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Abstract

With respect to the discovery and characterization of neuropeptide Y2 receptor ligands as pharmacological tools or potential drugs, fluorescence-
and luminescence-based assays were developed to determine both the affinity and the activity of receptor agonists and antagonists. A flow cytometric
binding assay is described for the hY2 receptor stably expressed in CHO cells using cy5-labeled porcine neuropeptide Y and compared with a
radioligand binding assay. Binding of the fluorescent ligand was visualized by confocal microscopy. Stable co-transfection with the chimeric G
protein Gqi5 enabled the establishment of a spectrofluorimetric fura-2 and a flow cytometric fluo-4 calcium assay. Further stable expression of
apoaequorin targeted to the mitochondria allowed the establishment of an aequorin assay which could be performed in the 96-well format. The shape
of the concentration–response curves of porcine neuropeptide Y in the presence of the Y2-selective receptor antagonist BIIE0246, characteristic of
either competitive or insurmountable antagonism, depended on the period of incubation with the cells. Functional data of Y2 receptor agonists and
antagonists determined in the fluorescence- and luminescence-based assays were in good agreement.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Neuropeptide Y is a member of the so-called pancreatic
polypeptide or neuropeptide Y family that also includes peptide
YY and pancreatic polypeptide (Michel et al., 1998). Neuro-
peptide Y is widely distributed in the brain and the peripheral
nervous system, and is implicated in various physiological pro-
cesses including regulation of food intake, anxiety, mood and
memory, blood pressure and circadian rhythm. Neuropeptide Y
and related peptides exert their biological actions by interacting
with at least five different G protein-coupled receptors, desig-
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nated Y1, Y2, Y4, Y5 and y6 (Hazelwood, 1993; Michel, 2004).
Their main signal transduction pathway is a coupling to pertussis
toxin sensitive G proteins of the Gi/o family, leading to an
inhibition of adenylyl cyclase.

The neuropeptide Y2 receptor is considered the most abun-
dant neuropeptide Y receptor in the human brain and to be
involved, for instance, in memory and learning. As recent stu-
dies reported on an anorectic effect of the Y2 preferring agonist
peptide YY(3–36) after peripheral application in rodents and
humans (Abbott et al., 2005; Batterham et al., 2002), the Y2

receptor has also become an attractive drug target for the treat-
ment of eating disorders.

Binding data of Y2 receptor ligands are usually determined in
radioligand binding assays, requiring a filtration step in order to
separate bound from unbound ligand. Although homogenous
binding assays using the scintillation proximity assay technique
have been described (Dautzenberg, 2005; Dautzenberg et al.,
2005), the use of radio-labeled ligands is still indispensable,
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Fig. 1. Structural formulas of Y2 receptor antagonists.
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causing high costs and radioactive waste. Recently, BODIPY-
labeled neuropeptide Y analogues with high affinity and selec-
tivity for the Y1, Y2, Y4 and Y5 receptors have been described
(Dumont et al., 2005). The use of fluorescent ligands in a flow
cytometric binding assay has been previously described for the
chemokine receptor CXCR4 (Hatse et al., 2004), the epidermal
growth factor (Stein et al., 2001) and the formylpeptide receptor
(Edwards et al., 2005).

As a functional assay, the establishment of calcium mobi-
lization by co-transfection of neuropeptide Y receptors and
chimeric G proteins Gqo5, Gqi5 and Gqi9 into HEK293 cells has
been reported (fluorometric imaging plate reader (FLIPR) assay)
(Dautzenberg et al., 2005). However, calcium mobilization
assays using non-ratiometric fluorescent indicator dyes like fluo-
4 have the drawback of dye leakage and the use of ratiometric
indicator dyes such as fura-2 is often not amenable to the appli-
cation in the multiplate reader format.

The photoprotein aequorin has been widely used for many
years to visualize changes in intracellular calcium (Blinks,
1978), but the purified protein had to be microinjected, limiting
its use as a calcium indicator. The cloning of the apoaequorin
cDNA (Inouye et al., 1985) and the recombinant expression of
the protein by various cell types has greatly improved the use of
the bioluminescent protein. Reconstitution of aequorin can be
accomplished by simple addition of the co-factor coelenterazine
to the cell culture medium (Torfs et al., 2002). In contrast to
fluorescence indicator dyes used at high concentrations (usually
20–200 μM) aequorin (usually recombinantly expressed
b1 μM) does not significantly affect endogenous Ca2+ buffer
capacity (Brini et al., 1995), and no ester hydrolysis products,
which may alter the physiological response, are released in the
cell. Therefore, recombinantly expressed aequorin has been
often used for the functional screening of various G protein-
coupled receptors (Button and Brownstein, 1993; Dupriez et al.,
2002; Le Poul et al., 2002; Schaeffer et al., 1999; Stables et al.,
1997; Torfs et al., 2002; Ungrin et al., 1999). The most robust
bioluminescence signals after receptor activation were obtained
with mitochondrially targeted aequorin (Stables et al., 1997,
2000). The use of cells stably co-expressing mitochondrial
apoaequorin, the promiscuous Galpha16 protein and various G
protein-coupled receptors have been previously described
(Dupriez et al., 2002; Stables et al., 1997).

Here we report on the establishment of a flow cytometric
binding assay and the stepwise stable transfection of cells with
the Gqi5 and mtAEQ constructs for the development of func-
tional fluorescence- and luminescence-based assays for the
neuropeptide Y2 receptor.

2. Materials and methods

2.1. Materials, peptides, reagents and radiochemicals

The peptides porcine neuropeptide Y, porcine [L31, P34]-neu-
ropeptideYand porcine neuropeptideY(13–36)were synthesized
as described previously (Cabrele et al., 2001). The peptides were
used with a purity higher than 90% as determined by analytical
HPLC. Porcine peptide YY was purchased from Novabiochem,
Switzerland. Porcine [3H]propionyl-neuropeptide Y (specific
activity 2.07, 3.96 TBq/mmol respectively) was from Amersham
Biosciences (Little Chalfont, UK). The vectors pcDNA3.1/hygro
(Invitrogen) and pcDNA3.1/zeo (Invitrogen) were kindly pro-
vided byDr. T. Dobner, University of Regensburg, Germany. The
pcDNA3-hY2 expression vector was a gift from Dr. P. Rose,
Bristol-Myers Squibb, Princeton, New Jersey, USA. The cDNA
encoding the chimeric G protein Gqi5 in pcDNA1 was kindly
provided by Prof. Dr. Bruce Conklin, Gladstone Institute of
Cardiovascular Disease, University of California, San Francisco,
USA. After introduction of an EcoRV site at the 3′-end by PCR,
the construct was subcloned into the BamHI/EcoRV cassette of
the pcDNA3.1/hygro vector. The pMTAEQ (Molecular Probes)
vector was a gift from Prof. Dr. S. Thayer, University of Minne-
sota, USA. The construct encoding apoaequorin targeted to the
mitochondria was subcloned into the EcoRI site of pcDNA3.1/
zeo.

Fura-2-AM and Fluo-4-AM were purchased from Molecular
Probes, Eugene, Oregon, USA. The cyanine dye cy5 was pur-
chased from Amersham Biosciences (Little Chalfont, UK).
Coelenterazine h was purchased from Biotium, Hayward, CA,
USA. BIIE0246 (1) (Doods et al., 1999) and compounds 2
(Dollinger et al., 1999) and 3 (Fig. 1) were synthesized in our
laboratory. Structures were confirmed by NMR and mass spec-
trometry and the purity was checked by analytical HPLC and
elemental analysis (results for C, H, N were within ±0.4% from
theoretical values).

2.2. Cell culture and stable transfections

CHO-K1 cells were grown in Nutrient Mixture Ham's F12
medium supplemented with 10% fetal calf serum (Biochrom,
Berlin, Germany). All transfections were carried out using the
FuGENE6 reagent (RocheMolecular Biochemicals, Mannheim,
Germany) according to the manufacturer's protocol. To generate
the stable cell line CHO-hY2, the cells were transfected with the
pcDNA3-hY2 vector. 2 days after transfection, selection was
initiated by the addition of G418 (400 μg/ml) to the medium.
After 2 weeks of selection, single separately growing cell
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colonies were isolated, expanded and tested for specific binding
of cy5-labeled porcine neuropeptide Y by flow cytometry (see
below).

CHO-hY2 cells were transfected with the pcDNA3.1/hygro-
Gqi5 vector, and cells were selected by the addition of hygro-
mycin (400 μg/ml) to the medium 2 days after transfection.
Stable CHO-hY2-Gqi5 cell clones were selected and tested for
robust response in the flow cytometric calcium assay.

CHO-hY2-Gqi5 cells were transfectedwith the pcDNA3.1/zeo-
mtAEQ vector and selected with 250 μg/ml zeocin 2 days after
transfection. Single cell clones were selected on the basis of their
functional response to porcine neuropeptide Y in the aequorin
assay.

2.3. Synthesis of cy5-labeled porcine neuropeptide Y

For the labeling reaction, 0.5 mg of porcine neuropeptide Y
were dissolved in 20 μl of dimethyl sulfoxide and 250 μl of
0.1 M sodium bicarbonate buffer (pH 9.5) containing 33%
acetonitrile were added. One portion of cy5 succinimidyl ester
(ca. 0.2 mg) was dissolved in 20 μl of anhydrous dimethyl
sulfoxide and added to the peptide solution. After 3 h of incu-
bation at room temperature the labeled porcine neuropeptide Y
was purified by HPLC using a Nucleosil 300-5 C-18 column
(Macherey-Nagel, Düren, Germany). The gradient was formed
by a mixture of solvent A containing 60% of acetonitrile and
40% of 0.1% aqueous trifluoroacetic acid (TFA), and solvent B
consisting of 0.1% aqueous TFA. The fraction of solvent Awas
raised from 50% to 80% over 40 min in a linear manner at a
flow rate of 1 ml/min. The labeled peptide indicated by the
concomitant increase in absorption (649 nm) and tyrosine fluo-
rescence (λex=275 nm, λem=305 nm) was collected manually,
and the concentration was determined spectrophotometrically
using the molar absorption coefficient ε649=310,000 M−1 cm−1

(in mobile phase at the retention time of the product, i. e. 18 min).

2.4. Flow cytometric binding assay

The cells were grown to 80–90% confluency, trypsinized and
resuspended in Ham's F12 medium, containing 10% fetal calf
serum for the inactivation of trypsin. Cells were counted,
centrifuged for 5 min at 300 g and resuspended at a density of
106 cells/ml in binding buffer (25 mM HEPES, 2.5 mM CaCl2
and 1mMMgCl2, 1% bovine serum albumine (BSA), 0.1mg/ml
bacitracin, pH 7.4). All binding assays were performed in a final
volume of 500 μl containing cy5-labeled porcine neuropeptide
Y and unlabeled peptide or competitor as needed. Saturation
assays were performed in the presence of increasing concentra-
tions of cy5-labeled porcine neuropeptide Y while competition
binding experiments were carried out using 5 nM of cy5-labeled
porcine neuropeptide Y in the presence and absence of various
competitors at concentrations ranging from 10−12 to 10−5 M.
Unspecific binding was determined in the presence of 1 μM of
porcine neuropeptide Y. The samples were incubated in sili-
conized reaction vessels for 90–120 min at room temperature
and analyzed by a FacsCalibur™ flow cytometer (Becton
Dickinson, Heidelberg, Germany) without further processing.
Settings were: FSC=E-1, SSC=280, FL-4=800, flow rate: high.
The measurement stopped when 20,000 gated events were
counted. The geometric means of fluorescence in channel FL-4 of
the gated cells were calculated using the WinMDI 2.8 software.

The constantKi for the inhibition of the binding of cy5-labeled
porcine neuropeptide Y by unlabeled competitors was calculated
from the concentration of unlabeled competitor, producing 50%
inhibition (IC50) of the specific binding of the labeled peptide
using the following relation Ki= IC50· [Kd / (Kd+L)] where Kd is
the dissociation constant and L the concentration of cy5-labeled
porcine neuropeptide Y (Cheng and Prusoff, 1973).

2.5. Radioligand binding assay

CHO-hY2-Gqi5-mtAEQ cells were seeded at a density of
25,000 cells/well in 500 μl Ham's F12 medium plus 10% fetal
calf serum on 24-well plates 2 days before the experiment. The
medium was removed by suction, and 200 μl of binding buffer
were added. 25 μl of competitor or unlabeled peptide and 25 μl
of the radioligand in binding buffer were added. Cells were
incubated at room temperature under slight shaking for 2 h.
Then, the supernatant was sucked off, and the adherent cells
were washed twice with ice-cold buffer. Lysis of the cells was
accomplished by the addition of 200 μl of lysis buffer, con-
taining 8 M urea (Merck, Darmstadt, Germany), 3 M acetic acid
(Merck) and 1% Triton-X-100 (Sigma, München, Germany),
followed by 30 min incubation at room temperature under slight
shaking. The lysates were transferred into scintillation vials and
each well was washed with another 200 μl of lysis buffer.
Radioactivity was measured in a LS 1801 β-counter (Beckmann
Instruments, München, Germany). Unspecific binding was de-
termined in the presence of 1 μM of unlabeled porcine neu-
ropeptide Y. Assays were performed in triplicate.

2.6. Flow cytometric calcium assay

Cells were grown to 70–90% confluency, trypsinized and
detached with Ham's F12 supplemented with 10% fetal calf
serum. Cells were centrifuged at 300 ×g at room temperature for
5 min and resuspended at a density of 2 ·106 cells/ml in loading
buffer (120mMNaCl, 5 mMKCl, 2 mMMgCl2, 1.5 mMCaCl2,
25 mM HEPES and 10 mM glucose at pH 7.4) supplemented
with 0.7 μM fluo-4-AM, 0.02% pluronic™ and 1.5% BSA. The
cells were incubated in the dark for 30 min at room temperature
and recentrifuged at 300 ×g for 5 min. After resuspension in
loading buffer at a density of 0.5–1 ·106 cells/ml, the cells were
again incubated for 30 min at room temperature in the dark.
Measurements were performed in a purpose-build glass tube
closed by a silicon septum as described (Schneider, 2005). This
instrumentation allows injections into the samples during
continuous flow cytometric measurements. After 30 s of mea-
surement of the basal fluorescence under permanent stirring
10 μl of agonist solution were injected to 1 ml of the cell sus-
pension with a Hamilton syringe and data were recorded for
another 90 s. Receptor antagonist solutions were added to the cell
suspension 1 min before the calcium signal was elicited with
70 nM porcine neuropeptide Y.



Fig. 2. Flow cytometric binding assay with CHO cells stably expressing the hY2

receptor. Panel A: saturation experiment using increasing concentrations of cy5-
labeled porcine neuropeptide Y. Panel B: competition assay with various ligands in
the presence of 5 nM cy5-labeled porcine neuropeptide Y. Unspecific binding was
determined in the presence of 1 μMporcine neuropeptide Y. Mean values±S.E.M,
n=3–5. (cy5-pNPY: cyanine5-labeled porcine neuropeptide Y; pNPY: porcine
neuropeptide Y; pPYY: porcine peptide YY; pNPY13–36: porcine neuropeptide Y
(13–36); [L31, P34]pNPY: porcine [L31, P34]-neuropeptide Y).

Fig. 3. Radioligand binding assay with CHO-hY2-Gqi5-mtAEQ cells. Panel A:
saturation experiment using increasing concentrations of [3H]-labeled porcine
neuropeptide Y ([3H]propionyl-pNPY). Panel B: competition assay with various
ligands in the presence of [3H]-labeled porcine neuropeptide Y. Unspecific
binding was determined in the presence of 1 μM porcine neuropeptide Y. Mean
values±S.E.M, n=3. (cy5-pNPY: cyanine5-labeled porcine neuropeptide Y;
pNPY: porcine neuropeptide Y; pPYY: porcine peptide YY; pNPY13–36: porcine
neuropeptide Y(13–36)).
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Raw data were averaged with the WinMDI 2.8 and the
SigmaPlot 8.0 software. The level of increase in fluorescence
was calculated from the difference between the baseline (mean
fluorescence of the first 25 s) and the highest value of the
averaged curve. These amplitudes of the averaged signals were
used to construct concentration–response curves. Every third
measurement was a 100% reference signal elicited with 1 μM
(for the determination of EC50 values) or 70 nM (inhibition
curves) porcine neuropeptide Y. Instrument settings were: FSC:
E-1; SSC: 280; FL-1: 350; flow: high.

2.7. Spectrofluorimetric calcium assay

The spectrofluorimetric fura-2 assay was performed as des-
cribed elsewhere (Müller et al., 1997).

2.8. Aequorin assay

Cells were grown to 80–90% confluency, trypsinized and
detached with Ham's F12 supplemented with 10% fetal calf
serum. After centrifugation at 300 ×g for 5 min, the cells were
resuspended in DMEM without phenol red supplemented with
1% fetal calf serum at a density of 107 cells/ml. Coelenterazine
h (Biotrend, Köln, Germany) (1 mM stock solution in methanol)
was added to a final concentration of 2 μM, and reconstitution
of the holoenzyme was accomplished by incubation for 2 h at
room temperature under gentle stirring in the dark. Cell sus-
pensions were diluted with loading buffer to 5 ·105 cells per ml
and incubated at room temperature for 3 h in the dark. 162 μl of
the cell suspension were injected to 18 μl of peptide agonist in
loading buffer supplemented with 1% BSA and 100 μg/ml
bacitracin in a white 96-well plate (Greiner Bio-One, Fricken-
hausen, Germany) and the emitted luminescence (peak 1) was
recorded in the kinetic mode for 43 s as a series of 200 ms
integrations with a GENios Pro plate reader (Tecan, Salzburg,
Austria). Subsequently, 20 μl of a 1%Triton-X-100 solution were
injected to discharge the remaining aequorin, and light emission
was recorded for additional 22 s (peak 2). For the characterization
of antagonists, the cells were incubated in the presence of the
antagonist for 1 h. 18 μl of 700 nM porcine neuropeptide Y were
injected to 162 μl of the cell suspension, and luminescence
(peak 1) was recorded for 43 s before the cells were lysed by the
injection of 20μl of Triton-X-100 (1% in binding buffer) (peak 2).
The fractional luminescence was calculated by dividing the area
of peak 1 by the total area under peaks 1 and 2 using the SigmaPlot
8.0 software.

2.9. Confocal microscopy

The cells were seeded in 200 μl Ham's F12 medium con-
taining 10% fetal calf serum on a Lab-Tek™ II, 8 chamber



Fig. 4. Calcium responses in the fura-2 assay. Panel A: comparison of wild-type
and transfected CHO cells with respect to the response to 50 nM porcine
neuropeptide Y in the fura-2 assay. Panel B: concentration–response curves of
Y2 receptor agonists determined with CHO-hY2-Gqi5-mtAEQ cells. Panel C:
inhibition of the neuropeptide Y-induced (70 nM) calcium signal by Y2

receptor antagonists determined with CHO-hY2-Gqi5 cells. Mean values±S.E.
M, n=3. (pNPY: porcine neuropeptide Y; pNPY13–36: porcine neuropeptide Y
(13–36)).

Fig. 5. Calcium responses in the flow cytometric fluo-4 assay using CHO-hY2-
Gqi5 cells. Panel A: calcium signal of 100 nM porcine neuropeptide Y. The grey
dots represent the fluorescence of the gated cells. Panel B: concentration–response
curves of Y2 receptor agonists. Panel C: inhibition of the neuropeptide Y-induced
(70 nM) calcium signal by Y2 receptor antagonists. Mean values±S.E.M, n=3.
(pNPY: porcine neuropeptide Y; pPYY: porcine peptide YY; pNPY13–36: porcine
neuropeptide Y (13–36)).
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coverglass system (Nalge Nunc, Naperville, IL, USA) 2 days
prior to the experiment and were grown to 50–70% confluence.
The medium was replaced with 200 μl of L-15 Leibowitz
medium (Sigma) containing 10 nM cy5-labeled porcine neu-
ropeptide Y and incubated at room temperature for 30 min. For
the visualization of unspecific binding, 1 μM of unlabeled
porcine neuropeptide Y was added to the incubation medium.
Cells were washed with phosphate buffered saline (PBS) and
fixed with paraformaldehyde (4% in PBS) for 30 min. Nuclei
were stained with 500 nM Sytox® Green (Invitrogen, Karlruhe,
Germany) in PBS for additional 30 min at room temperature,
followed by a washing step with PBS. Confocal microscopy
was performed with a Zeiss Axiovert 200 M microscope, equip-
ped with the LSM 510 laser scanner, using a Plan-Apochromat
63×/1.4 objective with oil immersion. For the excitation of the
cyanine dye, the 633 nm laser line was used, and fluorescence
was detected using the 650 nm longpass filter. The nuclear dye
Sytox® Green was excited at 488 nm and emitted fluorescence
was detected using a 505 nm longpass filter. The scanning mode
was multitrack.

2.10. Imaging with CCD camera

The cells were prepared as described for the aequorin assay.
150 μl of the cell suspension were added to 50 μl of porcine
neuropeptide Y solution in a black 96-well plate (Greiner Bio-
One, Frickenhausen, Germany) at once per row with a multi-
channel pipette and the plate was immediately transferred into a
darkbox. Recording was started with a Hamamatsu 1394
ORCA-II BTA 512 cooled CCD camera; settings were: gain: 2,
exposure: 60 s, binning: 4 (16 bit).



Fig. 6. Aequorin assay with CHO-hY2-Gqi5-mtAEQ cells. Panel A: lumines-
cence signals after injection of the cells to porcine neuropeptide Y (first peak)
and additional injection of 0.1% Triton-X-100 (second peak). Panel B:
concentration–response curves of Y2 receptor agonists. Panel C: inhibition of
the neuropeptide Y-induced (70 nM) calcium signal by Y2 receptor antagonists.
Mean values±S.E.M, n=3. (pNPY: porcine neuropeptide Y; pPYY: porcine
peptide YY; pNPY13–36: porcine neuropeptide Y(13–36); [L31, P34]pNPY:
porcine [L31, P34]-neuropeptide Y).
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3. Results

3.1. Flow cytometric binding assay

CHO cells stably expressing the hY2 receptor bound the
fluorescent ligand cy5-labeled porcine neuropeptide Y with
high affinity (Kd=5.2±2.1 nM; Fig. 2). Thus, 5 nM of the
fluorescent ligand were used for competition binding experi-
ments. The peptides porcine peptide YY (Ki =0.4±0.1 nM),
porcine neuropeptide Y (Ki =0.8±0.2 nM), porcine neuropep-
tide Y(13–36) (Ki =1.7±0.4 nM) bound to the CHO-hY2 cells
with typical Y2 receptor pharmacology, whereas porcine [L31,
P34]-neuropeptide Y, a ligand with known high affinity for the
Y1 and moderate affinity for the Y4 and Y5 receptors, did not
bind up to a concentration of 100 nM. The Y2 receptor
antagonist BIIE0246 (1) displaced the fluorescent ligand with
high affinity (Ki =2.6±1.2 nM) whereas the structural analo-
gues 2 (Ki =6.8±2.3 nM) and 3 (Ki =976.2±250.8 nM) bound
with lower affinity.

3.2. Radioligand binding assay

The CHO-hY2-Gqi5-mtAEQ cells bound the radioligand
[3H]-labeled porcine neuropeptide Y with high affinity
(Kd=0.7±0.2 nM; Fig. 3). The peptides porcine peptide YY
(Ki =0.06±0.01 nM), porcine neuropeptide Y (Ki =0.4±0.1 nM)
and porcine neuropeptide Y(13–36) (Ki =1.7±0.4 nM) showed
the same pharmacological profile as determined in the flow
cytometric binding assay. The affinity of cy5-labeled porcine
neuropeptide Y (Ki =3.0±1.3 nM) was in the same range as
determined by flow cytometry. The compounds 1, 2 and 3 were
not analyzed due to high adsorption to the assay materials.

3.3. Fluorescence-based calcium assays

CHO cells stably expressing only the hY2 receptor res-
ponded poorly upon receptor activation. Stable co-transfection
with the hY2 and the Gqi5 gene enhanced the calcium response
elicited by 50 nM porcine neuropeptide Y by 3-fold (Fig. 4A).
Therefore, a spectrofluorimetric calcium assay became feasible
using fura-2 loaded cells. Peptide agonists porcine neuropeptide
Table 1
Comparison of various receptor agonists and antagonists in the fluorescence-
based fura-2 and fluo-4 assays, and in the aequorin assay

Y2 receptor ligand Flow cytometry
(fluo-4)

Spectrofluorimetry
(fura-2)

Aequorin
assay

Porcine neuropeptide Y 18.1±2.9a 16.9±2.5a 30.9±2.2a

Porcine neuropeptide Y
(13–36)

13.3±6.2a 18.6±1.5a 58.3±9.9a

Porcine peptide YY 7.9±5.5a NDb 8.8±2.4a

1 20.4±2.9c 28.9±2.0c 50.9±12.9c

2 5.3±0.5c 14.5±1.5c 73.4±6.1c

3 101.1±18.0c 201.4±37.3c 359.4±23.8c

aEC50 [nM]; bND: not determined; cIC50 [nM], calcium mobilization induced
with 70 nM porcine neuropeptide Y. a,cThe EC50 and IC50 values represent the
means±S.E.M of three independent experiments.
Y and porcine neuropeptide Y(13–36) induced an increase in
intracellular calcium concentration with potencies in the nano-
molar range. The calcium signal induced by 70 nM porcine
neuropeptide Y was inhibited by Y2 receptor antagonists as
shown in Fig. 4C.

Loading of the cells with fluo-4 allowed the detection of an
increase in fluorescence after agonist stimulation by flow cyto-
metry. As shown in Fig. 5A, the calcium response can be
described by a fluorescence intensity vs. time dot plot. Relative
increases in fluorescence were used to construct concentration–
response curves of peptide agonists. The increase in fluores-
cence was suppressed by preincubation of the cells in the
presence of Y2 receptor antagonists and IC50 values were
determined (Fig. 5, Table 1).



Fig. 8. Effects of BIIE0246 on the porcine neuropeptide Y-induced
luminescence signals after co-application of porcine neuropeptide Y (panel A)
or after preincubation of the cells in the presence of the receptor antagonist (1)
for 1 h (panel B). Mean values±S.E.M, n=3. (pNPY: porcine neuropeptide Y).
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3.4. Aequorin assay

Additional transfection leading to stable expression of
apoaequorin allowed the conversion of the calcium signal into a
luminescence signal. After reconstitution of the holoenzyme by
addition of coelenterazine h, the cells responded with concentra-
tion-dependent increases of emitted light upon receptor activation
(Fig. 6). EC50 values of peptide agonists (Fig. 6, Table 1) were in
the same range compared to the results from the fura-2 and fluo-4
assay. As expected, porcine-[L31, P34]-neuropeptide Y did not
elicit a response in the aequorin assay. The luminescence signal
elicited with 70 nM porcine neuropeptide Y was inhibited by Y2

receptor antagonists preincubatedwith the cells for 1 h prior to the
injection of the receptor agonist. The determined IC50 valueswere
slightly higher compared to the results from the fluorescence-
based calcium assays (Table 1). Moreover, compound 1 appears
to be about as potent as compound 2, whereas compound 2 was
superior in the fluorescence-based calcium assays. Presumably,
this discrepancy results from the different experimental condi-
tions. For instance, the incubation period was 60 min in the
aequorin assay but only 1 min in the fluorescence-based calcium
assays, and the lipophilic compounds may adsorb to different
extent to the materials (glass vs. synthetic polymers) used in the
different assays.

3.5. Confocal microscopy and luminescence detection by CCD
camera

Binding of the fluorescent ligand cy5-labeled porcine neuro-
peptide Y was visualized by confocal microscopy. The ligand
enriched at the cell membrane, whereas the binding was abol-
ished in the presence of 1 μM unlabeled porcine neuropeptide
Y. Concentration-dependent aequorin luminescence was detect-
able by a CCD camera as shown in Fig. 7.
Fig. 7. Left panel: binding of cy5-labeled porcine neuropeptide Y to CHO-
hY2-Gqi5-mtAEQ cells visualized by confocal laser scanning microscopy. In
IA-C, the cells were incubated with 10 nM cy5-labeled porcine neuropeptide
Y (A, green) for 30 min, washed with PBS, and fixed with paraformaldehyde
(4% in PBS) for 30 min. Nuclei (B, red) were stained with 500 nM Sytox
Green in PBS for additional 30 min, followed by a washing step with PBS.
Merged images are shown in C. Unspecific binding (IIA-C) was measured
after co-incubation of 10 nM cy5-labeled porcine neuropeptide Y with
unlabeled porcine neuropeptide Y (1 μM). The white bars indicate 20 μm.
Right panel: luminescence signals of CHO-hY2-Gqi5-mtAEQ cells in
response to porcine neuropeptide Y, detected by a CCD camera. Warm
colors indicate increasing light emission. The numbers represent the applied
concentrations of porcine neuropeptide Y.
3.6. Antagonism of BIIE0246 (1)

As recent studies with the Y2 receptor antagonist BIIE0246
(Dautzenberg and Neysari, 2005) described an insurmountable
antagonism (Neubig et al., 2003) after preincubation with the
cells for 30 min, the effect of the preincubation was analyzed in
the aequorin assay. In fact, when the cells were injected directly
to the solution containing receptor agonist and antagonist, the
concentration–response curves of porcine neuropeptide Y were
shifted rightward, typical for competitive antagonism (Fig. 8).
After preincubation of the cells in the presence of the receptor
antagonist, the curves were also shifted to the right but with a
concomitant depression of the maximum signal indicating an
insurmountable fashion of the antagonism (Fig. 8).

4. Discussion

The use of flow cytometry has been shown to be a valuable
tool for the determination of receptor binding data (Edwards
et al., 2004). In this study, we established a flow cytometric
binding assay for the hY2 receptor performed in equilibrium
without the necessity of separating bound from unbound ligand.
As the natural ligand neuropeptide Y is a bulky peptide, the
coupling to the fluorescent dye cy5 is well tolerated, and the
labeled peptide retains a reasonable affinity for the hY2 receptor
stably expressed by CHO cells. The use of whole cells enabled
us to determine binding constants of the receptor in its natural
environment. Gating of the cell population prevents the mea-
surement of fluorescent ligand bound to cell fragments or other
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particles. The results were in good agreement with binding data
determined in a conventional radioligand binding assay.

For the determination of functional data of Y2 receptor
ligands, themost commonly used assay is based on the inhibition
of forskolin-induced cAMP formation (Beck-Sickinger et al.,
1992; Goumain et al., 2001) as the Y2 receptor is known to
couple to the Gi/o pathway (Michel et al., 1998). Reports on
direct coupling of Y2 receptor activation to an increase in in-
tracellular calcium are controversial. Intracellular calciummobi-
lization in hY2 transfected HEK293 cells was described by
Gerald et al. (1995) but not observed by Dautzenberg et al.
(2005). For CHP-234 cells (Lynch et al., 1994) and CHO cells
transfected with the hY2 gene (Rose et al., 1995) calcium res-
ponses were reported. By contrast, we measured only a slight
increase in [Ca2+]i in CHO cells stably expressing the hY2

receptor in response to porcine neuropeptide Y. Therefore, we
co-expressed the hY2 receptor and the chimeric G protein Gqi5
(Coward et al., 1999) to obtain robust transient calcium mobi-
lization, as this was already done successfully by Dautzenberg
et al. (2005) in HEK 293 cells. The co-transfected CHO cells
showed an improved calcium response upon receptor stimula-
tion and a spectrofluorimetric fura-2 calcium assay was esta-
blished. Peptide ligands showed the typical Y2 receptor
pharmacology with the rank order of potency porcine peptide
YYNporcine neuropeptide YNporcine neuropeptide Y(13–
36)≫porcine [L31, P34]-neuropeptide Y. Loading of the cells
with fluo-4 enabled the measurement of calciummobilization by
flow cytometry. By gating of the intact cells the signal to noise
ratio is improved as not-gated cell fragments and particles with
adsorbed fluorescent dye are not included to the calcium mea-
surement. The determined EC50 values are in good agreement
with results of the fura-2 assay. However, compared with the
binding experiments, the concentration–response curves of the
agonists determined in the calcium assays were shifted 10- to
100-fold to the right. This was also described by Dautzenberg
et al. (2005) for the hY1, hY4 and mY5 receptors co-expressed
with the chimeric G protein Gqi9 in HEK293 cells. Interestingly,
only small differences between binding and functional data were
observed at the hY2 receptor co-expressed with the Gqi9 protein
(Dautzenberg et al., 2005). Presumably, the extent of the right-
ward shift depends on the different coupling efficiency of the
hY2 receptor with the different chimeric G proteins. As the
fluorescence-labeled porcine neuropeptide Y is a receptor ago-
nist at the hY2 receptor (not shown), the simultaneous deter-
mination of activity and affinity in a flow cytometric assay
became feasible (Schneider, 2005; Schneider et al., 2006).

After stable transfection of the CHO-hY2-Gqi5 cells with the
apoaequorin gene targeted to the mitochondria an aequorin
assay in the 96-well format was established. The reconstitution
of active aequorin can be performed with cells in suspension
(Dupriez et al., 2002) as this procedure is more convenient and
produces less consumable cost compared to the reconstitution in
adherent growing cells. The Tecan GeniosPro microplate reader
is well suited for the aequorin assay as the instrument allows the
immediate recording of flash luminescence after two separate
injections. The aequorin luminescence gives a strong and robust
signal which is stable for at least 2 h. The consumption of
remaining active aequorin caused by cell lysis due to the injec-
tion of Triton-X-100 makes the measurement independent from
variations of the number of injected cell during the assay.
Receptor agonists as well as antagonists can be tested while the
latter have to be preincubated with the cells prior to the injection
of a fixed agonist concentration. The duration of the prein-
cubation period with the receptor antagonist may influence the
shape of the concentration–response curve of porcine neuro-
peptide Yas shown for BIIE0246 (Fig. 8). BIIE0246 behaved as
an apparently competitive surmountable receptor antagonist
when co-applied with the agonist, whereas a rightward shift of
the concentration–response curve with a concomitant depres-
sion of the maximal effect is observed after preincubation of the
cells in the presence of the receptor antagonist for 1 h. This is in
agreement with a recent report by Dautzenberg and Neysari
(2005) who found insurmountable antagonism after preincuba-
tion with the antagonist using HEK293 cells stably expressing
the hY2 receptor and the chimeric G protein Gqi9 in a fluo-
rescence-based calcium assay.

In summary, the established flow cytometric binding assays
using fluorescence-labeled porcine neuropeptide Y and stably
transfected cells are an innovative alternative to neuropeptide Y
receptor radioligand binding assays. After stable co-transfection
of CHO cells with hY2 receptors and the chimeric Gqi5 subunit,
redirecting Y2 receptor coupling to the phosphoinositide path-
way, the CHO-hY2-Gqi5 cells can be used for calcium assays
using fluorescent indicators. Additional stable transfection of the
cells with the apoaequorin gene targeted to the mitochondrial
matrix converts the calcium signal into a luminescent signal. By
exploitation of this phenomenon a luminescence-based assay
could be established in 96-well plates. These techniques may
also be useful for the investigation of other G protein-coupled
receptors, provided that appropriate fluorescent probes and
genetically engineered cells are available.
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