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Abstract
BACKGROUND—Sigma receptors represent a unique structural class of proteins and they have
become increasingly studied as viable medication development targets for neurological and
psychiatric disorders, including drug abuse. Earlier studies have shown that cocaine and many
other abused substances interact with sigma receptors and that antagonism of these proteins can
mitigate their actions.

METHODS—In the present study, AC927 (1-(2-phenethyl)piperidine oxalate), a selective sigma
receptor ligand, was tested against the behavioral and toxic effects of cocaine in laboratory
animals.

RESULTS—Acute administration of AC927 in male, Swiss Webster mice significantly
attenuated cocaine-induced convulsions, lethality, and locomotor activity, at doses that alone had
no significant effects on behavior. Subchronic administration of AC927 also attenuated cocaine-
induced conditioned place preference in mice, at doses that alone had no effects on place
conditioning. In drug discrimination studies in male, Sprague Dawley rats, AC927 partially
substituted for the discriminative stimulus effects of cocaine. When it was administered with
cocaine, AC927 shifted the cocaine dose-response curve to the left, suggesting an enhancement of
the discriminative stimulus effects of cocaine. In non-human primates, AC927 was self-
administered, maintaining responding that was intermediate between contingent saline and a
maintenance dose of cocaine.

CONCLUSION—The ability of AC927 to elicit some cocaine-like appetitive properties and to
also reduce many cocaine-induced behaviors suggests that it is a promising lead for the
development of a medication to treat cocaine abuse.
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1. Introduction
In 1988, Kuhar and co-workers first reported the ability of cocaine to interact with sigma
receptors at physiologically relevant concentrations (Sharkey et al., 1988). The distribution
of sigma receptors in important target organs for cocaine, such as the brain, heart and lung
(Gundlach et al., 1986; Kawamura et al., 2000; Novakova et al., 1995) suggested a role for
these receptors in modulating the stimulant and toxic effects of cocaine. Within the brain,
the presence of sigma receptors in limbic regions and dopamine-rich areas (Gundlach et al.,
1986), together with their ability to influence dopamine uptake and release (Weatherspoon
and Werling, 1999), further suggested sigma receptor involvement in the effects of cocaine.
Subsequent studies confirmed that antagonism of sigma receptors, using small molecules or
antisense oligonucleotides, reduced cocaine-induced behaviors and alterations in gene
expression (Liu et al., 2005; Matsumoto et al., 2003; Menkel et al., 1991; Romieu et al.,
2004), thereby providing a novel therapeutic strategy for mitigating the actions of cocaine.

There are two established subtypes of sigma receptors, sigma1 and sigma2, which can be
distinguished from one another based on drug selectivity and anatomical localization
patterns, as well as molecular biological profiles (Guitart et al., 2004; Matsumoto et al.,
2003). The sigma1 receptor has been cloned with high homology and identity from several
species and its sequence differs from other known proteins (Guitart et al., 2004; Su et al.,
2010). Sigma1 receptors represent a unique structural class of proteins that possess
chaperone-like functions (Hayashi and Su, 2007; Su et al., 2010; Tsai et al., 2009). They can
translocate between different cellular compartments and appear to form protein-protein
interactions to facilitate the modulation of ion channels, G protein coupled receptors, and
signaling molecules (Aydar et al., 2002; Hayashi and Su, 2007; Su et al., 2010; Tsai et al.,
2009).

In contrast, sigma2 receptors are slightly smaller in size than sigma1 receptors (Hellewell et
al., 1990). They are enriched in lipid rafts, where they can affect calcium signaling through
sphingolipid products (Crawford et al., 2002; Gebreselassie and Bowen, 2004). Sigma2
receptors have yet to be cloned, and although pharmacological agents with preferential
affinity for these receptors have been identified, truly selective compounds which lack
significant interactions with non-sigma sites are unavailable.

Cocaine directly binds to both sigma1 and sigma2 receptors, where it appears to act at least
in part as a sigma receptor agonist (Matsumoto et al., 2003, 2009; Navarro et al., 2010). The
functional relevance of these interactions is underscored by the ability of sigma receptor
antagonists or antisense oligonucleotides to attenuate several acute effects of cocaine,
including convulsions, lethality, and locomotor stimulation (Matsumoto et al., 2003, 2009;
Menkel et al., 1991).

More limited investigations also demonstrate that sigma receptor antagonists can mitigate
the subchronic effects of cocaine, including behavioral sensitization and conditioned place
preference (Romieu et al., 2002, 2004; Ujike et al., 1996; Witkin et al., 1993; Xu et al.,
2010). Accumulating data further indicate that neuroadaptations in sigma receptor
expression occur upon exposure to cocaine, and that these changes have functional
ramifications for responding to subsequent cocaine exposures (Liu et al., 2005; Liu and
Matsumoto, 2008; Romieu et al., 2004). In behavioral sensitization studies, cocaine induces
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the up regulation of the immediate early gene fra-2, which is followed by a progressive
increase in sigma1 receptor gene and protein expression in brain regions relevant to reward
and addiction (Liu and Matsumoto, 2008). The magnitude of the up regulation of sigma1
receptors parallels the development of the behavioral sensitization, as measured as a
progressive enhancement in the locomotor stimulatory response to repeated cocaine
injections (Liu and Matsumoto, 2008). Pretreatment with the sigma1 receptor antagonist
BD1063 attenuates the cocaine-induced changes at both the behavioral and molecular levels
(Liu and Matsumoto, 2008). Similarly, the development of place conditioning to cocaine is
accompanied by an enhancement in the expression of sigma receptors in brain regions
relevant to reward (Romieu et al., 2004). Together, the body of data suggests that a better
understanding of the role of sigma receptors in cocaine abuse could lead to the development
of strategies that will improve treatment outcomes.

To further clarify the role of sigma receptors in the actions of cocaine and to elucidate the
mechanisms through which antagonists attenuate its effects, there is a need to develop and
utilize highly selective research tools. In this regard, 1-(2-phenethyl)piperidine oxalate,
AC927 (Fig. 1), was identified as a selective sigma receptor ligand, which attenuates the
behavioral stimulant and toxic effects of methamphetamine, another psychostimulant with
significant affinity for sigma receptors (Matsumoto et al., 2008). AC927 exhibits moderate
affinity for both subtypes of sigma receptors (Ki sigma1 30 ± 2 nM, sigma2 138 ± 18 nM;
Matsumoto et al., 2008). Importantly, it exhibits preferential affinity for sigma receptors, as
compared to 29 other non-sigma receptors, transporters and ion channels, including
members of the following groupings: receptors – adenosine, adrenergic, dopamine, GABA,
melatonin, muscarinic, NMDA, opioid, serotonin; transporters - dopamine, serotonin,
norepinephrine; ion channels – calcium, chloride, potassium, sodium (Matsumoto et al.,
2008). The preferential affinity of AC927 for sigma receptors vs. non-sigma sites is critical
for attributing functional outcomes to sigma receptors, especially in complex systems, such
as whole animal studies.

Therefore, in the present study, AC927 was evaluated for its ability to mitigate a range of
cocaine-related effects in vivo. The acute actions of AC927 were characterized in mice to
determine its ability to attenuate cocaine-induced convulsions, lethality, and locomotor
activity. In addition, the subchronic effects of AC927 were evaluated in place conditioning
and drug discrimination studies in rodents to determine its effects alone and in combination
with cocaine. Finally, AC927 was tested in self-administration studies in non-human
primates to further assess its abuse liability. The present series of studies extends earlier
efforts to evaluate the potential of sigma receptor ligands for the treatment of cocaine abuse
by introducing a highly selective sigma receptor ligand, and then testing it in animal models
in which the effects of sigma ligands are already well characterized (e.g., convulsions,
locomotor activity, place conditioning), and to also evaluate it in drug discrimination and
self-administration studies where selective sigma ligands have not been extensively studied
in the context of cocaine abuse. Together, these investigations are intended to provide
further insight into sigma ligands as potential pharmacotherapies to treat cocaine abuse.

2. Materials and methods
2.1. Subjects

All procedures involving animal subjects were performed as approved by the Institutional
Animal Care and Use Committee at the institution where the studies were conducted. The
rodents excluding those in the cocaine discrimination studies were housed in groups of 4–6
with a 12:12 h light/dark cycle and ad libitum food and water. Male, Swiss Webster mice
(Charles River, Portage, MI; Harlan, Frederick, MD or Dublin, VA) were used for
behavioral studies at the University of Oklahoma Health Sciences Center (Oklahoma City,
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OK). Male, Sprague Dawley rats (320–350 g, Taconic Farms, Germantown, NY) were used
for the cocaine discrimination studies at the National Institutes of Health (Baltimore, MD)
and were individually housed with unrestricted access to water, and maintained at
approximately 325 g by daily feedings approximately 0.5 hr after experimental sessions.
Four adult rhesus monkeys (Macaca mulatta) experienced with self-administration of
MDMA (3,4-methylenedioxymethamphetamine), several congeners of MDMA, cocaine,
and saline served as subjects for the self-administration studies at the University of
Michigan (Ann Arbor, MI). The monkeys were housed individually in stainless steel cages.
They were fed monkey chow, and water was available ad libitum. In addition, their diets
were supplemented with chewable vitamins and/or fresh fruit and peanuts several days each
week.

2.2. Drugs
AC927 was prepared as described previously (Maeda et al., 2002). Cocaine hydrochloride
was obtained from Sigma (St. Louis, MO). The drugs were dissolved in saline for
administration to the animals. For the behavioral studies in mice, the drugs were
administered in a volume of 10 ml/kg. For the drug discrimination studies in rats, the
injection volume was 1 ml/kg. For the self-administration studies in rhesus monkeys, the
drugs were infused in a constant injection volume of 1.0 ml over a 5 second duration.

2.3. Cocaine-induced toxicity
To evaluate the effects of AC927 on cocaine-induced behavioral toxicity, male, Swiss
Webster mice were pretreated with AC927 (0–20 mg/kg, i.p.) followed 15 minutes later with
either a convulsive (60 mg/kg, i.p.) or lethal (125 mg/kg, i.p.) dose of cocaine. The
convulsive and lethal doses of cocaine were selected based on earlier dose response studies
(Matsumoto et al., 2001b; McCracken et al., 1999b) and represent the lowest dose that
reliably produced these effects. Following injection with cocaine, the mice were observed
for the next 30 minutes for the onset of convulsions, which were operationally defined as a
loss of righting reflexes for at least 5 seconds together with clonic limb movements, or
death. The data were expressed as the percentage of mice exhibiting cocaine-induced
convulsions or death, and analyzed using Fisher’s exact tests.

2.4. Locomotor activity
Male, Swiss Webster mice were placed in the chambers of an automated activity monitoring
device (San Diego Instruments, San Diego, CA) and habituated for 30 minutes before
quantifying locomotor activity. To test the effects of AC927 alone, the mice received
injections of saline or AC927 (0.1–10 mg/kg, i.p.) and horizontal locomotor activity was
monitored for the next 30 minutes. To test the effects of AC927 on cocaine-induced
locomotor activity, the mice were pretreated with saline or AC927 (0.1–10 mg/kg, i.p.), then
challenged 15 minutes later with cocaine (10 mg/kg, i.p.); locomotor activity was measured
immediately thereafter for 30 minutes. The dose of cocaine used in this study was based on
an earlier dose response study and represents the dose that produced peak locomotor
stimulant effects (McCracken et al., 1999a). The data were evaluated using one-way
ANOVA, followed by Dunnett’s tests for post-hoc comparisons.

2.5. Conditioned place preference
The conditioning chambers were comprised of Plexiglas boxes (45 × 24 × 20.5 cm), painted
gray on one half, and black with white vertical stripes on the other half. The floor on one
half of the chamber was smooth Plexiglas, while the floor on the other half was a plastic mat
with textured stripes at about 3 mm intervals. A pre-conditioning session, conditioning
phase, and post-conditioning session were conducted.
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During the pre-conditioning session, the mice were allowed to roam the entire chamber for
15 minutes and the time spent on each half of the chamber was measured to confirm that
they did not have a preference for a particular side. The criterion for an unbiased response
and to proceed to the conditioning phase was <2/3 of the time spent on a particular side of
the chamber. Those mice that did not meet this criterion were excluded from further testing.

During the conditioning phase, the mice received a test drug and were subsequently
confined to one half of the chamber for 30 minutes, while on alternate sessions the mice
received saline and were confined to the other half of the chamber. The mice received a total
of eight pairings during the conditioning phase (four drug, and four saline sessions). The
side of the chamber in which the animals received their drug treatment was assigned
randomly and counterbalanced. One-way ANOVA was conducted to confirm that the pre-
conditioning scores did not differ significantly between the experimental groups. To
determine the dose response for cocaine to induce a conditioned place preference, male,
Swiss Webster mice were treated with cocaine (10, 20 or 30 mg/kg, i.p.) or saline. To
determine whether AC927 alone induced conditioned place preference or aversion, mice
were treated with a dose of AC927 (5 or 10 mg/kg, i.p.) or saline during the conditioning
phase. To determine whether AC927 could prevent the place conditioning of cocaine, mice
were treated with AC927 (5 or 10 mg/kg, i.p.) 15 minutes before cocaine (20 or 30 mg/kg,
i.p.) during the conditioning phase. The mice received saline and were confined to the other
side of the chamber during alternate (non-drug) sessions.

During the post-conditioning session, the mice were again allowed access to the entire
chamber for 15 minutes and the time spent in each half was recorded. The conditioned score
was calculated by subtracting the pre-conditioning time from the post-conditioning time on
the side of the chamber in which the mice were trained to drug during the conditioning
phase. The data from the conditioned scores were evaluated using one-way ANOVA,
followed by Student-Newman-Keuls post-hoc tests.

2.6. Drug discrimination
Subjects were tested daily in two-lever operant-conditioning chambers (model ENV 007;
Med Associates, St. Albans, VT) that were housed within light- and sound-attenuating
enclosures. White noise was present throughout testing to mask extraneous sounds. Ambient
light was provided by a lamp in the top center of the front panel (house light). Levers were
set 17 cm apart, with pairs of lamps (light-emitting diodes; LEDs) above each of the levers,
also on the front panel. A downward force on either lever of 0.4 N through about 1 mm was
defined as a response and produced an audible click. Reinforced responses dispensed one 45
mg pellet (BioServe, Frenchtown, NJ) into a food tray centered between the levers on the
front panel of the chamber. On-line experimental control and data collection were computer
driven with Med Associates (St. Albans, VT) interface and operating software.

Rats were initially trained to press both levers under a 20 response fixed ratio schedule
(FR20) for food reinforcement and to discriminate i.p. injections of cocaine (10 mg/kg) from
saline. After cocaine injection, responses on only one lever were reinforced; after saline
injection, responses on the other lever were reinforced. The assignment of cocaine- and
saline-appropriate levers was counterbalanced across rats. Immediately after injection, rats
were placed inside the experimental chambers. A 5-minute time-out period, during which
the house light and LEDs were extinguished and responding had no scheduled consequences
preceded the illumination of the house light and the LEDs. Only responses on the
appropriate lever were reinforced, and responses on the inappropriate lever reset the FR
response requirement. Each food presentation was followed by a 20 second time-out period
during which all lights were off, and responding had no scheduled consequences. Sessions
ended after 20 food presentations or 15 minutes, whichever occurred first. Training sessions
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with cocaine (C) and saline (S) injections were conducted daily 5–7 days per week and
ordered in a double alternation sequence (e.g., …SCCS…).

Testing was initiated when performances reached criteria of at least 85% appropriate
responding over the entire session, and during the first FR20 of the session over four
consecutive sessions. Tests were conducted with different doses of cocaine, doses of AC927,
or combinations of doses administered before sessions. After a test session, the rats were
required to meet the abovementioned performance criteria over two consecutive (cocaine
and saline) training sessions to be tested again. Repeated test sessions were conducted, with
at least two training sessions between tests, until entire dose-effects were determined in each
subject. Test sessions were identical to training sessions, with the exception that 20
consecutive responses on either lever were reinforced.

Mean values for the overall response rate and the percentage of responses occurring on the
cocaine-appropriate lever were calculated. If less than one-half of the rats responded at a
particular dose, the distribution of responses on the two levers was potentially not reliable,
and no mean value was calculated for percentage of cocaine-appropriate responding at that
dose. Each dose-effect curve was analyzed using ANOVA and linear regression techniques.
The dose producing a half-maximal effect (50% drug-appropriate responding) was
calculated (Snedecor and Cochran, 1967). For these analyses, points on the linear part of the
ascending portions of the dose-effect curves were used. To assess the degree of change in
the drug dose-effect curve produced by co-administration of AC927, data were also
analyzed by standard parallel-line bioassay techniques (Finney, 1964). The relative potency
value represents the dose of cocaine alone equal to 1 mg/kg cocaine in subjects
coadministered AC927 (i.e., a relative potency value of 2 indicates a 2-fold shift to the left
of the cocaine dose-effect curve in the presence of AC927), and is significant when the 95%
confidence limits for the relative potency ratio exclude the value 1.0. For interaction studies,
response rates were compared to response rates observed after cocaine alone using two-way
repeated measure ANOVA with dose of AC927 and drug dose as factors.

2.7. Self-administration
Procedures were similar to those previously reported (Fantegrossi et al., 2004, 2005). Four
adult rhesus monkeys were surgically prepared with indwelling silicone rubber catheters in
either a jugular, femoral, or brachial vein using ketamine (10 mg/kg, i.m.) and xylazine (2
mg/kg, i.m.) as anesthetics. The catheters passed subcutaneously to the mid-scapular region,
exited the body, and continued through a hollow restraining arm to the outside rear of the
cage. During the studies, the monkeys wore teflon mesh jackets (Lomir, Quebec, Canada)
connected to a flexible stainless steel spring arm attached to the rear of the cage.

Animals were individually housed in 83.3 × 76.2 × 91.4 cm deep stainless steel cages. A
side-mounted panel was present in each cage, equipped with a row of three stimulus lamps
(red-green-red) across the top, and two response levers (one mounted under each red light).
Two, 60-minute experimental sessions were conducted each day: a morning session starting
at 10:00 h and an afternoon session starting at 16:00 h. The onset of each session was
signaled by illumination of a red stimulus light. When a monkey completed the fixed ratio
requirement of 10 presses on that lever (FR10), a 5-s, 1-ml injection of drug solution or
saline was delivered. During the 5-s infusion duration, the red stimulus light was
extinguished, the center green light illuminated, and further lever presses had no
programmed consequence. Immediately following the termination of each infusion, all
stimulus lights were extinguished for a 1-minute timeout period during which lever presses
had no programmed consequence. Each timeout period counted toward the total 60 minute
testing session.
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Under baseline conditions, subjects were maintained on a cocaine dose of 0.01 mg/kg/
injection following the above outlined schedule requirements. This represents a standard
cocaine maintenance dose under the self-administration schedule used herein (Fantegrossi et
al., 2004, 2005). To ensure that responding was maintained by drug, saline was substituted
for cocaine approximately every 3rd or 4th session, usually for two consecutive sessions
which could occur on either the same or different days. Substitutions of AC927 occurred
two to three times per week during morning sessions, and no substitutions were made on
weekends. The reinforcing effects of AC927 were assessed over a dose range from 0.003 to
0.3 mg/kg/injection. AC927 substitutions followed an ascending dose order, and at least four
recovery sessions occurred between AC927 substitution trials; the recovery sessions were
comprised of either cocaine baseline or saline substitutions. The reinforcing effects of each
dose of AC927 were assessed at least twice in each animal. The data were evaluated using
one-way ANOVA, followed by Bonferroni multiple comparisons tests for post-hoc analysis.

3. Results
3.1. Cocaine-induced toxicity

Similar to earlier studies, when 60 mg/kg of cocaine was administered in the absence of an
antagonist, it produced convulsions in 100% of animals (Matsumoto et al., 2001a,b, 2002)
and 125 mg/kg of cocaine produced death in all of the mice (Matsumoto et al., 2001b,
2002). In contrast, pretreatment with AC927 (1–20 mg/kg) produced a dose-dependent
reduction in cocaine-induced convulsions and lethality in mice (Fig. 2). Fisher’s exact tests
confirmed that the reductions were statistically significant for both the convulsive (p<0.01)
and lethal (p<0.05) effects of cocaine.

3.2. Locomotor activity
When administered alone, AC927 (0.1–10 mg/kg) had no significant effect on locomotor
activity in mice (F[3,28]=1.68, n.s.). When administered in the absence of AC927, 10 mg/kg
of cocaine produced robust locomotor stimulatory effects, comparable to those observed in
earlier studies (Matsumoto et al., 2002; McCracken et al., 1999a,b). Pretreatment with
AC927 significantly attenuated the locomotor stimulatory effects of cocaine in mice (Fig. 3;
F[3,24]=3.20, p<0.05). Post-hoc Dunnett’s tests revealed that the reduction produced by
pretreatment with 10 mg/kg of AC927 differed significantly from pretreatment with saline
(q=2.57, p<0.05).

3.3. Conditioned place preference
Cocaine (0–30 mg/kg, i.p.) produced conditioned place preference in a dose-dependent
manner in mice (F[3,29]=4.86, p<0.01). Post-hoc tests confirmed that the effects of the 20
mg/kg (q=4.22, p<0.05) and 30 mg/kg (q=4.93, p<0.01) doses of cocaine differed
significantly from saline.

The cocaine-induced conditioned place preference was attenuated by pretreatment with
AC927 (Fig. 4). Post-hoc testing confirmed that reductions produced by the 10 mg/kg dose
of AC927 against 30 mg/kg of cocaine were statistically significant (q=3.68, p<0.05). When
administered alone, AC927 did not induce significant place conditioning (F[2,22]=0.14,
n.s.).

3.4. Drug discrimination
As in previous studies, all subjects readily acquired cocaine discrimination (Li et al., 2006).
After cocaine injection during the baseline conditions, subjects responded almost
exclusively on the cocaine-appropriate key, with at least 98.6 ± 1.19% of the responses on
the cocaine-appropriate key. After saline injection, 97.43 ± 0.69% of the responses were
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emitted on the saline-appropriate key. During testing with different doses of cocaine, there
was a dose related increase in the percentage of cocaine-appropriate responses as dose was
increased from 1 to 10 mg/kg (Fig. 5A; circles). Cocaine produced a significant effect of
dose, with an average ED50 value for its discriminative stimulus effects of 3.09 mg/kg.
Cocaine did not produce a significant effect on rates of responding at the doses tested (Fig.
5C; circles).

When administered alone, AC927 produced partial substitution for the discriminative
stimulus effects of cocaine (Fig. 5A; triangles). At the highest dose tested (10 mg/kg),
AC927 produced an average of 40.7 ± 30.3% cocaine-appropriate responding, while the low
doses of the compound did not engender cocaine-appropriate lever pressing beyond the level
obtained after vehicle injections. AC927 also dose-dependently decreased response rates,
particularly at the 10 mg/kg dose (Fig. 5C; triangles).

Co-administration of AC927 produced an enhancement of the discriminative-stimulus
effects of cocaine (Fig. 5B). Both 3.0 (open circles) and 5.6 (triangles) mg/kg of AC927
significantly shifted the cocaine dose effect curve leftward, with the ED50 value for cocaine
decreasing from 3.09 mg/kg (cocaine with vehicle) to 1.56 mg/kg and 0.822 mg/kg,
respectively. Cocaine-induced response rates were also dose-dependently and significantly
attenuated by the co-administration of AC927 (Fig. 5D; F[2,20]=7.52, p<0.05).

3.5. Self-administration
The maintenance dose of cocaine produced a level of self-administration that was
comparable to that seen in earlier studies. Fig. 6 shows the mean dose-effect curve for
AC927 self-administration in rhesus monkeys. All four animals self-administered AC927,
although responding was intermediate between the low rates engendered by contingent
saline and the high rates maintained at the 0.01 mg/kg/injection dose of cocaine. ANOVA
confirmed a significant difference between the treatment groups (F[6,61]=123.65,
p<0.0001), with AC927 generating an inverted U-shaped function across the dose range
tested. Post-hoc analysis using Bonferroni’s multiple comparison tests revealed that AC927
doses of 0.01 mg/kg/injection (t=3.66, p<0.05) and 0.03 mg/kg/injection (t=8.09, p<0.001)
maintained significantly more injections than saline. Responding for AC927 fell to saline-
like levels when the available dose of AC927 was increased beyond 0.03 mg/kg/injection.
No dose of AC927 maintained as many injections as 0.01 mg/kg/injection cocaine, and these
differences were statistically significant as determined by post-hoc Bonferroni’s tests
(t=10.45 to 17.47, p<0.001).

4. Discussion
Earlier studies demonstrated that AC927 exhibits a high degree of selectivity for sigma
receptors, compared to 29 other binding sites, including transporters, receptors, and ion
channels (Matsumoto et al., 2008). Although potential interactions with binding sites that
were not tested cannot be ruled out, each of the major sites which have been problematic for
previous sigma ligands were probed. Therefore, AC927 is known to be among the most
selective sigma receptor ligands identified to date, and the effects produced by the drug
herein are most likely mediated through these proteins.

The ability of AC927 to significantly attenuate the convulsive, lethal and locomotor
stimulant effects of cocaine following acute administration is consistent with the actions of
earlier described sigma receptor antagonists and antisense oligonucleotides (Matsumoto et
al., 2001a,b, 2002, 2003; McCracken et al., 1999a,b). Since cocaine binds to sigma receptors
at physiologically relevant concentrations (Sharkey et al., 1988), the data suggest that
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antagonism of sigma receptors mitigates the actions of cocaine by impeding the access of
the drug to one of its target sites.

In addition to interfering with the ability of cocaine to interact with some of its binding sites,
sigma receptor antagonists can negatively modulate other neurotransmitter systems that are
involved in the effects of cocaine. For example, the convulsive effects of cocaine also
involve NMDA receptors (Brackett et al., 2000; Lason, 2001; Witkin et al., 1999), and
numerous studies have reported the ability of sigma receptor ligands to modulate NMDA-
mediated activity in the brain (Martina et al., 2007; Monnet et al., 2003). The locomotor
stimulatory effects of cocaine involve dopaminergic systems (e.g., Uhl et al., 2007), and
sigma receptor ligands can affect motor behavior through the regulation of nigrostriatal
dopamine pathways (Bastianetto et al., 1995; Goldstein et al., 1989; Gudelsky, 1995). In
addition, a recent study has shown that sigma1 receptors heteromerize with dopamine D1
receptors resulting in modulation of cocaine-induced dopaminergic function in a sigma1-
dependent, and dopamine transporter independent manner (Navarro et al., 2010). Therefore,
through sigma-mediated modulation of other neuronal systems or through direct competition
with cocaine for one of its binding sites, sigma receptor antagonists have the capability to
mitigate the acute behavioral and toxic actions of cocaine.

The influence of sigma receptor ligands such as AC927 on the subchronic effects of cocaine
is also noteworthy. In place conditioning studies, AC927 had no significant effects of its
own, but significantly attenuated the development of cocaine-induced conditioned place
preference. Earlier studies by Maurice and colleagues showed that selective antagonists and
antisense oligonucleotides against sigma receptors likewise had no effects of their own on
place conditioning, but prevented the development of cocaine-induced conditioned place
preference (Romieu et al., 2000, 2002). In contrast, sigma receptor agonists enhanced
cocaine-induced conditioned place preference, although these compounds did not elicit
conditioned place preference on their own (Romieu et al., 2002, 2003). Similarly, a
reactivation of place conditioning was obtained after its extinction by administration of
cocaine or sigma receptor agonists, and the reactivation was blocked by the sigma receptor
antagonist, BD1047 (Romieu et al., 2004). Together, these data suggest that sigma receptor
ligands do not possess reinforcing effects of their own, but can modulate the reinforcing
effects and drug-seeking behaviors evoked by other drug classes. This modulation may be
facilitated by the altered expression of sigma receptors in the brain following repeated
exposure to cocaine, since place conditioning to cocaine is accompanied by an increase in
sigma receptor mRNA in the nucleus accumbens (Romieu et al., 2002). The ability of sigma
receptor antagonists, in sufficient dosages, to reduce effects mediated through up regulated
sigma receptors may therefore further contribute to the attenuation of an expanded range of
cocaine-induced behaviors by this class of compounds.

In drug discrimination studies, AC927 partially substituted for the discriminative-stimulus
effects of cocaine. When combined with cocaine, AC927 enhanced the discriminative-
stimulus effects of cocaine. Together with the pattern of results in the self-administration
studies which are discussed below, the data suggest that AC927 acts as a partial agonist at
sigma receptors. Several points of comparison with data already in the literature supports
such an interpretation, but direct testing of additional sigma ligands in this and other animal
models are needed to validate such a mechanism (see Hiranita et al., 2010), as well as
further characterization of AC927 across a range of functional studies. In earlier drug-
discrimination studies, selective sigma receptor agonists, such as (+)-pentazocine, produced
discriminative-stimulus effects when compared to saline (Steinfels et al., 1988). Similarly,
the sigma-active neurosteroid pregnanolone produced discriminative-stimulus effects, which
fully substituted for the sigma receptor agonist (+)-SKF 10,047 (Engel et al., 2001). The
sigma receptor antagonist NE-100 has also been reported to attenuate the discriminative-
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stimulus effects of ketamine (Narita et al., 2001). The existing reports thus indicate that
sigma receptor ligands can alter the discriminative stimulus properties of cocaine and other
drugs. However, additional studies are needed to fully delineate the conditions under which
such responses are elicited.

The differences in the effects of AC927 in the drug discrimination vs. place conditioning
studies deserve further comment. Different rodent species were used in the two studies,
which could contribute to some variations in response. However, the highly conserved
nature of the sigma receptor across species suggests that such differences would be
relatively minor. A more likely influence may stem from the drug histories of the animals. In
the drug-discrimination experiments, as well as the self-administration studies described
below, the animals receiving AC927 had been previously exposed to cocaine. In the place-
conditioning studies, the animals were drug-naïve prior to treatment. The data, considered
together, suggest reduced cocaine-like effects of AC927, with functional attributes
influenced by drug history. Those animals with prior exposure to cocaine (e.g., drug
discrimination and self administration studies) respond to AC927 as being more like cocaine
than subjects without that history (e.g., place conditioning studies). However, the effects of
AC927 were not equivalent to those of cocaine, even in subjects previously exposed to
cocaine, as it did not fully substitute in subjects discriminating cocaine, and did not maintain
rates of responding in self administration that were comparable to those maintained by
cocaine. Thus, pharmacological history may modulate the response to AC927.

For the self-administration studies, AC927 was presented to primates who were experienced
with self-administering a variety of abused substances including cocaine and MDMA. In
these animals, AC927 was self-administered and engendered responding that was
intermediate between that maintained by saline or cocaine. In earlier investigations, sigma
receptor agonists such as (+)-SKF 10,047 and (+)-cyclazocine, were self-administered in
primates to a level comparable to cocaine (Slifer and Balster, 1983). Also, the sigma
receptor agonists DTG and PRE-084 engendered rates of responding similar to cocaine in
rats trained to self administer cocaine (Hiranita et al., 2010). Well established sigma receptor
antagonists such as BD1047 and BD1063, on the other hand, were not self administered
(Hiranita et al., 2010). These findings are consistent with a partial agonist effect of AC927 at
sigma receptors, which would explain the ability of AC927 to produce low efficacy
reinforcing effects and partial substitution in cocaine discrimination, as well as a
potentiation (leftward shift) of the cocaine discriminative effect, and still exhibit apparent
antagonist actions under other conditions. Potential partial agonist actions of AC927 would
however, have to be mediated through sigma1 receptors because in vitro dose response
characterizations indicate that AC927 is an antagonist at sigma2 receptors (W.D. Bowen,
personal communication).

Together, the pattern of in vivo pharmacological responses indicates that AC927, most
likely acting as a partial agonist at sigma receptors, attenuates a number of cocaine-induced
behaviors. In addition, the weak reinforcing and discriminative stimulus effects of AC927
suggest its potential as a pharmacotherapy for cocaine abuse. Thus, the present data along
with previous results with sigma receptor antagonists suggest these compounds as promising
leads for the development of new medications to treat cocaine abuse, and further
investigations of their mechanisms and effects should be pursued.
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Fig. 1.
Structure of AC927.
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Fig. 2.
Effects of AC927 on cocaine-induced convulsions and lethality in mice. Swiss Webster mice
were pretreated with AC927 (0–20 mg/kg, i.p.) followed 15 min later with a convulsive (60
mg/kg, i.p.) or lethal (125 mg/kg, i.p.) dose of cocaine. (A) AC927 produced a dose-
dependent reduction in the convulsive effects of cocaine. **P<0.01, ***P<0.001 Fisher’s
exact test. (B) AC927 produced a dose-dependent reduction in the lethal effects of cocaine.
*P<0.05 Fisher’s exact test.
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Fig. 3.
Effects of AC927 on basal and cocaine-induced locomotor activity in mice. Swiss Webster
mice were treated with AC927 (0–10 mg/kg, i.p.) alone or followed 15 minutes later with a
stimulatory dose of cocaine (10 mg/kg, i.p.). Horizontal locomotor activity was quantified as
disruptions in a 4×4 photo beam grid for 30 min. (A) AC927 alone had no significant effect
on locomotor activity. (B) Pretreatment with AC927 significantly attenuated the locomotor
stimulatory effects of cocaine. *P<0.05 Bonferroni’s multiple comparisons post-hoc test.
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Fig. 4.
Effects of AC927 on conditioned place preference in mice. Positive scores reflect rewarding
effects, while negative scores suggest aversive effects. Alone, AC927 (5 or 10 mg/kg, i.p.)
had no significant effect on conditioned place preference. Cocaine (10, 20, 30 mg/kg, i.p.)
produced conditioned place preference in a dose-dependent manner. Pretreatment of the
mice with AC927 (5 or 10 mg/kg, i.p.) significantly attenuated cocaine-induced conditioned
place preference. *P<0.05, **P<0.01 Student-Newman-Keuls post-hoc test.
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Fig. 5.
Effects of AC927 in drug discrimination in rats. In the top panels, the percentage of
responses on the cocaine-appropriate key are indicated. (A) Administration of either cocaine
or AC927 dose dependently increased responding on the cocaine-appropriate key. (B)
Pretreatment with AC927 shifted the dose response to cocaine upward. In the bottom panels,
the rates at which responses were emitted (as a percentage of response rate after saline
administration) are shown. (C) Cocaine did not alter rates of responding, although AC927
elicited a decrease in response rate with its highest dose tested. (D) Cocaine-induced rates of
responding were significantly decreased by pretreatment with AC927.
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Fig. 6.
Effects of AC927 on self-administration in rhesus monkeys. AC927 generated an inverted
U-shaped function. At its peak, all animals self-administered AC927, although responding
was intermediate between that engendered by contingent saline and the maintenance dose of
cocaine for all subjects. *P<0.05, ***P<0.001 Bonferroni’s multiple comparisons post-hoc
test.
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