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Sigma1 receptors (s1Rs) are intracellularly mobile chaperone proteins implicated in several disease processes, as well as psychiatric

disorders and substance abuse. Here we report that although selective s1R agonists (PRE-084, (þ )-pentazocine) lacked reinforcing

effects in drug-naive rats, over the course of 28 experimental sessions, which was more than sufficient for acquisition of cocaine self-

administration, responding was not maintained by either s1R agonist. In contrast, after subjects self-administered cocaine s1R agonists

were readily self-administered. The induced reinforcing effects were long lasting; a response for which subjects had no history of

reinforcement was newly conditioned with both s1R agonists, extinguished when injections were discontinued, and reconditioned when

s1R agonists again followed responses. Experience with food reinforcement was ineffective as an inducer of s1R agonist reinforcement.

Although a variety of dopamine receptor antagonists blocked cocaine self-administration, consistent with its dopaminergic mechanism,

PRE-084 self-administration was entirely insensitive to these drugs. Conversely, the sR antagonist, BD1063, blocked PRE-084 self-

administration but was inactive against cocaine. In microdialysis studies i.v. PRE-084 did not significantly stimulate dopamine at doses that

were self-administered in rats either with or without a cocaine self-administration experience. The results indicate that cocaine

experience induces reinforcing effects of previously inactive s1R agonists, and that the mechanism underlying these reinforcing effects is

dopamine independent. It is further suggested that induced s1R mechanisms may have an essential role in treatment-resistant stimulant

abuse, suggesting new approaches for the development of effective medications for stimulant abuse.
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INTRODUCTION

Sigma1 receptors (s1Rs) are intracellular chaperone
proteins that translocate from their primary endo-
plasmic reticulum localization to different subcellular
compartments upon agonist actions, and regulate ion

channels and G-protein-coupled-receptor signaling (Aydar
et al, 2002; Cormaci et al, 2007; Hayashi and Su, 2007).
Reports have implicated s1Rs in various biological func-
tions, and drugs acting at these receptors have been studied
for therapeutic effects in cancer, HIV infection, psychiatric
disorders, and substance abuse (Katz et al, 2011; Maurice
and Su, 2009). s1Rs are expressed widely, including in
dopaminergic brain regions (Hayashi et al, 2010), and drugs
acting at these receptors have been shown to regulate
dopaminergic function (Nuwayhid and Werling, 2003).
Consequently, studies have focused on the interactions
between s1R ligands and psychomotor-stimulant drugs.
s1R antagonists have been shown to block several cocaine

effects that are related to its abuse and excessive intake.
For example, the convulsions and lethality produced by
cocaine can be blocked by various sR antagonists, including
BD1063 and BD1047 (Matsumoto et al, 2001; McCracken
et al, 1999). Further, sR antagonists block the locomotor-
stimulant effects of cocaine (Katz et al, 2011; Matsumoto,
2009), and cocaine-induced place preferences (Romieu
et al, 2000; 2002).

Despite the promising blockade of these effects
of cocaine, the effects of sR antagonists in animals
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self-administering cocaine have been less compelling. For
example, over a range of doses sufficient to block other
effects of cocaine, BD1047 had little effect on self-
administration of cocaine (Martin-Fardon et al, 2007).
Our previous studies replicated the lack of antagonism with
BD1047, and extended it to various cocaine doses and
several sR antagonists (Hiranita et al, 2011b; 2010). The one
positive effect of BD1047 was a blockade of the ‘reinstate-
ment’ of previously extinguished responding. Nonetheless,
taken together the studies of the effects of selective sR
antagonists on responding reinforced with cocaine suggest
that these drugs are relatively inactive.

In contrast to the minimal effects of sR antagonists on
subjects self-administering cocaine, a leftward shift in the
cocaine self-administration dose–effect curve was produced
by the selective s1R agonist, PRE-084, and the s1/2R agonist,
DTG (Hiranita et al, 2010). That effect was unusual as sR
agonists are often reported to be behaviorally inactive
(Maj et al, 1996; Romieu et al, 2002). Drugs that shift the
cocaine self-administration dose–effect curve leftward, such
as indirect dopamine agonists, typically have their own
reinforcing effects (Hiranita et al, 2011b; 2010). The
suggested reinforcing effects of selective sR agonists are
supported by a previous finding that administration of sR
agonists produced dose-dependent stimulation of dopamine
levels in the nucleus accumbens shell of rats (Garcés-
Ramı́rez et al, 2011), a brain region involved in the
reinforcing effects of drugs of abuse (Pontieri et al, 1995;
1996; Tanda et al, 1997). Further, Hiranita et al (2010)
found that both PRE-084 and DTG were in fact self-
administered, however, the subjects used in that study had a
history of cocaine self-administration. Thus, the purpose of
the present studies was to assess the potential reinforcing
effects of s1R agonists in experimentally naive subjects.
Further, the mechanisms of the reinforcing effects of s1R
agonists were assessed both pharmacologically and with
in vivo microdialysis.

MATERIALS AND METHODS

Details of all procedures are supplied in Supplementary
Information. A total of six groups of rats (n¼ 6 for each)
were used initially with either cocaine (three groups) or sR
agonists (PRE-084, two groups; (þ )-pentazocine, one
group) self-administration. A final group was studied that
was initially trained with food reinforcement.

Self-Administration

Male Sprague-Dawley rats, weighed B300 g at the start of
the study. Subjects were acclimated to a temperature- and
humidity-controlled vivarium for at least 1 week with food
and water unrestricted under a 12:12-h light:dark cycle
(lights on at 0700 hours). Thereafter weights of rats were
maintained at B320 g by adjusting daily food rations.
Jugular catheters were surgically implanted and subjects
were allowed to recover from surgery for B7 days.

Experimental sessions were conducted with animals
placed in operant-conditioning chambers, which were
enclosed within ventilated sound-attenuating cubicles and
supplied with masking white noise. Two response levers

were located on the front wall on which a downward
displacement with a force greater than 20 g defined a
response and activated a ‘feedback’ relay mounted behind
the front wall. Three light-emitting diodes (LEDs) were
located in a row above each lever. A receptacle for the
delivery of 45 mg food pellets was mounted midway
between the levers. An infusion pump placed above each
chamber delivered injections via tubing and a fluid swivel to
the subject’s catheter that was protected by a surrounding
metal spring. Subjects were placed in the chambers daily for
sessions that lasted 120 min and started with the illumina-
tion of the LEDs above each lever.

With the exception of studies of pharmacological
mechanisms using antagonists, during sessions each right-
lever response turned off the LEDs and activated the
infusion pump for 10 s (fixed ratio or FR 1 schedule)
followed by a 20-s time-out period during which LEDs were
off and responding had no scheduled consequences. Drug
injections were cocaine (0.32 mg/kg/injection, n¼ 6), PRE-
084 (0.32 mg/kg/injection, n¼ 6) or (þ )-pentazocine
(0.32 mg/kg/injection, n¼ 6). After the time-out, the LEDs
were illuminated and the next right-lever response pro-
duced an injection. Responses on the left lever were
recorded but had no scheduled consequences. This condi-
tion remained in effect for 28 experimental sessions.

For the cocaine self-administration group, responses on
the left rather than right lever produced injections for the
next seven sessions, with all other conditions as in the first
28 sessions. During the subsequent nine sessions, injections
and accompanying stimulus changes were discontinued
(extinction) with other aspects of the sessions unchanged.
Finally, responses on the left lever again produced cocaine
injections for five sessions under the FR 1 schedule as
described above (reacquisition).

During the initial 28 sessions with PRE-084 or (þ )-
pentazocine, responding was not maintained by either drug.
Subsequently the PRE-084 group was studied with five
different doses (0.03–1.0 mg/kg/injection) for 14 sessions
each, after which they were allowed to self-administer
cocaine (0.32 mg/kg/injection) for 14 sessions under the FR
1 schedule as described above. The (þ )-pentazocine group
was immediately changed to cocaine self-administration
under the FR 1 schedule. After cocaine self-administration,
all of the subjects were returned to the FR 1 schedule of
PRE-084 or (þ )-pentazocine self-administration, and the
subsequent series of sessions (change in active lever,
extinction, reacquisition) for both groups was as described
for the cocaine group.

A separate group of subjects (n¼ 6) were trained with
45-mg food pellets as reinforcement under a FR 1-response
schedule of reinforcement otherwise identical to that for
drug self-administration. Similarly, the subjects were
exposed to sessions of acquisition of lever pressing,
followed by an alternation of the lever on which responses
produced food, extinction, and reacquisition. After the
reacquisition phase, the subjects were catheterized, allowed
to respond again for five sessions with food reinforcement,
and subsequently allowed to self-administer PRE-084
(0.32 mg/kg/injection) for 28 sessions.

For the studies of pharmacological mechanisms, the
procedure was modified. Subjects from the above-described
cocaine self-administration experiments, and several
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experimentally naive subjects (N¼ 18) were trained to self-
administer cocaine (0.32 mg/kg/injection). Subsequently,
the FR value was increased to five and the session
was divided into five 20-min components, each preceded
by a 2-min time-out period. This arrangement allowed
the assessment of the entire self-administration dose–
effect curve in a single session by adjusting infusion
volumes and durations. The dose per injection was
incremented in the five sequential components in an
ascending dose order as follows: no injection (also referred
to as extinction, or EXT, because responses had no
scheduled consequences), 0.03, 0.10, 0.32, and 1.0 mg/kg/
injection for cocaine. A response-independent sample
injection of the drug at the corresponding dose was
delivered just before the start of each component except
the first (Hiranita et al, 2009).

Once performances were stable (see Supplementary
Material for more detail), the effects on cocaine self-

administration of presession i.p. injections of dopamine
receptor antagonists (the dopamine D1-like receptor an-
tagonist SCH 39166, the dopamine D2-like receptor
antagonist L-741,626 or the non-selective dopamine and s
receptor antagonist haloperidol) or the preferential s1R
antagonist (BD1063) were assessed. These drugs were also
examined in the same rats with PRE-084 (0.03, 0.10, 0.32,
and 1.0 mg/kg/injection) substituted for cocaine under
otherwise identical conditions. The effects of pre-session
treatments on cocaine self-administration were separated by
a minimum of 72 h. The antagonists were studied with a
mixed order of drugs and doses.

In vivo Microdialysis

Experiments were conducted during the light phase. Under
a mixture of ketamine and xylazine (60.0 and 12.0 mg/kg
i.p., respectively) anesthesia, concentric dialysis probes

Figure 1 Lack of the reinforcing effects of the selective s1R agonists in experimentally naive rats compared with the typical acquisition of lever pressing with
cocaine injections. (a) When each response on the right lever produced a cocaine injection rates of responding increased whereas rates of responding on the
alternate (left) lever, which had no scheduled consequences, remained low. When cocaine injections were available only for responses on the previously
inactive (left) lever, responding switched to that lever. Saline substitution decreased responding on both levers to low levels. When cocaine was again available
for responses on the left lever, responding increased on that lever. (b, c) Lack of acquisition of (þ )-pentazocine or PRE-084 self-administration when each
response produced an injection. Response rates on the active lever were not consistently greater than those on the inactive lever throughout the course of 28
experimental sessions. *po0.05, **po0.01, ***po0.001, compared with responding on the inactive lever (post-hoc Bonferroni t-test).
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were stereotaxically implanted (see Supplementary
Information) aimed at the nucleus accumbens shell
(uncorrected coordinates from the rat brain atlas of Paxinos
and Watson (1998): anterior¼ þ 2.0 mm from bregma,
lateral¼±1.0 mm from bregma, vertical¼ � 7.9 mm from
dura), as described previously (Tanda et al, 2005; Tanda
et al, 2008; Tanda et al, 1997). Histology results are detailed
in Supplementary Information. The experiments were
performed on freely moving rats, about 22–24 h after probe
implant. Samples (10 ml) were taken every 10 min and
immediately analyzed, as detailed in Supplementary
Information. After stable dopamine values (less than 10%
variability) were obtained for at least three consecutive
samples (after about 1 h), rats were injected with increasing
doses of PRE-084, spaced 60 min apart. Dopamine was
detected in dialysate samples by HPLC coupled with a
coulometric detector (5200a Coulochem II, or Coulochem
III, ESA, Chelmsford, Massachusetts).

Drugs

Drugs were injected intravenously (cocaine, PRE-084,
and (þ )-pentazocine) or intraperitoneally (BD 1063, SCH

39166, L-741,626, and haloperidol). Drug pretreatments were
administered 5 (BD1063) or 30 min before sessions. The drugs
used are fully described in Supplementary Information.

RESULTS

As expected, cocaine self-administration was acquired in
drug-naive rats (Figure 1a) when each response produced
an injection (a fixed-ratio one-response schedule of
reinforcement). Responses on the active (right) lever that
produced cocaine injections (0.32 mg/kg/injection) in-
creased in frequency to asymptote over a series of 28 daily
2-h sessions. In contrast, responses on the alternate (left)
lever that had no scheduled consequences remained
infrequent. During sessions 29� 35 cocaine injections were
available for presses on the left lever (on which the subjects
had no history of reinforcement) instead of the right lever.
Responses on the left lever consequently increased and
responses on the right lever decreased in frequency.
When saline was substituted for cocaine (extinction,
sessions 36� 44), response rates decreased to low levels.
Finally, when cocaine presentation was again dependent on

Figure 2 Substitution of cocaine resulted in the acquisition of self-administration in rats that did not self-administer s1R agonists. (a, b) Acquisition of
cocaine (0.32 mg/kg/injection) self-administration when each response produced an injection after extended exposure to PRE-084 (0.32 mg/kg/injection) or
after exposure to (þ )-pentazocine (0.32 mg/kg/injection). Each point represents the mean ±SEM of six subjects. ***po0.001, compared with responding
on the inactive lever (post-hoc Bonferroni t-test). (c) Examples of actual self-administration performances of a representative subject in real time. Ordinates,
cumulative responses; abscissae, time. Each record is from a single 120-min experimental session. Each response on the active lever incrementally stepped
the cumulative curve upward and produced a diagonal mark on the cumulative response curve. Vertical marks on the line below the cumulative curve
indicate responses on the left (inactive) lever. The first record is from a previously naive subject in the last session with the opportunity to self-administer
0.32 mg/kg/injection of PRE-084. The second record is from that same subject after 14 sessions with the opportunity to self-administer 0.32 mg/kg/injection
of cocaine. The third record is from the immediately following session, the first opportunity to self-administer 0.32 mg/kg/injection of PRE-084 after
experience with cocaine. The last record shows stable self-administration of PRE-084.

Cocaine self-administration triggers sigma agonist reinforcement
T Hiranita et al

608

Neuropsychopharmacology



responses on the left lever (sessions 45� 49) rate of
responding increased again (Figure 1a). A two-way repeated
measures ANOVA (lever x sessions) indicated a significant
effect of session number (F48,240¼ 104; po0.001), lever
(F1,240¼ 79.2; po0.001), and their interaction (F48,240¼ 76.3;
po0.001).

In contrast to cocaine, responding was not maintained in
the separate groups of experimentally naive subjects given
the opportunity to self-administer the sR agonists, either
PRE-084 (Figure 1b) or (þ )-pentazocine (Figure 1c) at the
doses of 0.32 mg/kg/injection. Rates of responding on the

active lever over the course of 28 consecutive sessions did
not consistently exceed rates of responding on the inactive
lever, and there was no evidence of the increase in
frequency of responding seen with the cocaine group.
Two-way repeated measures ANOVAs indicated significant
effects of session number for PRE-084 (F27,135¼ 2.90;
po0.001) and (þ )-pentazocine (F27,135¼ 3.59; po0.001),
but no effects of lever or the interaction of the two
(p-values40.103).

Subjects that failed to self-administer s1R agonists
nonetheless subsequently acquired cocaine self-administra-

Figure 3 Selective s1R agonist self-administration after cocaine experience, but not after experience with food reinforcement. Each point represents the
mean ±SEM. (a, b) Self-administration of selective s1R agonists when each response produced an injection. Reversal of active and inactive levers, extinction,
and reacquisition each had the effects expected for a reinforcing agent. (c) Dose–effect curve for PRE-084 self-administration before and after experience
with cocaine self-administration. No dose of PRE-084 was self-administered at rates greater than those for saline in cocaine-naive rats. Following cocaine self-
administration, the dose–effect curve of PRE-084 self-administration was typical of those obtained with traditional drugs of abuse. (d) A food reinforcement
history was not sufficient to induce reinforcing effects of PRE-084. *po0.05, ***po0.001, compared with responding on the inactive lever (post-hoc
Bonferroni t-test). (e) Performances of a representative subject in real time (details of recording as in figure 2c). The first record is from the last session
of responding maintained by food reinforcement. The second record is from the immediately following session, the first opportunity to self-administer
0.32 mg/kg/injection of PRE-084 after experience with food reinforcement, showing the extinction of responding previously maintained by food
reinforcement. The 10th sessions confirm no acquisition of PRE-084 self-administration.
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tion (Figure 2a and b). This acquisition occurred
immediately after the sessions shown in Figure 1 for (þ )-
pentazocine. The two-way repeated measures ANOVA
indicated a significant effect of session number
(F13,65¼ 46.1; po0.001), right vs left lever (F1,65¼ 51.5;
po0.001) and the interaction of the two (F13,65¼ 52.6;
po0.001). For PRE-084, another 84 sessions after those
shown in Figure 1 were used to assess several higher or
lower doses, which were also found to lack reinforcing
effects (see below). Significant differences between rates of
responding on the right and left levers in these subjects
exposed to PRE-084 appeared on the twelfth session of
cocaine exposure, whereas those differences appeared after
the sixth session in subjects previously exposed to (þ )-
pentazocine. The difference between these groups may be
due to the testing of multiple doses of PRE-084 before
exposure to cocaine, which extended their experience in the
chamber without reinforcement compared with the group
previously exposed to response-contingent (þ )-pentazo-
cine injections. Two-way repeated measures ANOVA
indicated significant effects of session number
(F13,65¼ 33.6; po0.001), but right vs left lever did not reach
significance (F1,65¼ 5.19; p¼ 0.072), although the interac-
tion of lever and session number was significant
(F13,65¼ 6.14; po0.001). Following the acquisition of
cocaine self-administration, subjects were again given
access to the previously inactive doses of s1R agonists. In
marked contrast to the absence of self-administration
before cocaine experience, both s1R agonists were readily
self-administered and this self-administration was stable
over the course of 10 daily sessions. Records of perfor-
mances of an individual subject (Figure 2c) show a lack of
PRE-084 self-administration before cocaine exposure, avid

cocaine self-administration when that drug was available,
self-administration of PRE-084 on the first session in which
it was made available immediately after cocaine exposure,
and its sustained self-administration at the tenth session of
its availability.

Following cocaine experience, s1R agonist self-adminis-
tration was comparable to that of cocaine in all important
aspects. When the active lever was switched from the right
to the left, responding switched to the newly active lever
(Figure 3a snd b). The mean number of infusions of PRE-
084 (0.32 mg/kg/injection) over the last three sessions
before saline substitution (90.4±7.74) was B13-fold higher
than that of before cocaine substitution (7.22±2.13). When
saline was substituted for either s1R agonist, self-adminis-
tration decreased to low levels, and increased again when
the s1R agonist was again made available for self-admin-
istration (Figure 3a and b). Two-way repeated measures
ANOVA indicated significant effects on response rates
maintained by PRE-084 of session number (F30,150¼ 58.2,
po0.001), lever (F1,150¼ 461, po0.001), and the interaction
of the two (F30,150¼ 75.6, po0.001). Similar outcomes with
(þ )-pentazocine were obtained for session number
(F30,150¼ 51.5, po0.001), lever (F1,150¼ 12.7, p¼ 0.016),
and the interaction of the two (F30,150¼ 71.0, po0.001).
The subsequent testing of different doses of PRE-084
(Figure 3c, filled triangles) showed that its dose–effect
curve after experience with cocaine was similar to those
seen with other self-administered drugs (Hiranita et al,
2011b; 2009; 2010). The lowest dose of PRE-084 did not
maintain self-administration at levels greater than vehicle;
with increases in dose, rates of responding increased to
their maximum and decreased at the highest dose tested.
In contrast, the testing of PRE-084 before cocaine self-

Figure 4 Sensitivity of cocaine self-administration, and insensitivity of PRE-084 self-administration to dopamine receptor antagonism. Rats were trained to
self-administer cocaine (0.032–1.0 mg/kg/injection) under a fixed-ratio five-response schedule of reinforcement with different doses of cocaine available in
five components. All antagonists except BD1063 (5 min before sessions) were administered intraperitoneally, 30 min before sessions. Each point represents
the mean±SEM of response rates on the active lever. (a–c) Effects of antagonists selective for dopamine D1-like receptors, SCH 39166, D2-like receptors,
L-741 626, and the combination of minimally active doses of each. SCH 39166 and L-741 626 shifted the cocaine self-administration dose–effect curve
rightward and the combination produced an insurmountable antagonism over the range of tested doses of cocaine. (d) The non-selective dopamine
receptor antagonist, haloperidol, produced a dose-related rightward shift in the cocaine self-administration dose–effect curve. (e) The s1R antagonist,
BD1063, did not substantially affect cocaine self-administration. (f–h) The dopamine antagonists and their combination did not substantially affect PRE-084
self-administration. (i) Haloperidol dose-dependently decreased maximal PRE-084 self-administration. (j) BD1063 dose-dependently decreased maximal
PRE-084 self-administration.
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administration (Figure 3c, open triangles) indicated that
none of these doses were self-administered at levels greater
than vehicle up to a dose/injection that was 100-fold greater
than an active dose of PRE-084 in cocaine-experienced
subjects (Figure 3c, filled triangles). Two-way repeated-
measures ANOVA indicated no effect of dose, lever or their
interaction on rates of PRE-084 self-administration in
cocaine-naive rats (all p-values40.321), whereas a similar
analysis of rates of responding maintained by PRE-084 after
experience with cocaine self-administration indicated sig-
nificance of dose (F4,20¼ 65.4, po0.001), lever (F1,20¼ 87.3,
po0.001) and their interaction (F4,20¼ 72.2, po0.001), with
post-hoc tests indicating that response rates maintained by
doses from 0.1 to 1.0 mg/kg were significantly different
(po0.001) from those maintained by saline injections.

The self-administration of s1R agonists in subjects with
cocaine experience may result from either a pharmacolo-
gical action triggered by cocaine or more simply the
experience of acquiring lever-pressing behavior. A separate
group of experimentally naive rats was trained to lever-
press with food reinforcement under a FR 1-response
schedule (Supplementary Figure S1). Following that acqui-
sition, the sensitivity of the behavior to reinforcement
contingencies was assured with switching the active lever,
extinction, and reconditioning (Supplementary Figure S1).
After the reacquisition of food-reinforced responding
catheters were implanted; subjects recovered and were
tested for five daily sessions to ensure stability of food-
reinforced responding. Subsequently these subjects were
given access to PRE-084 injections (FR 1; 0.32 mg/kg). In
contrast to the stable responding maintained by food
reinforcement, responding decreased to low levels when
PRE-084 self-administration was substituted for food

reinforcement (Figure 3d). A two-way repeated-measures
ANOVA indicated a significant effect of session number
(F27,135¼ 6.78, po0.001), lever (F1,135¼ 7.86, p¼ 0.038), and
the interaction of the two (F27,135¼ 4.28, po0.001) on
response rates. Records of responding from an individual
subject (Figure 3e) show avid food-reinforced responding
before the opportunity to self-administer PRE-084, and the
subsequent extinction of responding during the 28 sessions
of access to PRE-084 injections at the dose that maintained
responding after experience with cocaine self-administra-
tion (Figure 3e and d).

As the self-administration of cocaine is known to result
primarily from an inhibition of dopamine uptake (Hiranita
et al, 2009; Ritz et al, 1987) and is sensitive to dopamine
antagonists (Barrett et al, 2004; Hemby et al, 1996), we
compared the effects of dopamine receptor and s1R anta-
gonists on cocaine and PRE-084 self-administration. The
subjects previously trained with cocaine injection under a
FR 1-response schedule were studied subsequently under the
five-component FR 5 schedule, which allowed the character-
ization of the effects of pretreatments on a full range of self-
administration doses. As expected, injections of both
cocaine and PRE-084 (filled symbols in Figure 4, top and
bottom rows, respectively) produced bi-phasic dose–effect
curves with the drugs being equipotent (maximal self-
administration was obtained at 0.32 mg/kg/injection of both
drugs). Pre-session treatment with antagonists at either
dopamine D1-like (SCH 39166) or D2-like (L-741 626)
receptors dose-dependently shifted the cocaine self-admin-
istration dose–effect curve to the right (Figure 4a and b).
Statistical analysis of results with SCH 39166 indicated
significant effects on response rates of cocaine (F4,60¼ 24.6,
po0.001) and antagonist (F3,60¼ 18.5, po0.001) dose, and
their interaction (F12,60¼ 28.8, po0.001). Similar analysis of
results with L-741 626 indicated significant effects on
response rates of cocaine (F4,60¼ 26.4, po0.001) and
antagonist (F3,60¼ 33.3, po0.001) dose, and their interaction
(F12,60¼ 26.5, po0.001). Further, an insurmountable antag-
onism of cocaine self-administration was produced by a
combination of intermediate doses of SCH 39166 and
L-741 626 (Figure 4c), with significant effects on response
rates of cocaine dose (F4,20¼ 46.5, po0.001), antagonist
treatment (F1,20¼ 91.3, po0.001), and their interaction
(F4,20¼ 60.8, po0.001). Pretreatment with the non-selective
dopamine receptor antagonist, haloperidol shifted the
cocaine dose–effect curve to the right with the highest dose
producing an insurmountable antagonism across the range
of cocaine doses studied (Figure 4d). Statistical analysis of
these results indicated significant effects on response rates
of cocaine (F4,80¼ 20.6, po0.001) and haloperidol (F4,60¼ 24.1,
po0.001) dose, and their interaction (F16,80¼ 21.1, po0.001).
Finally, BD 1063 did not produce substantial effects on
cocaine self-administration (Figure 4e). However, a two-way
repeated measures ANOVA indicated a significant effect of
BD 1063 dose (F4,80¼ 10.4, po0.001). Post-hoc Bonferroni
t-tests indicated small but significant effects on rates of
responding maintained by injections of 0.32 mg/kg/injec-
tion of cocaine with increases produced by 3.2 mg/kg
(t¼ 3.59, p¼ 0.002), and decreases at doses of 10 (t¼ 6.93,
po0.001) and 32 (t¼ 3.69, p¼ 0.001) mg/kg of BD 1063.
The decreases in response rates were 14.6 and 7.80 percent
of control response rates, respectively.

Figure 5 Dose-dependent effects of PRE-084 on extracellular levels of
dopamine in the nucleus accumbens shell. Ordinates: extracellular
dopamine levels as a percentage of baseline during the 30-min period of
time after cumulative drug administration. Abscissae: dose of drug in mg/kg,
log scale. Each point represents the mean effect ±SEM determined in four
rats. The average basal dopamine values in 10ml samples of dialysates from
the nucleus accumbens shell were 16.2 ±1.46 fmoles (±SEM) and
29.7±2.79 for rats, respectively, with and without cocaine experience,
which did not significantly differ in the two groups (t¼ � 2.12; p¼ 0.08).
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In contrast, the self-administration of PRE-084 was
insensitive to the selective dopamine receptor antagonists
either alone or in combination at doses that were effective
against cocaine (Figure 4f–h). Statistical analyses indicated
nonsignificant effects of SCH 39166 dose (F3,60¼ 1.55,
p¼ 0.243), significant effects of L-741 626 dose
(F3,60¼ 3.32, p¼ 0.049) that were a reflection of small
increases in response rates with L-741 626 pretreatment
(Figure 4g), and nonsignificant (F1,20¼ 1.85, p¼ 0.232)
effects of the combination of the two dopamine antagonists.
In contrast, haloperidol which also possesses sR antagonist
effects (Hayashi et al, 2007), produced a dose-related
blockade of the self-administration of PRE-084. Statistical
analysis of results with haloperidol indicated significant
effects on response rates of PRE-084 (F4,60¼ 6.57,
p¼ 0.002), haloperidol dose (F3,60¼ 6.74, p¼ 0.004), and
their interaction (F12,60¼ 5.61, po0.001). In addition, the
preferential s1R-antagonist, BD1063, similar to haloperidol,
dose-dependently decreased the maximal rates of self-
administration of PRE-084 at doses that were inactive
against cocaine self-administration (Figure 4j). A two-way
repeated-measures ANOVA of these effects on response
rates indicated significant effects of cocaine (F4,60¼ 11.6,
po0.001), BD1063 dose (F3,60¼ 10.4, po0.001), and their
interaction (F12,60¼ 9.77, po0.001).

A group of rats that had self-administered PRE-084 after
cocaine self-administration were implanted with probes
aimed at the nucleus accumbens shell and administered
successive increasing doses of PRE-084 (Figure 5). The
effects of PRE-084 in these rats were compared with its
effects in a second group that had an opportunity to self-
administer PRE-084 after the opportunity to self-administer
saline. PRE-084 produced dose-dependent increases in
dopamine concentrations in both groups of subjects
(Figure 5; F3,18¼ 19.3; po0.001), with only those at the
10.0 mg/kg dose significant (t¼ 6.69; po0.053). Although
there was a trend, there were no significant differences in
basal dopamine concentrations in the two groups
(t¼ � 2.12; p¼ 0.08) and a single regression line best
described the dose–effect curves (F2,20¼ 0.664; p¼ 0.526).

DISCUSSION

The results of the present study indicate that a history of
cocaine self-administration triggers s1R-mediated reinfor-
cing effects that were absent in subjects without that
particular experience with cocaine. The induction of
reinforcing effects of s1R agonists was not due simply to
the perseveration of previously reinforced behavior, as a
history of food reinforcement was an insufficient precondi-
tion for s1R-mediated reinforcing effects. Further, the effect
was a qualitative change from a virtual absence of
reinforcing efficacy to enduring reinforcing effects compar-
able to those of cocaine. Once the reinforcing effects were
induced behavior was amenable to all characteristic
modifications by contingencies of reinforcement: respond-
ing followed from one lever to the other when the
consequent injection became available only on the pre-
viously inactive lever; responding was extinguished by
eliminating s1R agonist injections; and the extinguished
response was reconditioned with the reintroduction of the

contingency. These varied outcomes showing sensitivity to
the contingencies of reinforcement occurred over the course
of 30-some daily sessions with no indication of a waning of
the reinforcing effects of either selective s1R agonist.

Several previous findings suggest mechanisms that
underlie the present induction of reinforcing effects of
s1R agonists. Cocaine exposure can increase levels of s1R
mRNA and protein. These effects occur in brain regions
implicated in drug reinforcement and can be blocked by the
sR antagonist, BD1063 (Liu et al, 2005; Liu and Matsumoto,
2008). Further, the antagonism by BD1063 suggests that the
upregulation of s1Rs is triggered by direct actions of
cocaine at s1Rs, and cocaine has reported affinity for s1Rs
(Garcés-Ramı́rez et al, 2011; Hayashi et al, 2007; Hiranita
et al, 2011b; Sharkey et al, 1988). These findings suggest
that the present induction of a reinforcing effect of s1R
agonists is due to repeated agonist actions at s1Rs produced
by cocaine. However, at variance with this hypothesis are
findings that repeated agonist actions produced by the
selective s1R agonist, igmesine, failed to upregulate s1Rs
(Meunier et al, 2006; O0Connell et al, 1996), suggesting that
some action of cocaine in addition to its action at s1Rs is
necessary for s1R upregulation.

Comparisons of rats actively self-administering metham-
phetamine and those passively receiving the drug at the
same doses and frequencies (ie, ‘yoked’ controls) have also
shown increases in midbrain s1R protein, s1R mRNA levels
in hippocampus, and s1R increases in the olfactory bulb
(Hayashi et al, 2010; Stefanski et al, 2004), and in addition a
comparative downregulation of dopamine D2 autoreceptors
(Stefanski et al, 1999). More recently the s1R increases in
the olfactory bulb have been shown to result in activation
of extracellular signal-regulated kinase and attenuation of
protein kinase A (Hayashi et al, 2010). Further, s1Rs in
the olfactory bulb were found to be colocalized with
dopamine D1 receptors (Hayashi et al, 2010). Moreover, a
linkage between D1 and s1 receptors is further supported by
studies suggesting that these proteins can form hetero-
dimers (Navarro et al, 2010) and that the upregulation of
s1Rs by cocaine administration in vivo does not occur in
mice with a genetic deletion of D1 receptors (Zhang et al,
2005). Thus, current evidence suggests that initial activation
of dopaminergic effects, likely involving D1 receptors, may
be critical for the triggering an upregulation of s1Rs, which
in turn may be involved in the induction of s1R-agonist
reinforcing effects.

Once established, the reinforcing effects of the selective
s1R agonists were independent of dopaminergic mechan-
isms. Administration of i.v. doses of PRE-084 that maintain
self-administration behavior did not elicit any significant
stimulation of dopamine levels in the accumbens shell in
rats that self-administered cocaine and PRE-084 or in rats
that did not self-administer PRE-084 and were never
exposed to cocaine. Significant increases in extracellular
dopamine in the nucleus accumbens produced by PRE-084
were obtained at doses 18–30 times greater than those self-
administered, and produced less stimulation of dopamine
levels than cocaine (Garcés-Ramı́rez et al, 2011). Several
previous studies suggested some dopaminergic activity
induced by s1R agonists. For example increases in
dopamine concentrations in striata of rats after adminis-
tration of s1R agonists have been detected using in vivo
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microdialysis (Gudelsky, 1995; Patrick et al, 1993). How-
ever, more recent studies examining the selective
s1R agonist, PRE-084, indicated that it was significantly
less potent than cocaine (Garcés-Ramı́rez et al, 2011),
whereas the drugs PRE-084 and cocaine were equipotent
in self-administration. Additionally, the effects of PRE-084
on dopamine in the nucleus accumbens were not
antagonized by the sR antagonist, BD1063 (Garcés-
Ramı́rez et al, 2011), indicating that in contrast to
self-administration, the high-dose effects of PRE-084 on
dopamine were not sR mediated.

In contrast to cocaine, the self-administration of PRE-084
was insensitive to pretreatments with dopamine receptor
antagonists. Further, in this and previous studies (Hiranita
et al, 2011b; 2010; Martin-Fardon et al, 2007), self-
administration of cocaine was insensitive to pretreatment
with s1R antagonists, whereas the self-administration of
the s1R agonist, PRE-084, in the present study was dose-
dependently blocked by s1R antagonists. A lack of
substantive dopaminergic mediation of the effects of sR
agonists is further supported by a failure of either PRE-084
or DTG to substitute for cocaine in rats trained to
discriminate cocaine from saline injections (Hiranita et al,
2011a), a procedure in which a number of indirect
dopaminergic agonists fully substitute for cocaine
(Li et al, 2006; Witkin et al, 1991). Importantly, the
cocaine-discrimination procedure involves regular cocaine
injections, further indicating that administration of cocaine
alone does not induce pharmacological responses to sR
agonists similar to those of cocaine. Finally, a previous
study reported comparable stimulation of locomotor
activity by methamphetamine in s1R-knockout mice
and their wild-type controls (Fontanilla et al, 2009).
The present results, together with these published
findings, suggest pharmacologically distinct mechanisms
of stimulant drugs and s1R agonists, and importantly,
minimal if any involvement of dopamine neurotransmis-
sion before and after the reinforcing effects of the s1R
agonists are triggered by cocaine.

Given the substantial effects of dopamine receptor
antagonists on cocaine self-administration in the present
and previous studies (Barrett et al, 2004; Hemby et al, 1996),
and the recognized role of dopamine systems in varied
effects of cocaine (eg, Ritz et al, 1987; Pontieri et al, 1995,
van Rossum and Hurkmans, 1964; Heikkila et al, 1975),
it may seem puzzling that experience with cocaine induces a
dopamine-independent reinforcing mechanism. However,
dopamine-independent aspects of reinforcing mechanisms
have been reported (Hemby et al, 1996), and
specific behavioral and pharmacological histories have
been shown to produce qualitative and profound changes
in the behavioral effects of drugs (eg, Barrett, 1977; Collins
and Woods, 2007; Glowa and Barrett, 1983; Young and
Woods, 1981).

Understanding the pharmacological and behavioral me-
chanisms underlying the induction by cocaine of reinfor-
cing effects of s1R agonists is in its beginning stages.
A previous study indicated that similar subjective (inter-
oceptive) effects of cocaine and sR agonists appears
unlikely as a contributing factor; sR agonists did not
substitute for the discriminative-stimulus effects of cocaine
(Hiranita et al, 2011a). An account involving behavioral

momentum or perseveration has insufficient explanatory
power as food-reinforced responding, at least under the
current conditions that closely paralleled those used with
cocaine, was ineffective as an inducer of reinforcing effects
of s1R agonists. That reinforcing effects of sR agonists were
not induced by a history of food reinforcement suggest that
the effect in some way involves the pharmacology of
reinforcing drugs. Ongoing experiments are examining the
specificity of the drug reinforcer.

There is no lack of hypotheses regarding pharmacological
and behavioral mechanisms that may be involved in the
current effect. Several previous studies have documented a
capacity of dopamine D2-like receptor agonists to enhance
rates of a response that produced a previously neutral
stimulus that was subsequently paired with cocaine injec-
tions (Collins and Woods, 2007, 2009; see also Hill, 1970).
A modulation by the s1R agonists of the conditioned-
reinforcing effects of stimuli that previously accompanied
cocaine injections remains to be pursued in future studies.

The present triggering of reinforcing effects of previously
inactive drugs through a history of cocaine self-adminis-
tration may have a critical role in the documented
resistance of stimulant abuse to various attempts at medical
treatment (Gorelick et al, 2004; Vocci et al, 2005a; Vocci and
Elkashef, 2005b), particularly treatments targeting dopa-
mine systems. Numerous reports exist in the literature of
drugs including selective s1R antagonists that failed to
selectively alter the self-administration of cocaine (Hemby
et al, 1996; Hiranita et al, 2011b; 2010; Martin-Fardon et al,
2007). Despite this, a recent study demonstrated that drugs
targeting both sRs and the dopamine transporter show
preclinical indications of efficacy as potential cocaine-abuse
treatments (Hiranita et al, 2011b). Thus, the present results
may suggest that the induction of other reinforcement
mechanisms may contribute to the well-known intractabil-
ity of stimulant abuse, and point to novel targets for
development of combination chemotherapies to combat
stimulant dependence.
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