stimulation of Galphaq-coupled M1 muscarinic receptor causes revers-
ible spectrin redistribution mediated by PLC, PKC and ROCK. J Cell Sci
2006;119:1528-1536.

Pritchard LE, Armstrong D, Davies N, Oliver RL, Schmitz CA, Brennand
JC, et al: Agouti-related protein (83-132) is a competitive antagonist at the
human melanocortin-4 receptor: no evidence for differential interactions with
pro-opiomelanocortin-derived ligands. J Endocrinol 2004;180:183-191.
Newman EA, Chai BX, Zhang W, Li JY, Ammori JB, Mulholland MW:
Activation of the melanocortin-4 receptor mobilizes intracellular
free calcium in immortalized hypothalamic neurons. J Surg Res 2006;132:
201-207.

Bonhaus DW, Chang LK, Kwan J, Martin GR: Dual activation and inhibi-
tion of adenylyl cyclase by cannabinoid receptor agonists: evidence for
agonist-specific trafficking of intracellular responses. J Pharmacol Exp
Ther 1998;287:884-888.

Glass M, Felder CC: Concurrent stimulation of cannabinoid CB1 and
dopamine D2 receptors augments cCAMP accumulation in striatal neu-
rons: evidence for a Gs linkage to the CB1 receptor. J Neurosci
1997;17:5327-5333.

Hampson RE, Mu J, Deadwyler SA: Cannabinoid and kappa opioid
receptors reduce potassium K current via activation of G(s) proteins in
cultured hippocampal neurons. J Neurophysiol 2000;84:2356-2364.

Journal of Biomolecular Screening 14(3); 2009

Ex. 2035
Axion v. Agilent
IPR2024-01467



Assessing GPCR Signaling with Impedance Profiles

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Kenakin T: Differences between natural and recombinant G protein-
coupled receptor systems with varying receptor/G protein stoichiometry.
Trends Pharmacol Sci 1997;18:456-464.

Hermans E: Biochemical and pharmacological control of the multiplicity of
coupling at G-protein-coupled receptors. Pharmacol Ther 2003;99:25-44.
Sidhu A: Regulation and expression of D-1, but not D-5, dopamine recep-
tors in human SK-N-MC neuroblastoma cells. J Recept Signal Transduct
Res 1997;17:777-784.

Ryman-Rasmussen JP, Nichols DE, Mailman RB: Differential activation
of adenylate cyclase and receptor internalization by novel dopamine D1
receptor agonists. Mol Pharmacol 2005;68:1039-1048.
Ryman-Rasmussen JP, Griffith A, Oloff S, Vaidehi N, Brown JT, Goddard
WA 3rd, et al: Functional selectivity of dopamine D1 receptor agonists in
regulating the fate of internalized receptors. Neuropharmacology
2007;52:562-575.

Selkirk JV, Nottebaum LM, Lee J, Yang W, Foster AC, Lechner SM:
Identification of differential melanocortin 4 receptor agonist profiles at
natively expressed receptors in rat cortical astrocytes and recombinantly
expressed receptors in human embryonic kidney cells. Neuropharmacology
2007;52:459-466.

Shen CP, Xiao JC, Armstrong H, Hagmann W, Fong TM: F200A substitu-
tion in the third transmembrane helix of human cannabinoid CB1 recep-
tor converts AM2233 from receptor agonist to inverse agonist. Eur J
Pharmacol 2006;531:41-46.

Beischlag TV, Marchese A, Meador-Woodruff JH, Damask SP, O’Dowd
BF, Tyndale RF, et al: The human dopamine D5 receptor gene: cloning
and characterization of the 5’-flanking and promoter region. Biochemistry
1995;34:5960-5970.

Kimura K, Sela S, Bouvier C, Grandy DK, Sidhu A: Differential coupling
of D1 and D5 dopamine receptors to guanine nucleotide binding proteins
in transfected GH4C1 rat somatomammotrophic cells. J Neurochem
1995;64:2118-2124.

Kimura K, White BH, Sidhu A: Coupling of human D-1 dopamine recep-
tors to different guanine nucleotide binding proteins. Evidence that D-1
dopamine receptors can couple to both Gs and G(o). J Biol Chem
1995;270:14672-14678.

Journal of Biomolecular Screening 14(3); 2009

29.

30.

31.

32.

33.

34.

35.

36.

37.

Yao WD, Spealman RD, Zhang J: Dopaminergic signaling in dendritic
spines. Biochem Pharmacol 2008;75:2055-2069.

Giaever I, Keese CR: Monitoring fibroblast behavior in tissue culture with an
applied electric field. Proc Natl Acad Sci U S A 1984;81:3761-3764.

He JC, Neves SR, Jordan JD, Iyengar R: Role of the Go/i signaling net-
work in the regulation of neurite outgrowth. Can J Physiol Pharmacol
2006;84:687-694.

Ueda H, Morishita R, Yamauchi J, Itoh H, Kato K, Asano T: Regulation
of Rac and Cdc42 pathways by G(i) during lysophosphatidic acid-
induced cell spreading. J Biol Chem 2001;276:6846-6852.

Pelletier S, Julien C, Popoff MR, Lamarche-Vane N, Meloche S: Cyclic
AMP induces morphological changes of vascular smooth muscle cells
by inhibiting a Rac-dependent signaling pathway. J Cell Physiol
2005;204:412-422.

Reddy L, Wang HS, Keese CR, Giaever I, Smith TJ: Assessment of rapid
morphological changes associated with elevated cAMP levels in human
orbital fibroblasts. Exp Cell Res 1998;245:360-367.

Chaldakov GN, Nabika T, Nara Y, Yamori Y: Cyclic AMP- and cytochalasin
B-induced arborization in cultured aortic smooth muscle cells: its cytophar-
macological characterization. Cell Tissue Res 1989;255:435-442.

Laroche G, Rochdi MD, Laporte SA, Parent JL: Involvement of actin in
agonist-induced endocytosis of the G protein-coupled receptor for throm-
boxane A2: overcoming of actin disruption by arrestin-3 but not
arrestin-2. J Biol Chem 2005;280:23215-23224.

Volovyk ZM, Wolf MJ, Prasad SV, Rockman HA: Agonist-stimulated
beta-adrenergic receptor internalization requires dynamic cytoskeletal
actin turnover. J Biol Chem 2006;281:9973-9780.

Address correspondence to:

Matt Peters, Ph.D.

AstraZeneca Pharmaceuticals LP
1800 Concord Pike, B-260
Wilmington, DE 19810

E-mail: matt.peters @astrazeneca.com

www.sbsonline.org 255

Ex. 2035
Axion v. Agilent
IPR2024-01467





