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A selective competitive binding assay for the determination of the affinity of compounds to the human
o, receptor using 96-well multiplates and a solid state scintillator was developed. In the assay system,
[3H]ditolylguanidine (DTG) was used as radioligand and membrane homogenates from human RT-4 cells
physiologically expressing o, receptors served as receptor material. In order to block the interaction of
the unselective radioligand [*H]DTG with o receptors, all experiments were performed in the presence
of the o selective ligand (+)-pentazocine. The density of o, receptors of the cells was analyzed by a
saturation experiment with [*H]DTG. The radioligand [*H]DTG was bound to a single, saturable site on
human o, receptors, resulting in a Byax value of 2108 + 162 fmol/mg protein and Ky-value of 8.3 2.0 nM.
The expression of competing o1 receptors was evaluated by performing a saturation experiment using the
o selective radioligand [>H](+)-pentazocine, which resulted in a B,y value of 279 + 40 fmol/mg protein
and Ky value of 13.4 + 1.6 nM. For validation of the o, binding assay, the K;-values of four o, ligands
(ditolylguanidine, haloperidol, rimczole and BMY-14802) were determined with RT-4 cell membrane
preparations. The K; values obtained from these experiments are in good accordance with the K;-values
obtained with rat liver membrane preparations as receptor material and with K; values given in the
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1. Introduction

The o receptors were first postulated in 1976 by William Martin.
Originally, they were erroneously classified as a subtype of opioid
receptors [1]. Meanwhile, the o receptors are recognized as unique
class of receptors and are further divided into at least two receptor
subtypes, termed o and o receptor [2]. The existence of a third
subtype, the o3 receptor, has been proposed, but further experi-
ments have shown that it rather belongs to the histamine receptor
family [3,4]. Among the o receptors, more details are known
about the o receptor subtype. It has been cloned from various
tissues from guinea pigs, rats, and humans [5-7]. In contrast to G-
Protein coupled receptors with seven transmembrane helices, the
01 receptor consists of 223 amino acids, which pass the membrane
in two transmembrane domains [6]. There is no structural relation-
ship to other mammalian proteins. The gene for the o receptor
resides on chromosome 9 of humans and also contains a cytokine
and steroid responsive element [8]. The amino acid sequence of the
human o receptor is 93% identical with the o receptor of guinea
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pigs. As endogenous ligands for the o1 receptor certain neuroactive
steroids, in particular dehydroepiandrosterone and progesterone
have been described. Testosterone also has a moderate affinity to
o1 receptors [9,10]. More recently, N,N-dimethyltryptamine, an
endogenous hallucinogenic compound, has been found to bind to
o1 receptors [11].

In contrast to the oy receptor, there is considerably less knowl-
edge about the o, receptor subtype. The molecular weight of the
0, receptor is estimated to be 21.5 kDa [12]. The existence of the o
receptors was proved by the specific binding of unselective o recep-
tor ligands in o1 receptor knock-out mice [13,14]. The o receptors
are ubiquitously expressed in the body with exception of the cen-
tral nervous system (CNS) and they are found in many peripheral
tissues including liver, kidney, lung and heart [15].

Both o receptor subtypes are expressed in high density in dif-
ferent human tumor cells, including breast, lung, colon, ovary and
prostate cancer [16-21]. Recently, we detected that the human uri-
nary bladder cell line RT-4 [22] has a high density of o receptors,
in particular o, receptors. This encouraged us to characterize the
o1 and o, receptor expression of these human tumor cells in more
detail.

Due to the postulated involvement of o, receptors in tumor
cell proliferation, the development of o selective ligands is a very
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promising field of tumor research. On the one hand, o, selective PET
ligands can be used to image and monitor the progression of many
tumor cells, [23,24] on the other hand the development of o, selec-
tive ligands could lead to a new class of anti-cancer drugs. However,
the development of novel ligands with high affinity and selectivity
to the human o, receptor requires selective binding assays.

Generally, o, receptor binding assays are based on membrane
preparations from rat liver [12]. A method for evaluating the activ-
ity of o5 ligands using preparations from guinea pig bladder has also
been described [25]. However, the human o, receptor has not been
cloned or functionally expressed in cells yet. These issues provided
the rationale to establish a radioligand based competitive binding
assay for the human o receptor using cell membrane prepara-
tions of a commercially available human tumor cell line with a high
density of o, receptors.

Herein, we report on the development of a selective, filtration-
based receptor binding assay on 96-well-multiplates for the human
o, receptor using the human tumor cell line RT-4 as receptor mate-
rial and [3H]ditolylguanidine as radioligand. While the o, receptor
expression in tissues of human bladder cancer has already been
characterized [17], the o and o, receptor expression of the RT-4
tumor cell line has not been investigated in full detail and had to
be characterized for the purpose of our assay system.

2. Materials and methods

2.1. Cell culture and preparation of membrane homogenates from
RT-4 cells

RT-4 cells [26] were commercially available (DSMZ, Braun-
schweig, Germany). The cells were grown in RPMI 1640 medium
containing 10% of standardized FCS (Biochrom AG, Berlin,
Germany). The cells were split in a ratio of 1:3 using trypsine/EDTA
solution (Biochrom AG, Berlin, Germany) when the cell density of
the adherent growing cells had reached approximately 90% of con-
fluency. The cells were harvested mechanically by scraping off from
the bottom of the cell culture flasks and pelleted (10 min, 5000 x g,
Hettich Rotina 35R centrifuge, Tuttlingen, Germany).

For the binding assay, the cell pellet was resuspended in phos-
phate buffered saline solution (PBS; Biochrom AG) and the number
of cells was determined using an improved Neubauer’s counting
chamber (VWR, Darmstadt, Germany). Subsequently, the cells were
lysed by sonication (4 °C, 6 x 10 s cycles with breaks of 10 s, device:
Soniprep 150, MSE, London, UK). The resulting cell fragments were
centrifuged with a high performance cooling centrifuge (20,000 x g,
4°C, Sorvall RC-5 plus, Thermo Scientific). The supernatant was
discarded and the pellet resuspended in a defined volume of PBS
yielding cell fragments from approximately 4,000,000 cells/mL. The
suspension of membrane homogenates was sonicated again (4 °C,
2 x 105 cycles with a break of 10 min) and stored at —80°C.

2.2. Preparation of membrane homogenates from rat liver [27,28]

Two rat livers were cut into small pieces and homogenized with
a potter (500-800 rpm, 10 up-and-down strokes, device: Elvehjem
Potter, B. Braun Biotech International, Melsungen, Germany) in 6
volumes of cold 0.32 M sucrose. The suspension was centrifuged at
1200 x g for 10 min at 4 °C. The supernatant was separated and cen-
trifuged at 31,000 x g for 20 min at 4 °C. The pellet was resuspended
in 5-6 volumes of buffer (50 mM TRIS, pH 8.0) and incubated at
room temperature for 30 min. After the incubation, the suspen-
sion was centrifuged again at 31,000 x g for 20 min at 4°C. The
final pellet was resuspended in 5-6 volumes of buffer and stored at
—80°C in 1.5 mL portions containing about 2 mg protein/mL (refer
to chapter “Quantitative protein concentration analysis”).

2.3. Analysis of protein concentration

The protein concentration was determined by the method of
Bradford [29], modified by Stoscheck [30]. The Bradford solution
was prepared by dissolving 5 mg of Coomassie Brilliant Blue G 250
in 2.5 mL of EtOH (95%, v/v). 10 mL deionized H,0 and 5 mL phos-
phoric acid (85%, m/v) were added to this solution, the mixture was
stirred and filled to a total volume of 50.0 mL with deionized water.
The calibration was carried out using bovine serum albumin as a
standard in 9 concentrations (0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0 and
4.0mg/mL). In a 96-well standard multiplate, 10 L of the calibra-
tion solution or 10 L of the membrane receptor preparation were
mixed with 190 L of the Bradford solution, respectively. After
5 min, the UV absorption of the protein-dye complex at A =595 nm
was measured with a platereader (Tecan Genios, Tecan, Crailsheim,
Germany).

2.4. oy receptor binding assay

The competitive binding assays were performed with the radi-
oligand [3H]DTG (specific activity 50 Ci/mmol; ARC, St. Louis, MO,
USA) using standard 96-well-multiplates (Diagonal, Muenster,
Germany). 50 pL of the thawed membrane preparations (either
membrane fragments prepared from approximately 200,000 RT-4
cells containing 150 pg protein or rat liver preparation containing
100 g protein) were incubated with 50 L of test compound (six
different concentrations, usually 10 wM-0.1 nM final assay concen-
tration), 50 L radioligand (12nM [3H]DTG in 50mM TRIS, final
assay concentration 3 nM), and buffer containing (+)-pentazocine
(2 wM (+)-pentazocine in 50 mM TRIS, pH 8.0, final assay concen-
tration 500 nM) in a total volume of 200 pL for 120 min at 37°C
(RT-4 cell fragments) or room temperature (rat liver membranes).
Generally, the receptor preparation was added last. All experiments
were carried out in triplicates. The incubation was terminated by
rapid filtration through filtermats using a cell harvester (Micro-
Beta FilterMate-96 Harvester, Perkin Elmer). Prior to harvesting,
the filtermats were presoaked in 0.5% aqueous polyethylenimine
for 2h at room temperature. After washing each well five times
with 300 uL of water, the filtermats were dried at 95°C. Sub-
sequently, the solid scintillator was placed on the filtermat and
melted at 95°C. After 5min, the solid scintillator was allowed to
solidify at room temperature. The bound radioactivity trapped on
the filters was counted in the scintillation analyzer (Microbeta
Counter, Perkin Elmer). The overall counting efficiency was 20%.
The nonspecific binding was determined with 10 wM non-labeled
DTG.

2.5. Saturation experiments for o, receptors

The saturation analysis was performed by incubating increas-
ing concentrations of [2H]DTG (final assay concentrations 0.1 nM,
0.25nM, 0.5nM, 1.0 nM, 2.5 nM, 5.0 nM, 10 nM and 20 nM) together
with cell fragments obtained from 200,000 cells (containing 150 g
protein) in buffer containing (+)-pentazocine (final assay concen-
tration 500 nM (+)-pentazocine in 50 mM TRIS, pH 8.0) for 2 h at
37°C. For each concentration, the nonspecific binding was deter-
mined with an excess of non-labeled DTG (10 wM). All experiments
were carried out in triplicates. The filtration and scintillation count-
ing was performed as described above. K4 and Bmax Were calculated
as described in Section 2.7.

2.6. Saturation experiments for o; receptors
The saturation analysis was performed by incubating increas-

ing concentrations of [3H](+)-pentazocine (specific activity
22 Ci/mmol, Perkin Elmer) final assay concentration (0.1nM,
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Fig. 1. o saturation experiment using RT-4 cell line preparations and [*H]DTG as
radioligand; total binding = recorded counts per minute using increasing concentra-
tions of [*°H]DTG; nonspecific binding = counts per minute using increasing amounts
of [*H]DTG in the presence of large amount of non-labeled DTG.

0.25nM, 0.5nM, 1.0nM, 2.5nM, 5nM, 10nM and 20 nM) together
with cell fragments obtained from 200,000 cells (containing 150 g
protein) in TRIS-buffer (50 mM, pH 7.4) for 2 h at 37°C. For each
concentration, the nonspecific binding was determined with an
excess of non-labeled (+)-pentazocine (10 wM). All experiments
were carried out in triplicates. The filtration and scintillation
counting was performed as described above. K4 and Bpax were
calculated as described in Section 2.7.

2.7. Data analysis

Data analysis was performed with Graph Pad Prism® Software,
Version 3.0 (Graph Pad Software Inc., San Diego, CA, USA). Sat-
uration analyses were made by nonlinear regression using the
“one-site-saturation” calculation method. The Ky and Bmax values
are given as mean values from three independent experiments.
The Scatchard (Rosenthal) plot was generated by linear regression
using the least squares method from one representative satu-
ration experiment. The ICsg-values of the reference compounds
used in the competitive binding experiments were determined
by nonlinear regression using the “one-site-competition” cal-
culation method. Subsequently, the Kj-values of the reference
compounds were calculated according to the equation of Cheng
and Prusoff [31]. The K; values are given as mean values from
three independent experiments4 Standard Error of the Mean
(SEM).

3. Results and discussion
The density of ¢ and o, receptors of RT-4 cells was deter-
mined by saturation experiments. For the determination of the

amount of oy receptors the highly o selective radioligand [3H](+)-

Table 1
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Fig. 2. o, saturation experiment using RT-4 cell line preparations and [3H](+)-
pentazocine as radioligand; total binding=recorded counts per minute using
increasing concentrations of [*H](+)-pentazocine; nonspecific binding = counts per
minute using increasing amounts of [3H](+)-pentazocine in the presence of large
amount of non-labeled (+)-pentazocine.

pentazocine was used. Since a selective radioligand for labeling of
o, binding sites is not commercially available, the o saturation
experiments were performed with the o unselective radioligand
[3H]DTG in the presence of o; selective (+)-pentazocine masking
o receptors.

The o, saturation experiment is shown in Fig. 1. Comparison
of the curves resulting without inhibitor (total binding) and in the
presence of a large excess of inhibitor ditolylguanidine (nonspecific
binding) clearly indicates that the RT-4 cell membrane preparation
contained a significant amount of o, receptors. Nonlinear regres-
sion analysis led to a Bmax-value of 2108 fmol o, receptors per mg
protein (Table 1).

The oy saturation experiments performed with the same
receptor preparation from RT-4 cell lines using the radioligand
[3H](+)-pentazocine also resulted in a specific oy receptor bind-
ing (Fig. 2). However, the amount of o; receptors (Bmax =279 fmol
per mg protein) is around 7-fold lower compared with the amount
of o, receptors in this preparation.

The alternative Scatchard (Rosenthal) Plot analysis of the sat-
uration experiments resulted in somewhat different oy and o>
receptor concentrations (Table 1). However the ratio of o;: 04
receptors is almost the same, proving that the RT-4 cells predomi-
nantly produce o, receptors. These results are in good accordance
with the results from Vilner et al. [21] who reported high expres-
sion rates of o, receptors in various proliferating solid tumor cells.
Moreover, the linearity of the Scatchard Plot demonstrates that a
single saturable binding site was labeled by [3H]|DTG in the pres-
ence of (+)-pentazocine (Fig. 3).

Since the saturation experiments were carried out with cell frag-
ments from approximately 200,000 cells, the calculated Biax values
of 1581 pM and 209 pM protein are corresponding to approxi-

Characterization of the RT-4 cell membrane preparation with respect to o, and o receptor expression using [*H]DTG and [>H](+)-pentazocine as radioligands. Bpmax and
Ky values calculated by nonlinear regression are expressed as mean values & SEM (n=3), the results from the Scatchard analysis were calculated from one representative

experiment.
Bmax & SEM [fmol/mg protein] Bmax = SEM [pM] Kq 4 SEM [nM]
Nonlinear Scatchard Nonlinear Scatchard Nonlinear Scatchard
regression analysis analysis regression analysis analysis regression analysis analysis
o receptors ([3H](+)-pentazocine) 279 £ 40 257 209 + 30 193 134 £ 1.6 16.5
o, receptors ([*H]DTG) 2108 + 162 1717 1581 + 121 1288 83+20 6.3
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Fig. 3. Scatchard plot analysis of the o saturation experiment using RT-4 cell line
preparations and [2H]|DTG as radioligand.

mately 948,000 copies of o, receptors/cell and 125,000 o binding
sites/cell. The high o, receptor density rendered the RT-4 cell
line attractive for the development of a competitive o bind-
ing assay. However, the RT-4 cells still produce oy receptors
and therefore selective masking of the detected o1 binding sites
with (+)-pentazocine is required to gain a selective assay with
[3H|DTG.

The nonlinear regression analysis and the Scatchard anal-
ysis of the o, saturation experiment resulted in Ky-values for
ditolylguanidine of 8.3 and 6.3 nM, respectively (Table 1). These
Kg4-values are quite similar to the reported Ky-value of ditolyl-
guanidine with rat liver membrane preparations (Kg=17.9nM)
[32]. The slightly reduced Ky value might indicate a higher affin-
ity of ditolylguanidine to the human o, receptor. The Ky-value
from the nonlinear regression analysis (8.3 nM) was used for the
calculation of Kj-values of reference compounds, because the
data transformation used in Scatchard plot analysis violates the
assumptions of linear regression. Therefore, the data obtained
by nonlinear regression analysis are generally considered to be
more accurate. The calculated Ky-values for (+)-pentazocine by
non-linear regression and Scatchard analysis are very similar (13.4
and 16.5 nM, respectively). But for the same reason as mentioned

NH
NJ\N
H H
CH, CH,

di-o-tolylguanidine (DTG)

OH

BMY 14802

120 ® haloperidol
O ditolylguanidine

% bound

log conc. [M]

Fig. 5. Competition curves of DTG and haloperidol with [*H]DTG in the o, assay
using RT-4 cell preparations, data from one representative experiment.

above, all further calculations were performed with the Ky-value
obtained by nonlinear regression.

3.1. Competition experiments

In order to validate the RT-4 cell membrane preparation,
K;-values of known o ligands were recorded in competition
experiments by incubation of RT-4 cell membrane preparations
with [3H]DTG as radioligand and different concentrations of the
respective o5 ligands. The IC5g-values were determined by non-
linear regression analysis, transformed into Kj-values by the
Cheng-Prusoff equation and the resulting data were compared
with the Kj-values recorded with standard rat liver membrane
preparations. For this purpose, the unselective o ligands di-o-
tolylguanidine and haloperidol and, moreover, the o, preferential
ligands BMY-14802 and rimcazole were selected (Fig. 4). With these
ligands, a broad affinity spectrum ranging from 49nM to 1 M is
covered.

In Table 2 the o, receptor affinities of the four reference com-
pounds are summarized. Generally the K;-values generated with
the RT-4 cell preparation are in the same range as the K;-values gen-
erated with rat liver preparations. For ditolylguanidine K;-values

Cl

OH

haloperidol

CH

CH

3

rimcazole

Fig. 4. Structures of four selected reference compounds.
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Table 2

Comparison of Kj-values and Hill slopes (ny) of four reference compounds using RT-4 cell line preparations and rat liver preparations; comparison with literature data. All

mean values + SEM are based on 3 independent experiments (n=3).

Human o, receptor (RT-4)

Rat o, receptor (liver) Literature (rat liver)

K; +SEM [nM] iy + SEM K; = SEM [nM] ny + SEM K; = SEM [nM]
Di-o-tolylguanidine (DTG) 20+£58 —0.98 + 0.08 58 + 18 ~0.99 + 0.09 43 £ 9[33]
Haloperidol 200 + 33 ~1.19 + 0.09 78 £23 -1.22 £ 0.10 54 + 10 [33]
BMY-14802 232 + 48 ~1.21 £ 0.02 266 + 45 ~1.09 & 0.08 230[34]
Rimcazole 571 + 155 ~1.12 + 0.08 852 + 51 ~1.13 £ 0.10 1162 + 160 [33]

of 20nM (RT-4 cells) and 58 nM (rat liver) were determined. This
slight difference might be explained by the usage of receptor mate-
rial from different species. For haloperidol, Kj-values of 200 nM
(RT-4 cells) and 78 nM (rat liver) were recorded. This is in good
accordance to the observations of Vilner, John and Bowen, who also
observed a significant lower affinity of haloperidol to o, binding
sites of human tumor cell lines [21]. Also, the Hill slopes of the com-
petition curves are very similar in both assay systems and the values
close to —1.0 indicate that no positive or negative cooperativity is
involved. This confirms the results from the saturation experiment
in which one single, saturable binding site was observed. The com-
petition curves of DTG and haloperidol from one representative
experiment using membrane fragments from RT-4 cells as receptor
material are shown in Fig. 5.

4. Conclusion

The high o, receptor density of human urinary bladder tumor
cell line RT-4 was exploited to develop a binding assay for the deter-
mination of o, receptor affinity. In a saturation experiment using
the radioligand [3H]|DTG a o, receptor amount of 2108 fmol/mg
protein and a Ky-value of 8.3 nM were determined. Although the
o1 receptor density of the RT-4 cells is considerably lower than
the o, receptor density, (+)-pentazocine has to be added to the
equilibration mixture to render the assay completely o selective.
The o affinities of reference compounds are in good accordance
with the o, affinities recorded with standard rat liver membrane
preparations and previously reported data. For the first time a
binding assay for the o, receptor is described using a defined,
commercially available human tumor cell line as receptor mate-
rial instead of tissue preparations from tumor patients. This leads
to a greater reproducibility of the o, assay, since the cell mate-
rial is more homogenous than the inhomogeneous native material.
But even more important, the assay based on RT-4 cells allows the
routine determination of affinity of test compounds to the human
o, receptor. Moreover, using cell lines as receptor material in the
first screening reduces the amount of animals required for drug
development. Another advantage of the assay system is the perfor-
mance and validation at 37 °C instead of room temperature which
simplifies the standardization of the assay conditions.

Acknowledgement

Financial support of this project by the Deutsche Forschungsge-
meinschaft is gratefully acknowledged.

References

[1] W.R. Martin, C.G. Eades, ]J.A. Thompson, R.E. Huppler, P.E. Gilbert, The effects
of morphine- and nalorphine-like drugs in the nondependent and morphine-
dependent chronic spinal dog, J. Pharmacol. Exp. Ther. 197 (1976) 517-532.

[2] R. Quirion, W.D. Bowen, Y. Itzhak, J.L. Junien, .M. Musacchio, R.B. Rothman,
T.P. Su, S.W. Tam, D.P. Taylor, A proposal for the classification of sigma binding
sites, Trends Pharmacol. Sci. 13 (1992) 85-86.

[3] R.G. Booth, C.E. Owens, R.L. Brown, E.C. Bucholtz, C.P. Lawler, S.D. Wyrick,
Putative sigma(3) sites in mammalian brain have histamine H(1) receptor
properties: evidence from ligand binding and distribution studies with the

novel H(1) radioligand [(3)H]-(-)-trans-1-phenyl-3-aminotetralin, Brain Res.
837(1999) 95-105.

[4] A.M. Myers, P.S. Charifson, C.E. Owens, N.S. Kula, A.T. McPhail, R.J. Baldessarini,
R.G. Booth, S.D. Wyrick, Conformational analysis, pharmacophore iden-
tification, and comparative molecular field analysis of ligands for the
neuromodulatory sigma 3 receptor, J. Med. Chem. 37 (1994) 4109-4117.

[5] M. Hanner, F.F. Moebius, A. Flandorfer, H.G. Knaus, J. Striessnig, E. Kempner, H.
Glossmann, Purification, molecular cloning, and expression of the mammalian
sigma1l-binding site, Proc. Natl. Acad. Sci. U.S.A. 93 (1996) 8072-8077.

[6] R. Kekuda, P.D. Prasad, Y.J. Fei, F.H. Leibach, V. Ganapathy, Cloning and func-
tional expression of the human type 1 sigma receptor (hSigmaR1), Biochem.
Biophys. Res. Commun. 229 (1996) 553-558.

[7] P. Seth, Y.J. Fei, HW. Li, W. Huang, F.H. Leibach, V. Ganapathy, Cloning and
functional characterization of a sigma receptor from rat brain, J. Neurochem.
70 (1998) 922-931.

[8] P.D. Prasad, H.W. Li, Y.J. Fei, M.E. Ganapathy, T. Fujita, L.H. Plumley, T.L. Yang-
Feng, F.H. Leibach, V. Ganapathy, Exon-intron structure, analysis of promoter
region, and chromosomal localization of the human type 1 sigma receptor gene,
J. Neurochem. 70 (1998) 443-451.

[9] J.D. Ramamoorthy, S. Ramamoorthy, V.B. Mahesh, F.H. Leibach, V. Ganapathy,
Cocaine-sensitive sigma-receptor and its interaction with steroid hormones
in the human placental syncytiotrophoblast and in choriocarcinoma cells,
Endocrinology 136 (1995) 924-932.

[10] T.P. Su, E.D. London, J.H. Jaffe, Steroid binding at sigma-receptors suggests a
link between endocrine, nervous, and immune-systems, Science 240 (1988)
219-221.

[11] D Fontanilla, M. Johannessen, A.R. Hajipour, N.V. Cozzi, M.B.]Jackson, A.E. Ruoho,
The hallucinogen N,N-Dimethyltryptamine (DMT) is an endogenous sigma-1
receptor regulator, Science 323 (2009) 934-937.

[12] S.B. Hellewell, A. Bruce, G. Feinstein, J. Orringer, W. Williams, W.D. Bowen,
Rat liver and kidney contain high densities of sigma 1 and sigma 2 receptors:
characterization by ligand binding and photoaffinity labeling, Eur. J. Pharmacol.
268 (1994) 9-18.

[13] E. Aydar, P. Onganer, R. Perrett, M.B. Djamgoz, C.P. Palmer, The expression and
functional characterization of sigma (sigma) 1 receptors in breast cancer cell
lines, Cancer Lett. 242 (2006) 245-257.

[14] F. Langa, X. Codony, V. Tovar, A. Lavado, E. Gimenez, P. Cozar, M. Cantero, A.
Dordal, E. Hernandez, R. Perez, X. Monroy, D. Zamanillo, X. Guitart, L. Montoliu,
Generation and phenotypic analysis of sigma receptor type I (sigma 1) knockout
mice, Eur. J. Neurosci. 18 (2003) 2188-2196.

[15] J.M. Walker, W.D. Bowen, F.0. Walker, R.R. Matsumoto, B. De Costa, K.C.
Rice, Sigma receptors: biology and function, Pharmacol. Rev. 42 (1990) 355-
402.

[16] W.T. Bem, G.E. Thomas, J.Y. Mamone, S.M. Homan, B.K. Levy, F.E. Johnson, C.J.
Coscia, Overexpression of sigma receptors in nonneural human tumors, Cancer
Res. 51 (1991) 6558-6562.

[17] C.Geiger, C.Zelenka, M. Weigl, R. Frohlich, B. Wibbeling, K. Lehmkuhl, D. Schep-
mann, R. Griinert, P.J. Bednarski, B. Wiinsch, Synthesis of bicyclic sigma receptor
ligands with cytotoxic activity, ]. Med. Chem. 50 (2007) 6144-6153.

[18] R. Holl, D. Schepmann, P.J. Bednarski, R. Griinert, B. Wiinsch, Relationships
between the structure of 6-substituted 6, 8-diazabicyclo [3. 2. 2]nonan-2-ones
and their sigma receptor affinity and cytotoxic activity, Bioorg. Med. Chem. 17
(2009) 1445-1455.

[19] R.Holl, D. Schepmann, R. Froehlich, R. Griinert, P.J. Bednarski, B. Wiinsch, Danc-
ing of the second aromatic residue around the 6, 8-Diazabicyclo[3. 2. 2]nonane
framework: influence on sigma receptor affinity and cytotoxicity, J. Med. Chem.
52(2009) 2126-2137.

[20] R.H. Mach, C.R. Smith, I. Al-Nabulsi, B.R. Whirrett, S.R. Childers, K.T. Wheeler,
Sigma 2 receptors as potential biomarkers of proliferation in breast cancer,
Cancer Res. 57 (1997) 156-161.

[21] B.J.Vilner, C.S.]John, W.D. Bowen, Sigma-1 and sigma-2 receptors are expressed
in a wide variety of human and rodent tumor cell lines, Cancer Res. 55 (1995)
408-413.

[22] C.C.Rigby, L.M. Franks, A human tissue culture cell line from a transitional cell
tumour of the urinary bladder: growth, chromosome pattern and ultrastruc-
ture, Br. ]. Cancer 24 (1970) 746-754.

[23] T.L.Collier, R.N. Waterhouse, M. Kassiou, Imaging sigma receptors: applications
in drug development, Curr. Pharm. Des. 13 (2007) 51-72.

[24] N.A. Colabufo, C. Abate, M. Contino, C. Inglese, M. Niso, F. Berardi, R. Perrone,
PB183, a sigma receptor ligand, as a potential PET probe for the imag-
ing of prostate adenocarcinoma, Bioorg. Med. Chem. Lett. 18 (2008) 1990-
1993.



D. Schepmann et al. / Journal of Pharmaceutical and Biomedical Analysis 55 (2011) 1136-1141 1141

[25] N.A.Colabufo, F. Berardi, M. Contino, R. Perrone, V. Tortorella, A new method for
evaluating sigma(2) ligand activity in the isolated guinea-pig bladder, Naunyn-
Schmiedeberg’s, Arch. Pharmacol. 368 (2003) 106-112.

[26] N.A. Colabufo, F. Berardi, M. Contino, S. Ferorellia, M. Niso, R. Perrone, A.
Pagliarulo, P. Saponaro, V. Pagliarulo, Correlation between sigma(2) receptor
protein expression and histopathologic grade in human bladder cancer, Cancer
Lett. 237 (2006) 83-88.

[27] C.A. Maier, B. Wiinsch, Novel spiropiperidines as highly potent and subtype
selective sigma-receptor ligands. Part 1, J. Med. Chem. 45 (2002) 438-448.

[28] U. Wirt, D. Schepmann, B. Wiinsch, Asymmetric synthesis of 1-substituted
tetrahydro-3-benzazepines as NMDA receptor antagonists, Eur. J. Org. Chem.
(2007) 462-475.

[29] M.M. Bradford, A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein-dye binding, Anal.
Biochem. 72 (1976) 248-254.

[30] C.M. Stoscheck, Increased uniformity in the response of the coomassie
blue G protein assay to different proteins, Anal. Biochem. 184 (1990) 111-
116.

[31] Y. Cheng, W.H. Prusoff, Relationship between the inhibition constant (K1) and
the concentration of inhibitor which causes 50 per cent inhibition (Isg) of an
enzymatic reaction, Biochem. Pharmacol. 22 (1973) 3099-3108.

[32] R.H. Mach, C.R. Smith, S.R. Childers, Ibogaine possesses a selective affinity for
sigma 2 receptors, Life Sci. 57 (1995) PL57-62.

[33] R.R. Matsumoto, B. Pouw, Correlation between neuroleptic binding to sigma(1)
and sigma(2) receptors and acute dystonic reactions, Eur. J. Pharmacol. 401
(2000) 155-160.

[34] J. Perregaard, E.K. Moltzen, E. Meier, C. Sanchez, Sigma-ligands with
subnanomolar affinity and preference for the sigma(2) binding-
site. 1.3-(Omega-Aminoalkyl)-1H-Indoles, J. Med. Chem. 38 (1995)
1998-2008.



	Expression of σ receptors of human urinary bladder tumor cells (RT-4 cells) and development of a competitive receptor bind...
	Introduction
	Materials and methods
	Cell culture and preparation of membrane homogenates from RT-4 cells
	Preparation of membrane homogenates from rat liver [27,28]
	Analysis of protein concentration
	σ2 receptor binding assay
	Saturation experiments for σ2 receptors
	Saturation experiments for σ1 receptors
	Data analysis

	Results and discussion
	Competition experiments

	Conclusion
	Acknowledgement
	References


