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Abstract

Pentazocine is a potent ligand at both opioid and o receptors, but with opposite stereoselectivities. Whereas (— )-pentazocine has high
affinity for a number of opioid receptors, (+)-pentazocine labels o, receptors. lodination of (—)-pentazocine at the 3-position reverses
its selectivity for opioid and o, receptors. 3-(—)-lodopentazocine competes at o, receptor binding sites with a K; value of 8 nM,
compared to approximately 40 nM for (— )-pentazocine. 3'-(—)-lodopentazocine also has lost its affinity for opioid receptors. In contrast,
iodination of (+)-pentazocine lowers its affinity at o, receptors. Synthesis of [12°1]3-(—)-iodopentazocine is readily performed with
incorporations of up to 80%. Binding is of high affinity and shows the selectivity anticipated for a o, receptor-selective ligand. Exposing
membranes prebound with [121]3-(—)-iodopentazocine to ultraviolet light can covalently couple the ligand into the membranes.
Polyacrylamide gel electrophoresis reveals a mgjor band at about 25 kDa and a minor one at about 20 kDa, indicating photolabeling of o,

receptors with minor incorporation into o, sites.

Keywords: o Receptor; Benzomorphan; Affinity label

1. Introduction

o Receptors are an unusual class of receptors found in
the brain and other tissues (Gundlach et d., 1986; Roman
et a., 1988, 1989; Su and Wu, 1990; Dumont and Lemaire,
1991; Rogers and Lemaire, 1992; Waker et al., 1992
DeHaven-Hudkins et al., 1994; Hellewell et al., 1994; Su,
1991). Over the years a number of novel ligands have been
developed which have enabled the classification of o
receptor subtypes (Bowen et al., 1989, 1990, 1992, 1993;
Musacchio et al., 1989; Hellewell and Bowen, 1990; Itzhak
et a., 1990, 1991; Musacchio, 1990; Itzhak and Stein,
1991; Rothman et a., 1991; Su, 1991; Wu et a., 1991;
Zhou and Musacchio, 1991; Quirion et a., 1992). In
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addition to their presence in brain and peripheral tissues, o
receptor subtypes are expressed in a number of cell lines
(Hellewell and Bowen, 1990; Wu et al., 1991; Vilner et
al., 1995a,b). Their functiona significance is only now
being uncovered (Chavkin, 1990; Walker et al., 1990; Carr
et a., 1992; Yoneda et a., 1992; Paul et a. 1993
Gonzalez-Alvear and Werling, 1994; Bastianetto et d.,
1995; DeCoster et a., 1995; Hayashi et al., 1995; Kreeger
et al., 1995; Liu et a., 1995, Okuyama et a., 1995;
Shibata et al., 1995; Vilner et al., 1995a,b; Yamamoto et
al., 1995). One of the more intriguing areas is the modula-
tion of opioid analgesia by the o, receptor (Chien and
Pasternak, 1993, 1994, 1995a). In these studies, the selec-
tive o, receptor drug (+)-pentazocine effectively blocks
opioid analgesia without influencing morphine-induced in-
hibition of gastrointestina transit. In contrast to (+ )-pen-
tazocine, which labels o, receptors with high affinity, its
(—)-isomer is a potent opioid which labels p-opioid and
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Fig. 1. Structure of 3-iodopentazocine.

Kk,-opioid receptor binding sites up to 10-fold more po-
tently than o receptors (Chien and Pasternak, 1995b). A
study of the effect of halogen substitution in the phenolic
ring of pentazocine isomers revealed that iodine could be
incorporated at the 3-position of the (—)-isomer with
retention of o, receptor affinity (Danso-Danquah et al.,
1995). We now present evidence for the development of a
highly selective o, **°I radioligand based on (—)-penta-
zocine. While other radioiodinated o ligands have been
described previously (John et al., 1994ab; Kimes et al.,
1992; Kahoun and Ruoho, 1992), this is, to our knowl-
edge, the first radioiodinated benzomorphan-based probe
for o sites (Fig. 1).

2. Materials and methods
2.1. Materials

[*%°I]Nal (1680 Ci /mmol) was purchased from Dupont-
NEN (Boston, MA, USA). (+ )-Pentazocine and (— )-pen-
tazocine were generous gifts from Sanofi-Winthrop (New
York, NY, USA). (+)-SKF10,047, (+)-SKF10,047, (—)-
SKF10,047, (+)-cyclazocine and (—)-cyclazocine were
generous gifts from the Research Technology Branch of
the National Institute on Drug Abuse. Haloperidol, (—)-
sulpiride, sodium metabisulfite and chloramine T were
purchased from Sigma (St. Louis, MO, USA). 1,3-Di(2-

tolyl)-guanidine (DTG) was purchased from Research Bio-
chemicals International (Natick, MA, USA).

2.2. Synthesis of [ 12°1]3'-(—)-iodopentazocine

(—)-Pentazocine was reacted with an equimolar amount
of [**°I]Nal at room temperature by adding a 10-fold
excess of chloramine T and the iodination was terminated
with 25-fold excess of sodium metabisulfite. The product
was separated from unreacted [**°1]Nal using a reverse
phase (C,g)-Sep-Pak. After putting the agueous reaction
mixture over the Sep-Pak and washing with distilled water,
the product was eluted with ethanol. [*2°1]3-(—)-lodopen-
tazocine was then purified using silica gel thin layer
chromatography with chloroform /methanol /ammonium
hydroxide (90:10:0.5).

2.3. Tissue preparation

BE(2)-C neuroblastoma cells (Ciccarone et a., 1989)
were maintained in tissue culture flasks in a 1:1 mixture
of Eagle’'s minimum essential medium with nonessential
amino acids and Ham’s nutrient mixture F-12 and supple-
mented with 10% fetal bovine serum. Cells were grown in
a 6% CO,-94% air humidified atmosphere at 37°C. Plates
of cells were used at 75-95% confluence. Cells were
harvested and membranes were prepared as previously
described (Standifer et al., 1994). Rat liver membranes
were prepared as previously described (Hellewell et al.,
1994).

2.4. [3H](+)-Pentazocine and [*°]3-(—)-iodopentazo-
cine binding

All assays were performed at 37°C in 1 ml potassium
phosphate buffer (10 mM; pH 7.2) using BE(2)-C cell or
rat liver membrane preparations (0.1-0.2 mg protein/ml)
with [*H](+)-pentazocine (0.5 nM) or [%°1]3-iodopen-

Table 1
Competition of ¢ and opioid receptor binding by pentazocine and iodopentazocine sterecisomers
Radioligand K; vaue(nM)

(—)-Pentazocine 3-(—)-lodopentazocine (+)-Pentazocine 3-(+)-lodopentazocine
[3H](+)-Pentazocine (o) 376+ 46 82+18 18405 289+30
[1%51]3-(— )-lodopentazocine (o) 473+ 20.9 82+ 17 41+29 328+21
[®HIDTG (a,) 365+ 3.6 94.1+ 14.4 > 1000 233+3
[®HIDADLE (j.,) 40+0.1 > 1000 760 + 200 > 1000
[HIDAMGO () 124+ 0.6 > 1000 > 1000 > 1000
[*H]DPDPE (3) 58.7+ 7.8 > 1000 > 10000 > 10000
[3H]U50,488H (k) 34+01 485 + 210 755+ 9.9 746 + 21
[3HINaBzoH (x,) 31.6+15 > 1000 > 1000 > 1000

Binding was performed with the indicated radioligand and the ICy, values determined. K; values were then calculated and presented as the
means + S.E.M. of a minimum of three determinations. o Receptor binding was determined in the BE(2)-C cell ling; w-opioid receptor binding in calf
thalamus; 8-opioid receptor binding in calf frontal cortex; k,-opioid receptor binding in guinea pig cerebellum; and k ;-opioid receptor binding in calf

striatum.
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tazocine (2 nM) for 2 h, unless otherwise stated. Non-
specific binding was determined in the presence of
haloperidol (1 wM). After the incubation, tissue was di-
luted with 3 ml ice-cold Tris buffer (5 mM; pH 7.7) and
filtered with a Brandel cell harvester (Cambridge, MA,
USA) over No. 32 glass-fiber filters (Schleicher & Schuell,
Keene, NH, USA) which has been soaked in 0.3% polyeth-
yleneimine solution for 30 min at 25°C beforehand. Filters
were washed with 5 ml of buffer twice and placed in
counting tubes for radioactivity determination. Specific
binding was determined by subtracting the binding in the
presence of haloperidol from the binding in its absence.
All determinations within an experiment were performed
in triplicate and replicated three times. All points within
each experiment were performed in triplicate, with a typi-
cal variability of less than 5%, and each experiment repli-
cated at least three times, unless otherwise noted.

2.5. Opioid receptor binding assays

Opioid receptor binding was performed at 25°C, as
reported previously (Clark et al., 1989). Calf thalamic
membranes were used for w,- and p,-opioid receptor
binding assays, calf striatal membranes for k;-opioid re-
ceptor binding assays, calf frontal cortical membranes for
d-opioid receptor binding assays and guinea pig cerebellar
membranes for k,-opioid receptor binding. For w,-opioid
receptor hinding assays, [*H][p-Al&?,0-Leu’]enkephalin
(DADLE, 0.7 nM) was used in the presence of MgSO, (5
mM) and [p-Pen?,p-Pen®]enkephalin (DPDPE, 10 nM) to
block & binding. w,-Opioid receptor binding studies uti-
lized [3H][p-Ala2,MePhe*,Gly(ol)®]enkephain (DAMGO,
1.5 nM) with MgSO, (5 mM) and [p-Ser?,Leu®]enkepha-
lin-Thr® (DSLET, 5 nM) to block p,-opioid receptor
binding. 8-Opioid receptor binding was measured with
[HIDPDPE (1.5 nM) and «,-opioid receptor binding with
[®H]U69,593 (1.5 nM). Finally, [3H]naloxone benzoylhy-
drazone (NaBzoH, 1 nM) in the presence of K,EDTA (5
mM) was used to measure kj-opioid receptor binding.
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Fig. 2. Kinetics of *2° incorporation into (—)-pentazocine. (—)-Penta-
zocine was reacted with Na'?®| for the indicated time and the amount of
incorporation determined.
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Fig. 3. Kinetics of ['2°1]3-( —)-iodopentazocine binding. (a) The associa-
tion rate for [12°1]3-(—)-iodopentazocine was determined by incubating
the radioligand (2 nM) with tissue for the indicated time at 37°C. Only
specific binding is reported. (b) Dissociation of [*2°1]3-(—)-iodopen-
tazocine was evaluated by prebinding the ligand at either O or 37°C and
adding haloperidol (1 wM) at time 0. Only specific binding is reported.

Nonspecific binding was determined in the presence of
levallorphan (1 wM). All determinations were performed
in triplicate and replicated three times.

2.6. Photoaffinity labeling

BE(2)C cell membranes or rat liver membranes (2
mg,/ml) were incubated with 0.5 nM [**°1]3-(—)-iodo-
pentazocine at 37°C in 10 mM potassium phosphate buffer
(pH 7.2) for 2 h. Non-specific binding was determined in
the presence of haloperidol (1 wM). At the end of incuba-
tion, the membranes were centrifuged (49000 X g for 20
min). Tissues were resuspended in 40% of their original
volume potassium phosphate buffer (10 mM; pH 7.2) and
exposed to ultraviolet radiation (254 nm; 1 X 10° micro-
joules/cm?) in a Stratalinker UV Crosdlinker (Stratagene,
La Jolla, CA, USA) in a shallow dish. The treated mem-
branes were collected by centrifugation and the pellets
were washed by resuspending them in 20% of the original
volume of Tris buffer (50 mM; pH 7.7) with haloperidol
(10 wM) to prevent reassociation of free radioligand and
by centrifuging them again. The pellets then were resus-
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pended in 50 mM Tris (pH 7.7, 30 mg wet weight
tissue/ml). After determining the protein concentration
(Lowry et d., 1951) an aliquot was boiled for 5 min with
concentrated sample buffer (50 mM Tris, pH 6.8), contain-
ing SDS (3%), B-mercaptoethanol (4%) and bromphenol
blue (0.01%) before diluted 2-fold before running on a
polyacrylamide 5—-20% gradient gel. After electrophoresis,
the gel was exposed to Kodak film for 24 h and the
apparent molecular mass was cal culated.
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3. Results
3.1. Binding selectivity of 3'-iodopentazocine

First, we examined the stereospecificity of pentazocine
and 3-iodopentazocine (Table 1). (+)-Pentazocine is a
potent o receptor ligand, competing [*H]( + )-pentazocine
binding with a K; value of approximately 2 nM while
lacking appreciable affinity at opioid receptors. In contrast,

3.

~~
= | BEQ)-C
2 °
s (@

="

g
_—

£

(=" " BEQ2)}-C
N’

on w0 N

= 8 N
ol E s -
S 3 .
;5 g 1.0 \\\

Q 0.5 \\
E .
8 e 05 10 15 20 25 30
Q,‘ Bound (pmol/mg protein)
90}
0 5 ' ' ' ' 10
[usl]-(-)-Pentazocine (nM)

~~ 4 .

R= W Rat liver

W

2 |

o

= |(b) . .

on < [ ]

g

% . Ratliver

g 4l

N’ ~

=1 g4

£ < \,\\

vﬂ E 3 . \\\

E 2 .\\o

e .

= | D

8 o s 10 s 2 25 30 35
C’Q}" Bound (pmol/mg protein)

0 ' 4

[125[]-(-)-Pentazocine (nM)

Fig. 4. Saturation analysis of [1251]3-( —)-iodopentazocine binding in rat liver and BE(2)-C membranes. (8) Rat liver membranes were incubated with a
range of concentrations of [*2°]3'-(—)-iodopentazocine, as shown. Only specific binding is shown. Nonlinear regression analysis fit the data best to a
straight line, yielding a K4 of 0.67 + 0.12 nM and B, of 3.85 + 42 pmol /mg membrane protein. The Scatchard plot of the saturation curve is given in
the inset. (b) BE(2)-C membranes were incubated with a range of concentrations of [*2°1]3-(—)-iodopentazocine, as shown. Only specific binding is
shown. Nonlinear regression analysis fit the data best to a straight line, yielding a K, of 2.12 + 0.55 nM and B, of 2.52 + 0.42 pmol /mg membrane

protein. The Scatchard plot of the saturation curve is given in the inset.
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(—)-pentazocine lowers .- and «,-opioid receptor binding
quite potently while having far lower affinity at o recep-
tors (K; value approximately 40 nM). After iodination, the
stereoselectivity of (—)-pentazocine is reversed. The o,
receptor affinity of (—)-iodopentazocineisincreased 5-fold
while its ability to compete -opioid receptor binding is
dramatically lowered. (—)-lodopentazocine also has lower
affinity for o, sites than (—)-pentazocine (F.I. Carroll and
W. Bowen, personal communication). In contrast, iodina-
tion of (4)-pentazocine lowers its affinity for o, recep-
tors. Thus, iodination reverses the stereoselectivity of pen-
tazocine for o receptors.

3.2. Yynthesis of [ *2°1]3'-(—)-iodopentazocine

Pentazocine is readily iodinated using chloramine T.
The rate of incorporation is relatively rapid, reaching a
plateau of approximately 80% within 5 min a room
temperature (Fig. 2). Extending the time to 10 min does
not significantly enhance the incorporation. The reaction
mixture after the iodination contains both ['2°1]3-(—)-
iodopentazocine and unreacted (—)-pentazocine in a 4:1
ratio. The far lower concentration of (—)-pentazocine
coupled with its lower affinity for o receptors compared to
[1251]3-(— )-iodopentazocine suggests that its presence
should not interfere with ['2°1]3-(—)-iodopentazocine
binding. When examined, the binding of ['*°1]3-(—)-
iodopentazocine eluted from the Sep-Pak with ethanol is
the same as purified [1%°1]3-( — )-iodopentazocine (data not
shown). ['%°1]3-(+)-lodopentazocine shows no specific
binding in these assays (data not shown).

3.3. [*#°1]3-(—)-lodopentazocine binding

Specific [*2°1]3-(—)-iodopentazocine binding is rapid
at 37°C, reaching steady-state levels within 90 min in both
BE(2)-C cell membranes (Fig. 3a) and liver membranes
(data not shown). Dissociation of the bound radioligand
from the BE(2)-C membranes is slow (Fig. 3b), with aloss
of only 20% of binding after 1 h at 0°C (Fig. 3b).
Saturation studies with [*2°1]3-( — )-iodopentazocine (Fig.
4) reved linear Scatchard plots using either BE(2)-C cell
membranes (K, of 214055 nM; B, 252+042
pmol /mg protein) or rat liver membranes (K, 0.67 + 0.12
nM; B, 3.85+ 0.42 pmol /mg protein).

The competition studies against [*H](+ )-pentazocine
indicate that (—)-iodopentazocine has high affinity for o,
receptors. However, (— )-iodopentazocine still might label
additional sites other than o receptors. Competition studies
with [*2°]]3-(—)-iodopentazocine confirm the selectivity
of thisligand for o, sites(Table 2). The K; values seenin
liver membranes are quite similar to those reported in the
literature for o, receptors (Ross, 1991; Hellewell et al.,
1994) and to those observed with [3H](+ )-pentazocine by
our group (J. Ryan-Moro, C.-C. Chien and G.W. Paster-
nak, unpublished observations). We also see significant o,

Table 2
K, values of a variety of compounds against [*2°1]13-(— )-iodopentazo-
cine binding

Competitor K; vaue(nM)

BE(2)-C Rat liver
(+)-Pentazocine 537+19 147+0.12
(—)-Pentazocine 56.4+13.8 105+0.9
(+)-SKF10,047 128+4.4 374435
(—)-SKF10,047 2400+ 164 293+89
(+)-Cyclazocine 227+19
(+)-Cyclazocine 321+24 129+19
(—)-Cyclazocine 753+3 108+ 41
DTG 574+116 9.36+1.9
Haloperidol 1.38+0.5 0.42+0.03
(+)-3-PPP 824+15.3 54.6+4.3
MK801 > 10000 > 10000
Diprenorphine > 10000 > 10000
(—)-Sulpiride > 10000 > 10000

Each of the indicated compounds was tested against [*?°1]3-(—)-iodo-
pentazocine binding in competition studies using either BE(2)-C cells or
rat liver and their K; values determined. Results are the means+ S.E.M.
of at least three determinations.

receptor binding in BE(2)-C cells. The selectivity profile
from the competition studies is consistent with o, recep-
tors, but the affinities in this human neuroblastoma cell
line are somewhat lower than those seen in rat liver
membranes. Hill coefficients for these competition studies
do not vary significantly from unity, consistent with a
single site. Equally important, the o receptor ligands
compete al specific binding.
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Fig. 5. Affinity-labeled o receptors from BE(2)-C and rat liver mem-
branes. Tissue was affinity labeled with [*2°1]3-(—)-iodopentazocine in
the absence and presence of haloperidol (1 wM), as described in Section
2.
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3.4. Affinity labeling o, receptors with [*2%1]3-(—)-
iodopentazocine

Exposing BE(2)-C membranes prebound with [1%°1]3-
(—)-iodopentazocine to ultraviolet light can covalently
couple the ligand to membrane proteins. Typically, up to
35% of the specifically labeled material is coupled. When
run on a sodium docecylsulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and exposed to film, we see two
bands (Fig. 5). A major band is observed at approximately
25 kDa, similar to previous reports (Kavanaugh et al.,
1988; Hellewell and Bowen, 1990; Kahoun and Ruoho,
1992; Schuster et al., 1995; Hellewell et al., 1994), while a
less intense band of approximately 20 kDa also is seen on
the gel. The 25 kDa band is consistent with photolabelling
of o, sites, whereas the 20 kDa band probably represents
some labeling of o, sites (Hellewell and Bowen, 1990).

4, Discussion

Although many drugs display high affinity for both o
and opioid receptors, they often demonstrate opposite
stereoselectivities for the two families of receptors. For
example, (+)-pentazocine potently labels o, sites without
appreciable affinity at any classes of opioid receptors
while its (—)-isomer is a potent opioid with far lower
affinity at o, receptors. Placement of an iodine at the
3-position of pentazocine reverses its stereoselectivity for
o, receptors. This substitution increases the affinity of the
(—)-isomer approximately 5-fold while decreasing the
affinity of the (+)-isomer approximately 10-fold. The
placement of the iodine at this position aso dramatically
lowers the affinity of (—)-pentazocine for opioid receptors
in competition studies.

[12%1]3-(— )-lodopentazocine demonstrates high affinity
and selectivity for o, receptors and gives K; values
similar to those observed with [*H](+ )-pentazocine. Com-
petition studies also suggest that it labels only a single site.
The binding in the BE(2)-C cells is interesting. This
neuroblastoma cell line has a wide variety of neurotrans-
mitter receptors, including .-, 8- and « ;-opioid receptors.
We now document the presence of o, receptorsin this cell
line as well. The affinities of many of the agents examined
are similar in the BE(2)-C and rat liver membranes. How-
ever, several ligands appear to differ by as much as
10-fold, particularly the (—)-isomers of the benzomor-
phans. It will be interesting to assess whether the o
receptors in these two tissues have other distinguishing
characteristics as well.

[1251]13-(— )-lodopentazocine also has utility as an affin-
ity ligand. Exposure to strong ultraviolet light enhances the
covalent coupling of the agent to membranes. SDS-PAGE
yields molecular weights similar to those previously ob-
served for o, sites (Kavanaugh et al., 1988; Hellewell and
Bowen, 1990; Kahoun and Ruoho, 1992; Schuster et al.,

1995; Hellewell et al., 1994). However, [?°1]3-(—)-
iodopentazocine has many advantages over traditional
affinity labels. First, the high specific activity and the
ability to detect the radioactivity without scintillation fluors
has a number of technical advantages. Second, the com-
pound is readily synthesized at a high yield. The use of
[12%1]3-(—)-iodopentazocine may facilitate the purification
and characterization of o receptors.

In conclusion, we have developed a simple and rapid
synthesis of a potent benzomorphan-based o, receptor *°|
radioligand with a high yield. *°| ligands have significant
advantages, such as their high specific activity and the
ability to detect the isotope directly without scintillation
counting. Together, these properties offer significant ad-
vantages in the biochemical characterization of o binding
sSites.

Acknowledgements

We thank Dr. J. Posner for his support of this research.
This work was supported, in part, by grants from NIDA to
G.W.P. (DA06241) and a core grant from the National
Cancer Ingtitute to MSKCC (CA08748). G.W.P. is sup-
ported by a Research Scientist Award from National Insti-
tute on Drug Abuse (DA000220) and C.-C.C., in part, by a
grant from Cathay General Hospital, Taiwan.

References

Bastianetto, S., G. Perrault and D.J. Sanger, 1995, Pharmacological
evidence for the involvement of sigma sites in DTG-induced con-
tralateral circling in rats, Neuropharmacology 34, 107.

Bowen, W.D., S.B. Hellewell and K.A. McGarry, 1989, Evidence for a
multi-site model of the rat brain sigma receptor, Eur. J. Pharmacol.
163, 309.

Bowen, W.D., B. DeCosta, S.B. Hellewell, A. Thurkauf, JM. Walker and
K.C. Rice, 1990, Characterization of [*H](+ )-pentazocine, a highly
selective sigma ligand, Prog. Clin. Biol. Res. 328, 117.

Bowen, W.D., JM. Walker, B.R. De Costa, R. Wu, P.J. Tolentino, D.
Finn and K.C. Rice, 1992, Characterization of the enantiomers of
cis-N-[2-(3,4-dichlorophenyl)ethyl]-N-methyl-2-(1-
pyrrolidinyl)cyclohexylamine (BD737 and BD738): novel compounds
with high affinity, selectivity and biological efficacy at sigma recep-
tors, J. Pharmacol. Exp. Ther. 262, 32.

Bowen, W.D., B.R. De Costa, S.B. Hellewell, JM. Walker and K.C.
Rice, 1993, [3H](+)-Pentazocine: a potent and highly selective ben-
zomorphan-based probe for sigma-1 receptors, Mol. Pharmacol. 3,
117.

Carr, D.J,, S. Mayo, T.W. Woolley and B.R. DeCosta, 1992, Immunoreg-
ulatory properties of (+ )-pentazocine and sigma ligands, Immunol-
ogy 77, 527.

Chavkin, C. 1990, The sigma enigma: biochemical and functional corre-
lates emerge for the haloperidol-sensitive sigma binding site, Trends
Pharmacol. Sci. 11, 213.

Chien, C.C. and G.W. Pasternak, 1993, Functional antagonism of mor-
phine analgesia by (+)-pentazocine: evidence for an anti-opioid
sigma, system, Eur. J. Pharmacol. 250, R7.

Chien, C.C. and G.W. Pasternak, 1994, Selective antagonism of opioid
analgesia by a sigma system, J. Pharmacol. Exp. Ther. 271, 1583.



C.-C. Chien et al. / European Journal of Pharmacology 321 (1997) 361-368 367

Chien, C.C. and G.W. Pasternak, 1995a, Sigma antagonists potentiate
opioid analgesia in rats, Neurosci. Lett. 190, 137.

Chien, C.C. and G.W. Pasternak, 1995b, (—)-Pentazocine analgesia in
mice: interactions with a o receptor system, Eur. J. Pharmacol. 294,
303.

Ciccarone, V., B.A. Spengler, M.B. Myers, J.L. Biedler and R.A. Ross,
1989, Phenotypic diversification in human neuroblastoma cells. ex-
pression of distinct neura crest lineages, Cancer Res. 49, 219.

Clark, JA., L. Liu, M. Price, B. Hersh, M. Edelson and G.W. Pasternak,
1989, Kappa opiate receptor multiplicity: evidence for two U50,488-
sensitive kappa, subtypes and a novel kappag subtype, J. Pharmacol.
Exp. Ther. 251, 461.

Danso-Danquah, R., X. Bai, X. Zhang, SW. Mascarella, W. Williams, B.
Sine, W.D. Bowen and F.I. Carroll, 1995, Synthesis and sigma
binding properties of 1- and 3-halo- and 1',3-dihalo-N-normetazocine
analogues, J. Med. Chem. 38, 2986.

DeCoster, M.A., K.L. Klette, E.S. Knight and F.C. Tortella, 1995, Sigma
receptor-mediated neuroprotection against glutamate toxicity in pri-
mary rat neuronal cultures, Brain Res. 671, 45.

DeHaven-Hudkins, D.L., L.F. Lanyon, F.Y. Ford-Rice and M.A. Ator,
1994, Sigma recognition sites in brain and peripheral tissues. Charac-
terization and effects of cytochrome P450 inhibitors, Biochem. Phar-
macol. 47, 1231.

Dumont, M. and S. Lemaire, 1991, Interaction of 1,3-di(2-[5-3H]tolyl)
guanidine with sigma, binding sites in rat heart membrane prepara-
tions, Eur. J. Pharmacol. 209, 245.

Gonzalez-Alvear, G.M. and L.L. Werling, 1994, Regulation of
[*H]dopamine release from rat striatal slices by sigma receptor lig-
ands, J. Pharmacol. Exp. Ther. 271, 212.

Gundlach, A.L., B.L. Largent and S.H. Snyder, 1986, Autoradiographic
localization of sigma receptor binding sites in guinea pig and rat
central nervous system with (+)3H-3-(3-hydroxyphenyl)-N-(1-pro-
pyDpiperidine, J. Neurosci. 6, 1757.

Hayashi, T., A. Kagaya, M. Takebayashi, M. Shimizu, Y. Uchitomi, N.
Motohashi and S. Yamawaki, 1995, Modulation by sigma ligands of
intracellular free Ca** mobilization by N-methyl-p-aspartate in pri-
mary culture of rat frontal cortical neurons, J. Pharmacol. Exp. Ther.
275, 207.

Hellewell, SB. and W.D. Bowen, 1990, A sigma-like binding site in rat
pheochromocytoma (PC12) cells: decreased affinity for (+)-benzo-
morphans and lower molecular weight suggest a different sigma
receptor form from that of guinea pig brain, Brain Res. 527, 244.

Hellewell, SB., A. Bruce, G. Feinstein, J. Orringer, W. Williams and
W.D. Bowen, 1994, Rat liver and kidney contain high densities of
sigma, and sigma, receptors: characterization by ligand binding and
photoaffinity labeling, Eur. J. Pharmacol. 268, 9.

Itzhak, Y. and |. Stein, 1991, Regulation of sigma receptors and respon-
siveness to guanine nucleotides following repested exposure of rats to
haloperidol: further evidence for multiple sigma binding sites, Brain
Res. 566, 166.

Itzhak, Y., M. Ruhland and H. Krahling, 1990, Binding of umespirone to
the sigma receptor: evidence for multiple affinity states, Neurophar-
macology 29, 181.

Itzhak, Y., I. Stein, SH. Zhang, C.O. Kassim and D. Cristante, 1991,
Binding of sigmaligands to C57BL /6 mouse brain membranes:
effects of monoamine oxidase inhibitors and subcellular distribution
studies suggest the existence of sigma-receptor subtypes, J. Pharma-
col. Exp. Ther. 257, 141.

John, C.S,, J. Baumgold, B.J. Vilner, B.J. McAfee and W.D. Bowen,
1994a, [*251]N-(2-Piperidinylaminoethyl)4-iodobenzamide and related
analogs as sigma receptor imaging agents: high affinity binding to
human malignant melanoma and rat C6 glioma cell lines, J. Label.
Compd. Radiopharm. 33, 242.

John, C.S., B.J. Vilner and W.D. Bowen, 1994b, Synthesis and character-
ization of [*2°1]( N-benzylpiperidin-4-yl)4-iodobenzamide, 4-1BP, a
new sigma receptor radiopharmaceutical: high affinity binding to
MCF-7 breast tumor cells, J. Med. Chem. 37, 1737.

Kahoun, JR. and A.E. Rucho, 1992, (***I)lodoazidococaine, a photo-
affinity label for the hal operidol-sensitive sigma receptor, Proc. Natl.
Acad. Sci. USA 89, 1393.

Kavanaugh, M.P., B.C. Tester, M.W. Scherz, JF. Keana and E. Weber,
1988, Identification of the binding subunit of the sigma-type opiate
receptor by photoaffinity labeling with 1-(4-azido-2-methyl[6-
3H]phenyl)-3-(2-methyl[4,6- *H]phenyl)guanidine, Proc. Natl. Acad.
Sci. USA 85, 2844.

Kimes, A.S., A.A. Wilson, U. Scheffel, B.G. Campbell and E.D. London,
1992, Radiosynthesis, cerebral distribution, and binding of [*?%I]-1-
( p-iodophenyl)-3-1-adamantyl)guanidine, a ligand for sigma binding
sites, J. Med. Chem. 35, 4683.

Kreeger, JS, RY. Yukhananov and A.A. Larson, 1995, Altered N-
methyl-p-aspartate (NMDA) activity in the mouse spinal cord follow-
ing morphine is mediated by sigma activity, Brain Res. 672, 83.

Liu, Y., B.B. Whitlock, JA. Pultz and SA. Wolfe Jr., 1995, Sigma-1
receptors modulate functional activity of rat splenocytes, J. Neuroim-
munol. 59, 143.

Lowry, O.H., N.J. Rosebrough, A.L. Farr and R.J. Randall, 1951, Protein
measurement with the Folin phenol reagent, J. Biol. Chem. 193, 265.

Musacchio, JM., 1990, The psychotomimetic effects of opiates and the
sigma receptor, Neuropsychopharmacology 3, 191.

Musacchio, JM., M. Klein and P.D. Canall, 1989, Dextromethorphan and
sigma ligands: common sites but diverse effects, Life Sci. 45, 1721.

Okuyama, S., S. Ogawa, A. Nakazato and K. Tomizawa, 1995, Effect of
NE-100, a novel sigma receptor ligand, on phencyclidine-induced
delayed cognitive dysfunction in rats, Neurosci. Lett. 189, 60.

Paul, 1.A., A.S. Basile, E. Rojas, M.B. Youdim, B. De Costa, P. Skolnick
and G.A. Kuijpers, 1993, Sigma receptors modulate nicotinic receptor
function in adrenal chromaffin cells, FASEB J. 7, 1171.

Quirion, R., W.D. Bowen, Y. Itzhak, J.L. Junien, JM. Musacchio, R.B.
Rothman, SW. Tam and D.P. Taylor, 1992, A proposa for the
classification of sigma binding sites, Trends Pharmacol. Sci. 13, 85.

Rogers, C. and S. Lemaire, 1992, Characterization of [*H]desmethyli-
mipramine binding in bovine adrenal medulla: interactions with sigma-
and (or) phencyclidine- receptor ligands, Can. J. Physiol. Pharmacol.
70, 1508.

Roman, F., X. Pascaud, D. Vauche and J.L. Junien, 1988, Evidence for a
non-opioid sigma binding site in the guinea-pig myenteric plexus,
Life Sci. 42, 2217.

Roman, F., X. Pascaud, G. Chomette, L. Bueno and J.L. Junien, 1989,
Autoradiographic localization of sigma opioid receptors in the gastro-
intestinal tract of the guinea pig, Gastroenterology 97, 76.

Ross, S.B., 1991, Heterogeneous binding of sigma radioligands in the rat
brain and liver: possible relationship to subforms of cytochrome
P-450, Pharmacol. Toxicol. 68, 293.

Rothman, R.B., A. Reid, A. Mahboubi, C.H. Kim, B.R. De Costa and
A.E. Jacobson, 1991, Labeling by [3H]1,3-di(2-tolyl)guanidine of two
high affinity binding sites in guinea pig brain: evidence for alosteric
regulation by calcium channel antagonists and pseudoallosteric modu-
lation by sigma ligands, Mol. Pharmacol. 39, 222.

Schuster, D.I., F.J. Arnold and R.B. Murphy, 1995, Purification, phar-
macologica characterization and photoaffinity labeling of sigma re-
ceptors from rat and bovine brain, Brain Res. 670, 14.

Shibata, S., Y. Yamamoto and S. Watanabe, 1995, A role of sigma
receptors on hypoxia/hypoglycemia-induced decrease in CA1 presy-
naptic fiber spikes in rat hippocampal slices, Brain Res. 670, 337.

Standifer, K.M., J. Cheng, A.l. Brooks, C.P. Honrado, W. Su, L.M.
Visconti, JL. Biedler and G.W. Pasternak, 1994, Biochemica and
pharmacological characterization of mu, delta and kappa; opioid
receptors in BE(2)-C neuroblastoma cells, J. Pharmacol. Exp. Ther.
270, 1246.

Su, T.P. 1991, Sigma receptors. Putative links between nervous, en-
docrine and immune systems, Eur. J. Biochem. 200, 633.

Sy, T.P. and X.Z. Wu, 1990, Guinea pig vas deferens contains sigma but
not phencyclidine receptors, Neurosci. Lett. 108, 341.

Vilner, B.J.,, B.R. De Costa and W.D. Bowen, 1995a, Cytotoxic effects of



368 C.-C. Chien et al. / European Journal of Pharmacology 321 (1997) 361-368

sigma ligands: sigma receptor-mediated aterations in cellular mor-
phology and viability, J. Neurosci. 15, 117.

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

Walker, JM., W.D. Bowen, F.O. Walker, R.R. Matsumoto, B. De Costa
and K.C. Rice, 1990, Sigma receptors. biology and function, Pharma-
col. Rev. 42, 355.

Walker, JM., W.D. Bowen, S.R. Goldstein, A.H. Roberts, S.L. Patrick,
A.G. Hohmann and B. DeCosta, 1992, Autoradiographic distribution
of [3H](+)-pentazocine and [®H]1,3-di-o-tolylguanidine (DTG) bind-
ing sites in guinea pig brain: a comparative study, Brain Res. 581, 33.

Wu, X.Z., JA. Bél, C.E. Spivak, E.D. London and T.P. Su, 1991,

Electrophysiological and binding studies on intact NCB-20 cells
suggest presence of a low affinity sigma receptor, J. Pharmacol. Exp.
Ther. 257, 351.

Yamamoto, H., T. Yamamoto, N. Sagi, V. Klenerova, K. Goji, N. Kawal,
Baba, A.E. Takamori and T. Moroji, 1995, Sigma ligands indirectly
modulate the NMDA receptor-ion channel complex on intact neuronal
cellsviasigma 1 site, J. Neurosci. 15, 731.

Yoneda, M., JL. Junien and Y. Tache, 1992, Central action of sigma
receptor ligand, JO 1784, to suppress CRF-induced inhibition of
gastric function in conscious rats, Eur. J. Pharmacol. 223, 197.

Zhou, G.Z. and JM. Musacchio, 1991, Computer-assisted modeling of
multiple dextromethorphan and sigma binding sites in guinea pig
brain, Eur. J. Pharmacol. 206, 261.



