


ytkidica &~~~n~r;~ting ;I correlation hctwecn the po- 
tetlcy of MDMA ~~vlogucs fi,r producing scrotoncrgic 
~~~~~~~~ :nnd r~~~asj~~ dopamine in vitro (Schmidt et al., 
i 14%“~) 2nd in \-iw (Nash and Nichols, 19918. 

ThL’ ~~bsc~t~~~~ that selective S-MT, rcccptor an- 
t~g~~~~~~s could prevent the long-term effects of MDMA 
08 the ser~~t~~~cr~~c system seemed *i! Grst j~cons~stcnt 
w&k: ;be proposed r&c of ~~~~f~~~~~ in this response 
~~chmjdt :md Kchnc. I990). However, studies by Nash 
ct 3%. ~~9~~t~~ i~d~ci~tcd that tl~is protective effect of 
5-mT2 receptor antagonists may itself L)CCUT Via ititfr- 

~~~j~~~~ in the ~~~~~i~~r~~c system. These authors 
shoed that the 5-HT, antagonist kctanscrin could 
block both the acute stimulation of dopaminc synthesis 
pr~~d~~~d by MAMA as wcii as the s~~~~t~~~crgic deficits 
measured ant week later. A subscqucnt study dcmon- 
strated that kctanscrin could attt~~~:~ the ~XX of 

~~~~~~U~ produced by high doses of MDMA in viva 
(Nash, f9Wt). The Iink between thcsc acute effects of 
the SHT, antagonists and their ability to prevent the 
long-term ncur~~chcm~ca~ cffccts of MDMA was cstp’-- 
lished in cxpcrimcnrs showing that the protective cf!cd 
of the S-MET, antagonist. MDL I I,5134 wm prevented if 
dopamine synthesis was maintained by the administra- 
tion of L-dihydroxyphcnyiaianinc (Schmidt ct al., iYc)i 1. 
These studies lead to the hypothesis that the activation 
of ,S-HT, receptors is necessary for ~hc sti~nuiation of 
dopamine synthesis necessary to support MDMA-in- 
duced dopam~~e reteasc. 

Ait~o~gh nurncr~s biochemical and bcha~~ora~ 
studies have suggcstcd that the s~r~~to~e~jc qstcm 

may somehow regulate dopaminergic function, the 
neurorhemical mechanism~s~ invofvcd in this interac- 
tion hl?s eiudcd description. This may bc JW to the 
existence of a number of diffcrcnt scrotonergic infiu- 
enccs with each being mediated by any one of the 
scvcral unique S-HT receptor subtypes now known to 
be present in the CNS. However, the studies just 
described ciearly suggest that one such serotonergic 
influence occurs at the ievei of dopamine synthesis and 
that this effect is mediated by 5-HTz receptors. 

We have recently hegun to examine this ~nte~ct~o~ 
using a number of novef and highly selective S-HT, 
antagonists. The phenyi piperadinc, MDL 100,907, has 
subnanomolar affinity for the S-HT, receptor and pos- 
sesses LI MO-fold scIcctivity for this&c over either the 
closcl~ related 5-HT,,- or cr,-adrenoccptors (Carr et 
ai., 1991). Considering the selectivity of this agent for 
the 5-HT, receptor over the 5-HT,,. site, WC have used 
MDL ~~~),9(~? to confirm and extend some of these 
earlier studies on the effects of S-HTz receptor biork- 
adc on dopam~~erg~c function. MDMA-j~duced 
dopamine synthesis and refease were examined in viva 
as W3s the anta~n~st’s effect off the ~o~~-term seroton- 
ergic deficits produced by MDMA. The effect of MT)L 
iOO,9ft7 on the stirnu~~~t~on of d~~~m~~e synthesis by 

rescrpinc or haloperidol was also cxamincd as was its 
effect on halopcridoi-induced dopaminc release in vivo. 

Mate Sprague-Dawi~~ rats ~~OO-~~IO g) Were main- 
tain&d on ;t 12-h light and dark cycle and allowed free 
rtccess to food and water. Long-term neurochemicai 
stud& were conducted only after animals had been on 
site for I week. The timing of individual experiments, 
routes of drug administration and doses are provided 
in the Results section. At the terrn~~~tio~ of each 
cxperimcnt the animais were killed by decapitation and 
their brains wcrc rapidly dissected on ice. Samples of 
cortex, hi~p~ampus and striatum were removed and 
jrnrnedj~~e~~ frozen on dry irrr. Tissue samples were 
stored at -70°C until assayed. 

Tissue concentrations of 5-HT. d~hydr~~pheny~a~a~ 
nine (DOPA) and dopaminc were determined by high 
pcrforrn~~~~ liquid chromafogr~phy with electrochemi- 
cal detection. Samples were homogenized in 0.1 M 
monochloroacctic acid containing 0.1 mM EDTA at 
pH 3.0, After centrifugation at 4°C ( 15 min, 30000 X g 1 
the samples were injcctcd onto a 250 X 4 mm, 5 pm 
Lichrosphcr 100 RP-I8 cartridge column IEM Separa- 
tions, ~~bbsto~n~ NJ) and etuted with a mobile phase 
containing 4mMZ: NaH,PB, 150, EDTA O.tO and PfC- 
87 (5 m&4, eaters, ~j~ford~ MA1 at pH 3& Thr. 
rneth~n~~ concentration was varied from 1 to 5% to 
improve the separation. A Coulochcm 51OOA electro- 
chcmicaf detector 03SR inc., Bedford, MA) set to a 
potential of -i-O.4 V was used for detection. Compo- 
nents wcrc quantified by comparison tl;~ a curve gener- 
ated from external standards. S-HT concentrations in 
the hi~~~~arnpns and cortex were corrected for recov- 
ery by comparison to an internal standard (N- 
acetyjseroton~~). Recovery in the striatal sampfes was 
greater than %I% and did not require ~~rreetion. 

~~~ro~h~rn~~~ resufts were analyzed for statistkal 
s~gni~ea~~e using the Microstat-~1 program (Ecosoft, 
inc. In~ia~ap~~is, INI. Following an ANOVA, differ- 
ences between groups were determined using the least 
si~nifie~~t difference (LSD) test with a level of P < 0.05 
being accepted as significant. 

~~~radi~~ysis probes were made using rll ~o~~e~t~~~ 
design, Each probe consisted of a 15 mm 26 gauge 
stainfess stecI tube connected to PE20 tubing which 
served as the inlet. The outfct insisted of a fused 
siiifa c~pi~l~~ (75 pm i.d., 1% o.d,, Po~ymicro Tech* 



nologics, Phoenix, AZ) passed through the wall of the 
PE20, threaded down through the stainless steel tubing 
and into a 4 mm length of sealed dialysis tubing (Spcc- 
tro/Por hollow fibers, molecular weight cutoff ~~IO(I, 
Spectrum Medicat Industries, Los Angeles, CA), A 
piece of PEIO was attached to the silica capihary where 
it exits the probe. Afl junctions wcrc glued using Z-ton 
epoxy (Devon Bearings, Inc., Brookf~~ Hts,, OH). 

2.2.2. srr fsery 
Probes were implanted stereoia~ically in the right 

striatum of Sprague-Dawley rats (250-300 g) under 
pentobarhital anesthesia. Coordinates relative to 
bregma were 1, 2.5 and -8.0 mm from the top of the 
skull. A small machine screw was also partially inserted 
into the skull to serve as an anchor for the prohc. 
Dental acrylic was used to secure the probe to the 
screw and the skull. 

All experiments were performed 1 day after probe 
implantation. Each implanted rat was tethered in a 
circular 12-inch plexiglass container to allow freedom 
of movement. The containers were placed inside lighted 
and sound-proof environmental chambers. The cham- 
bers wcrc ventilated by means of a small baffled fan. A 
two-ch~n~cI liquid swivel was used to connect both 
inlet and outlet lines to the probe. A Harvard 22 pump 
(Harvard Apparatus, Inc., South Natick, MA) was used 
to perfuse the probe at 2 PlJmin with artificial ccrc- 
brospinnl fluid ICSF) containing fmM): NaCl 147.0+ 
KCI 4.0, CaCI, 2.3 and MgCI, 0.9, pH 6,3. The dialysatr: 
was collected into tubes containing IO ~.rl of 0.5 M 
pcrchtoric acid using a refrigcratcd microf~ction coI- 
lector (Carnegie Medicin, §tockhoIm, Sweden). A coI- 
lcction period of 20 min was used for all cxperimcnts. 

MDMA (20 mgJkg s.c.1 was administered after 2 h 
of basal dialysates were collcctcd. In scvcn of sevcn- 
teen animals, MDL 100,90? (1 mg/kg s.c.1 was admin- 
istered 20 min prior to MDMA. Dialysis was discontin- 
ued 4 h after MAMA admi~~str~Iti@n and samples were 
frozen at -70°C untif assayed. AII animals wcrc kilicd 
1 week Iatcr and the site of probe ~mpiantation was 
verified visually. 

Dopamine, dihydroxyphcnylacetic acid (DOPACI 
and homovanillic acid (HVA) were dctcrmincd by high 
performance liquid chromatography with clcctrochemi- 
cal detection. Thirty-two microliters of the dialysate 
were dircctty injected onto a 3 pm X 3 cm Pccosphcre 
C-18 column (Perkin-Elmer, Norwalk, CT). The coi- 
umn was &ted with a mobile phase containing 0.15 M 
NaH,PO,, &I5 mM sad&m dodccylsulfa~c~ ff.lO mM 
EDTA and I 1% methanol at pH 3.0. The flow rate was 
mi~~ntained at 0.7 mlfmin using a Wrntcrs 600E multi- 

solvent dclivcry system (Waters Chromatography Divi- 
sion, Milliporc Corporation, Milford, MA). Detection 
was by means of a Waters 460 clectrochcmical dctcctor 
set to a potential of -+(I.65 V. Individual componcnls 
in the samples were integrated and quantitatcd by 
comparison to external standards using Waters Base- 
line 8111 chromatography software. No corrections for 
rccovcry were made. 

Dopamine efflux for each animal was converted to 
the percent of basal release using the first 2 h of 
collection to calculate a mean basal value, The percent 
basal release at each time point was then averaged for 
all animals in the MDMA or MDMA plus MDL 1~~,9(~7 
groups. The data are presented as the mean percent 
basal release +9.E.M. Total release over the 3 h 
period folIow~ng MAMA administration was calculated 
from the area under the curve (AIJC,,,,) for each 
animaI after subtraction of the basal release. The re- 
sults were averaged for each group and compared by 
the two-tailed Student’s t-test. 

MDL l(IlI,907 was adnlin~stercd as a suspc~si~n in 
Twccn-80. All other drugs were administcrcd in saline. 
Doses refer to the salt with the cxccption of MDMA- 
HCI and ~-methyl-p-tyrosinc methyl cstcr which wcrc 
given as the free base, MDL l~I~I~9~7 (I?( -I- I-c&,3-di- 
mcthoxyphenyt~-l-f2~4-fIuor~~phcnytcthyl~]-4-pipcridinc- 
mcthan~l~ was synthcsizcd at the Marion McrrcfI Dow 
&search Institute (Cincinnati, OH). MDMA hydro- 
chioride was provided by the N~Itional Institute on 
Drug Abuse (Washington, DC). Rcscrpinc and NSD 
IO15 wcrc purchased from Sigma Chemical Co. (St. 
Louis, Ma). Haloperidol was purchased from RBI 
(Natrisk, MA). 

3‘ ResuIts 

The administration of MDMA (20 mgJkg s.c.1 prtr- 
duced an acute rise in the rate of striatal dop.aminc 
synthesis at 1 h as illustrated in fig. I. The administra- 
tion of MDL i~I,9(~? at doses of (~.()I to I rn~~kg S.C. 
30 min prior to MDMA complctcly prcvcntcd the 
increased ~cc~~rnu4ati~)n of striatal DOPA ut all doses 
t&cd. In contrast to the effect on stimulated tr~i~lsrnit- 
tcr synthesis, 5-HT, rcccptor ttlockadc with MDL 
1~~~~~~ did not affect tltc basal rate of d~~pi~tt~inc 
bynthcsis. 



AS sh~-m in fig. 3. 1 week after the ~dminist~tion 
of ~~~~~A (30 mg/kg s.c.1, 5-HT concentrations in the 
tortes, hippo~am~us and striatum had been reduced to 

35. 40 and 61% of control, respectively. The higher 
dose of MDMA was used in these experiments to 
produce a larger depiction of S-HT than is typically 
seen with a 20 mg/kg dose. The effect of the simuita- 
neous administration of MDL 1~)0,~07 by the S.C. route 
over the same dose range used in the DOPA accumu- 
lation experiments is also shown. The SHT, receptor 
antagonist dose dependently reversed the depletion 
produced by MDMA in the cortex and hippocampus. 
A fattened response was observed in the striatum 
although even the lowest dose of IO @g/kg MDL 
~t~,~~7 produced a significant effect. All three brain 
atcas showed a complete reversal of this long-term 
effect of MDMA following MDL 100,907 administrs- 
Con. 

In vivo microdialysis in awake freely moving rats was 
used to assess the effect of SHT, receptor blockade 
on the release of striata! dopamine by MDMA. The 
effect of direct inhibition of dopamine synthesis with 
the tyrosinc hydroxyiase inhibitor, a-methyl-p-tyrosine 
(a-MPTI, on MDMA-induced dopamine release was 
also examined for comparative purposes. 

Figure 3A and B show the increase in extracellular 
do~~mine concentrations in the stria~um foi~ow~ng the 
injection of MDMA C.8) mg/kg s.c.1. Transmitter levcis 
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Fig. i. 5-HT, receptor bl~kad~ with MDL I~.~? prevents 
MDMA-induced stimulation of striatal dopaminc synthesis in vivo. 
Rats were pretreated with MDL 100.907 30 min prior IO MDMA (20 
mg/kg s.c.) and hfl min prior IO NSD 1015 (100 mg/kg i.p.). All 
animals were killed at 9f1 min. Dana tire provided as the mean of five 
animals f S.E.M. * * P ‘-I 0.01 compared to saline; I. 11 P < 0.05, 0.01 

compared to MDMA. respectively, hy ANOVA-LSD. 
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Fig. 2. MDL IW,YO7 dose dcpendcnlly prevents the MDMA-induced 
seroronergic deficits measured I week after drug administration. 
Rats were given MDMA (30 mg/kg SC.) with vehicle or MDL 
ttlO,YfCI sim~l~~~o~sly I week prior to being killed. Data are pre- 
scnled as the mean of five or more animals* S.E.M. **** P <O&i, 

0.01 compared IO MDMA alone by ANOVA-LSD. 

began to increase approximately 40 min after drug 
administration and peaked at approximately 1400% of 
control at IO0 min. Transmitter ievefs remained eie- 
vated above baseline for the entire 4 h of collection 
following MDMA administration. 

The administration of (r-MPT (200 mg/kg i.p.1 20 
min prior to MDMA significantly attenuated the stimu- 
lated increase in extraceIluiar dopamine (fig. 3Al. 
Based on the arca under the curve for the 180 min 
immediately following drug administration (AUCI,,j, 
LU-MPT reduced extracellular levels of the transmitter 
by 72% (P < 0.01). 

The effect of MDL 100,907 (1 mg/kg SC.) adminis- 
tered 20 min prior to MDMA on extrac~~lulnr 
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Fig, 3. Atle~u(IIi(ln of ~~~A-induced dop~mi~e release in viv0 in 
the rat striatum by (AP (Y-MPT or (f3) MDL t(iO.Y07. Rats were 
implanted stereotaxically 24 h prior to dialysis. Fractions were cob 
lectcd every 20 min using a flowrate of 2 ~1 per min. Data are 
presented as the mean percent changcfS.E,M. Over h;isal release 
which was calculated as the average of the first fcmr fraclions, J3asnl 
efflux typ~c~lty ranged frc?m 5 w IO pg of dt~~rn~ne/~~ @I of 
diaiysate without cl!rrectbn kr recclvery, The n for each curve was 
MDMA (KU, a-MZ’T (31, MDMA plus MDL i~~f},Y~~7 (71 aitd hiDL 
100.907 alone (61. MDMA and MDL 100,YW were administered by 

the S.C. route while wMPT was administered i.p. 

hY 

dopamine concentrations is shown in fig. 38. I’hc 5-l-D+, 
antagonist also produced a significant reduction in the 
MAMA-induced increase in cxtraceihdar cOnccntr;+ 

tions of dopamine. The primary cffcct appeared to he 

a blunting of the peak relca.;c produced by MDMA. 
Release occurring both in the absence and presence of 
the 5-HT, antagonjst was again similar by the termina- 
tion of the experiment. AUC,,,, calculations show a 
46% decrease in stimulated transmitter cfflux (P < 
0.05). MDL I~),~? alone was without effect on basc- 
line concentrations of striatal dopamine. Figure 4A 
and I3 show the effect of MDMA on the in vivo icvels 
of DOPAC and HVA in the absence and presence of 
MDL 100,907. Striatal concentrations of both dopamine 
metaboiites began declining within 40 mm of MDMA 
administration. In contrast to the pattern of MDMA- 
induced changes observed for dopamine concentra- 
tions, DOPAC and HVA levels declined to approxi- 
mately 20% of control where they remained for the 
balance of the experiment. The administration of MDL 
100,907 was without effect on basal lcvtis of both 
rn~tabo~~t~s and did not alter the effect of MD~A on 
concentrations of DOPAC. However, the MD~A-an- 
duced decline in striatal HVA concentrations was en- 
hanced to a small but significant extent in the presence 
of MDL 100,907 (AUC,,, = 82.1% of MDMA alone, 
P c 0,01). 

Both rcserpinc and haloperidoi arc known to in- 
crease dopamine syntbcsis in viva. Since the mecha- 
nism(s) for this activation differs from that of M5MA~ 
the effect of MDL 100,907 on the stimulation of 



~o~;tn~~tl~ synthesis produced by each of thcsc agents 
was also watnintxi (t&le I). Reserpine (S mg/kg i.p.1 
~~p~r~~~rn~~t~~~ ~~~~~~~~ the rate of striatal DOPA accu- 
~~~~t~i~~~ 90 min following drug administration (P < 
~5). The simultaneous administration of MDL I00.007 
at doses of 0.01 and 1.0 mg/kg fs.c) had no effect on 
this accellerated rate of dopamine synthesis. Halopcri- 
dot (0.5 mg/kg i-p.1 produced an even larger increase 
in d~~parn~~e synthesis at the same time point (352% of 
control). NDL 1WYO7 was also ineffective at altering 
the b~~lope~ido~-stimulated accumulation of DOPA. 

Haloperidol (05 mg/kg s.c.1 produced a modest 
increase in the cxtracellular concentration of dopaminc 
in the striatum (fig. 5). Transmitter levels rose to 
approximately iStIr/; of basal within 60 to 80 min of 
drug adrnin~st~ti~~~ and remained stable for the dura- 
tion of the experiment. The administration of MDL 

1W.907 (I me/kg KC.! 20 min prior to halopcridol had 
no effect on this rate of transmitter cfflux. fhc 
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Fig. 4. Effect of MDMA and MDL I(H).Y(~7 on striatal ooncentmtions 
of DOPAC and HVA as measured hy microdialysis. Basal arncentra- 
tions of DOPAC and fiV.4 ritrtgcd from 2 lo 5 rig/32 ~1 of diiriysilte. 
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Fi:. 5. Lack of effect of 5-HTz receptor blockade on the increase in 
striatal dopamine concentrations produced by haloperidol(0.5 mg/kg 
s.c.1 in viva. The n values for ~l~~per~d~l and hal~~rid~l plus MDL 

IOO.W~ were 4 and 5, respectively. See fig. 3 for additional details. 

halopcridoi-induced increase in the concentration of 
both DOPAC and HVA was also unaffected by the 
5HT, antagonist (not shown). 

4. Discussion 

Serotoncrgic regulation of the dopamine system is a 
well-accepted concept. The majcrity of pharmacologi- 
cal and behavioral studies of this interaction suggest 
that .S-HT exerts an inhibitory influence on dspaminer- 
gic activity (Fibiger and Miller, 1977; Dray et al., 1978; 
Tsai, 1989; L&do et al., 1989). For example, chemical 
depletion or lesions of the serotonergic system have 
been shown to increase dopamine turnover ~~iambalvo 
and Snodgrass, 1978) as well as potentiatc the stimu- 
lant properties of amphetamine (Mabry and Campbcli, 
1973; !&gal, 19761. However, there are reports suggest- 
ing that the scrotoncrgic system can have a stimulatoty 
effect on some aspects of dopaminergic activity. De 
Simoni et al. (I9871 have reported that electrical stimu- 
lation of the dorsal raphe nucleus increases dopamine 
metabolism in the striatum without increasing trans- 
mitter release. Direct infusion of 5-HT into the ventral 
tcgmcntal area WTA) reportedly has a similar effect 
on dopaminc metabolism in the nucleus accumbens 
(Guan and McBride, 1989). The present study de- 
scribes conditions under which specific scrotonergic 
input also appears to have a positive modulator effect 
on dopaminergic activity and neurotransmission. 

Our results support the hypothesis that S-HT, re- 
ceptors can regulate dopamjnc synthesis under very 
specific conditions and that interference with this regm- 
lation can have functional consequences. These consc- 
quences include an inhibition of transmitter release 
produced by the amphetamine analogue MDMA and 
antagonism of the scrotonergic deficits produced as a 
result of that release The high selectivity of MDL 
100,907 and its potency for antagonism of these actions 



of MDMA is convincing evidence that these effects are 
mediated specifically by SHT, receptors. 

Previous studies of the effect of 5-HT, antagonists 
on dopamine synthesis induced by MDMA have used 
less specific antagonists such as ketanserin (Nash et ai., 
1990) or MDL 28,133A (Schmidt et al., in press). In 
addition to its high affinity for the 5-X-IT, receptor 
(Ki = 3.2 nM), ketanserin has reiativeiy high affinity 
for both the cu,-adrenoceptor (K, = 6.7 nM, Dudiey et 
al., 1988) and the so-called ‘ketanserin-binding site’ 
associated with the synaptic vesicies of monoam~nergic 
neurons (Leysen et ai., 1987). Ketanserin also has 
significant affinity for the 5-MT,, receptor (Sanders- 
Bush and Breeding, 1988; Van Wijngaarden et al., 
$990). Wh~ie MIX.. 28,133A distinguishes between sub- 
types of the 5-HT receptor, the compound also has 
high nanomoiar affinity for the D, dopamine site (Carr 
et al,, 1991). Furthermore, in a previous study, MDL 
28,133A generated an unexplained U-shaped dose-re- 
sponse curve for the inhibition of MDMA stimulated 
dopamine synthesis (Schmidt et al., in press). In com- 
parson, MDL 10~,~7 has subnanomoIar affinjty for 
the 5-HT, receptor fKi = 0.3h nM) with minimum 
300”fold lower affinity for ail other neurotransmitter 
receptors examined, inciudlng the 5-HT,, subtype (Ki 
= 105 nM, Carr et al., 1991). The complete blockade of 
~DMA-induced dopamine synthesis by MDL 1~0~9~7 
at doses as low as IO pg/kg (fig. I) identifies the 
5-I-IT, receptor as the subtype invoived in mediating 
this effect on dopaminergic function. 

These data for MDL 100~907 do not preclude the 
existance of an interaction between other 5-HT recep- 
tor subtypes and the dopamin~ system. Indeed, numer- 
ous studies have reported on the effects of S-HT,, and 
5HT, iigands on dopaminergic function (e.g. In- 
vernizzi et ai., 1988; Carboni et al., 1989). However, we 
have previously shown that the serotonergic deficits 
produced by MDMA are not biocked by antagonists of 
either S-I-IT,,, UP 5-HT, receptors ~~hrn~dt et aI., 
199Oa) which would further support our conclusion 
that the effects observed in the present study are due 
exclusively to the blockade of S-HTz receptors. 

A majority of the available data supports the hy- 
pothesis that the ability of MDMA to produce seroton- 
ergic nerve terminal degeneration is dependent on the 
dopamine reiease produced by the amphetamine ana- 
log. MRMA-induced dopamine release has been char- 
acterized both in vitro (Johnson et ai., 1986; Schmidt et 
al., 1987) and in viva #kunatSu and f&o, 1990; Nash, 
1990; Cough et al., f991). Like other amphetamines~ 
MDMA is believed to reiease dopamine from the non- 
vesicular or newly synthesized pool of transmitter by a 
carrier-mediated process (Schmidt et al., 1987). Thus, 
the synthesis inhibitor, ru-MPT, has the rapid effect on 
MDMA-induced dopaminc release demonstrated hcrc 
{fig. 3A) and antagonizes the s~roto~er~~C deficits pro- 

duced by MDMA (Stone et ai., 1988; Schmidt et ai., 
199Oa). Like a-MPT, MDL 100,907 is an effective 
antagonist of both MDMA-jnduced S-I-IT deficits and 
MDMA-induced transmitter release. A 20-min pre- 
treatment with MDL 100,907 was sufficient to reduce 
extEdiuiar concentration of dopamjne (fig. 3B) and 
its extraneuronai metaboiite, HVA (fig. 4B), following 
MD~A administration. This effect occurs at a dose of 
MDL 100,907 shown to block MDMA-stimulated 
dopamine synthesis in vivo. The results of this study 
are therefore consistent with both the proposed rote 
for the dopaminergic system in the long-term effects of 
MDMA and with a role for 5-HT, receptors in the 
regulation of dopaminergic function. 

The apparent r~qu~remeRt for N-IT, receptor acti- 
vation in the stimuiation of dopamine synthesis pro- 
duced by MDMA is not observed for ail initiators of 
dopamine synthesis. In contrast to its potent antago- 
nism of MDMA-stimulated dopamine synthesis, MDL 
100,907 was without effect on the more robust stimuia- 
tion of synthesis produced by either reserpine or 
haioperidoI [table 1). The modest halo~r~doI-induced 
increase in extraceiiuiar concentrations of dopamine 
was also unaffected by MDL 100,907 (fig. 5). The most 
obvious difference between MDMA and these agents 
is the mechanism by which they stimulate activity in the 
nigrostriatai pathway. Increases in dopamine synthesis 
due to amphetan~ines such as MDMA occur in re- 
sponse to the carrier-mediated release of transmitter 
(Connor and Kuczenski, 1986). Although not entirely 
clear, this stimulation of synthesis may be due to disin- 
hibition of tyrosine hydroxylase foiicwing the release of 
newly sy~lt~esized dopam~ne and the inhibition of re- 
uptake ~Maura and Raitcri, 1982). The effects of reser- 
pine and haioperidoi are less directly reiated to release 
and more a function of an increase in impulse flow 
resuiting from the reduction in reeeptor-mediated 
feedback inhjbjt~on. For reserpine, this is due to 
dopami~e depletion (German et al,, f981) while with 
haloperidoi, direct D, receptor blockade is responsible 
(Carisson et al., 1972). Presynaplic receptor vacancy in 
the striasum probabiy contributes to the enhanced syn- 
thesis produced by such agents (Walters and Roth, 
1976; Commissiong et al., 1990). In contrast to the 
effects of reserpine and haioper~doi, high doses of 
MDMA signif~cantiy decrease the firing rate of nigro- 
striatai neurons presumably by increasing D, receptor 
activation (Keiiand et al., 1989; Matthews et al., 1989; 
Schmidt et al., in press). However, a decrease m.firing 
rate does not appear to be the criticai dere~inant of 
serotoner~ic involvement. The y-ami~obu~ric acid- 
mimetic, y-butyroiactone (GBL), stimulates dopaminc 
synthesis by inhibiting dopaminc ceil firing and trans- 
mitter reiease. The resultant reduction in occupancy of 
the terminal autorcccptors is believed to rchcvc a tonic 
feedback inhibition of synthesis (Waiters and Roth, 
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1 ‘476). Ye1 fh~ stimulatioll of dopaminc synthesis pro- 
Ci\Pced hY C,@L is unuffcctcd try the S-HT, antagonist. 
&~DL 28,133A ~S~~midt et a!., in press). The remaining 
~~t~~r~~~t~~3~ of these <3bsewations is that 5-#-iTI rc- 
~~~~~3~ st~m~~ati~3~ is not ~nv~3~ved in those increases in 
~~)p~~l~n~ synthesis which occur due to the elimination 
of do~am~ne rece~t~3r-m~diat~d feedback inhibjt~~3n. 
This would be true if the effects of the S-HT, antago- 
lists on dopaillincrgic functirrn are mediated by changes 
in d~3p~tmi[3e ~~ut~~r~~eptor activity. Although we were 
~~~~,~~3~s~~ unahfc to find any evich~~ that the S-HT, 
receptor antagt3mist. MDL 28,133A, altered the ability 
of apomorphinc to inhibit GBL-stimulated dopaminc 
synthesis. the interpretation of such experiments is 
~~3m~~~~ted by the fact that GBL may reduce scroton- 
ergic tune ttr the point that the addition of the S-HT, 
~~~t~lgo~~st is sup4!uous. ~~lrthermor~~ e*xpcrimcnts 
using the GBL mod4 only consider those dopaminc 
a~t~3r~~eptors coupled to transmitter synthesis, Those 
nuton-captors linked 1~3 tr;t~+t!er relensc at the tcr- 
minals as well as the ~mat~3d~ndritic receptors rcgu- 
tating firing rate must also be crtnsidcred as potcntiai 

sites uf scrotonergic regulation. 
The effect of each of the attivators of dopaminc 

synthesis on scratonergic tc3nc is an additional consid- 
eration. MDMA should increase S-HTZ receptor acti- 
vation by virtltt of its potent S-HT rclcasing action 
~~ohns~3~ et al.. 1986; Schmidt et ai., I987f. fn c[)nt~st~ 
resrrpine depletes 5-HT and should reduce 5-HT re- 
llcasc white hafopcridol is reported to be without cffcct 
on the firing rate of dorsal raphc neurons (Gallager 
and Aghajanian. 1976). Thus the cxtcnt of S-HT, re- 
ccptor activation is likely to he higher foi~ow~ng MDMA 
admjnist~t~on than after tither rcscrpine or hafoptri- 
dol. Leyscn and Pauwels f 1990) have proposed that the 
5-HT, receptor is seldom activated under normal phys- 
iological conditions. This is consistent with the lack of 
effect of S-HT, receptor protagonists on either basal 
dupaminc synthesis or release (Nash et al., f99@ Nash, 
1990: Schmidt et al., in press). Hence the regulation of 
dopaminc synthesis mediated by 5-HT, receptors is 
likely tu be a phasic rather than a tonic effect which 
boct3mcs significant only during states of high scroton- 
crgic and dopamincrgic transmission. The requirement 
for huth seroto~ergic and d~paminerg~~ activity to be 
clevatcd sjmultaneously may explain the ability of cfec- 
trical stimulation of the DRN to increase dopamine 
metabolism without increasing release (De Simoni ct 
al.. 1987). Serotoncrgic activation of dopamine synthe- 
sis in the absence of an increased demand for dopamine 
release would merely result in tbc metabolism of the 
excess transmitter. 

An important question is what other situations may 
produce such a state of neuronal activity? Currently, 

thcrc is evidcncc accumulating that an imbalance of 
serotonergic and do~dm~n~rg~~ activity may underlie 

some symptoms of schizophrenia (Mcltzcr, 1991). S-HT, 
receptors arc reportedly reduced in number in the 
brains of schizophrenics (Mita ct al.. 19861 which may 
suggest enhanced activity -dt these receptors. This is 
consistent with the reduced n~uroendo~rine response 
of schizophrenics to the S-HT,JS-HT,,. agonist MK 
212 and reports of elevated S-Er~droxyindoleacctic acid 
in the CSF of schizophrcni~s Weltzer, 1991). The 
improved efficacy of clozapine over typical antipsy- 
chotlc agents has been attributed to its antagonism of 
S-HT, receptors Weltzer, 1989; Meltzer et al., 19891. 

This the ability of 5-HT, antagrnists to regulate 
phasic increases in dopaminergic activity may underlie 
their potential use in the treatment of schizophrenia. 
MDL ~~~~*~~7 has patent effects in a number of animal 
models believed to be predictive of ~nti~sychot~c activ- 
ity including inhibition of amph~tam~ne~i~duced loco- 
motion and reversal of the slowing of Al0 dopaminer- 
gic neurcms produ~cd by amphetamine {Sorenson et 
al., 1992). Chronic treatment of rsts with MDL 100,907 
also produces a selective reduction in the activity of 
Al0 dopamjnergi~ neurons (Sorensen et al., 1992). 

lin conclusion, ~harm~~o~ogical blockade of 5-HTZ 
receptors with the highly selcctivc antagonist, MDL 
100,907 prcvcnts the activation of dopamine synthesis 
ncccssary to support dopamine release stimulated by 
the am~hetamjn~ anafogue, MADMAN Such treatment 
alst3 blocks the long-term MDMA-induced deficits in 
serotonin concentrations believed to be due to 
dopaminc release. The stimulation of dopamine syn- 
thesis produced by the eliminatiun of receptor-media- 
ted feedback inhibition is nut altered by 5-WTz block- 
ade, The req=itr. C~~=IWC* fhst the ecrr%twwrnir ww!q- .” ._.. ~.a.&)b~____ i__-_ c- --Y 

tion of dt3paminc synthesis is conditionaf with respect 
to c3ngoing dopaminergic and scrotonergic activity. 

The authors wish to thank Dr. Bryan K. Yemsmclu for his 
assirtancc: in initialing the micradialysis studies. 
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