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Abstract

Earlier studies have demonstrated that antagonism of σ1 receptors attenuates the convulsive, lethal, locomotor stimulatory and rewarding
actions of cocaine in mice. In contrast, the contribution of σ2 receptors is unclear because experimental tools to selectively target this subtype are
unavailable. To begin addressing this need, we characterized UMB24 (1-(2-phenethyl)-4-(2-pyridyl)-piperazine) and (±)-SM 21 (3α-tropanyl-2-
(4-chorophenoxy)butyrate) in receptor binding and behavioral studies. Receptor binding studies confirmed that UMB24 and (±)-SM 21 display
preferential affinity for σ2 over σ1 receptors. In behavioral studies, pretreatment of Swiss Webster mice with UMB24 or (±)-SM 21 significantly
attenuated cocaine-induced convulsions and locomotor activity, but not lethality. When administered alone, (±)-SM 21 produced no significant
effects compared to control injections of saline, but UMB24 had locomotor depressant actions. Together, the data suggest that σ2 receptor
antagonists have the potential to attenuate some of the behavioral effects of cocaine, and further development of more selective, high affinity
ligands are warranted.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

σ receptors are unique proteins with an amino acid sequence,
drug selectivity pattern, and anatomical distribution that is
distinctly different from other mammalian proteins (Guitart
et al., 2004; Matsumoto et al., 2003). There are two established
subtypes, σ1 and σ2, which are localized in many motor, limbic,
and endocrine regions of the brain (Bouchard and Quirion,
1997).

Cocaine interacts with σ receptors at concentrations that can
be achieved in vivo (Sharkey et al., 1988). Pharmacological
antagonists and antisense oligonucleotides with a high degree of
selectivity for σ receptors attenuate a number of cocaine-
induced behaviors, suggesting that these receptors are promis-
ing targets for the development of pharmacotherapies to treat
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cocaine abuse (Matsumoto et al., 2002, 2003; Maurice et al.,
2002). Of the two established σ receptor subtypes, the existing
data support a role for σ1 receptors in mediating anticocaine
effects, but the contributions of σ2 receptors are less clear.

One of the difficulties in evaluating the role of σ2 receptors is
the dearth of selective pharmacological antagonists for this
subtype and the lack of an amino acid sequence from which
antisense oligonucleotides that target these receptors can be
developed. Although reports of σ2 ligands abound in the
literature (Bertha et al., 1995; Bowen et al., 1995a,b; Kassiou
et al., 2005; Mach et al., 1995; Maeda et al., 2002; Maier and
Wunsch, 2002; Perregaard et al., 1995; Vangveravong et al.,
2006), the primary criterion for these claims appears to be
reasonable affinity for this receptor subtype relative to σ1, with
little consideration for selectivity as compared to non-σ binding
sites. In addition, the few σ2 compounds that have been tested
in functional studies appear to act as agonists (Bowen et al.,
1995a,b; Crawford et al., 2002; Vilner and Bowen, 2000). One
exception is (±)-SM 21 (3α-tropanyl-2-(4-chorophenoxy)buty-
rate), a σ2 preferring compound, which produces antagonist
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actions against dystonic head movements and cocaine-induced
behaviors in rodents (Ghelardini et al., 2000; Matsumoto and
Mack, 2001). Both of these endpoints have been shown in
earlier studies to possess a strong σ receptor-mediated
component (Matsumoto et al., 1995, 2003).

Recently, AC927 (phenethylpiperidine), a mixed σ1/2

compound, was shown to produce antagonist actions through
σ2 receptors under in vitro conditions (Crawford et al., 2002).
Among piperazine analogs of AC927 which were subsequently
developed, UMB24 (1-(2-phenethyl)-4-(2-pyridyl)-piperazine)
has been reported as a potential lead for the development of
selective σ2 receptor agents (Maeda et al., 2002). Due to its
structural relationship to AC927, it was conceivable that
UMB24 also possessed antagonist actions at σ2 receptors.
Therefore, in the present study, UMB24 was further character-
ized to evaluate its relative selectivity for σ2 receptors and its
ability to attenuate cocaine-induced behaviors in mice. The
putative σ2-preferring antagonist (±)-SM 21 was used as a
reference compound for these studies (Ghelardini et al., 2000;
Matsumoto and Mack, 2001).

2. Methods

2.1. Drugs and chemicals

UMB24 (1-(2-phenethyl)-4-(2-pyridyl)-piperazine) was syn-
thesized as described previously (Maeda et al., 2002). (±)-SM
21 maleate was purchased from Tocris (Ballwin, MO). The
structures of these compounds are shown in Fig. 1. Cocaine
hydrochloride was obtained from Sigma (St. Louis, MO). The
radioligands were procured from Dupont/New England Nucle-
ar/Perkin Elmer (Boston, MA). All other chemicals and
reagents were obtained from standard commercial suppliers
(Aldrich, Milwaukee, WI; Sigma, St. Louis, MO).

2.2. Animals

Male, Sprague Dawley rats (150–200 g, Harlan, Indianapo-
lis, IN) were used for the receptor binding studies. Male, Swiss
Webster mice (23–33 g, Harlan, Indianapolis, IN; Charles
River, Portage, MI) were used for the behavioral experiments.
The animals were housed in groups with a 12:12 h light/dark
cycle and ad libitum food and water. The mice were randomly
assigned to experimental groups, with at least two different
shipments being tested on separate days to form the final data
set for each dose/drug group. All procedures were performed as
approved by the Institutional Animal Care and Use Committees
Fig. 1. Chemical structures of UMB24 and (±)-SM 21.
at the University of Oklahoma Health Sciences Center and the
University of Mississippi.

2.3. Radioligand binding studies

UMB24 and (±)-SM 21 were evaluated in competition
binding assays using rat brain homogenates (400–500 μg
protein, unless specified otherwise) and methods previously
described (Matsumoto et al., 2002). Briefly, σ1 receptors were
labeled using 5 nM [3H](+)-pentazocine. σ2 receptors were
labeled with 3 nM [3H]di-o-tolylguanidine, in the presence of
300 nM (+)-pentazocine to mask σ1 receptors. Nonspecific
binding was determined in the presence of 10 μM haloperidol.
Twelve concentrations of test ligand (0.05–10,000 nM) were
incubated for 120 min at 25 °C to evaluate their ability to
displace the binding of the radioligand.

The affinities of the compounds for dopamine, serotonin, and
norepinephrine transporters were also determined because
cocaine interacts with these monoamine transporters. The
membrane preparation and assay conditions were modified
slightly from those previously described (Boja et al., 1994).
Briefly, dopamine transporters were assayed in 2 mg wet weight
rat striatal tissue using 0.5 nM [3H]WIN35,428; nonspecific
binding was determined with 50 μM cocaine. Serotonin
transporters were assayed in 1.5 mg wet weight rat brainstem
tissue using 0.2 nM [3H]paroxetine; nonspecific binding was
determined with 1.5 μM imipramine. Norepinephrine transpor-
ters were assayed in 8 mg wet weight rat cerebral cortical tissue
using [3H]nisoxetine; nonspecific binding was determined with
4 μM desipramine.

In addition, the relative selectivities of UMB24 and (±)-SM
21 were determined for dopamine receptors, opioid receptors,
and phencyclidine sites on NMDA receptors because many
historic σ receptor ligands interact with them (Guitart et al.,
2004). The affinities of these compounds for 5-HT2 receptors
were also examined because antagonists at these sites are
capable of attenuating the toxicity of cocaine (Ritz and George,
1997). The affinities of the ligands were measured in
homogenates from rat brain minus cerebellum using previously
published methods (Matsumoto et al., 1995). Briefly, dopamine
(D2) receptors were labeled with 5 nM [3H](−)-sulpiride;
nonspecific binding was determined with 1 μM haloperidol.
Opioid (κ) receptors were labeled with 2 nM [3H]bremazocine;
nonspecific binding was determined with 10 μM levallorphan.
NMDA receptors were labeled with 5 nM [3H]TCP (1-[1-(2-
thienyl)cyclohexyl]piperidine); nonspecific binding was deter-
mined with 10 μM cyclazocine. 5-HT2 receptors were labeled
with 2 nM [3H]ketanserin; nonspecific binding was determined
with 1 μM mianserin. The incubations were performed for
60 min at 25 °C for the dopamine and opioid receptor assays,
30 min at 37 °C for the 5-HT2 receptor assays, and for 60 min at
4 °C for the NMDA receptor assays.

All assays were terminated with the addition of ice-cold
buffer and vacuum filtration through glass fiber filters. Counts
were extracted from the filters using Ecoscint cocktail
(National Diagnostics, Manville, NJ) for at least 8 h prior to
counting.



Fig. 2. Effects of UMB24 and (±)-SM 21 on cocaine-induced convulsions. Male,
SwissWebster mice were pretreatedwith UMB24 or (±)-SM 21 (0–10mg/kg, i.p.)
followed 15 min later with a convulsive dose of cocaine (70 mg/kg, i.p.). UMB24
and (±)-SM 21 significantly attenuated cocaine-induced convulsions (⁎pb0.05,
⁎⁎pb0.01, ⁎⁎⁎pb0.005).
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2.4. Cocaine-induced behavioral toxicity

Cocaine-induced convulsions and lethality were evaluated in
separate studies. For the convulsion studies, each mouse (n=85)
was pretreated with UMB24 (0–10 mg/kg, i.p.) or (±)-SM 21
(0–10 mg/kg, i.p.), followed 15 min later with a convulsive
dose of cocaine (70 mg/kg, i.p.). For the lethality studies, each
mouse (n=83) was pretreated with UMB24 (0–50 mg/kg, i.p.)
or (±)-SM 21 (0–20 mg/kg, i.p.), followed 15 min later with a
lethal dose of cocaine (125 mg/kg, i.p.). The cocaine doses
represent the lowest ones that reliably produced convulsions or
death in 100% of the animals. Mice were monitored over a
30 min period for the occurrence of convulsions (operationally
defined as a loss of righting reflexes for at least 5 s together with
the presence of clonic limb movements) or death. Fisher's exact
tests were used to analyze the data.

2.5. Cocaine-induced locomotor activity

The locomotor studies were conducted as described previ-
ously (Matsumoto et al., 2002). Following a habituation period
in the testing chamber of an automated activity monitor (San
Diego Instruments, San Diego, CA, USA), each mouse (n=102)
was injected with UMB24 (0–1 mg/kg, i.p.) or (±)-SM 21 (0–
1 mg/kg, i.p.) alone or followed 15 min later with a locomotor
stimulatory dose of cocaine (10 mg/kg, i.p.). Horizontal
locomotor activity was then quantified for 30 min as the number
of disruptions made by each mouse in the 4×4 photobeam array
surrounding each testing chamber. The dose of cocaine used is
the lowest one that produced maximal effects in earlier dose
response characterizations (McCracken et al., 1999).

3. Results

3.1. Radioligand binding assays

The affinities of UMB24 and (±)-SM 21 for σ2 receptors,
compared to other binding sites of interest, are summarized in
Table 1
Binding affinities of σ2 receptor preferring compounds (Ki in nM)

Sigma receptor subtypes:
σ1 receptor σ2 receptor

UMB24 322±32 170±5
(±)-SM 21 1050±63 145±7

Monoamine transporters:
Dopamine 5-HT Norepinephrine

UMB24 3476±298 2933±52 3560±628
(±)-SM 21 176±30 N10 000 2005±325

Other receptors:
Opioid (κ) NMDA Dopamine (D2) 5-HT2

UMB24 N10 000 N10 000 305±26 595±55
(±)-SM 21 N10 000 N10 000 885±34 476±7

Competition binding assays were performed in rat brain homogenates using
standard methods. Values represent mean ± SEM from at least three assays,
each performed in duplicate. Values of N10 000 indicate that there was less than
30% displacement of the radioligand at that concentration.
Table 1. The competition binding studies confirmed that
UMB24 and (±)-SM 21 have preferential affinity for σ2

receptors, as compared to σ1 receptors (Mach et al., 1999;
Maeda et al., 2002). (±)-SM 21 exhibited nearly 10-fold
preferential affinity for σ2 receptors, as compared to σ1

receptors, while UMB24 exhibited only about a 2-fold
preference.

In contrast to their nanomolar affinities for σ2 receptors, the
compounds for the most part had micromolar affinities for
monoamine transporters. The exception was (±)-SM 21, which
exhibited similar affinity for dopamine transporters as σ2

receptors (Table 1). UMB24 and (±)-SM 21 did not display
measurable binding to opioid or NMDA receptors, although
they had moderate affinities for dopamine D2 and 5-HT2

receptors.

3.2. Cocaine-induced behavioral toxicity

The ability of UMB24 and (±)-SM 21 to attenuate cocaine-
induced convulsions is summarized in Fig. 2. Fisher's exact
tests revealed that pretreatment of mice with UMB24 or (±)-SM
21 attenuated cocaine-induced convulsions in a dose-dependent



89R.R. Matsumoto et al. / Pharmacology, Biochemistry and Behavior 86 (2007) 86–91
manner (pb0.005). However, none of the tested doses of
UMB24 or (±)-SM 21 attenuated cocaine-induced lethality,
even at doses higher than those used to reduce cocaine-induced
convulsions.

3.3. Cocaine-induced locomotor activity

The effects of UMB24 and (±)-SM 21 on basal and cocaine-
induced locomotor activity are summarized in Fig. 3.
Pretreatment of mice with UMB24 significantly attenuated the
hyperactivity elicited by cocaine (F (2, 31)=3.49, pb0.05).
Post-hoc Dunnett's tests revealed that the reduction in cocaine-
induced behavior was significant at the 1 mg/kg dose of
UMB24 (q=2.62, pb0.05). The putative σ2 receptor antagonist
(±)-SM 21 also significantly attenuated cocaine-induced
locomotor activity (F (2, 23) =5.01, pb0.05). Post-hoc
Fig. 3. Effects of UMB24 and (±)-SM 21 on basal and cocaine-induced
locomotor activity. Male, Swiss Webster mice were injected (i.p.) with UMB24
or (±)-SM 21 (0, 0.1 or 1 mg/kg, i.p.) alone or as a 15 min pretreatment to a
locomotor stimulatory dose of cocaine (10 mg/kg, i.p.). Horizontal locomotor
activity was quantified for 30 min using an automated activity monitoring
system. UMB24 produced a significant locomotor depressant effect on its own
(#pb0.01), and also attenuated cocaine-induced locomotor activity (⁎pb0.05).
(±)-SM 21 had no significant effect of its own on locomotor activity, although it
significantly attenuated cocaine-induced locomotor activity (⁎pb0.05).
Dunnett's test confirmed that the antagonism of cocaine-
induced behavior was significant for both doses of (±)-SM 21:
0.1 mg/kg (q=2.81, pb0.05) and 1 mg/kg (q=2.53, pb0.05).

In addition to reducing the locomotor activity elicited by
cocaine, UMB24 alone significantly decreased basal activity (F
(2, 36)=24.16, pb0.0005). Post-hoc Dunnett's tests revealed
that basal locomotor activity differed significantly from the
saline control for both doses of UMB24: 0.1 mg/kg (q=3.46,
pb0.01) and 1 mg/kg (q=6.91, pb0.01). In contrast, significant
alterations in basal locomotor activity were not observed with
(±)-SM 21 (F (2, 26)=0.025, n.s.).

4. Discussion

The σ2 preferring compounds, UMB24 and (±)-SM 21,
produced similar effects against cocaine-induced behaviors.
UMB24 and (±)-SM 21 both significantly attenuated cocaine-
induced convulsions and locomotor activity. However, the
compounds did not prevent the lethal effects of cocaine. One
reason that the σ2 preferring ligands may not have prevented
cocaine-induced lethality is that important target organs such as
the heart are enriched in σ1 receptors. Over 90% of the σ
receptors in the heart are of the σ1 subtype (Matsumoto et al.,
2001; Novakova et al., 1995), which may contribute to the
ability of σ1, but perhaps not σ2, antagonists to attenuate
cocaine-induced lethality. In contrast, the ability of UMB24 and
(±)-SM 21 to attenuate cocaine-induced convulsions and
locomotor activity suggests that σ2 receptors can be targeted
to mitigate many cocaine-induced behaviors.

Earlier studies showed that pretreatment of mice with (±)-SM
21 prevented cocaine-induced convulsions, but that the efficacy
of the intervention plateaued around 50% protection (Matsumoto
and Mack, 2001). However, in the present study, both UMB24
and (±)-SM 21 dose dependently attenuated cocaine-induced
convulsions, suggesting that antagonism of σ2 receptors
contributes to the anticonvulsive actions of σ receptor ligands.
When compared to one another, UMB24 produced better
protective actions than (±)-SM 21 against cocaine-induced
convulsions. The protective actions of UMB24 occurred across
as wider range of doses and the protected animals had a greater
tendency to look normal. In contrast, (±)-SM 21-treated mice that
did not meet the criterion for cocaine-induced convulsions tended
to exhibit noticeable seizure-related behaviors such as pro-
nounced locomotor excitation with ataxia. A possible reason that
(±)-SM 21 may not provide as good of a protective effect against
cocaine-induced convulsions, as compared to UMB24, involves
its weaker affinity for σ1 receptors. Earlier studies have shown
that σ1 receptor antagonists provide significant protection against
cocaine-induced convulsions (Matsumoto et al., 2003). There-
fore, compounds that elicit antagonist actions through bothσ1 and
σ2 receptors may convey better protective effects against cocaine-
induced convulsions than targeting either subtype alone.

The ability of UMB24 and (±)-SM 21 to prevent cocaine-
induced locomotor activity occurred at low doses, and this is
consistent with reports that the σ2 subtype has an important role
in motor function (Walker et al., 1993). However, the two
compounds differed in their effects on basal locomotor activity.
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In contrast to (±)-SM 21, which attenuated cocaine-induced
locomotor activity at doses that alone had no effects on basal
locomotor activity, UMB24 alone produced locomotor depres-
sant actions. Potential explanations for the different effects on
basal activity levels most likely relate to the non-σ mediated
actions of the compounds. First, UMB24 has higher affinity for
dopamineD2 receptors, compared to (±)-SM 21. If UMB24 is an
antagonist at D2 receptors, it would explain the locomotor
depressant actions under basal conditions (Zhang and Creese,
1993). Second, (±)-SM 21 has higher affinity for dopamine
transporters, as compared to UMB24. It is therefore possible that
competing interactions between dopamine transporters and σ2

receptors underlie the pattern of results. Compounds that bind to
dopamine transporters tend to inhibit dopamine uptake and
produce cocaine-like actions (Uhl et al., 2002), making it likely
that (±)-SM 21 possesses some locomotor stimulant actions
through dopamine transporters. Since σ2 receptor agonists can
stimulate locomotor activity (Walker et al., 1993), it is possible
that under certain conditions, locomotor depressant actions
could result through σ2 receptor-mediated antagonism of tonic
locomotor tone. If σ2 antagonists depress basal locomotor
activity under the conditions of our study, competing stimulant
effects through dopamine transporters may mask potential
locomotor depressant actions of (±)-SM 21 under basal
conditions. Although additional studies are needed to further
define the contribution of each of these mechanisms to basal
locomotor function, the data with regard to cocaine are clear.
Low doses of both UMB24 and (±)-SM 21 attenuate cocaine-
induced locomotor activity, suggesting the importance of the σ2

subtype in mediating the locomotor stimulant actions of cocaine.
The results observed herein suggest that future studies to

resolve racemic SM 21 for further characterization of each
isomer are warranted. These characterizations should provide
valuable insight into configurations that convey favorable
affinity and selectivity for σ2 receptors, as compared to σ1

receptors and non-σ binding sites. Additional modifications
to improve the affinity and selectivity of UMB24 for σ2

receptors also represent a potential avenue for further
investigations.

When taken together, the data suggest that UMB24 and (±)-
SM 21 can attenuate cocaine-induced behaviors through
functional antagonism of σ2 receptors. However, conclusive
statements regarding the role of σ2 receptors in the actions of
cocaine must await additional studies using truly selective and
high affinity σ2 receptor compounds. Future efforts to improve
the selectivity and affinity of UMB24 and (±)-SM 21 could lead
to the development of true σ2 receptor antagonists, which
would allow a conclusive determination of the role of this
subtype in the actions of cocaine.
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