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ABSTRACT
G protein–coupled receptors (GPCRs) often activate multiple
signaling pathways, and ligands may evoke functional responses
through individual pathways. These unique responses provide
opportunities for biased or functionally selective ligands to
preferentially modulate one signaling pathway over another.
Studies with several GPCRs have suggested that selective
activation of signaling pathways downstreamof a GPCRmay lead
to safer and more effective drug therapies. The dopamine
D2 receptor (D2R) is one of the main drug targets in the therapies
for Parkinson’s disease and schizophrenia. Recent studies sug-
gest that selective modulation of individual signaling pathways
downstream of the D2R may lead to safer antipsychotic drugs. In
the present study, immediate effectors of the D2R (i.e., Gai/o,
Gbg, b-arrestin recruitment) and more complex signaling path-
ways (i.e., extracellular signal-regulated kinase phosphorylation,

heterologous sensitization, and dynamic mass redistribution)
were examined in response to a series of D2R ligands. This was
accomplished using Chinese hamster ovary cells stably ex-
pressing the human D2L dopamine receptor in the PathHunter
b-Arrestin GPCR Assay Platform. The use of a uniform cellular
background was designed to eliminate potential confounds
associated with cell-to-cell variability, including expression levels
of receptor as well as other components of signal transduction,
including G protein subunits. Several well characterized and
clinically relevant D2R ligands were evaluated across each
signaling pathway in this cellular model. The most commonly
used methods to measure ligand bias were compared. Functional
selectivity analyses were also used as tools to explore the relative
contribution of immediate D2R effectors for the activation of more
complex signaling pathways.

Introduction
G protein–coupled receptors (GPCRs) are coupled tomultiple

signaling pathways (Lefkowitz and Shenoy, 2005), and differ-
ent ligands can show unique profiles for modulation of these
individual pathways. Moreover, some ligands demonstrate
functional selectivity (or biased agonism), behaving as agonists
for one signaling pathway while acting as antagonists for
another (Urban et al., 2007; Kenakin and Christopoulos,
2013b). Functional selectivity has been proposed as a strategy
to improve the safety and specificity of drug therapies targeting
GPCRs (Whalen et al., 2011). For example, several studies

suggest that G protein–biased ligands, which selectively
activate G proteins over b-arrestin for the m-opioid receptor,
can lead to enhanced analgesic effects and decreased tolerance
(Bohn et al., 1999, 2000, 2004). It has also been suggested that
G protein–biased ligands for the b2-adrenergic receptor may
lead to reduced receptor tachyphylaxis in bronchodilation
therapies for obstructive lung diseases (Deshpande et al.,
2008; Wang et al., 2009). Additionally, b-arrestin–biased
ligands for the b1-adrenergic receptor may provide the
beneficial effects of b-blockers along with increased cell
survival, a desired outcome in patients with arrhythmia and
hypertension after myocardial infarctions (DeWire and Violin,
2011).
The dopamine D2 receptor (D2R) is the primary target in

therapies for treating schizophrenia and Parkinson’s disease, but
modulation of D2R activity is also associated with a number of
side effects including dysregulation of motor and pituitary func-
tion. D2Rs couple to Gai/o subunits, leading to several signaling
events through the release/rearrangement of G proteins, such as
inhibition/sensitization of adenylyl cyclase, Gbg potentiation of
adenylyl cyclase 2 (AC2), and extracellular signal-regulated
kinase (ERK) activation as well as b-arrestin recruitment
(Watts and Neve, 2005; Beaulieu and Gainetdinov, 2011).
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These diverse signaling pathways make D2Rs of great interest
in studies of functional selectivity. Several studies have demon-
strated that agonists differ in their ability to activate various
pathways. For example, RNPA [R(2)propylnorapomorphine] and
S(2)propylnorapomorphine differ in their ability to regulate
activity of adenylyl cyclases compared with ion channels; RNPA
andS(2)propylnorapomorphine were reported as full agonists for
activation of Gai/o, whereas neither compound displayed detect-
able activity for the activation of G protein–coupled inwardly-
rectifying potassium channels (GIRK) through D2Rs (Gay et al.,
2004). Notably, blockade of b-arrestin recruitment reportedly is
a shared property of antipsychotics that exhibit either antago-
nist (e.g., haloperidol), or partial agonist (e.g., aripiprazole)
activity throughGai/o-cAMPpathways (Klewe et al., 2008;Masri
et al., 2008). This suggests that b-arrestin–biased D2 antago-
nists might exhibit unique antipsychotic profiles (Masri et al.,
2008). In contrast, a study with analogs of the novel antipsy-
chotic aripiprazole suggested that D2 ligands with Gai/o

antagonist and b-arrestin agonist activity may have anti-
psychotic behavioral activity with reduced extrapyramidal
side effects in a mouse model (Allen et al., 2011).
Heightened awareness of the potential benefit of pathway-

biased ligands has created the need for methods to efficiently
quantify and compare agonist-mediated activity through mul-
tiple pathways. Recently described methods have been pro-
posed as tools to assess bias. The new quantitative methods
incorporate efficacy and potency to calculate “bias factors”
(Rajagopal et al., 2011; Kenakin et al., 2012; Kenakin and
Christopoulos, 2013b). The values from these methods reflect
the relative activities of a test ligand with that of a reference
compound for activating one effector pathway relative to
another, such as Ga versus b-arrestin signaling. Activation of
more complex signaling pathways downstream of GPCRsmay
require multiple effectors, and this suggests an additional use
of bias analyses. Specifically, comparisons of ligand bias pro-
files for more immediate effectors versus complex pathways
such as ERK phosphorylation, heterologous sensitization, and
dynamic mass redistribution (DMR) could provide insight on
the relative contribution of the effectors toward the complex
signaling pathway.
In the present study, the ability of reference or clinically

relevant ligands to activate multiple signaling pathways
coupled to D2Rs was examined in a Chinese hamster ovary
(CHO) cell line stably expressing the human dopamine D2L

receptor (CHO-D2L) cells. Specifically, we analyzed Gai/o ac-
tivation, Gbg activation, b-arrestin recruitment, ERK phos-
phorylation, heterologous sensitization, and DMR in response
to a series of D2R ligands. The results were analyzed using four
of the most commonly used methods to measure ligand bias
(Rajagopal et al., 2011; Kenakin and Christopoulos, 2013b). The
analyses revealed general consistency across several bias
models and highlighted the utility of using a single cell line in
studies of functional selectivity. Additionally, the dependency of
the complex signaling pathways on the immediate effectors of
the D2R was also explored by comparing ligand bias profiles.

Materials and Methods
Compounds and Other Chemicals Used. The following com-

pounds were purchased from Sigma-Aldrich (St. Louis, MO): dopamine
hydrochloride, (6)-quinpirole dihydrochloride, pramipexole dihydro-
chloride, (1)-3-PPP [R(1)-3-(3-hydroxyphenyl)-N-propylpiperidine

hydrochloride], (1)-bromocriptine methanesulfonate salt, RNPA, ropi-
nirole hydrochloride, pergolide mesylate, 3-isobutyl-1-methylxanthine
(IBMX), and rotigotine hydrochloride. Lisuride maleate and forskolin
were purchased from Tocris (Ellisville, MO), and aripiprazole was
purchased from Santa Cruz Biotechnology (Dallas, TX). We purchased
HEPES and EDTA from Fisher Scientific (Pittsburgh, PA), and MgCl2
and Tris from Sigma-Aldrich.

Cell Culture and Cryopreservation. CHO cells expressing
CHO-D2L in the PathHunter b-Arrestin GPCR assay platform were
purchased from DiscoveRx (Freemont, CA). Cells were grown in
Ham’s F12 media supplemented with 1 mM L-glutamine (Thermo
Scientific, West Palm Beach, FL), 10% fetal bovine serum (Hyclone,
Logan, UT), 50 U/ml of penicillin, 50 mg/ml of streptomycin (Life
Technologies, Grand Island, NY), 800 mg/ml of G418 (InvivoGen, San
Diego, CA), and 300 mg/ml of hygromycin B (Fisher Scientific).
Confluent 15-cm dishes of cells were harvested with Cell Dissociation
Buffer (Life Technologies) and resuspended in 5 ml of fetal bovine
serum containing 10% dimethylsulfoxide (Sigma-Aldrich); 1 ml was
added to cryovials and frozen overnight at280°C in a CoolCell device
(BioCision, Larkspur, CA). On the following day, cryovials were stored
in liquid N2 until the assay day.

Transient Transfections. CHO-D2L cells were plated in 15-cm
dishes at a confluence of 2.6 � 106 cells/dish with culture medium
without selection antibiotics, and were incubated at 37°C in a humid-
ified incubator overnight. On the following day, a 6-ml solution
containing 30 mg of rat AC2 plasmid and 60 ml Lipofectamine 2000
(Life Technologies) in Opti-MEM (Life Technologies) was prepared
and incubated at room temperature for 45 minutes. The solution was
added dropwise to the cells, and transfection was performed for
48 hours. Cells were harvested and cryopreserved as described
previously.

Gai/o Assay. Cryopreserved CHO-D2L cells were thawed in a 37°C
water bath, resuspended in 10 ml of Opti-MEM, and centrifuged at
500g for 5 minutes. The supernatant was aspirated, the cells were
resuspended in 1 ml of Opti-MEM and then counted using a Countess
automated cell counter (Life Technologies). The cells were diluted to
reach a concentration of 3 � 105 cells/ml. We added 10 ml/well of cell
suspension to a white, flat-bottomed, tissue culture–treated 384-well
plate (PerkinElmer, Shelton, CT), resulting in a final density of 3000
cells/well. The plate was centrifuged for 30 seconds at 100g and
incubated in a 37°C humidified incubator for 1 hour.

After incubation, 5 ml/well of D2R ligand was added, followed by the
addition of 5 ml/well of forskolin (10 mM final concentration) in 0.5 mM
IBMX. The cells were incubated at room temperature for 1 hour, and
the cAMP accumulation was measured using Cisbio’s Dynamic 2 kit
(Cisbio Bioassays, Bedford, MA) according to the manufacturer’s
instructions. The plates were analyzed for fluorescent emissions at
620 nm and 665 nm using 330 nm as the excitation wavelength in
a Synergy 4 (BioTek, Winooski, VT), and ratiometric analysis was
performed by dividing the 665 nm emission by the 620 nm emission to
extrapolate the cAMP concentration from a cAMP standard curve.

b-Arrestin Assay. Cryopreserved CHO-D2L cells were thawed in
a 37°C water bath, resuspended in 10 ml of Opti-MEM, and
centrifuged at 500g for 5 minutes. The supernatant was aspirated,
and the cells were resuspended in 1 ml of Opti-MEM and counted.
Cells were diluted to reach a concentration of 2.5 � 105 cells/ml. We
added 10 ml/well of cell suspension to a white, flat-bottomed, low-
volume, tissue culture–treated 384-well plate (PerkinElmer), result-
ing in a final density of 2500 cells/well. The plate was centrifuged for
30 seconds at 100g and incubated in a 37°C humidified incubator
overnight. The next day, 2.5 ml/well of D2R ligands or vehicle/buffer
control was added to the cells. After the drug addition, the cells were
incubated in a 37°C humidified incubator for 1.5 hours.

Recruitment of b-arrestin to the D2R was assessed using the
PathHunter assay (DiscoveRx) according to the manufacturer’s instruc-
tions. The PathHunter assay uses an enzyme complementation plat-
form in which the GPCR is tagged with ProLink and b-arrestin 2 is
tagged with an enzyme acceptor upon interaction between the GPCR
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and b-arrestin 2. The two fragments complement to generate a
functional b-galactosidase that converts substrate to a chemilumines-
cent signal (Zhao et al., 2008) that was measured in a Synergy 4.

Gbg Assay. The Gbg assay uses a regulatory characteristic that is
specific for AC2, AC4, and AC7 (Watts and Neve, 1997; Cooper and
Crossthwaite, 2006). These isoforms of adenylyl cyclase are insensitive
to inhibition by Gai/o and are conditionally activated by Gbg subunits
from Gai/o-linked receptors in the presence of direct AC2 activators
(Federman et al., 1992). CHO-D2L cells transiently transfected with
AC2 as described previously were thawed in a 37°C water bath,
resuspended in 10 ml of Opti-MEM, and centrifuged at 500g for
5 minutes. The supernatant was aspirated, and the resuspension and
centrifugation steps were repeated. The supernatant was aspirated,
and the cells were resuspended in 1 ml of Opti-MEM and counted. Cells
were diluted to reach a concentration of 4� 105 cells/ml, and 5ml/well of
cell suspension was added to a white, low-volume, flat-bottomed, tissue
culture–treated 384-well plate, resulting in a final density of 2000 cells/
well. The plate was centrifuged for 30 seconds at 100g and incubated in
a 37°C humidified incubator for 1 hour. The plates were removed from
the incubator, and 2.5 ml/well of D2R ligand was added. Cyclic AMP
accumulation was initiated by the addition of 2.5 ml/well of phorbol
12-myristate 13-acetate (PMA) (final concentration of 1 mM) in the
presence of 0.5 mM IBMX to specifically stimulate AC2 (Watts and
Neve, 1997). The cells were incubated at room temperature for 1 hour,
and the cAMP accumulation was measured as described earlier.

Heterologous Sensitization Assay. Heterologous sensitization
assays were performed as previously described elsewhere (Conley
et al., 2014). Briefly, cryopreserved CHO-D2L cells were thawed in
a 37°C water bath, resuspended in 10 ml of Opti-MEM, and
centrifuged at 500g for 5 minutes. The supernatant was aspirated,
and the cells were resuspended in 1ml of Opti-MEMand counted. The
cells were diluted to reach a concentration of 3 � 105 cells/ml. We
added 10 ml/well of cell suspension to a white, flat-bottomed, tissue
culture–treated 384-well plate, resulting in a final density of 3000
cells/well. The plate was centrifuged for 30 seconds at 100g and
incubated in a 37°C humidified incubator for 1 hour.

After incubation, 5 ml/well of D2R ligand was added to the cells, and
the cells were incubated in a 37°C humidified incubator for 2 hours to
accomplish sensitization. After sensitization, 5 ml/well of forskolin in
IBMX and spiperone was added to the cells at final concentrations of
10 mM, 0.5 mM, and 1 mM, respectively. The cells were incubated at
room temperature for 1 hour, and the cAMP accumulation was
measured as described earlier.

ERK Assay. Cryopreserved CHO-D2L cells were thawed in a 37°C
water bath, resuspended in 10ml of Opti-MEM, and centrifuged at 500g
for 5 minutes. The supernatant was aspirated, and the resuspension
and centrifugation stepswere repeated. The supernatantwas aspirated,
and the cells were resuspended in 1 ml of Opti-MEM and counted. The
cells were diluted to reach a concentration of 2� 106 cells/ml. We added
8 ml/well of cell suspension in a white, low-volume, flat-bottomed, tissue
culture–treated 384-well plate, resulting in a final density of 16,000
cells/well. The plate was centrifuged for 30 seconds at 100g and
incubated in a 37°C humidified incubator for 2 hours. After incubation,
4 ml/well of D2R ligand was added to the cells. The cells were incubated
for 10 minutes at room temperature, and ERK phosphorylation was
measured using the Cellul’erk assay (Cisbio Bioassays) according to the
manufacturer’s instructions. Plates were read for fluorescent emissions
at 620 nm and 665 nm using 330 nm as the excitation wavelength in
a Synergy 4.

Dynamic Mass Redistribution Assay. DMR assays were per-
formed as described previously elsewhere (Schroder et al., 2011).
Briefly, 20 ml of Opti-MEM was added to each well of one quadrant of
a fibronectin-coated EnSpire LFC-384 plate (PerkinElmer), which was
centrifuged at 500g for 30 seconds. Cryopreserved CHO-D2L cells were
thawed, centrifuged, and counted as described previously. The cells
were diluted to achieve 3.3 � 105 cells/ml. We added 30 ml/well of this
dilution to the plate for a final volume of 50 ml, and the plate was
incubated for 16–24 hours in a 37°C humidified incubator. At 1.0–1.5

hours before the assay, the medium was aspirated, and the cells were
washed twice with room temperature Hanks’ balanced salt solution
(Life Technologies) supplemented with 20mMHEPES, which served as
the assay buffer, using a JANUS MDT Mini (PerkinElmer). The cells
were incubated in 40 ml/well assay buffer for 1.0–1.5 hours at ambient
temperature.

We performed 10 baseline DMR reads, added 10 ml/well of D2R
ligand dissolved in assay buffer, andmeasured DMR for 200 reads. All
DMR measurements were performed using an EnSpire plate reader
(PerkinElmer) according to manufacturer’s protocols. After the assay,
the wells were visually inspected for confluency, and the wells with
significantly reduced cellular density (,60%) were excluded from
further analysis. Receptor activation was quantified by calculating
the maximum DMR peak intensity achieved during 40 reads,
approximately 20 minutes after ligand addition. Receptor activation
was also quantified by calculating the area under the curve of the
initial DMR peak that occurred during the first 40 reads, with the
resultant concentration response curves being indistinguishable from
the maximum DMR peak intensity curves (data not shown).

Membrane Preparations. The cells were grown to confluency
in 15-cm dishes. The culture medium was aspirated, replaced with
10 ml of ice-cold lysis buffer (1 mM HEPES, 2 mM EDTA, pH 7.4),
and incubated on ice for 10 minutes. The cells were scraped using
a sterile cell scraper, suspended in the lysis buffer, triturated by
pipetting up and down, and centrifuged at 30,000g for 20 minutes at
4°C. The supernatant was discarded. The pellet was resuspended
in receptor-binding buffer (4 mM MgCl2, 50 mM Tris, pH 7.4),
homogenized using a Kinematica homogenizer (Kinematica AG,
Lucerne, Switzerland) and aliquoted in 1-ml fractions. The aliquots
were centrifuged at 12,000g for 10 minutes at 4°C, the supernatant
was decanted, and the pellet was frozen and stored in a 280°C
freezer until the assay day.

Isotherm-Binding Assay. The isotherm-binding assays were
performed using [3H]methylspiperone (PerkinElmer) as described
previously elsewhere (Vidi et al., 2008). Membrane aliquots were
thawed on ice and resuspended in receptor-binding buffer at a final
concentration of approximately 30 ng/ml of membrane protein. Total
binding reactions were performed in receptor-binding buffer contain-
ing increasing concentrations of [3H]methyspiperone and membrane
suspension in a total volume of 500 ml. Nonspecific binding was
assessed in the presence of 5 mM butaclamol. Reactions were
incubated for 30 minutes at 37°C and then harvested in a 96-well
Packard Filtermate harvester (PerkinElmer) to type B glass-fiber
filter plates (Millipore, Billerica, MA). The concentration of radio-
ligand was determined by pipetting [3H]methylspiperone directly
onto the wells of the filter plates for “total radioactivity.” The plates
were dried overnight, and 40 ml/well of MicroScint 0 scintillation fluid
(PerkinElmer) was added. Radioactivity was measured in a Packard
TopCount scintillation detector (PerkinElmer).

Competitive Binding Assay. Competitive binding assays were
conducted in the presence of 0.4 nM [3H]methylspiperone. Total and
nonspecific binding were determined as described for the isotherm-
binding assay, except that the competitive binding reactions were
performed in the presence of 75 mM 59-guanylyl-imidodiphosphoate
(GppNHp; Sigma-Aldrich) (Kent et al., 1980). Competitive binding
reactions contained increasing concentrations of the test compound,
[3H]methylspiperone, GppNHp, membrane suspension, and receptor-
binding buffer. The reactions were incubated and harvested, and the
radioactivity was quantified as described previously.

Bias and Data Analyses. All data were analyzed using Graph-
Pad Prism 6 (GraphPad Software, San Diego, CA). Ligand bias was
assessed using four differentmethods. The equimolar comparison was
performed by plotting normalized responses of two signaling path-
ways for equal concentrations of ligand against each other. Shifts on
the plots toward one of the axes in comparison with the reference
compound (dopamine) indicated bias for the pathway on that axis.

The equiactive comparison was performed using the ratios of
relative activity as previously described elsewhere (Griffin et al.,

482 Brust et al.



2007; Ehlert, 2008; Rajagopal et al., 2011) using the following
equation:
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where Emax is the maximal effect of the compound, EC50 is the EC50

value of the compound, lig is the compound being analyzed, ref is the
reference compound, path1 is one of the pathways being analyzed, and
path2 is the other pathway being analyzed.

For the transduction coefficient method, functional data were
plotted in the Black and Leff (1983) operational model, and the
analysis was performed as previously described elsewhere (Kenakin
et al., 2012), except for the standard errors, which were calculated
individually for each compound. The following equation was used for
this analysis:
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where t is the coupling efficiency and KA is the conditional affinity.
Both were obtained by fitting the data to the Black and Leff
operational model.

The compounds were also analyzed using the sigma comparison,
whichwas performed by fitting the functional data in theBlack and Leff
(1983) operational model setting the KA to the ligands’ dissociation
constant (Ki) obtained from the competitive binding assays performed
with the same CHO-D2L cells used for the functional studies. Data were
analyzed as previously described elsewhere (Rajagopal et al., 2011)
using the following equations:
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where t is the coupling efficiency and s is the effective signaling.
For all methods, the natural ligand dopamine was used as the

reference compound. Statistical analyses were performed in GraphPad
Prism 6 using one-way analysis of variance followed by Dunnett’s post
hoc test, with P , 0.05 considered statistically significant.

Results
b-Arrestin Recruitment and Gai/o Activation. The first

pathway downstream of D2R examined was the recruitment of
b-arrestin using the PathHunter assay from DiscoveRx (Fig.
1A; Table 1). Rotigotine and lisuride potently stimulated
recruitment of b-arrestin, with EC50 values of 0.2 and 0.4
nM, respectively. The least potent compound was (1)-3-PPP,
with an EC50 value of 925 nM. Aripiprazole and lisuride

displayed partial agonist activity for the recruitment of
b-arrestin, with maximal effects lower than 80% of the effect
of dopamine.
The second signaling pathway examined was the canonical

D2R activation of Gai/o by measuring the inhibition of
forskolin-stimulated cAMP accumulation. These studies were
performed in the same line of CHO-D2L cells used for the
b-arrestin assay. The compounds displayed a wide range of
potencies for activation of Gai/o (Fig. 1B; Table 1), with the
most potent compounds being rotigotine, pergolide, and
lisuride with EC50 values of 20, 40, and 70 pM, respectively.
The least potent compound was (1)-3-PPP, with an EC50

value of 8.6 nM. Aripiprazole displayed partial agonist
activity, with efficacy equal to 65% of the maximal effect of
dopamine. The majority of the compounds were more potent
at inhibition of cAMP accumulation than recruitment of
b-arrestin. Alternatively, RNPA was more potent in stimu-
lating recruitment of b-arrestin (Table 1), suggesting that this
compound displays bias for the b-arrestin pathway.

Fig. 1. Activation of three signaling pathways downstream of the D2R in
CHO-D2L cells. (A) Recruitment of b-arrestin to the D2R was measured
using the PathHunter assay from DiscoveRx. (B) Activation of Gai/o by the
D2R was measured by assessing inhibition of forskolin-mediated cAMP
production. (C) Activation of Gbg by the D2R was assessed by measuring
potentiation of PMA-stimulated cAMP accumulation. Data represent the
average and S.E.M. of at least three independent experiments.
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More detailed bias analyses for Gai/o and b-arrestin were
completed employing the previously described methods of
measuring ligand bias using dopamine as the reference
compound. The equimolar comparison identified apparent
biased agonists through qualitative analyses (Fig. 2A). For
example, the data points of rotigotine are shifted toward the
b-arrestin recruitment axis in comparison with data points
from dopamine (Fig. 2A). The qualitative nature of this meth-
od precludes statistical analyses. However, in comparison
with the current quantitative analyses, the equimolar com-
parison may be useful for comparing compounds that are
antagonists or inverse agonists for one or more of the signaling
pathways under investigation.
The results from the Gai/o and b-arrestin assays were then

analyzed using three recently described quantitative methods
that incorporate functional data from concentration response
curves. The equiactive comparison model compares the log of
the ratios of the relative activity of the test compounds with
the reference compound (Griffin et al., 2007; Ehlert, 2008;
Rajagopal et al., 2011). When functional data were compared
using the equiactive comparison, five compounds (lisuride,
bromocriptine, aripiprazole, rotigotine, and RNPA) displayed
statistically significant bias for the recruitment of b-arrestin
compared with Gai/o, with RNPA displaying the greatest
degree of bias (Fig. 2B). The bias patterns observed here
generally reflect the patterns seen in the potency ratios for
b-arrestin activity versus Gai/o (Table 1).
The recently described transduction coefficient was then

used to assess bias (Kenakin et al., 2012). The functional data
were plotted in the Black and Leff (1983) operational model to
calculate values for coupling efficiency (t) and conditional
affinity (KA). The Dlog (t/KA) ratios for the reference compound
were calculated and subtracted from the Dlog (t/KA) ratios of
test compounds at each respective pathway to calculate bias
(Kenakin et al., 2012). In agreement with the equiactive
comparison, this approach identified the same five compounds
as biased for recruitment of b-arrestin (Fig. 2C). In contrast to
the equiactive model, the transduction coefficient model
identified pergolide as biased for Gai/o in comparison with
b-arrestin recruitment. An inspection of the potency ratios also
identifies pergolide as the most Gai/o-selective compound
(Table 1).

A third quantitative model also uses the Black and Leff
(1983) operational model with the notable requirement for
dissociation constants (Ki) for each ligand. For this analysis, we
performed competitive binding assays in membranes prepared
from the same CHO-D2L cell line that was used for the
functional studies. The affinity values (Ki) of the compounds for
the D2R were measured using [3H]methylspiperone (Supple-
mental Table 1). Competitive binding experiments were
performed in the presence of GppNHp to uncouple receptors
from G proteins and provide a more homogenous receptor state
(Kent et al., 1980). The bias factors from the sigma model were
very similar to the bias factors obtained from the other
quantitative analyses (Fig. 2D). Four of the five compounds
that were identified as biased for b-arrestin recruitment using
the other methods were also identified using the sigma model
(lisuride, bromocriptine, aripiprazole, and RNPA).
In all three quantitative models, RNPA was identified as the

most biased compound for recruitment of b-arrestin. Notably,
in each of these quantitative bias analyses aripiprazole was
identified as significantly biased for b-arrestin recruitment.
These findings appear inconsistent with a simple pharmaco-
logic inspection. For example, aripiprazole was a partial
agonist for Gai/o activation and b-arrestin recruitment, with
relative efficacies of 65 and 19%, respectively. Furthermore, the
EC50 values of aripiprazole were 1.3 nM for Gai/o activation
versus 3.6 nM for b-arrestin recruitment. Taken together,
these values imply aripiprazole is biased for Gai/o activation in
comparison with b-arrestin recruitment due to increased
efficacy and potency. This discrepancy can be accounted for
by considering that dopamine, the reference compound, is nearly
100 times more potent for Gai/o activation than b-arrestin
recruitment. This highlights the importance of the choice
and activity of the reference compound in bias analysis and
interpretation. Measures of bias are always considered relative
to the activity of the reference compound.
Activation of Gbg. The next signaling pathway down-

stream of D2Rs that was analyzed was the activation of Gbg

subunits. Activation of Gbg by GPCRs can lead to several
different cellular responses, including activation of GIRKs,
phospholipase C b2, modulation of N-type calcium channels,
and potentiation of AC2 (Lin and Smrcka, 2011). D2R-mediated
Gai/o activation and the subsequent release/rearrangement of

TABLE 1
Potency and maximal effects of the compounds tested for downstream effectors of the D2R
Data are an average of at least three individual experiments conducted in duplicate. For EC50 values, the 95% confidence interval is shown in parentheses. Maximal effects are
shown as a percentage of dopamine’s maximal response, and S.E.M. is shown in parentheses. Potency ratios of b-arrestin recruitment/Gai/o activation were also included.

Compound

b-Arrestin 2 Recruitment Gai/o Activation Gbg Activation Potency (EC50) Ratio

EC50
Max Effect

(% Dopamine) EC50
Max Effect

(% Dopamine) EC50
Max Effect

(% Dopamine) b-Arrestin/Gai/o

nM nM nM

Dopamine 124 (100–153) 100 (6 2) 1.2 (0.7–2.1) 100 (6 3) 171 (72–407) 100 (6 8) 103
Quinpirole 64 (59–70) 96 (6 1) 1.2 (0.9–1.6) 100 (6 2) 145 (89–236) 103 (6 4) 53
Lisuride 0.4 (0.3–0.6) 66 (6 2) 0.07 (0.04–0.14) 106 (6 5) 2.2 (0.4–12.0) 30 (6 6) 9
Bromocriptine 2.9 (1.9–4.4) 101 (6 4) 1.9 (0.9–4.3) 104 (6 3) 0.5 (0.1–2.1) 34 (6 5) 2
Aripiprazole 3.6 (2.5–5.2) 19 (6 1) 1.3 (0.5–3.1) 65 (6 4) ND 219 (6 5) 3
Rotigotine 0.2 (0.1–0.3) 111 (6 4) 0.02 (0.007–0.03) 95 (6 3) 1.5 (0.3–6.9) 54 (6 9) 10
(+)-3-PPP 925 (809–1058) 92 (6 1) 8.6 (4.9–15.1) 108 (6 4) 518 (136–1973) 57 (6 9) 108
RNPA 1.9 (1.5–2.5) 101 (6 2) 13 (3–57) 95 (6 13) 360 (210–619) 110 (6 11) 0.1
Pramipexole 12 (10–15) 94 (6 2) 0.2 (0.1–0.3) 108 (6 3) 20 (9–46) 86 (6 5) 60
Ropinirole 49 (37–63) 92 (6 2) 0.5 (0.3–0.8) 111 (6 4) 100 (34–290) 56 (6 6) 98
Pergolide 7.2 (5.9–8.9) 90 (6 2) 0.04 (0.02–0.07) 101 (6 4) 2.3 (0.6–9.5) 38 (6 7) 180

ND, not determined.
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Gbg produce a conditional enhancement of cAMPproduction by
AC2when the enzyme is activated by protein kinase C via PMA
(Watts and Neve, 1997). To examine Gbg activation by the
D2R, CHO-D2L cells were transiently transfected with AC2,
and the potentiation of PMA-stimulated cAMP accumulation
by agonists was examined.
Consistent with activation of Gbg, most of the compounds

tested elicited an enhanced cAMP response to PMA (Fig. 1C;
Table 1). Several compounds [(1)-3-PPP, bromocriptine, ropi-
nirole, pergolide, lisuride, and rotigotine] displayed partial
agonist profiles for Gbg signaling, with maximal activities
that were lower than 80% of dopamine’s maximal response.
Aripiprazole did not display an agonist response in this assay.
The most potent compounds were bromocriptine and rotigotine,
with EC50 values of 0.5 and 1.5 nM, respectively, whereas the
least potent compound was (1)-3-PPP with an EC50 value of
518 nM. Dopamine and quinpirole were full agonists with
EC50 values of 171 and 145 nM, respectively. Themajority of the
compounds were an order of magnitude (.25-fold) less po-
tent for Gbg signaling compared with the Gai/o-mediated
response (Table 1). Alternatively, bromocriptine was about
6-fold more potent for Gbg activity, suggesting that this
compound may be biased for Gbg activation.

Bias analyses were performed to compare Gbg activation
with Gai/o signaling through D2Rs. The equimolar comparison
resulted in apparent bias of aripiprazole for Gai/o, with a lack of
response for Gbg activation (Fig. 3A). The quantitativemethods
could not analyze the results from aripiprazole given the lack
of efficacy. The equiactive comparison and the transduction
coefficient identified bromocriptine as biased for Gbg activa-
tion in comparison with Gai/o activation (Fig. 3, B and C).
Conversely, the sigma comparison suggested that pergolide
was biased for Gai/o activation (Fig. 3D). Bias analyses for
activation of Gbg were also performed in comparison with
b-arrestin recruitment (Supplemental Fig. 1). In the equiactive
comparison and transduction coefficient, RNPA was the only
compound that displayed significant bias for b-arrestin re-
cruitment (Supplemental Fig. 1, B and C). The sigma compar-
ison identified rotigotine as significantly biased for b-arrestin
recruitment (Supplemental Fig. 1D).
Heterologous Sensitization of Adenylyl Cyclases. Af-

ter measuring the activation of immediate effectors of the D2R,
more complex signaling pathwayswere analyzed. Heterologous
sensitization is a cellular adaptive response that is observed
after persistent activation of Gai/o-coupled GPCRs (Watts,
2002). It has been shown that both Ga (which can be blocked by

Fig. 2. Bias analyses of b-arrestin recruitment in comparison with Gai/o activation by the D2R. (A) Equimolar comparison. (B) Equiactive comparison.
(C) Transduction coefficient. (D) Sigma comparison. Dopamine was used as the reference compound for all the analyses. For the quantitative analyses
positive values indicate bias for b-arrestin; negative values indicate bias for Gai/o. Data represent the average and S.E.M. of at least three independent
experiments. *P , 0.05.
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pertussis toxin treatment) and Gbg subunits (prevented by the
expression of bARK-CT) are required for this response (Watts
and Neve, 2005; Ejendal et al., 2012). To explore the potential
relationship and apparent requirement for both Ga and Gbg,
sensitization studies were completed in CHO-D2L cells used
previously.
Heterologous sensitization was induced by pretreating the

cells with the D2R ligands for 2 hours followed by measuring
forskolin-stimulated cAMP accumulation in the presence of
spiperone. This prolonged pretreatment results in an enhance-
ment in cAMP production when compared with vehicle-treated
cells (Fig. 4A). The responses observed for heterologous
sensitization displayed diversity among the compounds tested
(Table 2). Quinpirole and RNPA were more efficacious than
dopamine. In contrast, aripiprazole had no detectable response
in this assay, and lisuride was an inverse agonist. Most
compounds displayed EC50 values that were comparable to
those obtained for Gai/o activation.
Ligand bias analyses were employed to compare heterolo-

gous sensitization with activation of the immediate D2R
effectors. The initial contrast between the methods was that
aripiprazole and lisuride could only be analyzed using the
qualitative equimolar comparison. The bias analyses for sen-
sitization versus Gai/o were model dependent and identified

only one biased compound (Fig. 5, A and D; Supplemental Fig.
2A). Specifically, the transduction coefficient method and the
sigma comparison revealed no bias, whereas the equiactive
comparison identified RNPA as biased for heterologous sen-
sitization. When heterologous sensitization was compared
with Gbg activation, none of the compounds displayed
significant bias in any of the methods used (Fig. 5, B and E;
Supplemental Fig. 2B). Heterologous sensitization was then
compared with b-arrestin recruitment. These bias comparisons
revealed that RNPA was biased for b-arrestin recruitment and
pergolide was biased for heterologous sensitization in each of
the quantitative models (Fig. 5, C and F; Supplemental Fig.
2C). Additionally, the equiactive comparison identified rotigo-
tine as significantly biased for b-arrestin recruitment (Fig. 5C).
ERK Phosphorylation. The next complex signaling

pathway analyzed was D2R-mediated ERK phosphorylation.
b-Arrestins are involved in ERK phosphorylation downstream
of several GPCRs (Lefkowitz and Shenoy, 2005; Zhu et al.,
2013). However, it has been suggested that the D2R-mediated
ERK phosphorylation is a G protein–mediated event that is not
dependent on b-arrestins (Quan et al., 2008). Moreover, both
G protein inactivationwith pertussis toxin and sequestration of
Gbg with bARK-CT inhibited D2R-mediated ERK phosphor-
ylation in CHO cells (Oak et al., 2001). For this signaling

Fig. 3. Bias analyses of Gbg in comparison with Gai/o activation by the D2R. (A) Equimolar comparison. (B) Equiactive comparison. (C) Transduction
coefficient. (D) Sigma comparison. Dopaminewas used as the reference compound for all the analyses. For the quantitative analyses positive values indicate
bias for Gbg; negative values indicate bias for Gai/o. Data represent the average and S.E.M. of at least three independent experiments. *P , 0.05.
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pathway a subset of the D2R ligands was tested that included
dopamine and quinpirole, commonly used reference com-
pounds, and ligands that displayed functional selectivity for
the immediate effectors of the D2R, such as aripiprazole,
lisuride, rotigotine, RNPA, and pergolide (Fig. 4B; Table 2).
The quantitative bias analyses were then performed compar-

ing ERK phosphorylation with the activation of the immediate
effectors of the D2R. Notably, none of the quantitative methods
identified significantly biased compounds in the comparisons of
ERK phosphorylation with Gai/o or Gbg activation (Fig. 6, A, B,
D, and E; Supplemental Fig. 3). In contrast, the comparisons
with b-arrestin recruitment using the equiactive comparison
identified aripiprazole, lisuride, rotigotine, and RNPA as sig-
nificantly biased for b-arrestin recruitment (Fig. 6C). The trans-
duction coefficient and the sigma comparison were generally
consistent, revealing bias trends for aripiprazole, rotigotine,
and RNPA for b-arrestin recruitment (Fig. 6F; Supplemental
Fig. 3C).

Dynamic Mass Redistribution. The final measure of
complex signaling after stimulationwithD2R ligands employed
in this study was DMR. DMR is a label-free phenotypic
measure of ligand-receptor signaling that temporally monitors
changes in intracellular mass via the optical characteristics of
the cells, namely, the refractive index (Fang et al., 2006). DMR
has been used previously to study and characterize a number of
GPCRs (Schroder et al., 2011). Ligands characterized using this
assay were dopamine and quinpirole as reference compounds
and the immediate effector-biased compounds lisuride, pergo-
lide, rotigotine, RNPA, and aripiprazole. Of the compounds
tested, only aripiprazole’s responses were markedly different
than that of dopamine (Fig. 4C; Table 2). Rotigotine was the
most potent compound tested with an EC50 value of 6.4 nM.
Aripiprazole was the only compound tested that exhibited
significantly lower efficacy as it only elicited 57% of dopamine’s
response. Aripiprazole was also the least potent compound
tested with an EC50 value of 593 nM (Table 2).
DMRwas then compared with the immediate effectors of the

D2R using the quantitative bias analyses. Notably, in contrast
to the other complex signaling pathways, the comparisons
against all immediate D2R effectors resulted in significantly
biased compounds (Fig. 7; Supplemental Fig. 4). The equiactive
comparison identified aripiprazole, lisuride, rotigotine, and
pergolide as significantly biased for Gai/o, and RNPA as
significantly biased for DMR in comparison with Gai/o (Fig.
7A). The transduction coefficient resulted in a similar pattern,
except that RNPA was not significantly biased (Fig. 7D). The
sigma comparison resulted in only one significantly biased
compound in the analyses against Gai/o. Pergolide was biased
for Gai/o (Supplemental Fig. 4A). The analyses of DMR versus
Gbg activation also resulted in significantly biased compounds.
The equiactive comparison identified lisuride, rotigotine, and
pergolide as biased for Gbg (Fig. 7B). The transduction
coefficient identified only lisuride as biased for Gbg (Fig. 7E).
And the sigma comparison did not result in any significantly
biased compounds (Supplemental Fig. 4B).
All quantitative methods of analyzing ligand bias resulted

in significantly biased ligands in the comparisons between
DMR and b-arrestin recruitment. The equiactive comparison
identified aripiprazole, lisuride, rotigotine, RNPA, and per-
golide as significantly biased for b-arrestin recruitment (Fig.
7C). A similar pattern was found in the analyses using the
transduction coefficient, except that pergolide was not sig-
nificantly biased (Fig. 7F). The analyses using the sigma
comparison identified rotigotine, aripiprazole, and RNPA as
significantly biased for b-arrestin recruitment (Supplemental
Fig. 4C).

Discussion
Ligand bias is increasingly appreciated as a potential

strategy for development of drugs with improved efficacy and/
or reduced side effects. However, debate currently exists with
regard to the most appropriate methods for assessing bias
(Kenakin and Christopoulos, 2013a; Rajagopal, 2013). In the
present study, the ability of several agonists to activate
multiple signaling pathways coupled to D2Rs was examined.
The most commonly used methods to measure ligand bias were
employed and evaluated.
Bias analyses may be influenced by variability in cell-to-cell

expression levels of receptors and other signaling proteins

Fig. 4. Activation of complex signaling pathways downstream of the D2R.
(A) Heterologous sensitization was assessed by pretreating the cells with
the D2R ligand for 2 hours and then stimulating them with forskolin. (B)
ERK phosphorylation was measured after treating the cells with the D2R
ligand for 10 minutes using Cisbio’s Cellul’erk kit. (C) Dynamic mass
redistribution was measured during stimulation with D2 ligands, and the
maximal peak height was determined. Data represent the average and
S.E.M. of at least three independent experiments.
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that may lead to inconsistent results. For instance, the po-
tency and efficacy of aripiprazole, a D2R partial agonist, for
activation of Gai/o are very cell line–dependent (Lawler et al.,
1999; Burris et al., 2002; Shapiro et al., 2003), making the
choice of an appropriate cellular model an important first
step. In the present CHO-D2L model, factors such as receptor-
expression levels and the expression level of immediate
signaling transduction proteins, such as Ga, Gbg, and
b-arrestin, were constant in an effort to ensure that the
observed bias only reflects interactions between ligand and
receptor signaling complex.
Each of the methods used to assess ligand bias was effective

in identifying pathway-biased ligands. Although the equimolar
comparison is logical and easy to perform, its qualitative nature
limits its use when comparingmultiple compounds in structure
activity relationships or screening studies (Rajagopal et al.,
2011; Kenakin and Christopoulos, 2013b). The relative merits
and limitations of quantitative approaches to measure ligand
bias have been reviewed elsewhere (Rajagopal et al., 2011;
Kenakin and Christopoulos, 2013b). The equiactive method
uses EC50 values and the maximal effects of the com-
pounds from standard four-parameter sigmoid curve-fitting
approaches to calculate relative activities (Griffin et al., 2007;
Ehlert, 2008; Rajagopal et al., 2011). Both the sigma com-
parison and transduction coefficient methods fit agonist data
according to the Black-Leff operational model, but they differ in
defining the agonist affinity parameter KA. The sigma com-
parison uses affinity values derived from radioligand-binding
experiments. This analysis, therefore, requires additional ex-
periments or literature mining to obtain the affinity constants
of the drug for the receptor. Furthermore, debate exists as to
the design and appropriateness of using binding assay–derived
affinity values, as agonists often have different affinity values
for multiple conformational states of the receptor (Kenakin and
Christopoulos, 2013b; Nygaard et al., 2013; Kenakin, 2014).
The transduction coefficient model uses functionally derived
KA values, which incorporate the interaction between ligand,
receptor, and transducer (Kenakin et al., 2012), although the
meaningfulness of these KA values has also been questioned
(Rajagopal, 2013).
Despite the differences in the analyses, the present results

revealed similar trends between the quantitative models,
especially the equiactive and transduction coefficient compar-
isons. The relationship between the equiactive and trans-
duction coefficient results was expected because the methods

become nearly identical when the slopes of the concentration
response curves are close to unity (Kenakin and Christopoulos,
2013b). Similarly, if the experimentally determined affinity
constants obtained from competitive binding assays (Ki) are the
same as the conditional affinities obtained via the transduction
coefficient method (KA), the bias factors from the sigma
comparison and the transduction coefficient would also show
good agreement (Kenakin and Christopoulos, 2013b).
In contrast, poor agreement between the measured Ki value

and calculated KA value leads to inconsistent bias results. For
example, bromocriptine was not biased for Gbg signaling in
comparison with Gai/o activation in the sigma comparison, but
it was identified as biased in both the equiactive comparison
and the transduction coefficient (Fig. 3). This inconsistency
can be explained by the constraint added by the measured
Ki value to the fit of the data in the Black and Leff operational
model (Kenakin and Christopoulos, 2013b). Specifically, the
Ki value of the compound was nearly 10 times larger than the
KA value obtained from the transduction coefficient, yielding
a suboptimal fit (R2 5 0.56), resulting in the lack of bias in the
sigma comparison.
It also appears that suboptimal fitting of the data can also

increase the noise in the calculated bias factors. This was
illustrated by examining RNPA in the analyses of Gbg signaling
using the sigma comparison (Supplemental Fig. 2B). The added
constraint to the sigma comparison by the use of the measured
Ki value (which for this example was nearly 100 times lower
that the KA value and 28 times lower than the EC50 value)
resulted in a poor fit (R25 0.49) of the data, increasing the noise
in the bias analysis.
One limitation of all these methods is that the nature of the

data transformations precludes the traditional quantitative
analyses from incorporating data from antagonists or inverse
agonists. Furthermore, weak partial agonists may have poor
fits when using the Black and Leff equation, limiting their
analysis by these methods. For example, due to the lack of
a significant agonist response for aripiprazole in the Gbg

activation assay, a bias factor could not be determined using
the quantitative models.
The studies presented identified several biased compounds

via both quantitative and qualitative measures. For example,
aripiprazole had no agonist response for Gbg activation while
retaining partial agonist activity for all the other immediate
receptor effectors analyzed (Fig. 1; Table 1). These results can
be explained by differences in stimulus-response coupling

TABLE 2
Potency and maximal effects of the compounds tested for the complex signaling pathways of the D2R
Data are an average of at least three individual experiments conducted in duplicate. For EC50 values, the 95% confidence interval is shown in
parentheses. Maximal effects are shown as a percentage of dopamine’s maximal response, and S.E.M. is shown in parentheses.

Compound

Heterologous Sensitization ERK Phosphorylation DMR (Max Peak Height)

EC50
Max Effect

(% Dopamine) EC50
Max Effect

(% Dopamine) EC50
Max Effect

(% Dopamine)

nM nM nM

Dopamine 3.3 (0.9–11.6) 100 (6 8) 53 (32–86) 100 (6 5) 11 (8.6–15) 100 (6 2)
Quinpirole 3.3 (2.3–4.7) 147 (6 3) 44 (24–81) 95 (6 5) 8.7 (5.8–12.9) 97 (6 3)
Lisuride 0.09 (0.04–0.18) 273 (6 3) 1.5 (0.7–3.4) 53 (6 5) 12 (7.5–19) 95 (6 4)
Aripiprazole ND 213 (6 13) 19 (3–112) 12 (6 2) 593 (323–1090) 57 (6 3)
Rotigotine 0.06 (0.02–0.22) 98 (6 9) 1.4 (0.7–2.9) 80 (6 5) 6.4 (4.4–9.5) 120 (6 3)
RNPA 14 (11–18) 183 (6 8) 216 (107–433) 84 (6 6) 13 (9.0–17) 111 (6 3)
Pergolide 0.05 (0.02–0.18) 105 (6 9) 1.6 (0.7–3.7) 57 (6 4) 14 (8.5–25) 106 (6 5)

ND, not determined.
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efficiencies (i.e., most ligands were more potent for Gai/o

activation and b-arrestin recruitment than they were for Gbg
activation). Nevertheless, these data are in agreement with
a previous study demonstrating that aripiprazole was inactive
for stimulation of GIRK channels in MES-23.5 cells stably
expressing the D2R (Shapiro et al., 2003). Both the activation of

GIRK channels and the potentiation of AC2 result from the
activation of Gbg (Watts and Neve, 1997; Cooper and
Crossthwaite, 2006; Lin and Smrcka, 2011). Furthermore, we
have recently demonstrated in human embryonic kidney cells
that aripiprazole fully antagonizes dopamine’s Gbg response
through the D2R (Brust et al., 2015). In contrast, RNPA was an

Fig. 5. Bias analyses using the equiactive comparison and transduction coefficients of heterologous sensitization in comparison with effectors of the
D2R. (A) Equiactive comparison of heterologous sensitization and Gai/o activation. (B) Equiactive comparison of heterologous sensitization and Gbg
activation. (C) Equiactive comparison of heterologous sensitization and b-arrestin recruitment. (D) Analyses using the transduction coefficients of
heterologous sensitization in comparison with Gai/o activation. (E) Analyses using the transduction coefficients of heterologous sensitization in
comparison with Gbg activation. (F) Analyses using the transduction coefficients of heterologous sensitization in comparison with b-arrestin
recruitment. Dopamine was used as the reference compound for all the analyses. Positive values indicate bias for heterologous sensitization; negative
values indicate bias for the D2R effector under analysis. Data represent the average and S.E.M. of at least three independent experiments. *P , 0.05.
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agonist for Gbg activation in our assays, although it has been
shown that the compound does not activate GIRK-mediated
K1-currents in CHO cells stably expressing the D2R (Gay
et al., 2004). Aripiprazole also failed to display any detectable
responses for heterologous sensitization. This finding is consis-
tent with the requirement of Gbg activation for heterologous

sensitization (Ejendal et al., 2012). Furthermore, lisuride was an
apparent inverse agonist for heterologous sensitization and an
agonist for all the other signaling pathways. This apparent
functional selectivity profile may be due to pseudo-irreversible
binding as a result of the high affinity of lisuride for the receptor
(see Supplemental Table 1) (Watts and Neve, 1996).

Fig. 6. Bias analyses using the equiactive comparison and transduction coefficients of ERK phosphorylation in comparison with effectors of the D2R. (A)
Equiactive comparison of ERK phosphorylation and Gai/o activation. (B) Equiactive comparison of ERK phosphorylation and Gbg activation. (C)
Equiactive comparison of ERK phosphorylation and b-arrestin recruitment. (D) Analyses using the transduction coefficients of ERK phosphorylation in
comparison with Gai/o activation. (E) Analyses using the transduction coefficients of ERK phosphorylation in comparison with Gbg activation. (F)
Analyses using the transduction coefficients of ERK phosphorylation in comparison with b-arrestin recruitment. Dopamine was used as the reference
compound for all the analyses. Positive values indicate bias for ERK phosphorylation; negative values indicate bias for the immediate D2R effector under
analysis. Data represent the average and S.E.M. of at least three independent experiments. *P , 0.05.
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Rotigotine, a dopamine agonist approved for treatment of
Parkinson’s disease, was among the most potent compounds
for all signaling pathways, while (1)-3-PPP was the least
potent compound. The remaining compounds showed similar
rank orders across the assays (Table 1). The maximal effects
of the compounds for the different signaling pathways also
varied, but this was not specifically associated with bias. For

instance, although lisuride was a full agonist for Gai/o and
a partial agonist for b-arrestin recruitment, the quantitative
analyses indicated bias for b-arrestin recruitment. This can
be explained, in part, by the reference compound used for the
bias analyses. The EC50 value of dopamine for activation of
Gai/o was nearly 100-fold lower than its EC50 value for
b-arrestin recruitment, a profile that is similar to that of the

Fig. 7. Bias analyses using the equiactive comparison and transduction coefficients of DMR in comparison with effectors of the D2R. (A) Equiactive
comparison of DMR and Gai/o activation. (B) Equiactive comparison of DMR and Gbg activation. (C) Equiactive comparison of DMR and b-arrestin
recruitment. (D) Analyses using the transduction coefficients of DMR in comparison with Gai/o activation. (E) Analyses using the transduction
coefficients of DMR in comparison with Gbg activation. (F) Analyses using the transduction coefficients of DMR in comparison with b-arrestin
recruitment. Dopamine was used as the reference compound for all the analyses. Positive values indicate bias for DMR; negative values indicate bias for
the immediate D2R effector under analysis. Data represent the average and S.E.M. of at least three independent experiments. *P , 0.05.
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prototypical D2R agonist quinpirole (Table 1). However, for
lisuride the magnitude of the change in the EC50 values from
Gai/o to b-arrestin was about 10-fold (Table 1). A similar bias
profile was attributed to aripiprazole, which had a relative
efficacy of 65% for Gai/o activation and 19% for b-arrestin
recruitment. These results highlight the strong influence that
potency has in these analyses compared with fairly large
differences in efficacy (approximately 40%).
Bias analyses may also be useful in providing mechanistic

insight that underlies the activation of the more complex
signaling pathways downstream of a GPCR. Specifically, the
comparisons of heterologous sensitization and ERK phosphor-
ylation with the immediate effectors of the D2R suggest that
the recruitment of b-arrestin is not an essential event for the
activation of those two signaling pathways. This is consistent
with the results from assays using pertussis toxin, in which
pertussis treatment fully inhibited quinpirole-mediated heter-
ologous sensitization and ERK phosphorylation (Supplemental
Fig. 5).
For heterologous sensitization, none of the analyses found

significant bias in the comparisons with Gbg activation. The
comparisons with Gai/o resulted in only one biased compound,
RNPA, in the equiactive comparison. In contrast, the analyses
comparing heterologous sensitization with b-arrestin recruit-
ment resulted in several significantly biased compounds in all
of the quantitative bias analyses. This is consistent with
previous studies suggesting that G proteins but not b-arrestins
are associated with heterologous sensitization (Bohn et al.,
2000; Watts and Neve, 2005). For ERK phosphorylation, none
of the compounds analyzed were significantly biased in the
comparisons with Gai/o or Gbg activation. However, all the
quantitative bias analyses resulted in significantly biased
compounds in the comparisons with b-arrestin recruitment.
These results suggest that in our model ERK phosphorylation
is mediated by G proteins and not by b-arrestins. These results
are in agreement with previous studies that suggested that
D2R-mediated ERK phosphorylation was not dependent on
b-arrestins, and that inhibition of G protein signaling with
pertussis toxin or bARK-CT also inhibited ERK phosphoryla-
tion (Oak et al., 2001; Quan et al., 2008). The comparisons of
DMR with the immediate effectors revealed multiple biased
compounds for all comparisons, except for the comparisons
between DMR and Gbg activation in the sigma comparison.
These results could be interpreted to suggest that the
immediate effectors have only limited contributions to the
DMR response for those biased compounds. Alternatively, it is
probably more reasonable to propose that multiple effectors
have significant contributions to DMR. This is consistent with
the idea that DMR is an integrated cellular response. However,
there is evidence that the most intense DMR peak is caused by
activation of Ga (Schroder et al., 2011; Ferrie et al., 2014), and
treatment with pertussis toxin fully inhibited our quinpirole-
mediated DMR response (Supplemental Fig. 5D).
Biased ligands have the potential of becoming very impor-

tant tools to improve the safety and specificity of current drug
therapies. Many studies have already suggested scenarios
where biased ligands are desired (DeWire and Violin, 2011;
Whalen et al., 2011). Quantification of ligand bias is a key
parameter to guide medicinal chemists in the design of new
pathway biased/functionally selective compounds. Here, a sin-
gle cellular model was used to measure activation of each
signaling pathway, and the different equations used to quantify

ligand bias were used and compared (Rajagopal et al., 2011;
Kenakin and Christopoulos, 2013b). We observed that there
was good overall consistency between the equiactive and
transduction coefficient bias analyses when they were used
in a single cellular model. Additionally, the present studies
suggest that quantitative bias analyses can be used to offer
mechanistic insight into complex GPCR signaling pathways.
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