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Abstract
Rationale 3,4 Methylenedioxymethamphetamine (MDMA)
preferentially stimulates the release of serotonin (5-HT) that
subsequently produces behavioral responses by activation of
post-synaptic receptor mechanisms. The 5-HT1A and 5-HT1B
receptors are both well localized to regulate dopamine (DA)
release, and have been implicated in modulating the reinforc-
ing effects of many drugs of abuse, but a role in acquisition of
self-administration has not been determined.
Objectives This study was designed to determine the effect of
pharmacological manipulation of 5-HT1A and 5-HT1B receptor
mechanisms on the acquisition of MDMA self-administration.
Methods The 5-HT1B/1A receptor agonist, RU 24969 (0.0 or
3.0 mg/kg, bid), was administered for 3 days in order to down-
regulate both 5-HT1A and 5-HT1B receptors. Following the
pretreatment phase, latency to acquisition of MDMA self-
administration was measured.
Results Repeated administration of RU 24969 significantly
decreased the latency to acquisition and increased the propor-
tion of animals that acquired MDMA self-administration.
Dose-effect curves for the 5-HT1A-mediated hyperactivity
produced by the 5-HT1A agonist, 8-OH-DPAT, and the
5-HT1B-mediated adipsic response produced by RU
24969 were shifted rightward, suggesting a desensitization
of 5-HT1A and 5-HT1B receptor mechanisms.
Conclusions These data suggest that the initial reinforcing
effects of MDMA are modulated by 5-HT1A and/or
5-HT1B receptor mechanisms. The potential impact of

these changes on the DAergic response relevant to self-
administration and a possible role in conditioned reinforce-
ment pertaining to acquisition of self-administration are
discussed.
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3,4 Methylenedioxymethamphetamine (MDMA) is the pri-
mary psychoactive component of the internationally popular
street drug, ecstasy. Ecstasy is widely used in developed and
developing countries (United Nations Office on Drugs and
Crime 2015), and a subset of regular ecstasy users met criteria
for dependence (Cottler et al. 2001; Degenhardt et al. 2004;
Topp et al. 1997).

MDMA is self-administered by laboratory animals
(Ball et al. 2007; Fantegrossi et al. 2002; Lile et al. 2005;
Reveron et al. 2010; Schenk et al. 2007;Wang andWoolverton
2007), but when compared to self-administration of other
psychostimulants, latency to acquisition of MDMA self-
administration is relatively long. For example, cocaine and
amphetamine self-administration are usually acquired within
a few test sessions (Carroll and Lac 1997), whereas MDMA
self-administration requires around 15 daily test sessions
(Schenk et al. 2012). Additionally, only about 50 % of rats
met a criterion for MDMA self-administration (Schenk et al.
2012), whereas virtually all rats acquire cocaine or amphet-
amine self-administration (Carroll and Lac 1997). This behav-
ioral profile might reflect a unique pharmacology of MDMA.

Most drugs that are self-administered preferentially in-
crease synaptic dopamine (DA) levels in the nucleus accum-
bens (NAc) (Di Chiara and Imperato 1988; Kalivas et al.
1993; Koob 1992). In contrast, MDMA preferentially stimu-
lates serotonin (5-HT) release and produces smaller increases
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in synaptic DA (Green et al. 2003). This pharmacological
effect might be expected to limit MDMA self-administration.
For example, stimulation of 5-HT release inhibited (Rothman
et al. 2005) while neurotoxic 5,7-dihydroxytryptamine
(DHT) lesions enhanced (Bradbury et al. 2014; Loh and
Roberts 1990) self-administration. Self-administration of
amphetamine-type drugs was inversely related to affinity for
the 5-HT transporter (Ritz and Kuhar 1989) or potency to
stimulate 5-HT release (Wee et al. 2005). With specific refer-
ence to MDMA, the (+) isomer that selectively releases DA
was more readily self-administered than the (−) isomer that
selectively releases 5-HT (Wang and Woolverton 2007).

A recent study (Bradbury et al. 2014) further tested the idea
that MDMA-produced 5-HT release might be inhibitory to
MDMA self-administration. The MDMA-produced increase
in synaptic 5-HT was measured by in vivo microdialysis be-
fore MDMA self-administration began. As has been observed
in many studies, about 50 % of the rats acquired MDMA self-
administration. Of interest, MDMA-stimulated 5-HT release
was lower for the rats that ultimately met the acquisition
criteria. In order to determine whether MDMA-produced
5-HT release inhibited the acquisition of MDMA self-
administration, the effect of a neurotoxic, 5,7-DHT, lesion on
MDMA self-administration was measured. The lesion greatly
facilitated the acquisition of MDMA self-administration, as
evidenced by a leftward and upward shift in the acquisition
curve. These findings strengthen the idea that variability in the
acquisition of MDMA self-administration is due to variability
in sensitivity to MDMA-produced 5-HT release. A question
remains as to the mechanism for the inhibitory effect of 5-HT
on MDMA self-administration. One possibility is that high
levels of synaptic 5-HT produced by MDMA during initial
self-administration sessions led to neuroadaptive changes in
post-synaptic 5-HT receptor mechanisms that modulate DA
responses.

There is ample evidence that activation of some 5-HT re-
ceptors modulates DA release in the NAc. Of particular rele-
vance to this study are the 5-HT1A and 5-HT1B receptor sub-
types. The preferential 5-HT1A agonist, 8-hydroxy-2-(n-
dipropylamino)tetralin (8-OH-DPAT), inhibited DA cell activ-
ity (Arborelius et al. 1993) and decreased extracellular DA
levels in the NAc, as measured by in vivo microdialysis
(Ichikawa and Meltzer 2000). Systemic administration of 8-
OH-DPAT also attenuated the amphetamine-produced in-
crease in extracellular DA in the NAc (Ichikawa et al. 1995).
These findings suggest that 5-HT1A receptor activation is in-
hibitory to mesolimbic DA neurotransmission. A down-
regulation of these receptors would, therefore, be expected
to facilitate the acquisition of MDMA self-administration
(Müller et al. 2007).

In contrast, activation of 5-HT1B receptors increased DA
activity (Alex and Pehek 2007). For example, systemic ad-
ministration of the 5-HT1B/1A agonist, RU 24969, increased

extracellular DA in the NAc (Boulenguez et al. 1996). Local
infusion of 5-HT in the NAc increased extracellular DA
levels, and this effect was attenuated by the 5-HT1B/1D antag-
onist, GR 127935 (Hållbus et al. 1997). Activation of 5-HT1B
receptors in the ventral tegmental area (VTA) also increased
NAc DA (O’Dell and Parsons 2004; Yan and Yan 2001a,
2001b; Yan et al. 2004), and RU 24969 and the more selective
5-HT1B agonist CP 93129 both potentiated the increase in
synaptic DA produced by cocaine (O’Dell and Parsons
2004; Parsons et al. 1999). A down-regulation of these recep-
tors would, therefore, be expected to inhibit the acquisition of
MDMA self-administration (Sari 2004).

A wealth of data indicate a role of these receptor subtypes
in the maintenance of self-administration (Fletcher et al. 2002;
Neisewander et al. 2014; Parsons et al. 1998; Peltier and
Schenk 1993; Przegaliñski et al. 2007), but the role in the
acquisition of self-administration has received far less atten-
tion. Our hypothesis is that the latency to acquisition of
MDMA self-administration reflects individual variation in 5-
HT1A and/or 5-HT1B receptor mechanisms. If so, it should be
possible to manipulate receptor mechanisms via repeated ag-
onist or antagonist exposure and to determine the effect on
acquisition of MDMA self-administration.

Repeated exposure to the 5-HT1B/1A agonist, RU 24969,
resulted in tolerance to the hyperactive response (Oberlander
et al. 1987). We have recently shown that RU 24969-produced
hyperactivity in rats is due to activation of 5-HT1A, but not 5-
HT1B, receptors (Aronsen et al. 2014), suggesting that behav-
ioral tolerance reflects a down-regulation of this receptor sub-
type. The effect of RU 24969 pretreatment on 5-HT1B receptor
mechanisms has not been specifically measured, but we have
shown that RU 24969-produced adipsia is a 5-HT1B-mediated
response (Aronsen et al. 2014). Therefore, in the present study,
we determined the effect of repeated exposure to RU 24969 on
the acquisition of MDMA self-administration and on RU
24969-produced adipsia. In order to assess the effect on 5-
HT1A receptor mechanisms, we also measured hyperactivity
in response to the selective 5-HT1A agonist, 8-OH-DPAT.

Method

Subjects

Male Sprague-Dawley rats (300–330 g) were bred in the vi-
varium at Victoria University of Wellington. They were
housed in polycarbonate cages in groups of four until 3 days
before the start of testing, after which they were housed indi-
vidually. The colony was temperature (21 °C)—and humidity
(55 %)—controlled and maintained on a 12:12-h light/dark
cycle with lights on at 07:00 h. Food and water were available
ad libitum except during testing. All tests were carried out
during the light cycle.
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Surgery

For rats that underwent self-administration testing, a silastic
catheter was implanted into the left jugular vein under deep
anesthesia produced by i.p. injection of ketamine (90 mg/kg)
and xylazine (9 mg/kg). The distal end of the catheter was
passed subcutaneously to an exposed part of the skull, at-
tached to a 3-cm piece of 22-gauge stainless steel tubing,
and fixed in place with screws embedded in dental acrylic.
Following surgery, an analgesic (Carporfen®, 5.0 mg/kg, sub-
cutaneous (s.c.)) and electrolyte replacement (Hartman’s solu-
tion, 12 ml, s.c.) were administered. Carprofen was also ad-
ministered on each of 2 days following the surgery. RU 24969
pretreatment began once presurgery weight had been attained,
generally within 4–6 days.

Apparatus

Self-administration was conducted in operant chambers (Med
Associates ENV-001) equipped with two levers. Depression
of the active lever resulted in a 12-s activation of a syringe
pump (Razell, model A, 1 rpm), resulting in an intravenous
infusion of 0.1 ml of MDMA (1.0 mg/kg). Depression of the
inactive lever had no programmed consequence.

Locomotor activity was assessed in clear Plexiglas cham-
bers (Med Associates Inc., USA; model ENV-515) measuring
42×42×30 cm, set in sound-attenuating boxes. Forward lo-
comotion was measured with two sets of 16 infrared beams
and sensors spaced evenly along the sides of the chambers
producing squares measuring 25×25 mm. The interruption
of three adjacent beams was recorded as one activity
count. A white noise generator was used during exper-
iments to mask any outside noise, and chambers were
washed with Virkon “S” disinfectant (Southern Veterinary
Supplies, NZ) after testing to control for olfactory confounds.
Experiments were run in a dark room, except for a red
light that was used to illuminate the room during drug
administrations.

RU 24969 pretreatment

RU 24969 (3.0 mg/kg, s.c.), or saline vehicle, was adminis-
tered in the home cage daily at 09:00 and 16:00 h, for three
consecutive days. This protocol was adapted from that used in
earlier studies (Callaway and Geyer 1992; Oberlander et al.
1987) and utilizes a dose of RU 24969 that we have previous-
ly shown to produce hyperactivity and adipsia (Aronsen et al.
2014).

Acquisition of MDMA self-administration

Self-administration sessions began the day after the last ad-
ministration of RU 24969. Self-administration was conducted

during 2-h daily sessions, 6 days per week. Each self-
administration session began with an experimenter-delivered
infusion of drug. Thereafter, depression of the active lever
produced an infusion of MDMA according to an FR1 sched-
ule. Responses on the active and inactive levers were record-
ed. Every seventh day, catheters were infused with sodium
pentobarbital (20.0 mg/kg, i.v.). Failure to demonstrate an
immediate loss of the righting reflex suggested a loss of cath-
eter patency, and the rat was excluded from the study. Catheter
patency was lost in four rats (three RU 24969 pretreated and
one saline pretreated), resulting in final sample sizes of 9 and 8
for the RU 24969 and saline pretreated groups, respectively.
Self-administration testing continued for each rat until a total
of 90 infusions (90.0 mg/kg) had been self-administered or
25 days, whichever came first. This acquisition criterion is
the same as has been used previously in our laboratory
(Bradbury et al. 2014; Oakly et al. 2014).

Water consumption

Separate groups of rats were tested to determine the effects of
RU 24969 pretreatment on RU 24969-produced adipsia. The
day following the last administration of RU 24969, water
bottles were removed from the home cages and were not
returned for 24 h. Fifteen minutes before water bottles were
reintroduced, RU 24969 (0, 1.0, 3.0 mg/kg, s.c., n=6–8 per
group) was administered. These doses were chosen based on
our previous study (Aronsen et al. 2014) that suggested that
adipsia following administration of these doses of RU2 4969
was due to 5-HT1B receptor activation. Water bottles were
weighed before, and after 30min of access, to determine water
consumption.

Locomotor activity

Separate groups of rats were tested to determine the effect of
RU 24969 pretreatment on 5-HT1A receptor mechanisms.
Effects of the selective 5-HT1A receptor agonist, 8-OH-
DPAT, on locomotor activity was assessed 2 days after the last
administration of RU 24969, in order to match the delay be-
tween pretreatment and the test for RU 24969-induced
adipsia. Rats were placed in the testing chamber for 30 min,
followed by an injection of 8-OH-DPAT (0.0, 0.1, 0.3 mg/kg,
s.c., n=4–7 per group), and activity was measured for 60 min
post-injection. Locomotor activity counts were recorded in 5-
min intervals during the 30 min prior to, and 60 min follow-
ing, the 8-OH-DPAT injection.

8-OH-DPAT is a selective 5-HT1A agonist but also has
appreciable affinity for 5-HT7 receptors (Bard et al. 1993;
Lovenberg et al. 1993). To determine whether 8-OH-DAT-
produced hyperactivity was due to 5-HT1A activation, we de-
termined the effect of the selective 5-HT1A antagonist, WAY
100635, on 8-OH-DPAT-produced hyperactivity. Rats were
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placed in the testing chamber and 15 min later were injected
with WAY 100635 (0, 0.003, 0.3 mg/kg, s.c., n=4–5 per
group). Following a further 15 min, 8-OH-DPAT (0.3 mg/kg,
s.c.) was injected, and activity was measured for an additional
60 min.

Data analysis

Acquisition of self-administration was compared be-
tween pretreatment groups with a survival analysis,
using the log-rank test to compare Kaplan-Meier surviv-
al estimates (Kaplan and Meier 1958). Right censoring
was applied to data from rats that did not acquire within
the 25-day cutoff period.

RU 24969-produced adipsia was analyzed with a 2 (pre-
treatment) × 3 (dose of RU 24969) analysis of variance
(ANOVA).

Effects of each dose of 8-OH-DPAT on locomotor
activity were analyzed by individual 2 (pretreat-
ment) × 12 (time after injection) mixed model ANOVAs
with time as the within subject factor. Total activity
counts as a function of dose of 8-OH-DPAT and RU
24969 pretreatment were analyzed using a 3 (8-OH-
DPAT dose) × 2 (pretreatment) ANOVA. Data for 8-
OH-DPAT-produced hyperactivity after administration
of WAY 100635 were analyzed using a 3 (dose) × 12
(time after injection) mixed model ANOVA with time
as the within subject factor.

Where appropriate, post hoc analysis was conducted using
the Tukey HSD method with alpha set at 0.05.

Drugs

±8-OH-DPAT (Tocris, New Zealand; Abcam, New Zealand),
RU 24969 (Tocris, New Zealand), and WAY 100635 (Tocris,
New Zealand) were dissolved in sterile physiological saline.
±MDMA-HCl (ESR, Porirua, New Zealand) for self-
administration was dissolved in a sterilized solution of hepa-
rinized saline (3 IU heparin/ml and 0.9 % NaCl). All doses
refer to salt weights.

Results

Figure 1 shows the survival curves for the acquisition of self-
administration for saline- or RU 24969-treated groups. RU
24969 pretreatment produced a significant increase in the
probability of acquiring MDMA self-administration (χ2

(1) =12.21, p<0.01). Of the control group that met the acqui-
sition criterion, 50 % met the criterion within 17 sessions,
whereas 50 % of RU 24969 pretreatment group met the ac-
quisition criterion within 10 sessions. It is noteworthy that
three rats in the RU 24969 pretreatment group self-
administered lethal doses of MDMA (>20 mg/kg) during the
first self-administration session, and therefore, additional data
from these rats could not be obtained. The high intake during
the first self-administration session for these three rats sup-
ports the other data, suggesting that RU 24969 pretreatment
enhanced the initial reinforcing effects of MDMA.

Figure 2 (left panel) shows the effect of RU 24969 pretreat-
ment on RU 24969-produced adipsia. There was a significant
interaction between pretreatment and dose (F (2, 37)=7.85,
p=0.01, ɳp

2 = 0.30) and a significant effect of dose (F (2,
37)=53.55, p<0.01, ɳp

2=0.74). Post hoc tests confirmed a sig-
nificant difference in the adipsic response between the RU24969
and saline pretreatment groups following 0.0 and 3.0 mg/kg RU
24969. Since there was a decrease in basal water consumption
produced by repeated RU 24969 treatment, the data were further
analyzed by expressing drug effects as a percentage of baseline.
These data are presented in Fig. 2 (right panel). A two-way
ANOVA (pretreatment×dose) revealed a significant effect of
pretreatment (F (1, 27)=20.40, p<0.01, ɳp

2=0.43).
Locomotor activity produced by the various doses of 8-

OH-DPAT as a function of RU 24969 pretreatment is shown
in Fig. 3. There were no differences between groups following
the 0 mg/kg 8-OH-DPAT dose. The data from 0.1-mg/kg 8-
OH-DPAT dose produced a time × pretreatment interaction
(F (11, 110) = 4.06, p< 0.01, ɳp

2 = 0.29) and main effects
of time (F (11, 110) =19.8, p<0.01, ɳp

2 =0.66) and pretreat-
ment (F (1, 10) = 17.6, p<0.01, ɳp

2 = 0.64). Post hoc tests
revealed significant decreases in activity during time= 10
and 15 min following the injection. There was a significant
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time×pretreatment interaction (F (11, 121) =2.77, p<0.01,
ɳp

2 = 0.20) and main effects of time (F (11, 121) = 62.5,
p < 0.01, ɳp

2 = 0.85) and pretreatment (F (1, 11) = 7.45,
p<0.05, ɳp

2 =0.40) for the 0.3-mg/kg 8-OH-DPAT groups.
Post hoc tests revealed a significant decrease in activity at
time=25 min. Analysis of total activity counts as a function
of dose and pretreatment showed a main effect of 8-OH-DPAT
dose (F (2, 27) =46.0, p<0.01, ɳp

2 =0.77) and amain effect of
pretreatment (F (1, 27)=19.5, p<0.01, ɳp

2=0.42).
Figure 4 (left panel) shows the time course of the effects of

WAY 100635 on 8-OH-DPAT-produced hyperactivity.

ANOVA showed a significant interaction between time after
injection and dose (F (22, 121)= 7.66, p<0.01, ɳp

2 = 0.58)
and significant main effects of time (F (11, 121) = 31.1,
p < 0.01, ɳp

2 = 0.74) and dose (F (2, 11) = 21.5, p < 0.01,
ɳp

2=0.80). Post hoc tests revealed a significant decrease in
8-OH-DPAT-produced hyperactivity at time = 5, 10, and
15 min following administration of 0.3 mg/kg WAY 100635.
The effect of dose is further illustrated in Fig. 4 (right panel).
Post hoc analysis showed a significant decrease in 8-OH-
DPAT-produced hyperactivity after the 0.3-mg/kg dose of
WAY 100635.
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Discussion

Pretreatment with RU 24969 decreased the latency to acqui-
sition ofMDMA self-administration and increased the propor-
tion of rats that acquiredMDMA self-administration. The left-
ward shift in the acquisition curve for self-administration
might reflect a sensitized reinforcing effect since higher doses
of drug have also been shown to decrease the latency to ac-
quisition of self-administration (Carroll and Lac 1997; Schenk
and Partridge 2000).

A remarkable consequence of pretreatment with RU 24969
was the substantial increase in the proportion of rats that met
the criterion for acquisition of MDMA self-administration. As
we have previously reported (Bradbury et al. 2014; Schenk
et al. 2012), 50 % of control rats meet the criterion within the
25-day cutoff period, as was also observed in the saline-
pretreated group in the present study. Thus, some rats appear
to be inherentlymore or less sensitive to the reinforcing effects
of MDMA. Following RU 24969 pretreatment, however, all
of the rats met the criterion for acquisition of MDMA self-
administration within the limits of the study (25 test
sessions). We have suggested that the initial resistance to self-
administration can be overcome by limiting the impact of 5-
HT, since a similar increase in the percentage of subjects that
acquired MDMA self-administration was produced following
neurotoxic 5,7 DHT lesions in rats (Bradbury et al. 2014) and
in 5-HT transporter knockout rats (Oakly et al. 2014).

In order to assess the impact of more specific 5-HT mech-
anisms on the acquisition of MDMA self-administration, the
present study repeatedly administered the 5-HT1B/1A agonist,
RU 24969, as a pretreatment in an attempt to down-regulate 5-
HT1A and 5-HT1B receptors. We determined effects of the
pretreatment by measuring behavioral responses that have
been attributed to either 5-HT1B (RU 24969-produced adipsia
(Aronsen et al. 2014)) or 5-HT1A (8-OH-DPAT-produced hy-
peractivity (Hillegaart et al. 1996)) mechanisms.

As previously reported (Aronsen et al. 2014), RU 24969
produced dose-dependent adipsia. The dose-response curve

for this response is relatively narrow; minimal effects were
produced following administration of 0.3 mg/kg, andmaximal
effects were produced following administration of 3.0 mg/kg
(Aronsen et al. 2014). RU 24969 pretreatment decreased basal
water consumption, and when this was accounted for, RU
24969 pretreatment decreased the subsequent RU 24969-
produced adipsic response. These findings are consistent with
a rightward shift in the dose-response curve and suggest a
down-regulation of 5-HT1B receptors. 5-HT1B receptor
down-regulation has previously been evidenced by decreased
messenger RNA (mRNA) levels (Chennaoui et al. 2001; Hiroi
and Neumaier 2009) or decreased binding density (Kindlundh
et al. 2003; Suzuki et al. 2010), both of which could explain
the present behavioral data.

RU 24969 pretreatment also shifted the dose-response
curve for 8-OH-DPAT-produced hyperactivity to the right;
the most pronounced effect of pretreatment was on hyperac-
tivity produced by the lowest doses of 8-OH-DPAT tested.
This might explain why a similar pretreatment with RU
24969 failed to alter hyperactivity produced by a higher dose
of 1.25 mg/kg 8-OH-DPAT (Oberlander et al. 1987).

Because 8-OH-DPAT has appreciable affinity for the 5-
HT7 receptor (Bard et al. 1993; Lovenberg et al. 1993), it
was important to ensure that the effects observed were due
to 5-HT1A activation. Hyperactivity produced by 8-OH-
DPAT was attenuated by the selective receptor antagonist,
WAY 100635, confirming a 5-HT1A receptor mechanism. Of
interest, a similar RU 24969 pretreatment regimen also reduced
the locomotor response to RU 24969 (Callaway and Geyer
1992), a behavioral response that we have attributed to 5-
HT1A receptor activation (Aronsen et al. 2014). Therefore,
these findings are consistent with a down-regulation of 5-
HT1A receptors following RU 24969 pretreatment. 5-HT1A

down-regulation has been shown via decreased agonist-
stimulated binding of [35S]GTPγS to G proteins (Fuss et al.
2013; Hensler et al. 2010), decreased receptor-binding densities
or immunoreactivity (Fuss et al. 2013; Gui et al. 2011),
decreased 5-HT1A mRNA (Wang et al. 2009), and decreased
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protein levels (Iyo et al. 2009;Wang et al. 2009). It would be of
great interest to determine which, if any, of these mechanisms
can explain the present data.

The available literature is consistent with the idea that
MDMA self-administration, like self-administration of other
drugs of abuse, progresses as a result of sensitized DA and
desensitized 5-HT responses. Thus, repeated exposure to
MDMA increased DA (Colussi-Mas et al. 2010; Kalivas
et al. 1998) and decreased 5-HT (Baumann et al. 2008;
Reveron et al. 2010; Shankaran and Gudelsky 1999) synaptic
output, as measured by in vivo microdialysis, DA antagonists
reduced MDMA self-administration (Brennan et al. 2009;
Daniela et al. 2004), and DA, but not 5-HT, agonists potenti-
ated drug-seeking following extinction of MDMA self-
administration (Schenk et al. 2011).

MDMA preferentially releases 5-HT and the ensuing acti-
vation of post-synaptic receptors impacts DA release, provid-
ing potential mechanisms for the enhanced DA response. In
this study, both 5-HT1B and 5-HT1A receptor mechanisms
were down-regulated, as measured by behavioral assays.
Given the selectivity of RU 24969 for 5-HT1A/1B receptors,
it is unlikely that alterations in a different receptor mechanism
underlie the facilitated acquisition of self-administration
found in the present study.

Activation of 5-HT1B receptors enhanced DA neurotrans-
mission (Alex and Pehek 2007), so the down-regulation of
these receptor mechanisms, which would be expected to de-
crease MDMA-produced DA, cannot easily explain the facil-
itated self-administration. On the other hand, a wealth of data
suggest that activation of 5-HT1A receptors is inhibitory to
cocaine self-administration (Müller et al. 2007), possibly via
inhibition of DA release (Ichikawa and Meltzer 2000).
Therefore, a down-regulation of this receptor subtype might
be expected to disinhibit MDMA-produced DA, leading to
more rapid acquisition of self-administration due to increased
reinforcing effects. This might also explain the facilitated ac-
quisition ofMDMA self-administration in serotonin transport-
er knockout rats (Oakly et al. 2014), since this manipulation
also desensitized 5-HT1A receptor mechanisms (Homberg
et al. 2008).

5-HT1A receptors are widely localized in brain and are well
positioned to modulate activity in a large number of brain
systems (Aznar et al. 2003). Of importance, these receptors
are localized on tyrosine hydroxylase-immunoreactive cells in
the VTA (Doherty and Pickel 2001) and also in DA terminal
regions in the NAc (Alex and Pehek 2007). Systemic admin-
istration of 8-OH-DPAT inhibited amphetamine-produced DA
release in the NAc (Ichikawa et al. 1995). The down-
regulation produced by RU 24969 pretreatment would, there-
fore, be expected to disinhibit stimulated DA. Similar
studies have not been conducted using MDMA, but this
mechanism would explain the facilitated acquisition of
self-administration.

The acquisition of self-administration is also influenced by
factors in addition to the initial reinforcing effects of the drug,
and some of these factors are modified by 5-HT1A receptor
mechanisms. For example, reliable self-administration is often
facilitated via Pavlovian conditioning processes by pairing
delivery of the drug reinforcer with a discrete, discriminative
stimulus, like a light, as was done in the present study (Di
Ciano and Everitt 2004). The strengthening of stimulus/
reward associations is markedly inhibited by administration
of 5-HT1A agonists (Blair et al. 2004; Winsauer et al. 1999;
Frick et al. 2015). These findings raise the possibility that
activation of post-synaptic 5-HT1A receptors pursuant to
MDMA-stimulated 5-HT release limits the acquisition of
MDMA self-administration, in some subjects, by interfering
with associative learning. If so, our data suggest that this effect
is mitigated by exposure to a regimen of RU 24969 pretreat-
ment that down-regulated these receptor mechanisms, thereby
facilitating MDMA self-administration as indicated by both a
leftward and upward shift in the self-administration acquisi-
tion curves.
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