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Abstract

N-[4-(3,4-dihydro-6,7-dimethoxyisoquinolin-2(1H)-yl)butyl]-2-methoxy-5-methyl-benzamide (RHM-1) and N-[2-(3,4-dihydro-6,7-dimethox-
yisoquinolin-2(1H)-yl)ethyl]-2-methoxy-5-methylbenzamide (RHM-2), two conformationally flexible benzamide analogues, were radiolabeled
with tritium (specific activity=80 Ci/mmol) and the binding of [3H]RHM-1 and [3H]RHM-2 to sigma-2 (σ2) receptors was evaluated in vitro. [

3H]
RHM-1was found to have a higher affinity forσ2 receptors compared to [3H]RHM-2 and [3H]1,3-di-o-tolylguanidine ([3H]DTG). [3H]RHM-1 had a
dissociation constant (Kd) of 0.66±0.12 nM in rat liver membrane homogenates, which was 30-fold higher than that of [3H]RHM-2 (Kd=19.48±0.51
nM). The lower affinity of [3H]RHM-2 can be attributed to its faster Koff rate since both radioligands have similar Kon rates. Competitive binding
assays were also conducted using a panel of compounds with known affinity for σ2 receptors. The pharmacologic profile of [3H]RHM-1 was in
agreement with that of [3H]DTG. The results of this study indicate that [3H]RHM-1 is a useful ligand for studying σ2 receptors in vitro.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The sigma (σ) receptors are a distinct family of proteins
capable of binding to a wide variety of drugs (Martin et al.,
1976; Walker et al., 1990). Based on photoaffinity labeling
studies with [3H] azido-1,3-di-o-tolylguanidine ([3H]azido-
DTG), two different types of σ receptors have been defined, σ1

and σ2 receptors (Hellewell et al., 1994). The σ1 receptor has a
molecular weight of 25 kDa, and the gene encoding this
receptor has been cloned from guinea pig, human, mouse, and
rat (Hanner et al., 1996; Seth et al., 1997; Kekuda et al., 1996;
Mei and Pasternak, 2001). The gene for the σ1 receptor contains
four exons and three introns and is approximately 7 kbp long.
The σ2 receptor has not been cloned, but biochemical studies
indicate that this protein has a molecule weight of 21.5 kDa.
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Colocalization of σ1 and σ2 receptors has been reported in many
normal tissues and numerous drugs have been found to bind to
σ1 and σ2 receptors with similar affinity (McCann et al., 1994;
Hellewell et al., 1994).

A σ1 receptor splice variant missing exon 3 does not bind the
σ1-selective radioligand, [3H](+)-pentazocine but retains affi-
nity for the σ1/σ2 nonselective ligand, [3H]DTG (Wang et al.,
2004). Based on this observation, it was suggested that the σ2

receptor may be the product of alternative gene splicing of σ1

receptor, namely the σ1β receptor. However, in vitro binding
studies conducted on tissues obtained from a σ1 receptor
knockout mouse demonstrated that although [3H](+)-pentazo-
cine binding was significantly reduced in brain tissues, binding
of σ1/σ2 radioligand [3H]DTG was unaffected (Langa et al.,
2003). These data suggest that the σ2 receptor is encoded by
different gene and may not simply represent a slice variant of the
σ1 receptor.

Although the biological function of the σ receptors is not
known, there is a large body of evidence to support that the σ1

receptor plays an important role in central nervous system



Fig. 1. Chemical structures of [3H]RHM-1 and [3H]RHM-2.
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function. A number of in vitro binding and in vivo behavioral
studies have suggested that neuroactive steroids are endogenous
ligands for the σ1 receptor (Su et al., 1988; Monnet et al., 1995;
Maurice et al., 1999). Ligands binding to the σ1 receptor also
modulate the release of neurotransmitters, and several of these
compounds have shown promise as antipsychotic, antide-
pressants, and drugs blocking the reinforcing effect of psy-
chostimulants (Takebayashi et al., 2002; Su and Hayashi, 2003;
Matsumoto et al., 2003; Guitart et al., 2004).

Much less is known about the biological function of the σ2

receptor. However, a number of studies have reported that σ2

receptors over expressed in a wide variety of human and murine
tumor cells grown in cell culture (Bem et al., 1991; Vilner et al.,
1995; Mach et al., 1997). Furthermore, we have previously
reported that the density of σ2 receptors is 10-fold higher in
proliferative versus quiescent mouse mammary adenocarci-
noma cells in vitro (Mach et al., 1997; Al-Nabulsi et al., 1999)
and in vivo (Wheeler et al., 2000). Based on these data, we have
proposed that the σ2 receptor may serve as a receptor-based
biomarker of the proliferative status of solid tumors. Recent
studies have also shown that σ2 receptor ligands can induce
apoptosis in tumor cells, which raises the possibility that σ2

selective ligands may be useful as anticancer or chemo-
sensitizing agents (Crawford and Bowen, 2002; Matsumoto et
al., 2004). A potential role of the σ2 receptor in regulating tumor
cell proliferation and apoptosis has led to a renewed interest in
understanding the biological function of this receptor.

[3H](+)-pentazocine is a selective ligand for in vitro studies
of the σ1 receptor. The radioligand most often used to study σ2

receptors in vitro is [3H]DTG. However, this radioligand binds
with equal affinity to σ1 and σ2 receptors (Walker et al., 1990;
Hellewell et al., 1994). In vitro binding studies aimed at
measuring the density of σ2 receptors in tissue or tumor
membrane homogenates requires the addition of unlabeled (+)-
pentazocine to the assay in order to mask the binding of [3H]
DTG to σ1 receptors (Hellewell et al., 1994). Furthermore, the
relatively low affinity of [3H]DTG to σ2 receptors (Kd∼25 nM)
requires the use of a relatively high concentration of this
compound in the binding assay. Therefore, the development of a
novel radioligand with high affinity and specificity for σ2

receptors would represent an important improvement in the
methodology used to assay σ2 receptors in vitro.

Our group has previously reported a number of compounds
having a high affinity and selectivity for σ2 receptors compared
to their affinity for σ1 receptors (Mach et al., 1999, 2001, 2002,
2004). Two of these compounds are the conformationally
flexible benzamide analogs, N-[4-(3,4-dihydro-6,7-dimethox-
yisoquinolin-2(1H)-yl)butyl]-2-methoxy-5-methyl-benzamide
(RHM-1) and N-[2-(3,4-dihydro-6,7-dimethoxyisoquinolin-2
(1H)-yl)ethyl]-2-methoxy-5-methylbenzamide (RHM-2), which
have been shown to have a high affinity and selectivity for σ2

receptors (Mach et al., 2004). Their high σ2 receptor affinity
(Kib15 nM) and selectivity (σ2/σ1 ratioN300) suggests that
they may be useful for assessing the σ2 receptor status of solid
tumors and normal tissues when they are radiolabeled.
Therefore, RHM-1 and RHM-2 were radiolabeled with tritium
(specific activity=80 Ci/mmol), and the binding of [3H]RHM-1
and [3H]RHM-2 to σ2 receptors of rat liver and breast tumor
homogenates were evaluated in vitro. [3H]RHM-1 was found to
have a higher affinity for σ2 receptors compared to [3H]RHM-2
and [3H]DTG. The results of our studies demonstrate that [3H]
RHM-1 is a useful radioligand for assessing the σ2 receptor
status of tumors and normal tissues.

2. Materials and Methods

2.1. Precursor synthesis and radiolabeling

The tritiated compounds were synthesized by American
Radiolabeled Chemicals, Inc. (St. Louis, MO) via O-alkylation
of the corresponding phenol precursor (Tu et al., 2005); the
specific activity of the radioligands was 80 Ci/mmol. The
chemical structures of [3H]RHM-1 and [3H]RHM-2, which
vary in the length of the carbon spacer between the amide
nitrogen and the tertiary amine group, are shown in Fig. 1.
[3H]DTG (58.1 Ci/mmol) was purchased from PerkinElmer
(Boston, MA).

2.2. Drugs and preparation

Chemical reagents and the standard compounds were
purchased from Sigma (St. Louis, MO) and Tocris (Ellisville,
MO). Novel compounds used in this study were synthesized by
our group. N,N-Dimethylformamide (DMF), dimethyl sulfoxide
(DMSO) or ethanol were used to dissolve the various
compounds (Table 3); different concentrations were then
achieved by diluting stock solutions with a solution containing
50 mM Tris–HCl, 150 mMNaCl and 100 mM EDTA at pH 7.4.

2.3. Membrane homogenate preparation

Membrane homogenates were prepared from the livers
of male Sprague–Dawley rats (300–350 g). Animals were
anesthetized with 3% isoflurane/oxygen and sacrificed by
decapitation. The livers were removed, frozen on dry ice
immediately and stored at −80 °C until used. Before homo-
genization, the livers were allowed to thaw slowly on ice. Tissue
homogenization was carried out at 4 °C using a Potter–Elvehjem
tissue grinder at a concentration of 1 g of tissue/ml of 50 mM
Tris–HCl at pH 8.0. The crude membrane homogenate was
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then transferred to a 50 ml centrifuge tube and resuspended to a
concentration of 0.2 g of tissue/ml of 50 mM Tris–HCl.
Additional homogenization was accomplished using an Ultra-
Turrax T8 polython homogenizer (IKA Works, Inc., Wil-
mington, NC). The final homogenate was then centrifuged for 10
min at 1000×g, the pellet discarded and the supernatant mixed by
vortexing. Aliquots were stored at −80 °C until use. The protein
concentration of the suspension was determined using the DC
protein assay (Bio-Rad, Hercules, CA) and averaged ∼10 mg
of protein/ml of stock solution. Membrane homogenates
from ∼1 g MDA-MB-435 human breast tumor xenografts
and ∼1 g EMT-6 mouse breast tumor xenografts were
prepared as described for the liver membrane homogenates.

2.4. Sigma-2 receptor binding assay

2.4.1. Kinetic studies
The kinetic analysis of [3H]RHM-1 (∼2 nM), [3H]RHM-2

(∼4 nM) and [3H]DTG (∼16 nM) binding to rat liver
homogenates (∼2 mg/ml) was carried out to measure the
association (Kon) and dissociation (Koff) rates. These values
were then used to calculate the Kd values of each radioligand.
Association and dissociation curves were obtained by recording
the amount of the radioligand bound specifically (Bs) as a
function of time (t) at a constant concentration of both the
radioligand and the receptor. The specific binding was defined
as the difference between the total (Bt) and the nonspecific
(Bns) binding, where the nonspecific binding of the radio-
ligand was obtained in the presence of 10 μM DTG for [3H]
RHM-1 and [3H]RHM-2 or 10 μM haloperidol for [3H]DTG.
For each kinetic analysis, three independent experiments were
performed.

The values for receptor density (Bmax) and the observed
association rate constant (Kob) were determined by fitting the
curve of specific binding vs. time using the following equation:

Bs ¼ Bmaxdð1−e−Kobt Þ:

Dissociation experiments were carried out by adding 10 μM
DTG to the reaction mixture after equilibrium was achieved and
measuring the specific binding of the radioligand as a function
of time. Koff was determined by fitting the curve of bound
radioligand vs. time using the following equation:

Bs ¼ Bmaxde
−Koff t:

The values for Kon and Kd were calculated using the formulas
below, where L is the concentration of the radioligand being
used in the assay (McGonigle and Molinoff, 1989).

Kon ¼ Kob−Koff

½L�

Kd ¼ Koff

Kon
:

The data analysis and curve fitting were performed with the
KaleidaGraph software purchased from Synergy (Reading, PA).
2.4.2. Scatchard analysis
Membrane homogenates were diluted with 50 mM Tris–HCl

buffer, pH 8.0 and incubated with the radioligand in a total
volume of 150 μl at 25 °C in 96 well polypropylene plates
(Fisher Scientific, Pittsburgh, PA). The incubation time was 60
min for [3H]RHM-1 and [3H]RHM-2, and 120 min for [3H]
DTG. For the [3H]DTG binding assay; the σ1 sites were masked
with 1 μM (+)-pentazocine. The amount of protein added to
each well was: rat liver membrane homogenates, ∼300 μg;
MDA-MB-435 human breast tumor membrane homogenates,
∼100 μg; EMT-6 mouse breast tumor membrane homogenates,
∼100 μg. The concentrations of the radioligand ranged from
0.001 to 100 nM. The reactions were terminated by the addition
of 150 μl of cold wash buffer (10 mM Tris–HCl, 150 mMNaCl,
pH 7.4, at 4 °C) using a 96 channel transfer pipette (Fisher
Scientific, Pittsburgh, PA), and the samples harvested and
filtered rapidly to 96 well fiber glass filter plate (Millipore,
Billerica, MA) that had been presoaked with 100 μl of 50 mM
Tris–HCl buffer, pH 8.0 for 1 h. Each filter was washed with
200 μl of ice-cold wash buffer for a total of three washes and
added with 150 μl of scintillation fluid. A Wallac 1450
MicroBeta liquid scintillation counter (Perkin Elmer, Boston,
MA) with a counting efficiency of∼19% was used to quantitate
the bound radioactivity. Nonspecific binding was determined
from samples which contained 10 μM cold RHM-1, DTG or
haloperidol. The equilibrium dissociation constant (Kd) and
maximum number of binding sites (Bmax) were determined by a
linear regression analysis of the transformed data using the
method of Scatchard (Scatchard, 1949).

Data from saturation radioligand binding studies was
transformed to determine the Hill coefficient, nH, defined as:

log
Bs

Bmax−Bs
¼ logKd þ nHlogL

(Hill, 1910; McGonigle and Molinoff, 1989). L is the con-
centration of radioligand. nH, the Hill slope, was determined
from the Hill plot of log Bs

Bmax−Bs
versus log L.

2.4.3. Competitive binding
Rat liver membrane homogenates (∼300 μg protein) were

diluted with 50 mM Tris–HCl buffer, pH 8.0 and incubated in a
total volume of 150 μl with the radioligand at 25 °C in 96 well
plates. The incubation time was 60 min for [3H]RHM-1 and 120
min for [3H]DTG. The σ1 sites were masked in the presence of
1 μM (+)-pentazocine to determine the σ2 receptor binding
characteristics of [3H]DTG,. The final concentration of the
radioligand in each assay was ∼1 nM for [3H]RHM-1 and
∼5 nM for [3H]DTG. Inhibitor concentrations ranging from
0.1 nM to 10 μM were added to acquire the inhibition curves.
After the reaction was completed, the samples were harvested,
washed three times, and the bound radioactivity counted and
analyzed as described above. Nonspecific binding was
determined from samples that contained 10 μM of cold
haloperidol.

Data from the competitive inhibition experiments were
modeled using nonlinear regression analysis to determine the



11J. Xu et al. / European Journal of Pharmacology 525 (2005) 8–17
concentration of inhibitor that inhibits 50% of the specific
binding of the radioligand (IC50 value). The competition curves
were modeled for a single site using the following equation:

Bs ¼ B0− ðB0*IÞ=ðIC50 þ IÞ� �

where Bs is the amount of the radioligand bound specifically
to the membrane homogenates (i.e. Bs=Bt−Bns, where Bt is
Fig. 2. Kinetic analysis of the binding of [3H]RHM-1, [3H]RHM-2 and [3H]DTG
experiments of [3H]RHM-1, [3H]RHM-2 and [3H]DTG, respectively. The data are s
function of the incubation time (min). The curves were fitted by nonlinear regression
and [3H]DTG, respectively. The data are shown as the percent of the radioligand spec
D) or haloperidol (F). The curves were fitted by nonlinear regression.
the total bound radioactivity and Bns is the nonspecific
binding of the radiotracer), B0 is the amount of the radioligand
bound in the absence of the competitive inhibitor, I is the
concentration of the competitive inhibitor and the IC50 is the
concentration of competitive inhibitor that blocks 50% of
the total specific binding. The values for Bns and B0 were
constrained using experimentally derived values. Competitive
inhibition constants (Ki values) were calculated from the IC50
in σ2 receptors of rat liver homogenates. A, C, E: Representative association
hown as the counts per minute (cpm) of the radioligand specifically bound as a
. B, D, F: Representative dissociation experiments of [3H]RHM-1, [3H]RHM-2
ifically bound as a function of time (min) after the addition of 10 μM of DTG (B,



Table 1
Summary of the binding kinetics of [3H]RHM-1, [3H]RHM-2 and [3H]DTG to
the σ2 receptors on rat liver membrane homogenates a

Radioligand Koff, min−1

(±S.E.M.)
Kd, nM
(±S.E.M.)

Kon, nM
−1 min−1

(±S.E.M.)

[3H]RHM-1 0.027±0.004 0.72±0.28 0.05±0.01
[3H]RHM-2 0.144±0.003 15.22±4.34 0.01±0.003
[3H]DTG 0.21±0.012 38.5±4.15 0.0054±0.0006
a The values are the mean±S.E.M. of duplicate samples from 3 independent

experiments.
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values using the Cheng and Prussoff equation (Cheng and
Prussoff, 1973):

Ki ¼ IC50

1þ Lt=Kd

where the Kd values of [3H]RHM-1 and [3H]DTG derived
from rat liver homogenate experiments are 0.66 nM and 30.73
nM, respectively, and Lt is the concentration of radioligand
used in each assay.

Data from competitive radioligand binding studies was
transformed to determine the pseudoHill coefficient, n′H,
defined as:

log
Bs

B0−Bs
¼ n VHlogI−n VHlogIC50:

(Hill, 1910; McGonigle and Molinoff, 1989). n′H, which is
the negative of the Hill slope, was readily determined from the
plot of log Bs

B0−Bs
versus log I.

3. Results

3.1. Radiochemical synthesis

The chemical structures of [3H]RHM-1 and [3H]RHM-2 are
shown in Fig. 1. The specific activity of both radioligands is 80
Ci/mmol, with a radiochemical purity of N98%, determined by
high performance liquid chromatography (HPLC). The
complete details of the synthesis and radiolabeling procedures
will be published elsewhere. The primary difference between
these two radioligands is the four carbon spacer for [3H]RHM-1
and the two carbon spacer for [3H]RHM-2. Because of this
structural difference, [3H]RHM-2 has a lower log P value than
[3H]RHM-1 (Tu et al., 2005). Their affinities and selectivity for
σ2 receptors, were found to be similar based on the results of the
competitive binding assays using [3H]DTG as the radioligand
(Mach et al., 2004).

3.2. Kinetics experiments in rat liver membrane homogenates

As an initial step, we characterized the kinetic properties of
[3H]RHM-1, [3H]RHM-2 and [3H]DTG binding to the σ2

receptors in rat liver homogenates. Both association and
dissociation experiments were carried out with [3H]RHM-1,
[3H]RHM-2 and [3H]DTG (Fig. 2). The values of the association
rates (Kon) and dissociation rates (Koff) and dissociation
constants (Kd) calculated from the kinetic studies (Koff/Kon) are
summarized in Table 1. [3H]RHM-1 and [3H]RHM-2 have
similar association constants, while their dissociation constants
are quite different. [3H]RHM-1 dissociates slowly from σ2

receptors, whereas [3H]RHM-2 dissociates very fast from σ2

receptors (Fig. 2). The more rapid dissociation of [3H]RHM-2
results in a lower affinity for [3H]RHM-2 (Kd=15.22 nM) than
for [3H]RHM-1 (Kd=0.72 nM). These data suggest that the four
carbon spacer of [3H]RHM-1 provides a better match for the
ligand binding domain of the σ2 receptor, thereby decreasing the
reversibility of the receptor–ligand complex. Although the
dissociation constant of [3H]RHM-2 is similar to that of [3H]
DTG, [3H]RHM-2 possesses a better σ2 receptor selectivity than
[3H]DTG, which binds with equal affinity to both σ1 and σ2

receptors (Dehaven-Hudkins et al., 1996).

3.3. Saturation experiments in rat liver membrane homogenates

Direct saturation binding studies were carried out using [3H]
RHM-1, [3H]RHM-2 and [3H]DTG with σ2 membrane
homogenates of rat liver. The saturation curve and Scatchard
plots are shown in Fig. 3. The Kd, Bmax and nH values of the
receptor–radioligand binding of [3H]RHM-1, [3H]RHM-2 and
[3H]DTG are summarized in Table 2. The Kd values for [3H]
RHM-1 and [3H]RHM-2 are in good agreement with those
obtained from the kinetics studies (Table 1). The mean of
nH values for all the three radioligands were found to be
close to unity, and indicates that the receptor binding of
these radioligands is to one site and displays non-cooperative
binding. The Bmax values determined from the [3H]RHM-1 and
[3H]RHM-2 binding experiments are consistent with that found
for [3H]DTG under conditions where unlabeled (+)-pentazocine
(1 μM) was added to mask the binding of [3H]DTG to σ1

receptors. Therefore, we can reasonably conclude that [3H]
RHM-1 and [3H]RHM-2 are binding to the same population
of receptors as [3H]DTG when the σ1 receptors are masked
by (+)-pentazocine. Of the two radioligands, [3H]RHM-1 has
a higher affinity for σ2 receptors (Kd=0.66 nM) than [3H]RHM-
2 (Kd=19.48 nM). The σ2 receptor affinity of both ligands is
higher than that of [3H]DTG (Kd=30.73 nM), the traditional
radioligand used in σ2 receptor binding studies. These data
suggest that both [3H]RHM-1 and [3H]RHM-2 can potentially
replace [3H]DTG as novel σ2 receptor probes.

3.4. Competitive profile of standard and novel compounds in
rat liver membrane homogenates

A series of σ1, σ2, dopaminergic, serotonergic and NMDA
ligands, whose σ2 receptor affinities have been well docu-
mented, were tested to characterize the pharmacological profile
of [3H]RHM-1. In Table 3, compounds 1a and 2f are σ2 specific
compounds previously reported by our group (Mach et al.,
2002). Compounds SV239-1, SV246-1, SVW-III-22-1 and
SVW-III-24-1 are new compounds synthesized in our lab; the
synthesis of these compounds will be reported elsewhere.
Competitive binding assays on this panel of compounds were
performed using both [3H]RHM-1 and [3H]DTG. The Ki values



Fig. 3. Scatchard analysis of [3H]RHM-1, [3H]RHM-2 and [3H]DTG binding to the σ2 receptors in rat liver membrane homogenates. A, C, E: Representative saturation
binding experiments which show the total bound, non-specific bound and specific bound. B, D, F: Representative Scatchard plots which were used to determineKd and
Bmax values.

13J. Xu et al. / European Journal of Pharmacology 525 (2005) 8–17
for inhibiting [3H]RHM-1 binding to σ2 receptors are consistent
with the Ki values for inhibiting [3H]DTG binding to σ2

receptors (Table 3). Furthermore, the data points were con-
sistently distributed along the line of unity when a plot of the
Ki values obtained with [3H]RHM-1 and [3H]DTG was made
(Fig. 4). These data indicate that [3H]RHM-1 binds to σ2

receptors with the same pharmacological profile as that of [3H]
DTG. Competitive binding curves for some of the σ2 selective
ligands and the σ1 selective ligand, (+)-pentazocine, were also
generated. As shown in Fig. 5, the affinity rank order was
2fN ifenprodilN1aNDTGNhaloperidolNSM21≫ (+)-pentazo-
cine. With the exceptions of MDL72222, 2f and DTG, the mean
of n′H values for competitive radioligand binding with [3H]
RHM-1 and [3H]DTG were found to range from 0.6 to unity for
standard or novel compounds tested (Table 3).

3.5. Saturation experiments in mouse and human membrane
homogenates

Overexpression of σ2 receptors has been observed for many
human and rodent tumor cell lines growing under cell culture
conditions (e.g. Bem et al., 1991; Vilner et al., 1995). Therefore,



Fig. 4. Comparison of the Kis for [3H]RHM-1 and [3H]DTG obtained from
competitive binding assays using rat liver membrane homogenates. The solid
line represents the line of unity. The data for the two Kis are in good agreement.

Table 2
Summary of the Scatchard analyses for [3H]RHM-1, [3H]RHM-2 and [3H]DTG
binding to the σ2 receptors of rat liver membrane homogenates a

Radioligand Rat liver

Kd

(nM±S.E.M.)
Bmax (fmol/mg
protein±S.E.M.)

nH
(±S.E.M.)

[3H]RHM-1 0.66±0.12 1099±67 1.06±0.03
[3H]RHM-2 19.48±0.51 1060±40 0.99±0.03
[3H]DTG 30.73±2.95 1152±18 0.96±0.03

a The values are the mean±S.E.M. of duplicate samples from 3 independent
experiments.
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a series of in vitro binding studies were conducted using EMT-6
mouse mammary adenocarcinoma and MDA-MB-435 human
breast tumor xenografts grown in BALB/C mice. Tissue
homogenates were prepared from these tumors, and Scatchard
analyses were conducted to investigate the binding of [3H]
RHM-1 to the σ2 receptors in membrane homogenates isolated
from the two breast tumors. The saturation binding curves and
Scatchard plots (Fig. 6) indicate that [3H]RHM-1 binds with a
high affinity to both EMT-6 mouse breast tumors (Kd=3.45 nM)
and MDA-MB-435 human breast tumors (Kd=4.47 nM). These
Kd values were not as high as the Kd values obtained for [3H]
RHM-1 using rat liver homogenates (Table 1). However, such a
difference in the Kd values between tumors and normal tissues
Table 3
Summary of the σ2 affinity of a series of ligands with known binding
characteristics obtained from competitive binding studies with [3H]RHM-1 and
[3H]DTG using rat liver membrane homogenates a

Drugs [3H]RHM-1 [3H]DTG

Ki

(nM±S.E.M.)
n′H
(±S.E.M.)

Ki

(nM±S.E.M.)
n′H
(±S.E.M.)

1a 8±0.86 0.89±0.003 4.85±1.06 0.60±0.02
2f 2.27±0.75 0.66±0.03 1.64±1.01 0.40±0.05
DTG 17.19±6.51 0.88±0.1 27.73±6.55 0.51±0.05
Haloperidol 37.78±2.70 0.82±0.05 47.24±12.76 0.87±0.08
Ifenprodil 3.47±0.56 0.84±0.06 2.70±0.60 0.66±0.06
(+)-Pentazocine 3267±853 – 1440±264 –
SM21 83.72±19.42 0.79±0.06 104.35±9.82 0.84±0.06
3-Tropanylindole-
3-Carboxylate

4573±1012 – 3868±219 –

Dextromethorphan 4427±757 – 2863±290 –
GR113808 99.77±24.65 0.92±0.12 137.24±10 0.97±0.06
GR55562 5431±2420 – 5666±1271 –
Ketanserin 1761±613 – 2358±219 –
MDL72222 12.45±1.97 0.55±0.05 11.69±0.53 0.70±0.1
Pindolol 1642±454 – 1970±551 –
Way100635 4120±508 – 3615±748 –
RHM-1
(cold standard)

7.59±1.29 0.73±0.03 6.03±1.06 0.70±0.04

SV239-1 46.78±5.60 0.91±0.11 66.11±20.69 0.73±0.07
SV246-1 114.04±7 0.73±0.07 81.04±15.19 0.62±0.02
SVW-III-22-1 26.29±2.6 0.76±0.06 30.41±4.30 0.73±0.12
SVW-III-24-1 12.63±1.75 0.86±0.02 15.92±1.13 0.93±0.09

a Mean Ki values±S.E.M. were calculated from the IC50 values obtained in
competitive binding experiments. The IC50 values were determined by a one site
fit of the competitive curve, and converted to equilibrium dissociation constants
(Ki values) using the Cheng and Prussoff (1973) equation, where the Kd values
of [3H]RHM-1 and [3H]DTG for rat liver homogenates are 0.66 nM and 30.73
nM, respectively.
has been previously reported by others for [3H]DTG (Vilner et
al., 1995). The different Kd values implies that σ2 receptors may
display a different three dimensional conformation in rat liver
versus tumor membranes, thus the binding characteristics differ
even for the same radioligand. The σ2 receptor densities (Bmax)
of both tumors were also found to be high; Bmax=1820 fmol/
mg of protein for MDA-MB-435 human breast tumors,
Bmax=2290 fmol/mg of protein for EMT-6 mouse breast
tumors, respectively. Hill coefficients obtained from both
tumors were close to unity, nH=1.01 for MDA-MB-435 human
breast tumors and nH=1.03 for EMT-6 mouse breast tumors.
All of these data suggest that [3H]RHM-1 is a novel probe for
assessing the σ2 receptor density of tumors in vitro.

4. Discussion

The goal of the current study was to evaluate two tritiated
conformationally flexible benzamide analogs, [3H]RHM-1 and
[3H]RHM-2, as potential ligands for measuring σ2 receptor
Fig. 5. Representative competitive binding data for inhibition of the [3H]RHM-1
binding to σ2 receptors in rat liver membrane homogenates of several known σ2

ligands and a σ1 selective ligand, (+)-pentazocine.



Fig. 6. Scatchard analysis of the [3H]RHM-1 binding to the σ2 receptors in membrane homogenates from MDA-MB-435 human breast tumor xenografts and EMT-6
mouse breast tumor xenografts.
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function in vitro. Our previous studies have shown that both
compounds have a high selectivity for σ2 receptors and similar
Ki values for displacing [3H]DTG from σ2 receptors in vitro
(Mach et al., 2004). Although [3H]DTG is the traditional
radioligand for studying σ2 receptors in vitro, this ligand has a
relatively low σ2 receptor affinity (∼25 nM) and poor
selectivity for σ2 receptors. A tritiated ligand having a higher σ2

receptor affinity and better selectivity for σ2 receptors would
represent a significant improvement over the ligands currently
available for quantifying σ2 receptors in vitro.

The main structural difference between [3H]RHM-1 and
[3H]RHM-2 is the carbon spacer between the amide nitrogen
and the tertiary amine group (Fig. 1). The two carbon spacer
group of [3H]RHM-2 results in a lower log P and a slightly
lower amount of nonspecific binding relative to the four carbon
homologue, [3H]RHM-1 (Fig. 3). However, [3H]RHM-2 has a
much faster dissociation rate (Koff) compared to that of [3H]
RHM-1 (Fig. 2, Table 1). Since the difference in the level of
nonspecific binding of [3H]RHM-1 and [3H]RHM-2 is small
relative to the difference in the Koff and Kd values of the two
tritiated ligands, it is clear that [3H]RHM-1 is the better of the
two ligands for measuring σ2 receptor density in vitro. There is
also a discrepancy between the data from the direct binding
studies reported here and the competitive binding data reported
data reported previously (Mach et al., 2004). Although RHM-1
and RHM-2 have similar Ki values, 10.3 nM and 13.3 nM, and
RHM-2 possess a higher selectivity (σ1/σ2 ratio=783) than
RHM-1 (σ1/σ2 ratio=300) (Mach et al., 2004), the results of the
direct binding studies shows [3H]RHM-1 has a Kd of 0.66 nM,
while [3H]RHM-2 holds a Kd of 19.48 nM. The direct binding
data indicates that the selectivity of [3H]RHM-1 is N4000-fold
higher for σ2 receptors (0.66 nM) versus σ1 receptors (3078
nM) (Mach et al., 2004).

The dissociation rate of [3H]RHM-2 was found to be similar
to that of [3H]DTG (Table 1); however, [3H]RHM-2 was found
to have a much lower level of nonspecific binding than that of
[3H]DTG (Fig. 3). The results of competitive binding assays
comparing [3H]RHM-1 and [3H]DTG with a diverse panel of
compounds with known σ2 receptor pharmacology
demonstrated a high level of agreement between the two ligands
(Fig. 4, Table 3). These data further support that [3H]RHM-1
and [3H]DTG label the same sites in rat liver membranes. Given
the results of our in vitro studies, the rank order of ligands
described here for quantifying σ2 receptors in vitro is [3H]
RHM-1N [3H]RHM-2N [3H]DTG.

To date, the σ1 receptor has been cloned (Hanner et al., 1996;
Seth et al., 1997; Kekuda et al., 1996; Mei and Pasternak, 2001)
and a σ1 receptor knockout mouse model has been reported
(Langa et al., 2003). Consequently, the biological and phar-
macological properties of the σ1 receptors are understood better
than the biological and pharmacological properties of the σ2

receptors that have not been cloned. In vitro binding studies
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with [3H]DTG in the presence of unlabeled (+)-pentazocine to
mask σ1 sites have shown that σ2 receptors are expressed in the
liver, kidneys and central nervous system (Guitart et al., 2004).
It also has been shown that σ2 receptors are overexpressed in
both human and murine tumors (Vilner et al., 1995), and that
the σ2 receptor is a reliable biomarker of the proliferative
status of solid tumors (Mach et al., 1997; Al-Nabulsi et al.,
1999; Wheeler et al., 2000). Therefore, radioligands having a
high affinity and selectivity for the σ2 receptor should be useful
probes for the detection and assessment of the proliferative
status of solid tumors both in vitro and in vivo. In addition, a
radioligand having a higher affinity and selectivity than that of
[3H]DTG should be useful in isolating, purifying and
characterizing the σ2 receptor protein. We believe that the
binding properties of [3H]RHM-1 reported here indicate that it
is the best radioligand with which to study the properties of the
σ2 receptor in vitro.

In conclusion, we have evaluated two novel probes having a
high affinity and selectivity for σ2 receptors and compared each
with the traditional σ2 receptor probe, [

3H]DTG. The results of
our study indicate that [3H]RHM-1, which possesses a
subnanomolar affinity and a N4000-fold selectivity for σ2

receptors, is a superior ligand to [3H]DTG for measuring σ2

receptor density and function using in vitro binding assays.
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