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ABSTRACT
The galanin 3 receptor (GalR3) belongs to the large G protein–

coupled receptor (GPCR) family of proteins. GalR3 and two other

closely related receptors, GalR1 and GalR2, together with their en-

dogenous ligand galanin, are involved in a variety of physiological

and pathophysiological processes. GalR3 in particular has been

strongly implicated in addiction and mood-related disorders such as

anxiety and depression. It has been the target of many drug discovery

programs within the pharmaceutical industry, but despite the sig-

nificant resources and effort devoted to discovery of galanin receptor

subtype selective small molecule modulators, there have been very

few reports for the discovery of such molecules. GalR3 has proven

difficult to enable in cell-based functional assays due to its apparent

poor cell surface expression in recombinant systems. Here, we de-

scribe the generation of a modified GalR3 that facilitates its cell

surface expression while maintaining wild-type receptor pharmacol-

ogy. The modified GalR3 has been used to develop a high-throughput

screening–compatible, cell-based, cAMP biosensor assay to detect

selective small molecule modulators of GalR3. The performance of the

assay has been validated by challenging it against a test library of

small molecules with known pharmacological activities (LOPAC;

Sigma Aldrich). This approach will enable identification of GalR3

selective modulators (chemical probes) that will facilitate dissection

of the biological role(s) that GalR3 plays in normal physiological

processes as well as in disease states.

INTRODUCTION

G
alanin is a neuropeptide of 29 amino acids (30 in human)

that is derived from a 123–amino acid galanin precursor.1

It is widely expressed in the central nervous system

(CNS)2–4 as well as in peripheral tissues including the

gastrointestinal tract4 and pancreas.5 Galanin exerts its physiological

actions through at least three galanin receptor subtypes, denoted

GalR1, GalR2, and GalR3, that belong to the G protein–coupled re-

ceptor (GPCR) superfamily.6,7 Galanin together with its cognate re-

ceptors is involved in a broad range of physiological processes

including cognition and memory,8 sensory/pain processing,9–11 feeding

behavior,12,13 and neuronal survival and regeneration.14 Consequently,

the galanin system is also involved in pathological conditions such as

depression,15,16 Alzheimer’s disease,17 diabetes,18 and drug addic-

tion.19–21 In the brain, the galanin receptors have widespread, partially

overlapping distribution as shown by radioligand binding3,22 and in situ

hybridization studies.23,24 GalR3 is the least abundantly expressed of

the galanin receptor subtypes and is most densely expressed in the

hypothalamus,25 a brain region that regulates appetite and feeding.26

GalR3 has also been implicated in mood-related disorders such as

anxiety and depression,27 alcoholism,26,28 and addiction.19,29 Studies

suggest the rewarding effects of alcohol may be mediated by hippo-

campal GalR3,26 and single nucleotide polymorphisms in the GalR3

gene have been linked to an increased risk of alcoholism.26 Thus, de-

velopment of selective GalR3 modulators may represent a novel phar-

macological treatment for addiction and mood disorders.

While the signaling properties of GalR3 are poorly understood, the

receptor has been found to stimulate inward K+ currents in a pertussis

toxin–sensitive manner when co-expressed with GIRKs in Xenopus

oocytes,30 suggesting that, like GalR1, GalR3 can couple to the Gi class

of G proteins. Unfortunately, due to reasons addressed herein, GalR3

has until now proven difficult to enable in cell-based functional assays.

As a result, the only available galanin receptor agonists are either of the
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peptide type such as galanin itself, a nonselective ligand acting as a full

agonist at all three receptors, or nonpeptide type with relatively low

affinity (micromolar) such as galnon and galmic, which are also non-

selective.31,32 To date, there are only two ‘‘scaffolds’’ or ‘‘chemotypes’’ of

GalR3-selective small molecule modulators described in the literature,

the first of these is an indolone scaffold that the GalR3 antagonist

SNAP37889 is derived from.27 This compound has served as a useful

tool for probing GalR3 function in vivo and has shown antidepressant-

like activity in several animal models27; however, it suffers from low

solubility and poor oral bioavailability. The second series of GalR3

small molecule modulators appears exclusively in the patent literature

and is based on a series of pyrimidine structures.33,34 These compounds

also behave as antagonists and are only moderately active against

GalR3, but they have shown efficacy in animal models of depression.

With much room for improvement, these are currently the best-in-class

GalR3 antagonists. Here we describe the development and optimization

of a high-throughput screening (HTS)–compatible cell-based func-

tional assay to identify GalR3 selective ligands for use as molecular

probes to interrogate GalR3 receptor function in normal physiological

processes and disease states.

MATERIALS AND METHODS
Cell Culture and Transfection

All media and serum were purchased from Gibco, and

plasticware from Falcon. HEK293 cells expressing

the cAMP nucleotide-gated (CNG) channel, namely

HEK293-CNG, (purchased from BD Biosciences, now

available from Codex Biosystems) and stable cell lines

derived from these cells were cultured in Dulbecco’s

modified Eagle’s medium containing 10% fetal bovine

serum (FBS). Chinese hamster ovarian (CHO) cells were

cultured in F12 media containing 10% FBS. Transfec-

tions were performed using Fugene HD (Roche) accord-

ing to manufacturer’s instructions. Selection antibiotics

for maintenance of HEK293-CNG-GPCR stable cell lines

were G418 (Thermo-Fisher) to maintain expression of

the CNG channel, and hygromycin B (Invitrogen) to

maintain GPCR expression, both 300 mg/mL. All cells

were maintained in a humidified incubator at 37�C, 5%

CO2 and passaged by splitting at a ratio of 1:10 such that

confluency did not exceed 80%.

cDNA constructs. HA-GalR1 (pcDNA3.1) was purchased

from UMR cDNA Resource Center; HA-GalR3 (pRe-

ciever-M06) was purchased from GeneCopoeia Inc. The

GalR3/1ctR chimera was created by in-frame fusion of

HA-GalR3 (residues 1–299) and the carboxy terminus of

HA-GalR1 (residues 299–350). GalR3 1–299 was cut

from the HA-GalR3 construct using Not1 and BsrB1 re-

striction endonucleases while GalR1 299–350 was am-

plified from HA-GalR1 by polymerase chain reaction

(PCR) using forward primer 50-ccg ctc att tat gca ttt ctc tct

ga-30 and reverse primer 50-tca cac atg agt aca att ggt tga

ctc gag-30. A three-way ligation reaction was performed with the two

fragments in the presence of pcDNA3.1 expression vector to generate

the GalR3/1ctR chimera.

CNG cAMP biosensor assay. The CNG cAMP biosensor assay is

described in Table 1.

Indirect Immunofluorescence
Forty-eight hours after transient transfection with HA-GalR3 or

HA-GalR1, HEK293 cells were either fixed in 4% paraformaldehyde

(PFA) only (Sigma Aldrich) or fixed and permeabilized in 4% para-

formaldehyde and 0.3% Triton X-100 (Thermo Scientific) made up in

phosphate-buffered saline (PBS) for 20 min. After 10-min quench in

0.1 M glycine (Sigma Aldrich)/PBS, cells were washed once with PBS

and then blocked in 5% goat serum (Invitrogen)/PBS for 30 min.

Primary antibody incubations were performed at a dilution of 1:300

in 5% goat serum/PBS for 1 h at room temperature. After five washes

with 5% goat serum/PBS, secondary antibody incubations were also

performed in 5% goat serum/PBS for 1 h at room temperature at a

dilution of 1:700. After three more washes with 5% goat serum/PBS

and three washes with PBS, cells were mounted using prolong gold

(Invitrogen), sealed, and imaged by confocal microscopy.

Table 1. cAMP Nucleotide-Gated Channel cAMP Biosensor Assay

Step Parameter Value Description

1 Plate cells 20 mL 10,000 cells per well

2 Incubation 18 h 37�C, 5% CO2

3 Dye load 20 mL ACT:One membrane potential dye

4 Incubation 1 h Room temperature, dark

5 Compound (antagonist) addition 5mL From 10· compound plate

6 Incubation 1 h Room temperature, dark

7 Agonist challenge 5mL Fluid transfer performed in FLIPR

8 Read fluorescence at time = 0 T0 Use 510–545/565–625 bandpass FLIPR filter

9 Incubation 30 min Room temperature in FLIPR chamber

10 Read fluorescence at time = 30 T30 Use 510–545/565–625 bandpass FLIPR filter

Step Notes
1. BD Biosciences black clear bottom poly-d-lysine coated 384-well plate.

4. Generate compound plate during this step.

5. Final DMSO concentration in assay plate = 0.7%. Made in PBS.

6. Generate agonist plate during this step.

7. Challenge with EC90 porcine galanin (American Peptide) for antagonist mode, or CRC of

porcine galanin for control, all in the presence of EC90 of forskolin (MP Biochemicals), (10 mM

in 10· plate; 1mM final concentration), and PDE inhibitor (Sigma Aldrich) (250 mM in 10 ·
plate; 25 mM final concentration), made in PBS, final DMSO concentration *0.7%.

10. The T30/T0 ratio is used to graph the concentration response of test compounds.

FLIPR, fluorescent imaging plate reader; DMSO, dimethyl sulfoxide; PBS, phosphate-buffered

saline; EC90, 90% of maximal response; CRC, concentration response curve; PDE, phospho-

diesterase.
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Impedance Measurement
Impedance measurements were performed using the Cellkey sys-

tem (Molecular Devices). This technology is based on applying an

electrical current to cells within a microplate format and measuring

changes in impedance. Receptor activation leads to changes in cell

morphology, cell adherence and/or cell–cell interaction. These

changes individually or collectively affect the flow of extracellular

and transcellular current, leading to a decrease or an increase in

impedance depending on the G protein–coupling preference of the

receptor being activated.35 HEK293-CNG cells expressing GalR1,

GalR3, or Gal3/1ctR were seeded at a density of 40,000 cells per well

into Cellkey microplates (MDS SCIEX) and cultured overnight. The

following day, cells were placed in the Cellkey instrument. Using on-

board microfluidics, cells were washed three times with assay buffer

(Hank’s balanced salt solution containing 20 mM HEPES, pH 7.4 and

0.1% fatty acid free BSA [Sigma]) and allowed to equilibrate at room

temperature for 30 min. After a 90-s read to establish a baseline,

porcine galanin was added, and the changes in cellular impedance

were measured over a 1000-s period. Individual values were exported

at time (t) = 600 s and CRCs were determined by nonlinear regression

analysis using GraphPad Prism 5.0 software (GraphPad Software).

RESULTS
GalR3 Expresses Poorly at the Plasma Membrane
in Recombinant Systems

The fact that GalR3 has proven difficult to enable in cell-based

functional assays is likely due to its poor expression at the plasma

membrane in recombinant systems. Indirect immunofluorescence

using an anti-HA antibody showed that HA-tagged GalR1 transiently

transfected into HEK293 cells can traffic efficiently to the plasma

membrane allowing antibody detection in both permeabilized and

nonpermeabilized cells (Fig. 1A, top panel). In contrast, transient

Fig. 1. Galanin 3 receptor (GalR3) expresses poorly
at the plasma membrane in recombinant systems.
(A) Forty-eight hours after transient transfection
with HA-GalR3 or HA-GalR1, HEK293 cells were
fixed and permeabilized (or not) as described in
Materials and Methods. Fixed cells were incubated
with anti-HA primary antibody (rat) (Roche) and
then with anti-rat Alexafluor 588 secondary anti-
body (Invitrogen) before imaging by confocal mi-
croscopy. Scale bar = 10 mm. (B) HEK293-CNG
parental cells (�) or HEK293-CNG cells stably
transfected with Gal1R (:) or Gal3R (;) were
plated at 14,000 cells per well in a 384-well FLIPR
plate. After 18-h incubation at 37�C, 5% CO2, cells
were loaded with ACT:One membrane potential dye
for 2 h at room temperature. cAMP production in
response to increasing concentrations of forskolin
was determined according to ACT:One manufac-
turer’s instructions and as described in detail in
Table 1. Forskolin EC90s were extrapolated from the
concentration response curves for each cell line. (C)
Cells were plated and dye-loaded as in (B) before
treatment with an EC90 of forskolin together with
increasing concentrations of porcine galanin. cAMP
levels were determined as in (B). The data pre-
sented are means – SEM of triplicate wells (n = 3).
(D) cAMP biosensor assay principle. The cAMP
biosensor assay utilizes a stable cell line expres-
sing a modified cyclic nucleotide gated channel
(CNG) acting as a biosensor for cAMP. Changes in
cAMP can be measured with a combination of
membrane potential dyes and a FLIPR. Gi-coupled
GPCRs (e.g., GalR3) promote exchange of guano-
sine diphosphate (GDP) for guanosine triphosphate
(GTP) in Gi a-subunits. Activated Gi acts to inhibit
cAMP production at the effector adenylate cyclase,
thus Gi-coupled GPCR activity is determined by in-
hibition of forskolin-stimulated cAMP production.
Phosphodiesterases (PDEs), which catalyze the
conversion of cAMP into adenosine monophosphate
(AMP), are inhibited to maximize the assay window.
GPCR, G protein–coupled receptor.
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transfection of equivalent levels of HA-tagged GalR3 resulted in a

predominantly intracellular staining pattern that could only be vi-

sualized if the cells were permeabilized (Fig. 1A, bottom right panel).

Thus, GalR3 but not GalR1 fails to traffic efficiently to the plasma

membrane. Similar data were observed in CHO and PC12 cells (data

not shown).

Consistent with its failure to traffic efficiently to the plasma mem-

brane, GalR3 also failed to signal effectively in recombinant systems. We

established a 384-well plate format cell-based functional assay to

monitor galanin receptor activity using the ACT:One (Codex Biosystems)

live cell cAMP technology. This assay utilizes a stable HEK-293 cell line

co-expressing the receptor of interest and a modified cyclic nucleotide

gated channel (CNG) acting as a biosensor for cAMP. Changes in cAMP

are measured with a combination of membrane potential dyes and a

fluorescent imaging plate reader (FLIPR); see Table 1 for detailed pro-

tocol and Figure 1D for a schematic illustrating the technology. To

monitor the activity of Gi-coupled receptors such as the GalR3 or GalR1,

a concentration of forskolin (a direct activator of adenylate cyclases) that

produces 90% of its maximal response (EC90) is used to stimulate cAMP.

Gi-coupled receptor agonist activity is then measured as the ability to

inhibit the EC90 forskolin-stimulated cAMP response. HEK293-CNG

parental cell line and HEK293-CNG cell lines stably expressing GalR1 or

GalR3 were treated with increasing concentrations of forskolin for

30min (Fig. 1B). In all cases a robust concentration-dependent cAMP

response was observed in the cAMP biosensor assay and 1mM was de-

termined to be a suitable EC90 forskolin challenge for both the GalR1 and

GalR3 expressing cell lines (Fig. 1B). Next we treated the cells with

increasing concentrations of porcine galanin in the presence of 1mM

forskolin to monitor galanin-induced inhibition of the forskolin-

stimulated cAMP response (Fig. 1C). The HEK293-CNG-GalR1 cells re-

sponded with an EC50 of 29nM. However, we observed no response in

the HEK293-CNG cells stably expressing wild-type (wt)GalR3 (Fig. 1C),

consistent with its poor surface expression as observed in Figure 1A.

Thus, GalR3, unlike GalR1, expresses poorly at the plasma membrane

and fails to signal via Gi in recombinant systems.

Generation of a Gal3/1ctR Chimera to Enable Screening
for Small Molecule Probes of GalR3

While the transmembrane regions of GalR1 and GalR3 are strongly

conserved (42% identical), the carboxy tail region of the two recep-

tors is weakly conserved (11% identical). We therefore reasoned that

motifs contained within the carboxy tail of GalR3 but lacking in

GalR1 might be responsible for its observed intracellular retention.

On examination of the amino acid sequence of the GalR3 carboxy

tail, we identified multiple overlapping putative endoplasmic retic-

ulum (ER) retention motifs (RXR; Fig. 2). These motifs have been

shown to regulate trafficking of a number of different GPCRs to the

plasma membrane, including the

GABAB receptor.36 Given that these

motifs are absent from GalR1 (Fig. 2),

we hypothesized that substitution of

the carboxy tail of GalR3 with that of

GalR1 to generate a modified GalR3,

namely Gal3/1ctR, would rescue cell

surface expression sufficiently to

enable a cell-based functional assay

to monitor Gal3/1ctR activity.

We generated the Gal3/1ctR con-

struct as described in Figure 2 and

introduced it into the HEK293-CNG

cell line. HEK293-CNG-Gal3/1ctR

cells responded robustly to forskolin

in the cAMP biosensor assay and, as

for wtGalR1 and wtGalR3, 1 mM was

determined to be a suitable EC90 for-

skolin challenge (Fig. 3A). Next we

treated HEK293-CNG-Gal3/1ctR cells

with increasing concentrations of

porcine galanin in the presence of

1 mM forskolin and observed a gala-

nin response with a signal-to-back-

ground ratio (S:B) equivalent to that

seen in HEK293-CNG cells stably

expressing GalR1 (Fig. 3B, concen-

tration response curves for wtGalR1

and wtGalR3 from Fig. 1 are

Fig. 2. Generation of a Gal3/1ctR chimera. The Gal3/1ctR chimera, for which ‘‘1ctR’’ refers to the
carboxy tail of GalR1, was generated by in-frame fusion of wild-type GalR3 (residues 1–299) with
the carboxy tail of GalR1 (residues 299–350) as described in Materials and Methods. Removal of
the arginine-rich putative endoplasmic reticulum (ER)-retention motifs (highlighted in green) found
in the carboxy tail of wild-type GalR3 was proposed to enable plasma membrane expression of the
receptor. The highly conserved characteristic NPxxY motif found in the seventh transmembrane
domain of most GPCRs is highlighted in red.
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reproduced here for comparison). The HEK293-CNG-Gal3/1ctR cells

responded with an EC50 of 3 nM, while the HEK293-CNG-GalR1 cells

responded with an EC50 of 29 nM, consistent with literature values.31

Then, using a label-free bioimpedance-based technology as de-

scribed in Materials and Methods and illustrated in Figure 4D, we

evaluated the effect of porcine galanin on HEK293-CNG-Gal3/1ctR

cells, as well as on cells stably expressing wtGalR3, or the wtGalR1. In

this label-free assay, stimulation of cells expressing either the Gal3/

1ctR or the GalR1 with porcine galanin (50 nM) induced an increase

in impedance that was consistent with the prototypical response

profile for Gi-coupled receptors (Fig. 4A).35 In addition, the porcine

galanin-induced increase in impedance was fully inhibited when

cells were treated with the Gi inhibitor pertussis toxin (Fig. 4A),

confirming that wtGalR1 and the Gal3/1ctR signal through Gi protein

such that the pharmacology of the

Gal3/1ctR is consistent with that of

wtGalR3. In good agreement with

our previous data, addition of por-

cine galanin had no effect on cells

expressing wtGalR3 (Fig. 4A). Im-

portantly, porcine galanin induced a

concentration-dependent increase in

cellular impedance in the HEK293-

CNG-Gal3/1ctR cells with an EC50

value of 1.5 nM (Fig. 4B) that corre-

lates well with the EC50 value we

previously determined using the

cAMP biosensor assay. We then in-

vestigated the effect of increasing

concentrations of the GalR3-selec-

tive antagonist SNAP37889 on

porcine galanin CRC in the HEK293-

CNG-Gal3/1ctR cells using the

cAMP biosensor assay and the

bioimpedance-based assay. Despite

its low potency and solubility,

SNAP37889 causes a concentration-

dependent rightward shift in the

concentration response curve to ga-

lanin in both the cAMP biosensor

assay (Fig. 3C) and the bioimpe-

dance-based assay (Fig. 4C), further

demonstrating GalR3 specificity.

Schild regression analysis of gala-

nin EC50 values in the presence

of increasing concentrations of

SNAP37889 obtained in the cAMP

biosensor assay (Fig. 3C) afforded a

line with slope close to unity

(0.95 – 0.01, Fig. 3D). Constraining

the slope to 1 afforded a pKb esti-

mate of 7.08 (Kb = 83 nM) in good

agreement with the only previously

published Kb value for SNAP37889 at wtGalR3 (Kb = 29 nM).27 To-

gether these data indicate that the HEK293-CNG-Gal3/1ctR cell line

can be used to monitor small molecule modulation of GalR3 activity

and as such enable the development of an HTS-compatible cell-

based functional assay.

Assay Optimization and Pilot Screen
Initially we plated cells at a density of 14,000 cells/well per

manufacturer’s instructions. As seen in Figure 3B, this yielded a S:B

of 2.8. Although this is suitable for HTS, for assay optimization

purposes various cell densities were investigated (5,000, 10,000,

15,000, and 20,000 cells/well), and a cell density of 10,000 cells/well

was identified as the optimal cell density based on the S:B and re-

sulting pharmacology, allowing us to reduce the number of cells used

Fig. 3. cAMP biosensor assay development. (A) HEK293-CNG parental cells (�) or HEK293-CNG cells
stably transfected with the Gal3-1R chimera (-), Gal1R (:), or Gal3R (;) were plated at 14,000
cells per well in a 384-well FLIPR plate. After 18 h incubation at 37�C, 5% CO2, cells were loaded
with ACT:One membrane potential dye for 2 h at room temperature. cAMP production in response to
increasing concentrations of forskolin was determined according to ACT:One manufacturer’s in-
structions and as described in detail in Table 1. Forskolin EC90s were extrapolated from the con-
centration response curves for each cell line. (B) Cells were plated and dye-loaded as in (A) before
treatment with an EC90 of forskolin together with increasing concentrations of porcine galanin.
cAMP levels were determined as in (B). (C) Cells were plated and dye-loaded as in (B) before
treatment with an EC90 of forskolin together with increasing concentrations of porcine galanin in the
presence of the indicated concentrations of SNAP37889 (SNAP). The data presented are means –
SEM of triplicate wells (n = 3). (D) Schild regression of the mean EC50 values from (C) affords a slope
of 0.95 – 0.01 and, when constrained to a unit slope, a pKb value of 7.08 (Kb = 83 nM).
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Fig. 4. Cellular dielectric spectroscopy. (A) Time-dependent cellular dielectric spectroscopy (CDS) profiles induced by porcine galanin in
HEK293-CNG cells expressing either GalR3, GalR1, or the Gal3/1ctR chimera. After 90 s of baseline read, 50 nM of porcine galanin was
added and responses were collected for 1000 s. Plotted are individual data points collected every 2 s, each trace is a representative of three
separate experiments. Pretreatment with pertussis toxin (PTX; 0.1mg/mL) inhibited galanin-induced increase in cellular impedance ob-
served in cells expressing the GalR1 and the Gal3/1ctR chimera. (B) HEK293-CNG-Gal3/1ctR cells (-) were treated with a range of porcine
galanin concentrations and impedance values were exported at t = 600 s. CRCs yielded an EC50 value of 1.5 nM. No response was observed
in HEK293-CNG cells (control, ;) (C) HEK293-CNG-Gal3/1ctR cells were treated with a range of porcine galanin concentrations in the
presence of the indicated concentrations of SNAP37889 (SNAP) and impedance values were exported at t = 600 s. Addition of SNAP37889
resulted in a concentration-dependent right shift of galanin CRC. In (B) and (C), data presented are means – SEM of triplicate wells (n = 3).
(D) Principle of Cellkey system. A voltage is applied at a number of frequencies. At low frequencies the voltage induces extracellular
currents (iec) that pass around the cells, whereas at high frequency they induce transcellular current (itc). Changes in impedance are
reported kinetically for each well allowing time-dependent traces in response to ligand to be plotted, such as in (A). Activation of a Gq-
coupled receptor or a Gi-coupled receptor leads to an increase in actin polymerization and will cause cells to move closer to the electrode
and to one another generating an increase in impedance. In contrast, activation of a Gs-coupled receptor results in actin depolymerization
and will cause cells to move away from the electrode and to one another generating a decrease in impedance. Thus, the time-dependent
response profiles are indicative of Gi, Gq, or Gs coupling. Alternatively, impedance at a single time point can be exported from each well and
plotted against a range of ligand concentrations to generate dose response curves as in (B) and (C).
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without compromising the assay window. Plating at 10,000 cells/well

resulted in a S:B of 2.9 and a galanin EC50 of 1 nM (Fig. 5A). These

parameters were used in subsequent assay optimization. Most com-

pound libraries are plated in 100% dimethyl sulfoxide (DMSO),

therefore we next tested the DMSO tolerance of the cells in the cAMP

biosensor assay. Cells were incubated with 1mM forskolin and

increasing concentrations of porcine galanin in the presence of

varying concentrations of DMSO up to 2% (Fig. 5B). The Gal3/1ctR

cAMP assay performance, both in terms of S:B and galanin EC50

values, was not significantly affected by DMSO concentrations up to

2% (Fig. 5B). Final DMSO concentration used in the HTS assay was

0.7%. Finally, to determine the performance of our optimized Gal3/

1ctR assay in terms of robustness (Z0) under HTS conditions, the assay

was screened against LOPAC (Library of Pharmacologically Active

Compounds; Sigma Aldrich). Briefly, *1280 compounds were ana-

lyzed at a single concentration of 10 mM (0.7% DMSO) and chal-

lenged with an EC90 of forskolin together with an EC90 of porcine

galanin in order to identify Gal3/1ctR antagonists (Fig. 6A). A

scatterplot of all compound activities as well as the high (EC90 for-

skolin alone) and low (EC90 forskolin + EC90 galanin) controls is

shown in Figure 6, demonstrating Z values >0.7 for the entire pilot

screen. This is indicative of an excellent assay window. We found that

the Gal3/1ctR antagonist assay was reproducible, robust, and suitable

for HTS using the ACT:One cAMP biosensor technology. The primary

screen hit rate was *5.4% (Fig. 6A, Table 2), with 68 compounds that

gave greater than three times the standard deviation from the mean of

all compounds tested. It is important to note that a high number of hits

are expected from LOPAC screens due to the high proportion of phar-

macologically active compounds in the LOPAC itself. Not surprisingly,

the majority of the top hits were modulators of the cAMP pathway.

Concentration response curves for four of the top ‘‘hits’’ and their IC50

values are shown in Figure 6B. While the majority of the pharmaco-

logically active compounds identified as hits likely increased cAMP by

acting as agonists at endogenous Gs-coupled GPCRs, the LOPAC screen

serves to demonstrate that the assay is reproducible with Z values >0.7

and S:B suitable for HTS. The Gal3/1ctR HTS-compatible assay was

submitted to the Molecular Libraries Screening Center Network

(MLSCN) HTS resource via the National Institutes of Health (NIH) fast

track mechanism and assigned to the Scripps Research Institute Mole-

cular Screening Center (SRIMSC), one of the national comprehensive

MLSCN centers. The results of the primary HTS (https://pubchem

.ncbi.nlm.nih.gov/assay/assay.cgi?aid = 652245) and counterscreen

against HEK293-CNG parental cells (https://pubchem.ncbi.nlm

.nih.gov/assay/assay.cgi?aid = 652268) can be viewed in PubChem.

As reported in PubChem, the hit rate in the primary screen was 0.44%

with an average Z value of 0.76 – 0.06 and S:B of 3.84 – 0.37. The

elimination rate by counterscreen was 10%.

DISCUSSION
There is considerable interest in developing GalR3 selective small

molecule modulators within the pharmaceutical industry as novel

therapeutics to treat mood and addiction disorders, as indicated by

the number of patent applications focused on GalR3 antagonists

appearing in the patent literature. For example, the indolone series of

compounds has seen 17 U.S. and WO patent applications since 2002

(e.g., U.S. patents 6936607, 7465750).33,34 Despite this, there is a lack

of potent and selective antagonists available, with those that do

currently exist in the literature, including SNAP37889, suffering low

solubility and poor oral bioavailability. The difficulties in screening
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Fig. 5. Assay optimization. (A) HEK293-CNG cells stably expressing
the Gal3/1ctR chimera were plated at 5000 (�), 10,000 (-), 15,000
(:), or 20,000 (;) cells per well in a 384-well plate. After 18-h
incubation at 37�C, 5% CO2, cells were loaded with ACT:One
membrane potential dye for 2 h at room temperature. cAMP levels
were determined in response to increasing concentrations of por-
cine galanin in the presence of an EC90 of forskolin (1 mM) ac-
cording to ACT:One manufacturer’s instructions and as described
in detail in Table 1. The optimal cell density was determined to be
10,000 cells per well. At this density signal-to-background ratio
(S:B) was 2.9. (B) HEK293-CNG cells stably expressing the Gal3/
1ctR chimera were plated at 10,000 cells per well and cAMP levels
at increasing concentrations of porcine galanin were determined as
in (A) in the presence of an EC90 of forskolin (1 mM) and in the
presence of 0.025% (�), 0.5% (-), 0.8% (:), 1.5% (;), or 2%
(A) DMSO. The Gal3/1ctR cAMP assay performance, both in terms
of S:B and galanin EC50 values, was not significantly affected by
DMSO concentrations up to 2%. Final DMSO concentration used in
the high-throughput screening (HTS) assay was 0.7%. The data
presented are means – SEM of triplicate wells (n = 3).
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against GalR3 are likely due to its poor surface expression and thus

lack of functionality in recombinant systems (Fig. 1). Our findings

strongly suggest that this is due to its predominantly intracellular

expression in recombinant systems. On examining the carboxy-tail

amino acid sequence of the GalR3 we identified multiple overlapping

putative ER retention signals that most likely

mediate GalR3 intracellular expression. These

motifs are basic in nature and comprised of RXR

amino acid motifs in which X can be any amino

acid.37 We hypothesized that if the carboxy-ter-

minal RXR motifs are functioning as ER retention

signals in the wtGalR3, then removal or replace-

ment of these motifs with the carboxy tail of a

receptor lacking such motifs would facilitate cell

surface expression of GalR3. We investigated this

possibility by generating a receptor chimera in

which the carboxy tail of the GalR3 was replaced

by the carboxy tail of a related receptor, namely

GalR1, that does not contain any known ER re-

tention signals and demonstrates good cell surface

expression in recombinant systems.

Many GPCRs contain various carboxy-ter-

minal motifs known to be involved in their

forward trafficking.37 Thus, the tail-swapping

approach described herein may provide a gen-

eral approach for enabling HTS of GPCRs that

traffic poorly to the plasma membrane. A tail-

swapping approach has been used previously

to increase the affinity of certain GPCRs for

b-arrestin in order to enable b-arrestin recruit-

ment assays.38 These studies showed that re-

ceptor pharmacology with regards to G protein

coupling was not altered, further validating

the tail-swapping strategy for enabling high

throughput screening of poor surface-expres-

sing GPCRs.

The limitations in enabling a cell-based

functional assay for the screening of large

compound collections may have contributed to

the lack of success in identifying novel lead

GalR3 antagonists. Both the indolone and py-

rimidine scaffolds were identified using a tra-

ditional radioligand binding competition assay

and cell membranes generated from mammalian

cultured cells heterologously expressing the

GalR3. This methodology has a strong bias to-

wards detecting orthosteric (endogenous ligand

binding site) ligands. In contrast, the cell-based

functional assay developed here has the poten-

tial to detect a wider spectrum of compounds

including allosteric modulators because the only

prerequisite is that the compounds perturb re-

ceptor activity irrespective of where they bind.

Allosteric modulators offer several advantages over orthosteric li-

gands including the potential for greater selectivity, novel modes of

efficacy, and perhaps a reduced potential for unwanted side effects.

Therefore, we are likely to find novel GalR3 pharmacological tools

that possess a wider spectrum of pharmacological activities and

A

B

Fig. 6. Pilot screen. (A) The LOPAC screening set (Library of Pharmacologically Active Com-
pounds; Sigma Aldrich) containing*1280 compounds was tested at 10mM against the Gal3/
1ctR chimera in the cAMP biosensor assay under conditions as optimized in Figure 5 (10,000
cells per well), in the presence of an EC90 of porcine galanin (antagonist mode). Compounds
that displayed activity greater than three times the standard deviation from the mean of all the
compounds tested were designated as hits (see Table 2). The S:B was 3.4 if signal was
generated with an EC90 of forskolin alone and baseline using an EC90 of forskolin together with
an EC90 of galanin. An average Z score of 0.7 was calculated from eight wells of EC90 forskolin
alone (signal, open squares) and eight wells of EC90 forskolin + EC90 galanin (baseline, closed
squares) on each plate (total n = 32) and the primary hit rate was*5.4%. (B) Four of the top 10
hits were challenged at the indicated concentration ranges with an EC90 of forskolin together
with an EC90 of galanin. The data presented in (B) are means – SEM of triplicate wells (n = 3).
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greater structural diversity than those that currently exist in the

literature.

In conclusion, we have shown that the tail-swapping approach

(Fig. 2) facilitates cell-surface expression of GalR3/1ctR and

enables a high-throughput compatible, cell-based functional

assay for the identification of GalR3 small molecule modulators.

Our data indicate that the ACT:One cAMP biosensor technology

provides a robust and reproducible assay for the detection of

Gal3/1ctR activity in a productive screening set-up as indicated

by the LOPAC screening results (Fig. 6). We and others have

previously demonstrated success using the HEK293-CNG cAMP

biosensor approach to develop HTS-compatible assays for

monitoring Gi- and Gs-coupled receptors (NPY-Y2 and TSH, re-

spectively).39,40 Our NPY-Y2 re-

ceptor screening campaign led

to the identification of novel

NPY-Y2 receptor small molecule

antagonists that are currently

being pursued as lead com-

pounds for the treatment of al-

coholism.41 Furthermore, using

the optimized and validated

Gal3/1ctR cAMP assay that we

have described, an HTS cam-

paign against the MLPCN 300K

compound collection available

through the Scripps Molecular

Libraries’ Screening Center (one

of the national comprehensive

MLSCN centers) has been com-

pleted (AID = 652245), with

counterscreening against the

HEK293-CNG parental cell line

(AID = 652268). Our current

follow-up studies include coun-

terscreening using the HEK293-

CNG-GalR1 cell line to enable us

to assess selectivity of any po-

tential lead compounds.

In addition, we are currently

investigating the mechanisms

that regulate wtGalR3 trafficking

and function. A detailed under-

standing of the mechanisms that

control the trafficking and sig-

naling of GalR3 may lead to no-

vel insights into its function

in vivo and will complement our

drug discovery efforts.
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