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APID REPORT

ROLE FOR OXYTOCIN AND 5-HT1A RECEPTORS IN THE PROSOCIAL

FFECTS OF 3,4 METHYLENEDIOXYMETHAMPHETAMINE (“ECSTASY”)
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bstract—The drug 3,4 methylenedioxymethamphetamine
MDMA; ecstasy) has a widely documented ability to increase
eelings of love and closeness toward others. The present
tudy investigated whether oxytocin, a neuropeptide in-
olved in affiliative behavior, may play a role in this effect. A
oderate (5 mg/kg, i.p.) dose of MDMA increased social in-

eraction in male Wistar rats, primarily by increasing the
mount of time rats spent lying adjacent to each other. MDMA
5 mg/kg) activated oxytocin-containing neurons in the su-
raoptic and paraventricular nuclei of the hypothalamus, as
hown by Fos immunohistochemistry. MDMA (5 mg/kg i.p.)
lso increased plasma oxytocin levels and this effect was
revented by pre-treatment with the 5-HT1A antagonist N-[2-
4-(2-methyoxyphenyl)-1-piperazinyl]ethyl]-N-2-pyridinylcy-
lohexanecarboxamide maleate salt (WAY 100,635; 1 mg/kg
.p.). The oxytocin receptor antagonist tocinoic acid (20 �g,
.c.v.) had no effect on social behavior when given alone but
ignificantly attenuated the facilitation of social interaction
roduced by MDMA (5 mg/kg). The 5-HT1A agonist 8-hydroxy-
-(di-n-propylamino)-tetraline) (8-OH-DPAT, 0.25 mg/kg, i.p.)
ncreased social behavior in a similar way to MDMA and this
ffect was also significantly attenuated by tocinoic acid.
aken together, these results suggest that oxytocin release,
timulated by MDMA through 5-HT1A receptors, may play a
ey role in the prosocial effects of MDMA and underlie some
f the reinforcing effects of the drug. © 2007 IBRO. Published
y Elsevier Ltd. All rights reserved.

ey words: MDMA, 5-HT, oxytocin, social behavior, 5-HT1A,
-OH-DPAT.

Corresponding author. Tel: �61-2-9351-3571; fax: �61-2-9351-8023.
-mail address: iain@psych.usyd.edu.au (I. S. McGregor).
bbreviations: MDMA, 3,4-methylenedioxymethamphetamine; PVN,
araventricular nucleus of the hypothalamus; SON, supraoptic nucleus;
OC/DPAT, tocinoic acid/8-hydroxy-2-(di-n-propylamino)-tetraline; TOC/
DMA, tocinoic acid/3,4-methylenedioxymethamphetamine; TOC/VEH,

ocinoic acid/vehicle; VEH/DPAT, vehicle/8-hydroxy-2-(di-n-propylamino)-
etraline; VEH/MDMA, vehicle/3,4-methylenedioxymethamphetamine;
EH/VEH, vehicle/vehicle; WAY/MDMA, WAY 100,635/3,4-methyl-
nedioxymethamphetamine; WAY/VEH, WAY 100,635/vehicle; WAY
00,635, N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-2-pyridinylcy-
m
lohexanecarboxamide maleate salt; 8-OH-DPAT, 8-hydroxy-2-(di-n-pro-
ylamino)-tetraline.

306-4522/07$30.00�0.00 © 2007 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2007.02.032

509
idespread use of the illicit drug 3,4-methylenedioxymeth-
mphetamine (MDMA; “ecstasy”) is largely attributable to
he unique acute psychological effects of the drug. MDMA
ncreases the desire to converse and interact with other
eople, resulting in increased emotional experiences dur-

ng social situations (Greer and Tolbert, 1986; Solowij et
l., 1992; Vollenweider et al., 1998). Despite MDMA’s
nique effects and widespread popularity there is surpris-

ngly little information regarding how MDMA acts to in-
rease sociability. In an animal model of this effect, Morley
nd McGregor (2000) demonstrated that MDMA increased
ocial interaction in Wistar rats meeting for the first time.
his was predominantly due to an increase in adjacent

ying behavior, where rats lie together for prolonged peri-
ds of time. This effect of MDMA was reversed by co-
dministration of the 5-HT1A receptor antagonist N-[2-[4-
2-methoxyphenyl)-1-piperazinyl]ethyl]-N-2-pyridinylcyclo-
exanecarboxamide maleate salt (WAY 100,635) (Morley
t al., 2005).

The neuropeptide oxytocin plays a key role in the
egulation of social and maternal behavior in many spe-
ies (Lim and Young, 2006). Interestingly, MDMA stim-
lates the release of oxytocin from isolated rat hypothal-
mus (Forsling et al., 2002) and a recent study found

hat MDMA users tested at a dance party had elevated
lood oxytocin concentrations (Wolff et al., 2006). In
ats, MDMA activates the paraventricular nucleus (PVN)
nd supraoptic nucleus (SON) of the hypothalamus,
here the cell bodies of brain oxytocinergic neurons are

ocated (Stephenson et al., 1999). The magnitude of this
ON activation is greater when MDMA is administered
t high ambient temperatures (Hargreaves et al., 2007).

nterestingly, such temperatures also serve to increase
he reinforcing and prosocial effects of MDMA in rats
Cornish et al., 2003).

The PVN and SON contain 5-HT1A receptors and
hese exert control over oxytocin release. Systemic or
ntra-hypothalamic administration of the 5-HT1A agonist
-hydroxy-2-(di-n-propylamino)-tetraline (8-OH-DPAT)

acilitates social behavior in rats (Picazo et al., 1995)
nd increases blood oxytocin levels, without affecting

he closely related neuropeptide vasopressin (Jor-
ensen et al., 2003). Given 5-HT1A receptor involvement

n the prosocial effects of MDMA in rats (Morley et al.,
005) and the ability of MDMA to increase oxytocin
elease, we tested the hypothesis here that oxytocin

ay be involved in MDMA induced prosocial behaviors

ved.
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n rats via indirect stimulation of 5-HT1A receptors. A role
or oxytocin in the psychological effects of MDMA has
een recently hypothesized by others (Emanuele et al.,
006).

EXPERIMENTAL PROCEDURES

irst, we used c-Fos immunohistochemistry to investigate the
xtent to which a moderate, prosocial dose of MDMA activates
xytocinergic neurons in the SON and PVN. We then determined
hether this same dose of MDMA modulated plasma oxytocin

evels in rats and whether this effect is mediated by 5-HT1A

eceptors. Finally, the effect of the oxytocin receptor antagonist
ocinoic acid was assessed on the prosocial effects of MDMA and
he 5-HT1A agonist 8-OH-DPAT. All experiments were approved
y the University of Sydney Animal Ethics Committee and ad-
ered to Australian and international guidelines for the use of
xperimental animals. The experiments were designed to mini-
ize the number of animals used and their suffering.

The series of experiments reported below involved male Aus-
ralian Albino Wistar rats housed in a colony at 22 °C with a 12-h
ight/dark reverse cycle (lights off at 08:00 h). Rats were housed in
arge tubs in groups of six to eight in experiments 1 and 2 and pair
oused in experiments 3 and 4. All behavioral testing was under-
aken between 11:00 and 15:00 h. In experiment 1, to determine
ctivation of oxytocin containing cells following MDMA adminis-
ration, rats (weighing 344�10 g) were injected i.p. with either
hysiological saline (n�7) or 5 mg/kg of �MDMA (Australian
overnment Analytical Laboratories, Pymble, NSW, Australia,
�7). The MDMA was dissolved in 0.9% saline and injected at a
olume of 1 ml/kg. Following injection, rats were moved to a “hot
oom” (ambient temperature of 28 °C) and placed in observation
hambers for a period of 80 min. The 28 °C temperature has been
reviously shown to amplify the prosocial and neural effects of
DMA (Cornish et al., 2003). The rats were well handled and had

eceived extensive habituation sessions in the test chambers. At
he end of this period, rats were injected with 120 mg/kg sodium
entobarbital, perfused, and the tissue processed to visualize the
os protein as previously described (Stephenson et al., 1999;
argreaves et al., 2007). All tissue was double labeled to visualize
xytocin containing cells (Chemicon, Boronia, VIC, Australia: anti-
xytocin polyclonal antibody diluted 1:5000, catalogue No.
B911). Cell counts for Fos positive and Fos and oxytocin positive
eurons were made by an observer blind to group assignment
sing a graticule and according to the methods previously de-
cribed (Stephenson et al., 1999). For each rat, bilateral PVN
ounts were made at two levels of Bregma (�1.40 and �1.80 mm)
sing a 20� objective, while bilateral counts for SON quantifica-

ion were made at �1.30 and �1.40 mm using a 40� objective.
ounts were then summed over the four regions and averaged to
ive a single final count for the PVN and SON. The higher mag-
ification was used for counting the SON as this region was too
mall to fill the graticule at lower magnifications.

In experiment 2, we examined the role of 5-HT1A receptors
n MDMA-induced modulation of plasma oxytocin levels in rats.
ats (n�31, weighing 272�5 g) received either a s.c. injection
f 1 mg/kg WAY 100,635 (Sigma-Aldrich, Castle Hill, NSW,
ustralia) (dissolved in 0.9% saline and injected at a concen-

ration of 1 mg/ml) or equivalent saline. This dose of WAY
00,635 was chosen as it attenuated MDMA-induced facilita-
ion of social interaction in male Wistar rats in a previous
xperiment (Morley et al., 2005). Rats were then moved to a
hot room” (28 °C) and placed in observation chambers to
hich they had been previously habituated. Ten minutes fol-

owing WAY 100,635 or vehicle treatment, rats were injected
ith either MDMA (5 mg/kg, i.p.) or saline. This resulted in four

reatment groups: vehicle/vehicle (VEH/VEH n�9), vehicle/3,4-

ethylenedioxymethamphetamine (VEH/MDMA n�8), WAY h
00,635/vehicle (WAY/VEH n�6) and WAY 100,635/3,4-meth-
lenedioxymethamphetamine (WAY/MDMA n�8). Fifteen min-
tes following the i.p. administration of saline or MDMA, rats
ere decapitated and trunk blood was collected in heparinized

ubes. Samples were placed on ice, centrifuged at 13,200
.p.m. at 4 °C for 10 min and the plasma was aliquoted into
ppendorf tubes. Plasma oxytocin levels were then immedi-
tely measured using an Assay Designs EIA kit (Ann Arbor, MI,
atalogue No. 901-153).

Experiment 3 determined the effect of the oxytocin receptor
ntagonist tocinoic acid on MDMA-induced facilitation of social inter-
ction. Rats (n�32, weighing 403�8 g), housed in pairs under a
everse 12-h light/dark cycle, were anesthetized and implanted with

cannula in the lateral ventricle (stereotaxic co-ordinates (Paxinos
nd Watson, 1998)��0.5 mm posterior to Bregma, 1.5 mm lateral to
he midline and 3.5 mm ventral to the surface of the skull). Testing
as undertaken a minimum of 1 week following surgery.

On test days, rats received a 1 �l i.c.v. injection of either the
xytocin antagonist tocinoic acid (Sigma-Aldrich) or vehicle (80%
aline/20% glycerol). A dose of 20 �g tocinoic acid was used (dose
aken from study of Verty et al., 2004). Injections were given 30 min
rior to the social interaction test. The rats then received MDMA
5 mg/kg, i.p.) or vehicle 20 min prior to testing. The 5 mg/kg dose
as been shown to increase social interaction in previous studies
Morley and McGregor, 2000; Cornish et al., 2003; Morley et al.,
005). This resulted in four treatment groups: VEH/VEH (n�8) VEH/
DMA (n�8) tocinoic acid/vehicle (TOC/VEH: n�8) and tocinoic
cid/3,4-methylenedioxymethamphetamine (TOC/MDMA: n�8).

Social interaction tests were conducted as described previously
Cornish et al., 2003; Morley et al., 2005) in a “hot room” (28 °C). Rats
f approximately equal weight were placed in the social interaction
rena with a novel conspecific from the same treatment group for a
0 min period while social interaction was scored (in an adjacent
oom via remote video link) by an observer blind to group assign-
ent. The observer scored 3 subtypes of social behavior: adjacent

ying, anogenital investigation and general investigation. These were
ummed to produce a total social interaction score. The non-social
ehavior of rearing was also scored.

Each rat was tested for social interaction twice, with the same
rug treatment given each time, but with a different partner (given
he same drug treatment) for each test. A period of 24 h separated
he two tests. This provided a final dataset with eight unique pairs
f rats per drug condition.

Experiment 4 determined whether the 5-HT1A agonist
-OH-DPAT had similar prosocial effects to MDMA and whether
hese effects could also be reversed by co-administration of
ocinoic acid. Male Wistar rats (n�24, weighing 468�9 g)
nderwent the same stereotaxic surgery as described for ex-
eriment 3. Again, the rats received either tocinoic acid (20 �g

n 1 �l vehicle, i.c.v.) or vehicle (20% glycerol) 30 min prior to
he social interaction test. They then received either the 5-HT1A

gonist 8-OH-DPAT (Sigma-Aldrich) 0.25 mg/kg i.p. or saline
0 min prior to testing. This again resulted in four different
reatment groups: VEH/VEH (n�6) vehicle/8-hydroxy-2-(di-n-
ropylamino)-tetraline (VEH/DPAT: n�6) TOC/VEH (n�6) and
ocinoic acid/8-hydroxy-2-(di-n-propylamino)-tetraline (TOC/
PAT: n�6). The social interaction tests were run exactly as for

he previous experiment under hot conditions (28 °C). Again, all
ats were tested for social interaction on two separate occa-
ions with different partners but the same drug treatment given
n each test. Six days separated the two tests. This provided a
nal dataset with six unique pairs of rats per drug condition.

For all experiments, one-way ANOVA was used to identify
verall group differences. In experiments 3 and 4, results from
he first and second social interaction tests were pooled across
ays before analysis using a one-way ANOVA. When signifi-
ant overall group effects were observed, Newman-Keuls post

oc tests were used for pairwise comparisons between groups.
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ll data were analyzed using Prism 4 for Macintosh (Graphpad
oftware, San Diego, CA, USA), with significance levels set at
.05 for all tests.

RESULTS

xperiment 1 revealed that MDMA (5 mg/kg) increased
os expression in both the SON (F1,12�18.40, P�0.01)
nd PVN (F1,12�13.17, P�0.01). Cells double labeled for
os and oxytocin were also significantly increased by
DMA in the SON (F1,12�24.71, P�0.001) and PVN

F1,12�18.50, P�0.001) (Fig. 1 and Table 1).
The results of experiment 2 are shown in Fig. 2. A

ignificant overall effect of treatment group was observed
F3,30�3.95, P�0.05). Post hoc analysis using Newman-
euls tests revealed that rats from the VEH/MDMA treat-
ent group had significantly higher plasma oxytocin levels

han the VEH/VEH (P�0.05), WAY/VEH (P�0.05) or
AY/MDMA (P�0.05) groups. No other significant be-

ig. 1. Representative photomicrographs showing Fos (black, nuclear
nd the SON (C, vehicle; D, MDMA). White arrows in panels B and
xamples of double-labeled (Fos and oxytocin) cells. 3V, third ventric
ween-group differences were observed. *
The results of experiment 3 are presented in Table 2.
significant difference between treatment groups was

bserved in total social interaction (F3,27�10.31,
�0.0001), adjacent lying (F3,27�27.23, P�0.0001),

tocin (brown, cytoplasmic) labeling in the PVN (A, vehicle; B, MDMA)
examples of cells expressing Fos only while the black arrows show
ptic tract. Scale bar�100 �m.

able 1. Average counts for Fos positive and double-labeled
Fos�oxytocin) immunoreactive cells after MDMA (5 mg/kg) adminis-
ration

egion Vehicle (n�7) MDMA (n�7)

upraoptic nucleus
Fos only 0.36�0.14 2.18�0.40**
Fos�oxytocin 0.57�0.18 6.18�1.11***

VN
Fos only 4.86�2.00 33.04�7.51**
Fos�oxytocin 0.36�0.36 10.84�2.52***

Data represent Mean�S.E.M.
* P�0.01 relative to vehicle group.
) and oxy
** P�0.001 relative to vehicle group.
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nogenital investigation (F3,27�16.23, P�0.0001) and
earing (F3,27�25.84, P�0.0001). However no signifi-
ant treatment effects were observed for general inves-
igation (F3,27�1.01, P�0.05).

Post hoc Newman-Keuls tests revealed that tocinoic
cid attenuated the effects of MDMA on adjacent lying and

otal social interaction with a significant difference ob-
erved between the VEH/MDMA and TOC/MDMA groups
n these measures. Tocinoic acid did not modulate MDMA
ffects on anogenital investigation or rearing. Tocinoic acid

tself had no effects on social behavior, with no significant
ifferences between the VEH/VEH and the TOC/VEH
roups on any of the behaviors investigated.

The results of experiment 4 are shown in Table 3. A
ignificant difference between treatment groups was ob-
erved in total social interaction (F3,20�4.40, P�0.05), gen-
ral investigation (F3,20�3.24, P�0.05), adjacent lying
F3,20�8.63, P�0.001), anogenital investigation (F3,20�4.33,
�0.05) and rearing (F3,20�31.35, P�0.0001). Post hoc
nalysis revealed that 8-OH-DPAT had very similar effects to
DMA on social behavior, with an increase in total Social

nteraction and adjacent lying and a decrease in anogenital
nvestigation and rearing in the VEH/DPAT group relative to
he VEH/VEH group.

As with MDMA, tocinoic acid significantly attenuated
ey effects of 8-OH DPAT on social behavior. Thus, post

ig. 2. Effect of MDMA and the 5-HT1A antagonist WAY 100,635 on
lasma oxytocin levels. * P�0.05 compared with VEH/VEH rats.
P�0.05 compared with WAY/VEH rats. & P�0.05 compared with
AY/MDMA rats.

able 2. Social behavior following MDMA and/or tocinoic acid

ehavior (s) VEH/VEH

otal social interaction 108.2�3.2
djacent lying 9.6�2.1
eneral investigation 58.8�6.9
nogenital investigation 39.8�7.3
earing 157.1�24.9

Data represent mean�S.E.M. for eight pairs of rats per condition. To
nogenital investigation.
P�0.05 relative to VEH/VEH group.
P�0.05 relative to TOC/VEH group.

P�0.05 relative to VEH/MDMA group. Student-Newman-Keuls test.
oc Newman-Keuls analysis showed a significant differ-
nce between the VEH/DPAT and TOC/DPAT groups for
djacent lying (P�0.05) and total social interaction
P�0.05). Post hoc analysis also revealed that the reduc-
ion in anogenital investigation caused by 8-OH-DPAT was
ot affected by tocinoic acid. Tocinoic acid administration
lone had no significant effect, with no difference between
he VEH/VEH and TOC/VEH groups on any variables.

DISCUSSION

he current results show a modest dose of MDMA pro-
uces clear activation of both the PVN and SON. MDMA
redominantly activates oxytocin-labeled cells in the SON
ith approximately 75% of all Fos-labeled cells in this

egion also labeled for oxytocin. In contrast, the proportion
f activated oxytocinergic cells was not as marked in the
VN, with approximately 25% of all Fos-labeled cells also
xytocin positive. We have recently shown that MDMA-

nduced Fos induction in the SON is augmented by high
mbient temperature to a greater extent than in the PVN
nd this may account for the higher proportion of double-

abeled cells in the SON seen here (Hargreaves et al.,
007). Furthermore, we have observed elevated levels of
ocial interaction when MDMA is administered at high
emperatures (Cornish et al., 2003): thus activation of oxy-
ocinergic cells in the SON may be a key mechanism
nderlying this prosocial effect although further character-

zation of this process is required.
MDMA at the same modest dose (5 mg/kg) that acti-

ates oxytocin positive cells in the PVN and SON, also
erved to significantly increase plasma oxytocin levels. To
he best of our knowledge this is the first report of in vivo
DMA-induced oxytocin release in the rat, and is consis-

ent with previous in vitro findings (Forsling et al., 2002)
nd a recent study in human MDMA users at a dance party
Wolff et al., 2006). We also show here that MDMA-in-
uced oxytocin release can be blocked by pretreatment
ith the 5-HT1A, antagonist WAY 100,635, which as other
tudies have shown (Vicentic et al., 1998; Galfi et al.,
005) had no effect on plasma oxytocin levels by itself.

The further key finding in the present study is that
xytocin release plays a role in the social behaviors stim-
lated by both MDMA and 8-OH-DPAT. Thus the oxytocin
ntagonist tocinoic acid, at doses that did not affect base-

ine social behaviors, reduced both MDMA and 8-OH-

H VEH/MDMA TOC/MDMA

15.3 194.5�11.4ab 123.0�12.1c

2.3 122.4�15.0ab 58�12.2abc

11.8 70.0�10.9 60.9�3.6
8.5 2.1�1.0ab 4.1�2.1ab

16.7 11.3�2.3ab 22.8�8.2ab

interaction is the sum of the adjacent lying, general investigation, and
TOC/VE

136.1�

13.0�

78.7�

44.4�

136.9�

tal social
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PAT increases in total social interaction and adjacent
ying. Interestingly, a complete reversal of all MDMA and
-OH-DPAT-induced behaviors was not observed with to-
inoic acid. Reductions in anogenital investigation and
earing caused by both drugs were not reversed suggest-
ng a non-oxytocinergic mechanism underlying these be-
avioral effects of MDMA.

MDMA and 8-OH-DPAT had very similar effects on
ocial interaction with a large increase in adjacent lying
nd a reduction in general investigation, anogenital inves-

igation and rearing. This is consistent with our previous
eport that the prosocial effects of MDMA are reversed by
re-treatment with the 5-HT1A antagonist WAY 100,635
Morley et al., 2005). Previous studies showing facilitatory
ffects of 8-OH-DPAT on social behavior (for review see
ile and Seth, 2003) have not explicitly reported on the
ubtypes of social behavior that are affected by the drug.
he present results clearly show that 8-OH-DPAT in-
reases the passive social behavior of adjacent lying, in a
imilar manner to MDMA.

Taken together the present results suggest a mechanism
hereby MDMA stimulates postsynaptic 5-HT1A receptors in

he hypothalamus to promote oxytocin release, which then
riggers a strong prosocial effect, particularly with respect to
djacent lying behavior. However, important questions re-
ain. Firstly, the key neural circuits involved in the prosocial
ffects of MDMA remain uncertain: oxytocin released via the
VN and SON affects many key limbic regions involved in
motional and social behavior and MDMA has widespread
ctivating effects at many of these sites (Stephenson et al.,
999; Hargreaves et al., 2007). The present study did not
easure central levels of oxytocin following MDMA, al-

hough increased central oxytocin levels would also ap-
ear likely. However, this hypothesis remains to be tested
s the relationship between central and peripheral oxytocin

evels is not well understood. SON- and PVN-mediated
xytocin release from the posterior pituitary into the pe-
ipheral circulation is unlikely to re-enter the brain, al-
hough extensive SON- and PVN-mediated oxytocin re-
ease occurs within the brain via somatodendritic mecha-
isms and via hypothalamic oxytocinergic projections to
arious brain regions (Landgraf and Neumann, 2004). Fu-
ure studies will hopefully advance the present findings by
dentifying MDMA-induced central oxytocin release in key

able 3. Social behavior following 8-OH-DPAT and/or tocinoic acid

ehavior (s) VEH/VEH

otal social interaction 119.0�13.9
djacent lying 47.1�11.4
eneral investigation 50.9�3.1
nogenital investigation 21.0�5.4
earing 190.3�29.1

Data represent mean�S.E.M. for six pairs of rats per condition. Tot
nogenital investigation.
P�0.05 relative to VEH/VEH group.
P�0.05 relative to TOC/VEH group.
P�0.05 relative to VEH/DPAT group, Student-Newman-Keuls test.
rain regions that regulate social behavior and emotion.
cknowledgments—This research was supported by the National
ealth & Medical Research Council of Australia. Murray Thomp-
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