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The mechanism of action ot systemically admimistered ' = 1-MDMA (3 4-methvienedioxvmethamphetamine) on spontancously active neurons and ¢
in the medial prefrontal cortex (mPFc) of chloral hvdrate anesthetized rats was examined using standard single unit extracellufar recording
techniques. Intravenously administered MDMA dose-dependently decreased the firing rates of the majority of mPFe neurons in control rats, ¢ Drug .
In contrast. in rats that were pretreated with p-chlorophenylatanine (PCPA), which depletes the brain serotonin (5-hydroxytryptamine, 5-HT) The
content by inhibiting tryptophan hydroxylasc. the rate-limiting enzyme in the synthesis of 5-HT, MDMA was largely ineffeetive in inhibiting MDM
the firing of mPFc cells. In PCPA-treated amimals, the administration of S-hydroxytryptophan (5-HTP), which presumably restored the brain by stu
5-HT content. but not 1-DOPA. reinstated MDMA's inhibitory action in PCPA-trcated rats. In rats that were pretreated with neurot
a-methyl-p-tyrosine (AMPT). which depletes the brain dopamine (DA) content by inhibiting tyrosine hydroxylasc, the ratc-limiting «:.zyme p-chio
in the synthesis of DA, MDMA inhibited the firing of all of the mPFc cells. MDMA's effect on mPFe neurons was reversed by 5-HT receptor the el
antagonists such as granisctron and metergoline. These results strongly suggest that MDMA exerts its action on mPFc cells indirectly by deplet
releasing endogenous S-HT. p-tyros

4and Z
. . . S-HT
INTRODUCTION it appears that the interaction between the released (25-20r
neurotransmitters and postsynaptic receptors in S-HT Calbioc
The designer drug MDMA (3.4-methylenedioxyme- and perhaps DA projection areas rather than the effect :sl‘s\;];
thamphetamine: ‘Ecstasy’) reportedly enhances emotion of MDMA on 5-HT and DA-containing neurons ~ould Roche
and cognition but is non-hallucinogenic'*'®. It has been best account for the unique behavioral and psychoi. :gical boxyta:
shown to potently release and block the reuptake of effects of MDMA. s;;;lgs
. . . . . . ¢
serotonin  (S-hydroxytryptamine, 5-HT) in the frontal The mPFc is densely innervated by serotonergic and immed;
cortex. striatum and hippocampus'®'7'"2" and to a dopaminergic neurons and plays a significant role in termin;
lesser extent dopamine (DA) in the striatum and nucleus emotion and cognition®. Hence, using standard extracel Data a
accumbens’-!!:17:19.2, Jular single unit recording techniques®, we decided t0 The |
Electrophysiological studies have demonstrated that examine the mode of action of (£)-MDMA on mPFc the cell
i . . o _ MDMAa
MDMA modulates the firing activity of neurons in brain cells. after g
regions which contain 5-HT and DA cell bodies. For Subseq
example. in a brain slice preparation, superfused MDMA MATERIALS AND METHODS rﬁe“"g ra
s - ressic
releases S-HT and inhibits the firing of dorsal raphe 5-HT ,efpzsj;
2 . . y Animals and surgery :
neurons®. However, it is unlikely that the MDMA- gen . (ANOV
ind e y Male Sprague-Dawley rats (200-250 g. Taconic Farms, NY), the S?u\
induced inhibitory effect on dorsal raphe neurons could naive or drug treated, were anesthetized with chloral hydratfa( ) for diff(.
account for the unique pharmacological profile of mg/kg, i.p., Sigma) and placed in a stereotaxic frame. The }all vein Criteriog
MDMA . since this is a common action shared by all was then cannulated with a 25 gauge needle for the administratiot
. ’ . . . . of additional anesthetic or drugs. A burr hole was drilled above the
indolealkylamine hallucinogens. The systemic adminis- mPFc (0.3-1.0 mm lateral, 11.0-11.5 mm anterior and 0.5-3.0 ™%
tration of high doses of MDMA inhibits the firing of ventral to Lambda) according to the atlas of Paxinos and ‘»atson RESyL:
spontaneously active DA neurons in the substantia to allow the lowering of a recording electrode.

. 8.12 . . - . , 13 ,
nigra®™ =, This effect is thought to be indirectly mediated Electrophysiological methods and histology In n;
by feedback pathways from the forebrain regions®. Thus, The standard extracellular recording techniques used have bc‘ﬂ“,{, (£)-M1

' Cells b\
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described in detail elsewhere™**. Single barrel glass pipettes

refilled with a few strands of fiberglass were pulled by a vertical
microelectrode puller (Narishige) and the tips were broken to a tip
diameter of about 1 um with the aid of a light microscope. The
electrode was then filled with a solution of 2 M NaCl saturated with
1% Fast green dye. The in vitro impedance of the electrode was
petween 2 and 4 MQ.

The typical mPFc neurons studied had positive-negative wave-
forms and signal to noise ratios of greater than 5. They were
primarily located in layers [-III and have been shown previously to
be unresponsive to electrical stimulation of the medial dorsal
nucleus of the thalamus'.

MDMA was given according to a regimen in which each dose
doubled the previous cumulative dose until the cell was completely
inhibited or the end of the dose-response regimen was reached
(final cumulative dose: 25.6 mg/kg). To obviate residual drug
effects, only one cell was studied in each rat. At the end of cach
exp.:iment, Fast green was ejected by passing -30 uA of current
through the ¢lectrode for 20 min. This resulted in the deposit of Fast
green around the electrode tip. The rats were then perfused
transcardially with 10% buffered formalin (Fisher). Recording sites
were verified on 50 um coronal sections stained with Cresyl violet
and counterstained with Neutral red.

¢t Drug treatment

The relative contribution of 5-HT and DA release in mediating
MDMA's action on medial prefrontal cortical neurons was assessed
by “tudying the effect of depleting and replenishing these two
neu otransmitters. To deplete 5-HT, the rats were pretreated with
pchlorophenylalanine (PCPA, Regis, 400 mg/kg, i.p.) 24 h before
the clectrophysiological experiments were conducted” . To
deplete DA, the rats were given two injections of a-methyl-
p-tyrosine (AMPT, Sigma and RBI, 250 mg/kg, i.p., cach injection)
4and 2 h before the electrophysiological experiments®. To replenish
5-HT and DA, their respective immediate precursors -5-HTP
{25-200 mg/kg, in the form of the methyl ester HCL sait, i.v..
Calbiochem) and L-DOPA (25-100 mg/kg, in the form of the methyl
ester HCl salt, i.v., Sigma)™ were administered in the presence of
alow dose of benserazide (Ro4-4602, 20 mg/kg, i.v.. Hotfmann-La
Ro..ie)**** which inhibits peripheral aromatic amino acid decar-
boxylase and therchy cnhances the central effect of the two
precursors. The aromatic amino acid decarboxylase in the brain, an
enzyme unaffected by PCPA and AMPT, would then convert the
immediate precursors to S-HT and DA in the respective nerve
terminals.

Data anaivyis
The baseline finng rate was detined as the average firing rate of
the cell during a 2-3 min ¢pach before drug injection. The effect ol
MDMA was determined by comparing the firtng rate of the cells
aftc  drug administration with that during the baseline period.
Subsequently, the results are expressed as a percentage of baseline
firing rate. The distribution of responses was analyzed using logistic
; Tegression with the appropriate contrasts. Comparisons of dose-
: Iesponse curves were made using two way analysis of variance
- (ANOVA) and difference between specific means were tested using

g the Student-Newman-Keuls test. Student’s r-test was used to test
, for differences between IC,, values between two groups. The
ji Cniterion for significance is set at P < 0.05.

¢ In naive control rats, at 25.6 mg/kg (cumulative dose),
; (¥)-MDMA inhibited the firing of 16/19 (84%) mPFc
cells by =20% of baseline firing rate: 3/19 (16%) cells
Were excited by =20% baseline firing rate (Figs. 1 and 2).
Overall, MDMA inhibited the cells with an IC, of 17.2
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mg/kg extrapolated from the cumulative dose-response
curve (Fig. 3). If only cells which were inhibited by
MDMA were included, the average IC, for MDMA's
effect was 8.0 + 2.3 mg/kg (n = 15, Fig. 4). Relatively
long recovery times (1-5 min) were needed before the
neurons resumed firing spontaneously (Fig. 1). Granise-
tron (0.5-4 mg/kg) partially or fully reversed the inhib-
itory effect of MDMA on 4/7 (57%) mPFc cells but was
ineffective on 3/7 (43%) cells. Metergoline (0.5-4 mg/kg)
partially or completely reversed this inhibitory response
in 9/10 (90%) cells and had no effect on the remaining
1/10 (10%) cell (Fig. 1).

In rats that were pretreated with PCPA to deplete the
5-HT content in the brain”**, MDMA was significantly
less effective in inhibiting the firing activity of mPFc
neurons (Figs. | and 2). At 25.6 mg/kg (cumulative
dose), only 3/11 (27%) of mPFc cells were inhibited by
=20% baseline firing rate (Fig. 2). Of these 3, only one
was inhibited by 250% baseline firing rate. Interestingly,
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Fig. |. Representative rate histograms showing the effect of MDMA
on the firing of spontaneously active mPFc neurons in control,
PCPA- and AMPT-treated animals. Top: this rate histogram shows
the inhibitory effect of MDMA on a typical mPFc cell. Granisetron
(GRAN. | mg/kg) and metergoline (MET, 1 mgkg) partially
reversed its effect. MDMA had similar inhibitory action on the
majority of mPFc neurons. (Middle) After PCPA-treatment,
MDMA's inhibitory effect was significantly reduced. MDMA
(cumulative dose: 25.6 mg/kg) had no effect on this particular
neuron. MDMA inhibited only a minority of mPFc cells. Other cells
were excited by MDMA. Bottom: in AMPT-treated animals,
MDMA was able to inhibit the firing of mPFc neurons, as illustrated
by this cell. GRAN (1 mg/kg) and MET (1 mgkg) reversed
MDMA's action.
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Fig. 2. The effect of MDMA (25.6 mg/kg, cumulative dose) on the
firing activity of mPFc neurons in control, PCPA- and AMPT-
treated animals. In control rats, MDMA inhibited the firing of 16/19
(84%) mPFc cells by =209% baseline firing rate: 3/19 (16%) cells
were excited by =20% bascline firing ratc. In PCPA-pretreated
rats. MDMA inhibited 3/11 (27%) mPFc cells, excited 611 (55%)
cells and had no effect on the remaining 2/11 (18%) cells. This
distribution of responses is significantly different from that seenan
control. In AMPT-pretreated rats. MDMA inhibited o/6 i 1004 ) of
mPFc cells. This distribution of responses ts not difterent trom that
seen in control.

for many neurons, at the higher doses. MDMA produced
a modest excitatory effect: at 25.6 mg/kg. 6/11 (55%)
cells were excited by =20% baseline (Fig. 2). The
remaining 2/11 (18%) cells were unaffected by MDMA.
Overall, after PCPA treatment, mPFc cells were not
inhibited by MDMA (Fig. 3). It was impossible to
calculate ICs, values because the majority of the cells
were not inhibited by =50% baseline firing rate even
after 25.6 mg/kg of MDMA was given. When only the
group of cells which were inhibited by MDMA was
considered. the dose-response curve for MDMA was
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Fig. 3. Cumulative dose-response curves of MDMA''s effect on the
firing rates of all the mPFc cells studied in control, PCPA- and
AMPT-treated animals. MDMA dose-dependently inhibited the
firing of mPFc cells in control rats (filled circles). The dose-
response curve is significantly shifted to the right after PCPA
treatment (open circles) and significantly shifted to the left after
AMPT treatment (filled squares). All the cells regardless of whether
they were inhibited. excited or unaffected by MDMA were included
in plotting the dose-response curves. a, P < 0.05, significantly
different from controls. b, P < 0.05, significantly different from
AMPT-treated animals.
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Fig. 4. Cumulative dose-response curves for MDMA's effect on the
firing rates of mPFc cells which were inhibited by MDMA in
control. PCPA- and AMPT-treated animals. MDMA dose-der 'n-
dently inhibited the finng of mPFe cells in controtb rats (futed
circles). In PCPA-treated animals (open circles). MDMA was less
potent i inhiung mPFe celis. resultng in o dose—response curve

“which 1y sigmficantly different trom that seen in controls. In

AMPT-rreated animais (filted squares). MDMA inhibited mPFe
cells in & manner which 1s not different from that in control. a, P
-2 008, significantly different from controls. b, P .. (L0S, signifi-
cantly different from AMPT-treated ammals.

shifted to the right significantly compared to that of
control (Fig. 4). Importantly. in PCPA-trcated animals,
after the administration of a low dose of benscrazide (20
mg/kg) and S-HTP (a cumulative dose of 50-200 mg/kg,
i.v.)*, MDMA was ablc to inhibit the firing of the
majority (9/12. 75%) of the cortical ncurons studied
(Figs. S and 6). Only 1/12 (8%) cell was excited and the
remaining 2/12 (17%) cells were unaffected. This proi'le
of response is not significantly different from that lor
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Fig. 5. Representative rate histograms showing the effect of MDMA
on mPFc cells of PCPA-treated animals subjected to 5-HTP or
L-DOPA pretreatment. Top: 5-HTP pretreatment reinstated
MDMA’s inhibitory action. Metergoline (MET, 0.5 mg/kg) reversed
the effect. Bottom: L-DOPA pretreatment did not reestablish
MDMA’s inhibitory effect.
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Fig. 6. The effect of MDMA on the firing rates of mPFc neurons
in control and PCPA-treated animals. In controi rats, at 25.6 mgrkg
(cumulative dose), MDMA inhibited 16/19 (84%) and excited 3/19
(16%) mPFc neurons whereas in PCPA-treated rats, MDMA's
effect was altered such that only 3/11 (27%) cells were inhibited,
6/ (55%) cells were excited and the remaining 2/11 (18%) cells
were not affected. In PCPA-treated rats, 5-HTP given before
MDMA administration reinstated MDMA's profile to that as seen
in controls: 9/12 (757 ) mPFc cells were inhibited, 2/12 {17%) cells
were excited and 1/12 (8%) cell was not affected. This distribution
in not significantly different {rom that in controls. When 1-DOPA
was substituted for 5-HTP, MDMA''s profile remained significantly
different from that for controls. Interestingly, when 5-HTP was
given after MDMA administration, MDMA’s cffect was not
reestablished with 2/6 (33%) mPFc cells inhibited, 3/6 (50%) cells
excited and 1/6 (179%) cell unaffected by MDMA.

5-HTP (Pre) 5-HTP (Post)

controls. The substitution of -DOPA tor 5-HTP was
without cffect (Figs. 5 and 6). In PCPA-treated rats,
S-HTP and benserazide in the absence of MDMA
insignificantly increased the firing rates of mPFe neurons
by 3 £ 12% (n = 13). Intefstingly, when 5-HTP was
given after MDMA administration. MDMA's effect was
not reinstated (Fig. 6).

n rats that were pretreated with AMPT to deplete the
brain’s newly synthesized DA, MDMA dose-dependently
inhibited 6 of 6 (100%) mPFc neurons (Figs. 1 and 2).
The population response to MDMA was not significantly
different from that of control and the average 1Cs, (3.0
* 1.2 mwke. cumulative dose) is not significantly
different from that tfor the majority ot the cells in controls
which were inhibited by MDMA (Figs. 2 and 3).

DISCUSSION

In the present study. we have demonstrated that
(£)-MDMA, when given acutely by a systemic route,
predominantly inhibited the firing rates of the great
majority of spontancously active mPFc cells in control
rats. This is consistent with previous studies showing that
the intravenously administration of MDMA inhibited the
firing of substantia nigra DA cells®'* and that superfused
MDMA inhibited the firing of dorsal raphe neurons in a
slice preparation”’.

Our data further suggest that MDMA acts indirectly on
mPFc cells by releasing endogenous 5-HT. PCPA, which
has been shown to deplete 3-HT in the brain, significantly
and drastically attenuated the inhibitory action of
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MDMA. The administration of 5-HTP prior to MDMA
in the PCPA-treated rats reinstated the inhibitory action
of MDMA. Presumably, following the conversion of
5-HTP to 5-HT in the nerve terminals, MDMA was able
to release the 5-HT and subsequently suppress the firing
of mPFc cells. It is known that 5-HTP (and benserazide)
alters the blood pressure and heart rate of the animal.
However, this effect apparently cannot account for the
action of 5-HTP in reinstating the effect of MDMA
because .-DOPA (and benserazide) which would induce
similar changes in sympathetic function® did not restore
the action of MDMA. Interestingly, when 5-HTP was
given after MDMA, MDMA's inhibitory profile was not
reestablished. It is known that in addition to a 5-
HT-releasing action, MDMA blocks the reuptake of
5-HT'. In fact, this is consistent with our observation
that the recovery from MDMA-induced suppressant
effect was relatively slow. Possibly, the same mechanism
could interfere with the uptake of 5S-HTP into the nerve
terminals. Consequently, if an insufficient amount of
5-HTP reaches the nerve terminals for the enzymatic
conversion to 5-HT, MDMA would not be ctfective in
releasing 5-HT and suppressing the firing activity of
mPFc cells.

Pretiminary data showed that the inhibitory effect of
MDMA was reversed by the 5-HT; antagonist granise-
tron and the 5-HT /5-HT, antagonist metergoline. This
finding is consistent with the idea that postsynaptic 5-HT
receptors play a role in mediating MDMA's effect.
Furthermore. the involvement of receptors other than the
5-HT, subtypes. which is believed to mediate the effect
of hallucinogens, may contribute to the pharmacological
and psychotropic profiles of MDMA.

On the other hand, DA does not seem to play a critical
role in mediating MDMA s inhibitory etfect in the mPFc.
The depiction of brain DA content by AMPT did not
alter MDMA's suppressaat action on mPFc cells. [n fact,
there was a tendency for the inhibitory action of MDMA
to be enhanced. However, it should be pointed out that
our results do not rule out the possibility that DA may
have a more important role in mediating MDMA'’s action
in other brain regions such as nucleus accumbens, which
contains a high concentration of DA. The idea that
MDMA's action on mPFc cells is primarily mediated via
the 5-HT system but not the DA system is further
supported by the fact that iontophoretically applied 5-HT
invariably suppresses the firing rates of mPFc cells>'°. In
contrast, the iontophoresis of DA on mPFc cells in layers
[-11 produced little effect®.

A minority of mPFc neurons in control rats was
modestly excited (up to 30% baseline firing rate at the
highest cumulative dose given) by MDMA. Several
mechanisms could account for this effect. For example, it
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is possible that the MDMA-induced release of 5-HT
interacts with 5-HT, receptors which could lead to
excitation’®. The percentage of cells excited versus
inhibited by MDMA thus could reflect relative activation
of 5-HT, versus 5-HT,/5-HTj; receptors in the mPFc. The
role of the different subtypes of 5-HT receptors in
producing these effects could be ascertained by studying
the ability of selective or relatively selective S5-HT
receptor antagonists in reversing these effects. Alterna-
tively, the excitatory response could be the result of
disinhibition. It is conceivable that some 5-HT-containing
neurons impinge on an inhibitory interneuron. MDMA
could therefore inhibit this inhibitory interneuron thus
disinhibiting the mPFc neuron. It is noteworthv that
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