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Abstract

The ability of the human neuropeptide YY receptor subtype to increase the extracellular acidification rate in different cell lines was1
Žinvestigated by using the Cytosensor Microphysiometer. In CHO-Y cells Chinese Hamster Ovary cells expressing the cloned human1

. Ž .neuropeptide YY receptor , neuropeptide Y increased the acidification rate by up to 15% of the basal level with a yLog EC of 7.42.1 50

As expected for neuropeptide YY receptors, this response was potently inhibited by the neuropeptide YY -selective non-peptide1 1
ŽŽ . 2 Ž . wŽ . x . ŽŽ . 2 Žantagonist BIBP3226 R -N - diphenylacetyl -N- 4-hydroxy-phenyl methyl -D-arginine amide . Its enantiomer BIBP3435 S -N - di-

. wŽ . x .phenylacetyl -N- 4-hydroxy-phenyl methyl -D-argininamide was less potent. The antagonists themselves did not affect the extracellular
Žacidification rate at concentrations up to 10 mM. In SK-N-MC cells a neuroblastoma cell line of human origin that expresses the

.neuropeptide YY receptor no change of the acidification rate could be observed in the presence of neuropeptide Y at concentrations up1

to 1 mM. For control, the neuropeptide YY receptors were also investigated by assessing whole cell radioligand binding and, at the1
Žfunctional level, by assessing their ability to decrease the forskolin-induced accumulation of cAMP. The specific i.e., neuropeptide

. w3 xY-displaceable binding of H neuropeptide Y was to a homogenous class of high-affinity sites in both SK-N-MC and CHO-Y cells.1
w3 xThe equilibrium dissociation constants for H neuropeptide Y, the total number of binding sites and the kinetic constants for association

and for dissociation were similar. Neuropeptide Y produced a dose-dependent inhibition of forskolin-induced cAMP accumulation in
Ž Ž . .SK-N-MC cells ylog EC s9.40 but it did not affect cAMP accumulation in CHO-Y cells. Non-transfected CHO-K1 cells were50 1

used as negative control throughout the study. No binding or response could be observed in these cells. Our data suggest that the
signalling mechanisms of neuropeptide YY receptors are closely related to the cell type in which they are expressed. q 1998 Elsevier1

Science B.V.
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1. Introduction

The neurotransmitter neuropeptide Y is a member of the
pancreatic polypeptide family which also includes peptide

ŽYY and pancreatic polypeptide Tatemoto and Mutt, 1980;
.Tatemoto et al., 1982; Michel, 1991; Gehlert, 1994 . Neu-

ropeptide Y is released by both central and peripheral
neurons. It is highly abundant in the central nervous
system, where it contributes to the control of a wide

Žvariety of functions Stanley and Leibowitz, 1985; Stanley
.et al., 1992; Dryden et al., 1994; O’Donohue et al., 1985 .

) Corresponding author. Tel.: q32-2-3583139; fax: q32-3-3590276.

In the peripheral nervous system, neuropeptide Y is associ-
ated with sympathetic vascular control and with the release

Žof catecholamines Walker et al., 1991; Grundemar and
.Hakanson, 1993 .˚

Neuropeptide Y stimulates different receptor subtypes
which belong to the G protein-coupled, seven-transmem-
brane domain receptor family. Until very recently, neu-
ropeptide YY , neuropeptide YY and neuropeptide YY1 2 3

receptor subtypes could be discriminated by radioligand
binding and by functional assays based on differences in

Ž .their pharmacological profile Wahlestedt et al., 1992 .
Molecular cloning experiments have evidenced the exis-

Žtence of additional receptor subtypes i.e., PP1, neuropep-
. Žtide YY and neuropeptide YY receptors Larhammar et4 5
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al., 1992; Bard et al., 1995; Lundell et al., 1995; Gerald et
.al., 1995 .

The neuropeptide YY receptor subtype mediates vascu-1

lar smooth muscle contraction and potentiates the pressor
Žresponse to other vasoconstrictors Walker et al., 1991;

Wahlestedt and Reis, 1993; Grundemar and Hakanson,˚
.1994; Evequoz et al., 1994 . Because of the prominent role

of this receptor subtype in cardiovascular function, much
effort has already been spent in the development of neu-
ropeptide YY -selective antagonists and a number of po-1

tent low-molecular-weight nonpeptidic compounds
Ž ŽŽ . 2 Ž . wŽBIBP3226: R -N - diphenylacetyl -N- 4-hydroxy-

. x . Ž w wphenyl methyl -D-arginine amide , SR120107A: 1- 2- 2-
Ž . x w w w2-naphthylsulphamoyl -3-phenylpropionamido -3- 4 N- 4-
Ž . x xdimethylaminomethyl -trans- cyclohexylmethyl amidino

x x Ž . .phenyl propionyl -pyrrolidine, R, R stereoisomer and
Ž w w Ž .SR120819A: 1- 2- 2- -naphthylsulfamoyl -cis-cyclohe-

x x x x ..xylmethyl amidino -phenyl propionyl pyrrolidine have
Žrecently been synthesised Rudolf et al., 1994; Serradeil-Le

.Gal et al., 1994, 1995; Lundberg et al., 1996 . So far,
neuropeptide YY receptors have been shown to affect at1

least two independent second messenger systems in cell
lines, leading to the release of calcium from intracellular
stores and to a decrease in the intracellular cAMP concen-

Žtration Feth et al., 1991; Herzog et al., 1992; Motulsky
.and Michel, 1988; Shigeri and Fujimoto, 1992 .

When transfected into suitable host cells, several G-pro-
tein-coupled receptors, such as muscarinic M , b -adren-1 2

Žoceptor, prostaglandin E and dopamine receptors Owicki
et al., 1990; McConnell et al., 1991; Neve et al., 1992;

.Chio et al., 1993 , have been demonstrated to increase the
rate at which cells acidify their environment with products

Ž .of their energy metabolism McConnell et al., 1992 . This
phenomenon can conveniently be monitored with the newly
developed Cytosensor w Microphysiometer, which makes
use of a light-sensitive potentiometric sensor to measure
the rate at which cells affect the pH of their environment.
The alleged capability of this method to monitor the
effects of agonists and antagonists at the functional level,

Žand this irrespective of intermediate cellular events Mc-
.Connell et al., 1992 , prompted us to determine whether it

can be used to investigate neuropeptide YY receptors in1

cell lines.
We compared two cell lines which contain the human

neuropeptide YY receptor subtype: one of human origin1
Žthe SK-N-MC cells, a human neuroblastoma cell line that
endogenously expresses the neuropeptide YY receptor;1

.Wahlestedt et al., 1992; Shigeri and Fujimoto, 1992 and
the other of animal origin transfected with the gene coding

Žfor the human neuropeptide YY receptor i.e., CHO-Y1 1

cells: Chinese Hamster Ovary cells expressing the cloned
.human neuropeptide YY receptor; Herzog et al., 1992 .1

Here, we show for the first time the ability of neuropeptide
Y to increase the extracellular acidification rate in CHO-Y1

cells. Although no response was observed with SK-N-MC
cells, the presence of functional neuropeptide YY recep-1

tors on these cells was demonstrated by radioligand bind-
ing and by their ability to decrease the forskolin-induced
accumulation of cAMP.

2. Materials and methods

2.1. Materials

w 3 x Žw3 x .N- propionyl- H neuropeptide Y H neuropeptide Y
Ž . Ž80 Cirmmol was obtained from Amersham Little Chal-

. Ž .font, UK . Neuropeptide Y neuropeptide Y, human was
Ž .from Cambridge Research Biochemicals UK . Bovine

Ž . Žserum albumin Fraction V was from Sigma St. Louis,
. ŽŽ . 2 Ž . wŽMO, USA . BIBP3226 R -N - diphenylacetyl -N- 4-hy-

. x .droxy-phenyl methyl -D-argininamide and BIBP3435
ŽŽ . 2 Ž . wŽ . xS -N - diphenylacetyl -N- 4-hydroxy-phenyl methyl -D-

. Žargininamide were from Albany Molecular Research Al-
.bany, NY, USA . These antagonists were dissolved in

Ž .dimethylsulphoxide DMSO to obtain stock solutions of
20 mM and further diluted in the incubation media to

Žobtain the appropriate concentrations. Bacitracin 60
. Ž .unitsrmg and 3-isobutyl-1-methyl-xanthine IBMX were

Ž .from Acros Organics Beerse, Belgium and forskolin was
from Sigma. All other chemicals were of the highest grade
commercially available. Human neuroblastoma SK-N-MC
cells were obtained from the American Tissue Culture

Ž .Collection. Wild-type cells CHO-K1 were kindly donated
Žby Dr. H. Verschueren Pasteur Institute, Brussels, Bel-

.gium and CHO cells stably expressing the human
ŽNeurpeptide YY receptor denoted as CHO-Y cells, Her-1 1

. Žzog et al., 1992 were obtained from Astra Hassle Molndal,¨
.Sweden .

2.2. Cell culture

SK-N-MC and CHO-Y cells were cultured in 75-cm2
1

Ž .flasks in Dulbecco’s Modified Essential Medium DMEM ,
Ž .supplemented with L-glutamine 2 mM , 2% of a stock

solution containing 5000 I.U.rml penicillin and 5000
Ž .mgrml streptomycin Gibco , 1% of a solution MEM

Ž .containing non-essential amino acids Gibco , 1 mM
Ž . Ž .sodium pyruvate Gibco and 10% fetal calf serum Gibco .

The cells were grown in an atmosphere of 5% CO at2

378C until confluency was reached.

2.3. Radioligand binding

Cells were plated in 24-well plates and cultured until
confluency. When confluent, the culture medium was aspi-

Žrated and 0.5 ml of Dulbecco’s PBS buffer Phosphate-
buffered saline, containing 0.132 grl CaCl P2H O, 0.22 2

grl KCl, 0.2 grl KH PO , 0.1 grl MgCl P6H O, 8 grl2 4 2 2
.NaCl and 1.44 grl Na HPO P2H O at room temperature2 4 2

was added to each well. This washing procedure was
repeated once. After removal of the medium, 400 ml

Žbinding buffer DMEM containing 0.5% bovine serum
albumin, 0.1% bacitracin and 0.1 mM phenylmethylsulfo-
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.nyl fluoride was added. The plate was left for 30 min at
room temperature, after which 50 ml of unlabelled com-

Ž . Žpetitor for competition binding assays , buffer for total
. Ž Ž .binding or 0.1 M final concentration of unlabelled

Ž .neuropeptide Y for non-specific binding was added. Sub-
w3 xsequently 50 ml of buffer containing H -neuropeptide Y

was added and the plates were incubated at 378C for 90
min. At the end of the incubation, the 24-well plates were
placed on ice and the cells were washed three times with
Dulbecco’s PBS buffer at 48C as described above. After
the last aspiration of buffer, 500 ml of a 1% wrv Triton
X-100 solution was added to each well and the plates were
further incubated for 1 h at room temperature. Then 400
ml of the solution was transferred to a scintillation vial, 3

Žml of scintillation liquid Optisafe of Wallac, Turku, Fin-
.land was added and the vials were counted for 3 min in a

w3 xliquid scintillation counter. Final H neuropeptide Y con-
centrations were 0.5 nM for kinetic studies and 1 nM for
competition binding experiments. Concentrations ranged
between 0.25 and 5 nM for saturation binding experiments.

Non-specific binding was subtracted from the total
binding to yield specific binding. Experiments comprise
triplicate determinations and were performed three to six
times. The calculation of the binding parameters from the

Žassociation and dissociation binding curves k and kobs 2
. Žvalues , IC values concentration of unlabelled drug50

.causing half maximal inhibition for competition binding
Žcurves and K equilibrium dissociation constant for radio-d
. Žligand binding and B values total amount of bindingmax

.sites for saturation binding curves was performed by
non-linear regression analysis using GraphPad Prism.

2.4. cAMP determination

As for the binding assays, cells were plated in 24 well
plates until a monolayer was reached. Before the experi-
ment, cells were washed at room temperature once with

Ž .Dulbecco’s PBS buffer composition as described above
and once with cAMP assay buffer containing 10 mM

Ž w Ž . xHEPES 2- 4- 2-Hydroxyethyl -1-piperazinyl ethane-
.sulfonic acid , 150 mM NaCl, 5 mM KCl, 2.5 mM CaCl ,2

1.2 mM KH PO , 1.2 mM MgSO , 25 mM NaHCO and2 4 4 3

10 mgrml bovine serum albumin at pH 7.4. Cells were
Ž .incubated for 10 min at 378C with assay buffer 1 mlrwell

Žand then for 10 min at 378C with assay buffer 400
.mlrwell containing 0.5 mM IBMX. To start the experi-

Žment, 50 ml assay buffer alone for basal cAMP accumula-
.tion or containing neuropeptide Y andror the antagonists

Ž .BIBP3226 or BIBP3435 was added. Immediately there-
after, 50 ml assay buffer containing forskolin at a final
concentration of 10 mM was added. After incubation for
20 min at 378C, the buffer was aspirated and 500 ml of
ethanol was added to stop the reaction. After a 5-min
incubation at room temperature, the fluid was transferred
to Eppendorf tubes. The last step was repeated and the
ethanol was evaporated at 408C. The samples were then

Ž .dissolved in 25 mM Tris–HCl pH 7.5 containing 4 mM
EDTA and the amount of cAMP was determined accord-

Ž .ing to Tovey et al. 1974 . Each experiment comprised
triplicate determinations.

2.5. Extracellular acidification rate determination

Extracellular acidification rates were measured, using a
ŽCytosensor microphysiometer Molecular Devices, Menlo

.Park, CA . Cells were seeded 16–18 h before the experi-
ment into 12-mm diameter disposable polycarbonate cell

Ž . 5capsule cups Molecular Devices at 3=10 cellsrcup
and incubated at 378C in 5% CO in growth medium2
ŽDMEM supplemented with 10% fetal bovine serum, 2

ŽmM L-glutamine, 100 unitsrml penicillin and 100 grml
.streptomycin . The capsule cups were loaded into the

sensor chambers of the microphysiometer and perfused
Žwith running medium growth medium without serum and

.NaHCO at a flow rate of 150 mlrmin. This running3

medium also contained drugs as indicated. Pump cycles
Ž .90 s each were controlled by the Cytosoft software
running on a Macintosh computer. For each cycle, cells
were perfused with medium for the first 60 s and the pump
was switched off for the remaining 30 s. The pH of the
medium was recorded during the 65–90-s interval. The
acidification rate of the buffer was calculated by the
Cytosoft program and rates are reported as % of control,
i.e., as % of the average acidification rate during the 4
cycles immediately preceding the addition of neuropeptide
Y andror the antagonists.

3. Results

3.1. Effect of neuropeptide Y receptor stimulation on the
release of acidic metabolites

The rate of extracellular acidification by SK-N-MC,
CHO-Y and CHO-K1 cells was determined by using the1

Cytosensor Microphysiometer at 378C, as described in
Section 2. Variations in the amplitude of the extracellular
acidification rate in the presence of different concentra-
tions of neuropeptide Y and the kinetics of this cellular
response in CHO-Y cells are shown in Fig. 1. The onset1

of this response was rapid; a maximal increase in acidifica-
Ž .tion rate was observed during the first cycles of 90 s in

which the cells were perfused with neuropeptide Y. This
effect was transient and it took about 20 min for the cells
to gain background levels again. The maximal increase,
which was measured during either the first or the second
cycle, was used to quantify the effect of neuropeptide Y in
the ensuing experiments. This increase is expressed as the
% increase above each individual basal level preceding
cell stimulation.

Neuropeptide Y increased the acidification rate by
CHO-Y cells dose dependently until a plateau level was1
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Fig. 1. Neuropeptide Y-dependent increase in extracellular acidification
by CHO-Y cells. Each symbol represents the measured rate of acidifica-1

tion corresponding to a 90-s cycle as described in Section 2. Arrows
correspond to the time at which cell perfusion with the indicated neu-
ropeptide Y concentrations was initiated. This figure shows four represen-
tative tracings obtained in parallel experiments.

Ž .attained at about 0.3 mM neuropeptide Y Fig. 2 . The
Ž . Ž .ylog EC of neuropeptide Y was 7.42"0.12 ns16 .50

ŽIn contrast, neuropeptide Y at concentrations up to 1000
.nM did not perceptibly affect the acidification rate by

Ž .SK-N-MC cells Fig. 2 or by wild-type CHO-K1 cells
Ž .Fig. 3A,C under the same experimental conditions.

Inhibition experiments with the neuropeptide YY -selec-1

tive antagonist BIBP3226 and with its less active enan-
tiomer BIBP3435 were performed to further ascertain the
involvement of neuropeptide YY receptors in the response1

Fig. 2. Dose-response curves for neuropeptide Y-mediated changes in
Ž .extracellular acidification measured for SK-N-MC cells v, ns4 ,

Ž . Ž .CHO-K1 cells I, ns7 and CHO-Y cells B, ns16 . The peak1

change in acidification rate was measured at each concentration of NPY
and is expressed as % increase above the pre-perfusion level. Each point
is the mean"S.E.M. of the indicated number of independent experi-
ments.

Ž .of the CHO-Y cells Fig. 3A,C . In these experiments the1

same cells were perfused consecutively with medium con-
taining 100 nM neuropeptide Y in the presence of progres-
sively increasing concentrations of antagonist. In CHO-Y1

cells, both antagonists produced a dose-dependent inhibi-
tion of the neuropeptide Y effect, and BIBP3226
Ž Ž . .ylog IC s 8.05 " 0.19 was more potent than50

Ž Ž . .BIBP3435 ylog IC s6.94"0.47 . Neither antagonist50

alone was able to affect the basal acidification rate at
Ž .concentrations up to 10 mM Fig. 3B,D .

To evaluate potential desensitization of the response,
we examined the effect of repeated applications of 100 nM
neuropeptide Y alone on the extracellular acidification rate
of CHO-Y cells. After several consecutive neuropeptide Y1

administrations, the magnitude of the response was the
same as for unexposed cells.

3.2. Effect of neuropeptide Y receptor stimulation on the
cAMP concentration

Ž .The basal i.e., unstimulated cAMP levels were very
Žlow in plated SK-N-MC and CHO-Y cells about 50 and 21

Fig. 3. The effect of BIBP3226 and BIBP3435 on the extracellular
acidification rate. Inhibition of the 100 nM neuropeptide Y-stimulated
increase in extracellular acidification rate by successive application of

Ž .increasing concentrations of BIBP3226 panel A or its enantiomer
Ž . Ž . Ž .BIBP3435 panel C to CHO-Y cells v and CHO-K1 cells ` . The1

increase in extracellular acidification rate is expressed as % increase
Ž . Ž .above the pre-perfusion level. BIBP3226 panel B BIBP3435 panel D

alone had no effect on the extracellular acidification rate. Each point is
the mean of four experiments.
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Fig. 4. The inhibition of forskolin-induced cAMP accumulation by neu-
Ž . Ž .ropeptide Y in SK-N-MC cells A and CHO-Y cells B . Cells were1

exposed to 10 mM forskolin and increasing concentrations of neuropep-
tide Y. The inhibitory effect of neuropeptide Y is expressed as the
percentage of the cAMP accumulation obtained in the presence of 10 mM

Ž .forskolin alone control . The corresponding EC value for neuropeptide50

Y in SK-N-MC cells is given in Section 3.

.pmolrwell, respectively . Incubation of these cell lines
with 10 mM forskolin for 20 min at 378C produced a
dramatic increase in the cAMP concentration in both cases
ŽcAMP concentrations651"48 pmolrwell and 309"25

.pmolrwell, ns3, respectively . Neuropeptide Y inhibited
the forskolin-induced cAMP accumulation in a dose-de-

Ž . Ž .Fig. 5. The effect of BIBP3226 B and BIBP3435 I on the neuropep-
Ž .tide Y 10 nM mediated inhibition of the forskolin-induced accumulation

of cAMP in SK-N-MC cells. Data are presented as percentages of the
Ž .inhibition produced by 10 nM neuropeptide Y control .

w3 xFig. 6. The saturation binding of H neuropeptide Y to intact SK-N-MC
Ž .cells A , intact CHO-Y cells and intact non-transfected CHO-K1 cells1

Ž . w3 xB . Curves show represent specific binding of H neuropeptide Y to
Ž . Ž . Ž .SK-N-MC cells v, A , CHO-Y cells v, B and CHO-K1 cells B, B1

Žand non-specific binding in the presence of 0.1 mM unlabelled neuropep-
. Ž . Ž .tide Y to SK-N-MC cells `, A and CHO-Y cells `, B . The1

corresponding equilibrium dissociation constants and B values aremax

listed in Section 3.

Ž .pendent manner in SK-N-MC cells Fig. 5A but it did not
affect the forskolin-induced cAMP accumulation in CHO-

Ž .Y cells at concentrations up to 1 mM Fig. 5B . For1
Ž .SK-N-MC cells, the ylog EC of neuropeptide Y was50

9.40"0.16 and inhibition was nearly complete at 10 nM
neuropeptide Y. This inhibitory action of 10 nM neuropep-
tide Y was dose dependently relieved by BIBP3226 with a

Ž . Ž .ylog IC of 6.24"0.05 Fig. 6 . BIBP3435 was much50

less potent, and did not affect the inhibition at concentra-
Ž .tions up to 1 mM Fig. 6 . 10 mM of BIBP3226 or

BIBP3435 alone did not affect basal or forskolin-stimu-
Ž .lated cAMP accumulation not shown , indicating that they

had full antagonist properties.

3.3. Characterization of neuropeptide Y receptors by radi-
oligand binding

Saturation binding experiments, shown in Fig. 7, re-
Ž .vealed that the specific i.e., neuropeptide Y-displaceable

w3 xbinding of H neuropeptide Y occurred to an apparently
homogeneous class of high-affinity sites on SK-N-MC and

ŽCHO-Y cells grown as a monolayer Hill coefficient1
Ž . .n s1.00"0.02 and 0.99"0.03, respectively, ns3 .H

ŽThe calculated equilibrium dissociation constants K val-d
.ues, 1.92"0.86 and 1.83"0.51 nM, respectively and the

Ždensity of sites B values, 163"11.3 and 188"5.5max
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Fig. 7. The time-course of association and dissociation of 0.5 nM
w3 x Ž . Ž .H neuropeptide Y from SK-N-MC cells A and CHO-Y cells B . For1

Ž . w3 xthe association binding v , specific H neuropeptide Y binding was
determined after different incubation times. For the dissociation binding
Ž . Ž . Ž . w3 x` , cells were incubated for 120 min A or 90 min B with H -neu-
ropeptide Y, after which dissociation was initiated by addition of 0.1 mM

Ž .unlabelled neuropeptide Y arrow . The corresponding association and
dissociation rate constants are given in Section 3.

.fmolrmg protein, respectively were comparable for both
cell lines. No specific binding was observed for the wild
type CHO-K1 cells.

Kinetic experiments indicated that the specific binding
w3 xof 0.5 nM H -neuropeptide Y to plated SK-N-MC and

CHO-Y cells increased as a function of time until equilib-1
Ž .rium was attained after approximately 90 min Fig. 2 . The

calculated pseudo-first-order rate constants for association
Ž . y1k at 378C were 0.021"0.002 min and 0.034"obs

y1 w3 x0.002 min , respectively. Dissociation of H neuro-

Fig. 8. Repeated challenge of CHO-Y cells with 100 nM neuropeptide Y.1

The increase in extracellular acidification rate is expressed as % increase
above the pre-perfusion level. Each point is the mean of four experi-
ments.

Table 1
w3 xThe H neuropeptide Y competition binding parameters with BIBP3226,

its inactive enantiomer BIBP3435 and neuropeptide Y for SK-N-MC cells
and CHO-Y cells1

Compound SK-N-MC cells CHO-Y cells1

Ž . Ž .IC nM n IC nM n50 H 50 H

BIBP3226 17.5"1.7 0.92"0.05 6.49"1.04 0.88"0.03
BIBP3435 2027"845 0.94"0.02 240"31 1.12"0.07
Neuropeptide Y 4.8"1.9 0.99"0.11 0.97"0.23 0.73"0.05

The IC values were calculated by non-linear regression analysis and n50 H

represents the corresponding Hill slope. The presented values are the
means"S.E.M. of 3–6 independent experiments.

peptide Y from the receptor was initiated by addition of
0.1 mM unlabelled neuropeptide Y to an equilibrated

Ž .mixture of cells and the radioligand Fig. 8 . The calcu-
Ž .lated first-order rate constants k for the dissociationy1

were 0.016"0.020 miny1 and 0.022"0.0012 miny1,
respectively. The equilibrium dissociation constants of
w3 xH neuropeptide Y calculated from these kinetic parame-

Žters K s2.50"0.075 nM for SK-N-MC cells and 1.20d
."0.29 nM for CHO-Y cells were in good agreement1

with the corresponding thermodynamic values derived from
the saturation binding experiments.

w3 xUnlabelled ligands displaced the binding of H neuro-
peptide Y to the plated SK-N-MC and CHO-Y cells with1

the potency order: neuropeptide Y ) BIBP3226 4

BIBP3435. The displacement was complete; the competi-
tion binding parameters are given in Table 1. The Hill
slopes of the competition curves were not significantly
different from unity, indicating an interaction with a single
population of binding sites.

4. Discussion

The neuropeptide YY receptors belong to the G-pro-1

tein-coupled receptor family and they are known to trigger
different cascades of cellular events, including a transient
rise in the cytosolic free calcium concentration and a

Ždecrease in cAMP production Wieland et al., 1995; Shigeri
and Fujimoto, 1992; Herzog et al., 1992; Gordon et al.,

.1990 . An increasing number of G-protein-coupled recep-
tors have now also been demonstrated to increase the rate
at which cells acidify their environment with the degrada-
tion products of their energy metabolism. This phe-
nomenon can be conveniently measured by using a micro-
physiometer and has been claimed to occur independently
of the nature of the receptor-induced intracellular events
Ž .McConnell et al., 1992 . In this study, we show for the
first time that this technique can also be used to evaluate
the functional consequences of exposure of human neu-
ropeptide YY receptor-containing cell lines to neuropep-1

tide Y and related antagonists. For this purpose, we inves-
Žtigated SK-N-MC cells and CHO-Y cells i.e., CHO-K11
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cells in which the human neuropeptide YY receptor gene1
.has been transfected . As shown in Figs. 1–4, neuropep-

tide Y was indeed capable of increasing the extracellular
acidification rate by up to 15% of the basal level in the
CHO-Y cells. This response reached its maximum within1

3–4.5 min and then slowly faded away. Under our experi-
mental conditions, the increase in acidification rate did not
decline after repeated administration of neuropeptide Y up

Ž .to about eight times Fig. 4 . This apparent lack of neu-
ropeptide YY receptor desensitization in the microphys-1

iometer assay allowed repetitive challenge of the same
cells with neuropeptide Y to obtain dose–response curves
as well as antagonist inhibition curves. The neuropeptide
Y-mediated increase in acidification rate was clearly re-
lated to its ability to stimulate the neuropeptide YY1

Ž .receptors since a the novel neuropeptide YY receptor-1

selective non-peptide antagonist BIBP3226 inhibited this
response more potently than its less active enantiomer

Ž .BIBP3435 did, and b neuropeptide Y did not affect the
basal acidification rate of the non-transfected CHO-K1
cells. These latter cells do not contain high-affinity sites

w3 xfor H neuropeptide Y and were, therefore, used as a
negative control throughout this study.

The effect of neuropeptide Y on the extracellular acid-
ification rate was also investigated in SK-N-MC cells.
Although we used exactly the same experimental condi-
tions as for the CHO-Y cells, no change in the acidifica-1

tion rate could be observed for these cells in the presence
Ž .of neuropeptide Y at concentrations up to 1 mM Fig. 2 .

Similarly, the neuropeptide Y receptor agonist peptide YY
Ž .was also ineffective in these cells data not shown . How-

Ž .ever, in agreement with Wieland et al. 1995 , our control
experiments clearly indicated that neuropeptide YY recep-1

tors were present in SK-N-MC cells and that they were
functionally coupled with the adenylate cyclase system.
Indeed, whole-cell radioligand binding studies with
w3 xH neuropeptide Y revealed that the density of neuropep-
tide YY receptors was comparable for SK-N-MC and1

ŽCHO-Y cells 163 and 188 fmolrmg protein, respec-1
.tively . For both cell lines, these receptors behaved as an

apparently homogeneous class of high-affinity sites for
w3 xH neuropeptide Y. They also displayed comparable Kd

w3 xvalues for H neuropeptide, comparable kinetic constants
for association and for dissociation as well as the expected
stereoselective inhibition by the antagonists BIBP3226 and
BIBP3435. The neuropeptide YY receptors were also1

functional in SK-N-MC cells since neuropeptide Y pro-
duced a dose-dependent and almost complete inhibition of
forskolin-stimulated cAMP formation in these cells. The

Ž .EC of neuropeptide Y 0.4 nM for this inhibition was50
w3 xvery similar to the K for H neuropeptide Y binding.d

Moreover, as expected for neuropeptide YY receptors,1

this response was completely and dose-dependently blocked
by the neuropeptide YY receptor antagonist BIBP3226,1

whereas its enantiomer BIBP3435 was much less potent
Ž .Fig. 6 .

Since both CHO-Y and SK-N-MC cells express neu-1

ropeptide YY receptors of human origin, their different1

ability to increase the extracellular acidification rate upon
exposure to neuropeptide Y is clearly unrelated to species-
dependent particularities of the receptor structure. The
cellular environment could therefore be a determinant fac-
tor. Yet, the reasons why some cells do and others do not
respond to agonist stimulation with an increase in extracel-
lular acidification are not well understood. In general
terms, it is accepted that cell metabolism is only weakly
activated by the signalling pathway when G-protein activa-
tion is unable to generate a noticeable increase in the
extracellular acidification rate. In this context, a number of
potential explanations, such as the weak or even absent
coupling between the signalling pathway and the NaqrKq

ŽATPase enzyme, have already been put forward Owicki et
.al., 1990; Miller et al., 1993 . These issues have not been

addressed in this study but the observation that neuropep-
tide Y was able to inhibit cAMP formation in SK-N-MC
cells without affecting the acidification rate suggests that
the two responses represent independent pathways follow-
ing receptor activation. At least for G-protein-coupled
receptors, this implies that an increased extracellular acid-
ification rate is not merely an obligatory consequence of
receptor stimulation. Instead, this phenomenon is more
likely to be related to the ability of the receptor to turn on
specific and cell-dependent metabolic pathways.

ŽIn spite of the similar experimental conditions 378C,
.plated cells , the EC value of neuropeptide Y for increas-50

ing the extracellular acidification rate by the CHO-Y cells1
Ž .38.0 nM was more than twenty times higher than the Kd

w3 x Ž .value for H neuropeptide Y 1.83 nM saturation bind-
ing. The present observation is not peculiar to the micro-
physiometer assay or to the use of CHO-Y cells since the1

reported EC -value of the neuropeptide Y-induced Ca2q
50

Žmobilization in SK-N-MC cells 16 nM, Wieland et al.,
.1995 is also higher than the reported K value ofd

w3 x ŽH neuropeptide Y binding in this cell line 1.92 nM, this
.study; 2 nM, Gordon et al., 1990 These findings do not fit

with current ideas about the relationship between receptor
occupancy and the generation of functional responses,
according to which the EC rK ratio should be equal to50 d

1 in the case of a linear receptor occupation–response
relationship, or less than 1 when the receptor-mediated
response propagates throughout the metabolic network with

Ž .amplification i.e., in the case of a ‘receptor reserve’ .
Moreover, it is also noteworthy that the binding of
w3 xH neuropeptide Y took much longer to reach equilibrium
as compared to the time needed for neuropeptide Y to
elicit peak responses. Because of the difference in duration
between the radioligand binding and the functional assay,
the disproportion between the EC - and K -values could50 d

be related to non-equilibrium conditions in one of the
assays.

Degradation of neuropeptide Y could be held responsi-
ble for the high EC -values in the microphysiometer50
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Ž .assay but this is unlikely since a the agonist was continu-
Ž .ously refreshed in this type of assay, and b the K valuesd

w3 xof the H neuropeptide Y were unaffected when the
lengthy radioligand binding assay was performed in the
presence or absence of the antiproteolytic agent phenyl-

Ž .methylsulfonyl fluoride data not shown . Alternatively, it
w3 xis conceivable that the observed K value for the H neu-d

ropeptide Y-receptor interaction does not reflect a simple
bimolecular process. In this context, several monoamine
and peptide receptors are known to adopt a slow agonist-
dissociating conformation upon formation of the ternary
agonist-receptor–G protein complex. These ternary com-
plexes can be dissociated by GTP and related guanine

Ž .nucleotides Birnbaumer and Birnbaumer, 1995 , so that
the receptors return to their free, low-agonist affinity con-
formation. In a recent study, it was shown that the addition
of guanine nucleotides results in an almost complete lack

w3 x Žof H neuropeptide Y binding to its receptors 85% Y ,1
. Ž15% Y in rat forebrain membranes Vanderheyden et al.,2

. w3 x1997 . This finding suggests that the K of H neuro-d

peptide Y is in the nanomolar range for the neuropeptide
YY receptor–G protein complex only and, hence, that the1

radioligand’s K for the free receptor must be higher.d
w3 xTight binding of H neuropeptide Y to a receptor–G

protein complex could therefore account for the low Kd

value and the slow association and dissociation rate in the
present study with CHO-Y and SK-N-MC cells. However,1

this hypothesis implies that the cell’s GTP content be-
comes depleted after prolonged incubation with the agonist
so that the ternary complexes are no longer broken up
adequately. Internalisation of the receptor-associated
w3 xH neuropeptide Y has not been investigated, but it pro-
vides an alternative explanation for the binding properties
of this radioligand in this study. This phenomenon requires
intact cell systems, and for other peptide receptors, such as
the endothelin-1 receptor, it has already been held respon-

w125 xsible for the almost irreversible binding of I endothelin-
Ž .1 Ihara et al., 1995; Wu-Wong et al., 1995a,b . The

proposed functional roles of this internalisation process
Ž .include clearance of the agonist Wu-Wong et al., 1995a ,

Ž .receptor down-regulation Benya et al., 1994 and even a
Ž .prolonged action of the agonist Resink et al., 1990 .

Interestingly, neuropeptide Y did not affect the
forskolin-induced cAMP accumulation in CHO-Y cells1

under exactly the same experimental conditions as those
used for the SK-N-MC cells. A similar lack of neuropep-
tide Y effect on the cAMP levels in these cells was also

Ž .recently reported by Herzog et al. 1992 and these authors
concluded that these cells lack the appropriate G iso-iro

form involved in the inhibition of cAMP accumulation.
However, this conclusion does not explain the ability of
other transfected receptors, such as muscarinic M and M2 4

receptors, adenosine A receptors and human cannabinoid1

receptors, to decrease forskolin-induced cAMP accumula-
Žtion in CHO cells Ohnishi et al., 1992; Felder et al., 1993;

.Akbar et al., 1994; Burford et al., 1995 . This discrepancy

could, among other causes, be related to the selection of
particular cell colonies after transfection andror to the
ability of transfected receptors to affect the adenylate
cyclase system in CHO cells in opposite fashions, resulting
in attenuation of the prevalent response. This was recently
shown for transfected muscarinic M and M receptors2 4
Ž .Ohnishi et al., 1992; Burford et al., 1995 and it illustrates
the complex relationship between receptors and the adeny-
late cyclase system in CHO cells.

In conclusion, using the cytosensor, we were able to
Žmeasure a cell-generated signal neuropeptide YY recep-1

.tor-mediated changes in acidification rate induced by
neuropeptide Y in CHO-Y cells in a non-invasive and1

real-time manner. Our data also suggest that the signalling
mechanisms of neuropeptide YY receptors are closely1

related to the cell type in which they are expressed or, in
other words, that the cellular environment determines the
type of receptor-induced response.
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