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CHRONIC 3, 4-METHYLENEDIOXYMETHAMPHETAMINE
ADMINISTRATION DECREASES GLUCOCORTICOID AND
MINERALOCORTICOID RECEPTOR, BUT INCREASES
5-HYDROXYTRYPTAMINE,. RECEPTOR GENE
EXPRESSION IN THE RAT HIPPOCAMPUS
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Abstract—Both plucocorticoids and serotonin have been implicated in the regulation of mood and
neuroendocrine control. In this study we have examined the effects of the psychomotoer stimulant,
3. 4-methylenedioxymethamphetamine on corticosteroid and S-hydroxytryptamine receptor subtype gene
expression within the hippocampal formation using Jn site hybridization histochemistry. Animals were
injected subcutanecusly with 3.4-methylenedioxymethamphetamine (20 mg/kg) twice daily for four days.
Two weeks following this dosage regimen. shown 1o markedly reduce 5-hydroxytryptamine terminals.
both glucocorticoid receptor and mineralocorticoid receptor messenger RNA expression were significantty
decreased (30—47% fall) in the granule ceils of the dentate gyrus and pyramidal cells of CAL-CA4 felds
of Ammon’s horn, but not in parietal cortex neurons. In the same rats, 5-hydroxytryplamine, ¢ receptor
messenger RNA expression was significantly increased in CA3 pyramidal neurons {133% rise}, but neither
S-hydroxytryptamine,, or 5-hvdroxytryptamine, receptor messenger RNA levels were altered in any
dorsal hippocampal subfield. 3.4-Methylenedioxymethamphetamine treatment was associated with modest
hypersecretion of coricosterone during the diurnal nadir, without other peripheral evidence of chronic
glucocorticoid excess (unchanged thymic and adrenal weights and corticosterene-binding globulin leveis).

These results emphasize the importance of the serotonergic innervation in maintaining hippocampal
corticosteroid receplor gene expression. It is suggested that S-hydroxyiryptamine,. receptors may be
involved in mediating the effects of serotonin on hippocampal glucocorticoid receptor and mineralocor-

ticoid receptor expression and perhaps mood,

The ring-substituted amphetamine derivative 3,4-
methylenedioxymethamphetamine (MDMA) is a
widely abused recreational drug which causes sclec-
tive depletion of S-hydroxytryptamine (5-HT) and
subsequent degeneration of serotonergic terminals in
ral and primate brain.”*'"2 Central 5-HT systems are
thought 1o underpin a number of eritical functions of
the brain, including control of mood, specific be-
haviours and neuroendocrine systems.'”'** The in-
creasing abuse of MDMA has therefore prompted
scrious concern over the neuropsychiatric and neuro-
endocrine sequellae of human exposure™™™ and,
indeed, affective and psychotic disturbances are being
increasingly recognized in association with MDMA
abuse ®*

All subfields of the hippocampus recgive extensive
innervation from 5-HT celt bodies in the brain stem
raphe nuclei.® At the hippocampus, 5-HT is thought
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Abbreviations: CBGQG, corlicasterone-binding globulin: §.7-
DHT. 5,7-dihydroxytryptamine; EDTA, ethylenedi-
aminetetra-acetate; GR, glucocorticoid receptor. 5-HT.
S-hydroxytryptamine; MDMA, 3.4-methylene-
dioxymethamphetamine; MR, mineralocorlicoid recep-
tor; 8SC, saline sodium citraie.
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to influence mood and also interact with the brain-
pituitary-adrenal axis.* The hippocampus contains
the greatest density of corticosteroid receptors in the
brain, which arc of two types, mineralocorticoid
(MR, type 1) and glucocorticoid (GR. type II.*
Lesions of the hippocampus or manipulations which
reduce hippocampal corticosteroid receptor ex-
pression result in elevated basal corticosterone ievels
and attenuated glucocorticoid suppression of hypo-
thalamic-pituitary-adrenal axis activity.” Similar
neuroendocrine changes are also reported in depress-
ive disorders in which defective 5-HT neuorotrans-
mission (in the cortex and limbic system) has been
tmplicated.” Clearly, therefore, any interaction in the
hippocampus between the 5-HT innervation and
corticosteroid receplor bearing cells is of considerable
interest.

In virro, 5-HT increases glucocorticoid receplor
expression in primary cultures of fetal hippocampal
neurons, where 1ts actions are mediated by ke-
tanserin-sensitive §-HT, (or possibly 3-HT ¢} recep-
tors.” In tive, electrophysiological evidence indicates
a direct interaction between 5-HT and corucosicroid-
responsive hippocampal neurons.*”” Furthermore, le-
sions to central 5-HT pathways, using the neurotoxin
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5,7-dihydroxytryptamine (5,7-DHT), decrease nu-
clear corticosterone binding sites in hippocampal
extracts® and atlenuate the expression of mRNAs
encoding both MR and GR in specific subregions of
the hippocampus.* If these in vivo effects are related
to attenuated 5-HT neurotransmission rather than
effects of 5,7-DHT on other systems, then MDMA,
which we have previously demonsirated to affect
hippocampal function (at lcast as assessed by alter-
tions in metabolic activity™) would be predicted to
reduce hippocampal corticosteroid receptor gene ex-
pression. We have therefore now examined the effects
of MDMA on hippocampal MR and GR mRNA
expression. Furthermore, since elevation of basal
corticosterone levels following MDMA is mediated
via a ketanserin-sensitive 5-HT, or {5-HT ) receptor
mechanism®* and the 5-HT receptor types responsive
to alterations in activity of the 5-HT innervation to
the hippocampus are poorly defined, we have exam-
ined the effects of MDMA on the expression of genes
encoding the major hippocampal 5-HT receptor
subtypes, 5-HT,,, 5-HT; and 5-HT,.

EXPERIMENTAL PROCEDURES
Animals

Male Sprague-Dawiey rats (150-175 g) were maintained
under controlled lighting (lights on 07.00-19.00h) and
temperature (20°C) and had access to food and water ad
fibirum. Rats were injected subcutaneously with either saline
{1 mi/kg) or MDMA (20 mg/kg as the free base; Sigma
Chemicals Ltd) twice a day for four consecutive days and
then killed by decapitation (between 09.00 and 11.00 h) 14
days after the final injection, Trunk blood samples were
taken for determination of plasma corticosterone and
corticosterone-binding globulin {CRG) and the adrenal and
thymus glands were weighed. The brains were rapidly
removed and frozen on powdered dry-ice. Cryostat sections
(20 #m) at the level of the anterior dorsal hippocampus were
cut in the coronal plane, thaw-mounted on to pelatine-
subbed, poly-L-lysine-coated slides and stored at — 85°C
prior to fn sitw hybridization. Adjacent sections to those
used for in sitw hybridization were thaw-mounted on to
gelatine coated slides for subsequent ['H]paroxetine binding
autoradiography.

In situ Aybridization

In situ hybridization was carried out as described pre-
viously.*” Brain sections were postfixed in 4% paraformalde-
hyde, washed twice in 2 x saline sodium citrate (58C) and
hybridized overnight at 50°C using [*S}JUTP-labelled cRNA
antisense probes transcribed in vitre from plasmid vectors
containing the appropriate ¢cDNA insert. MR cRNA was
transcribed from a 513 bp EcoR1 fragment of a rat MR
c¢DNA (representing the steroid binding domain and part of
the 3-untranslated region), GR c¢RNA from a 674bp
PstI-EcoRI fragment of rat GR cDNA {(steroid binding
domain), 5-HT,, receptor cRNA from a 910 bp Ball-Pvull
fragment of the rat 5-HT,, receptor ¢cDNA' (second
transmembrane domain 10 the cytoplasmic loop between
transmembrane domains V1 and VII), 5-HT,. receptor
c¢cRNA from a 401 bp EcoRI-8stl fragment of the rat
5-HT . receptor cDNA® (5-untranslated region), and 5-
HT, receptor cRNA from a 1.1 kb Hpal-EcoR| fragment
of the rat 5-HT, receptor cDNA*® {half of the entire cDNA
sequence including the third intracytoplasmic foop). Probes
were denatured and added at a final concentration of

10 x 10° ¢.p.m./ml (MR, GR and 5-HT,) and 20 x 1¢¢
c.pm./ml (5-HT|, and 5-HT) to hybridization buffer. For
all three 5-HT receptor cRMNA probes, an additional prehy-
bridization step involving the addition of 200 gl of prehy-
bridization buffer (hybridization buffer omitting the dextran
sulphate) per slide and incubation at 50°C for 2h was
included as this was found in preliminary experiments to
enhance the hybridization signal/noise ratic. Following
hybridization, sections were treated with RNase A
(30 pg/ml, 45 min at 37°C) and washed to a final stringency
of 0.1 x saline sodium citrate (S3C) at 60°C. Slides were
dehyvdrated, dipped in photographic emulsion (liford, UK.}
and exposed al 4°C for 21 days before being developed and
counterstained with haematoxylin and eosin. Control sec-
tions were hybridized with identically labelled sense cRNA
probes.

Data analysis

Hybridization signal within hippocampal subregions was
assessed by computer-assisted grain counting using an im-
ape analysis system (Seescan plc, Cambridge, U.K.). Silver
grains were counted within high power microscopic fietds
under brightfield illumination. Each microscopic field cov-
ered approximately two adjacent neurons within each hip-
pocampal subfield, except in the dentate gyrus where it was
difficult to define cell boundaries. For each animal the mean
grain counts over eight to 12 fields/subregion after subtrac-
tion of background (counted over areas of white matter, e.g.
corpus callosum) were taken. Microscopic fields covering
the area and immediate surrounding of a single neuron were
used for 5-HT, and 5-HT, receptor mRNA expression due
to the scattered nature of silver grains over these highly
expressing newrons. Data were assessed by ANOVA
followed by paired or unpaired Students ¢-tests, as appro-
priate. Significance was set at P <0.05 Values are
means + S.EM.

Binding studies

The density of 5-HT uptzke sites in both control and
MDMA-treated rat  brains  was  determined by
[’H]paroxetine binding autoradiography performed in ac-
cordance with previously published protocols. Sections were
incubated for 2 h in buffer (50 mM Tris-HCI; 120 mM NaCl;
SmM KC; pH 7.7 at 23°C) containing a saturating concen-
tration (250 pM) of ['H)paroxetine (specific activity,
23.1 Ci/mmol; New England Nuclear).'"® Nonspecific bind-
ing was defined in adjacent sections by incubating with
[*H]paroxetine in the presence of 4 uM citalopram. At the
end of the incubation period, the sections were washed m
buffer, dipped through deionized water and rapidly dried
under a stream of cold air. The sections were apposed to

‘X-ray film (Amersham Hyperfilm) together with a set of

precalibrated tritium-containing standards and stored in
light-tight cassettes at —70°C for four to six weeks.

Analysis of [FH}paroxetine binding autoradiograms was
performed using a computer-based image analysis system
{Quantimet 970; Cambridge Instruments, U.K.). For each
hippocampal subfield of interest, optical density mcasure-
ments were made bilaterally from six consecutive autoradio-
graphic images, the local tissue tracer concentrations were
denived by comparison of the mean optical density of the
area of interest with the optical densities of the standards.
Specific binding was determined by the subtraction of
nonspecific binding images (incubated in the presence of
citalopram) from the total binding found when sections were
incubated with [*Hlparoxctine alonc. Data were assessed
using Students r-test for grouped data with acceptable levels
of significance set at P < 0.05.

Corticosterone binding globulin and corticosterone assay

Plasma CBG levels was measured as previously de-
scribed ** In brief, endogencus steroids were removed from
plasma by passing the sample (20 ul aliquol of plasma)
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through a 10 x 1cm Sephadex 1.H-20 (Pharmacia Fine
Chemicals) column and diluted $0:1 with TEDGM buffer
(30 mM Tris, pH adjusted to 7.4 with HCl, | mM EDTA,
10 mM sodium melybdate, 1 mM dithiothreitol and 10%%
glveerol). Aliquets (225 ul) of diluted plasma were incu-
bated in buffer (130 ¢} comtaining a saturating 80 nM
concentration  of [‘Hlcorticosterone  (specific  activity
88 Ci mmol, Amersham, England) for 90min at 2-4°C,
Nenspecific binding was defined in parallel incubations by
a 200-fold excess of cold corticosterone. Following incu-
bation, bound and unbound steroids were separated on
Sephadex LH-20 column, equilibrated with TEDGM.
Afler 30min, columns were eluted with 500 xl TEGM
butfer (10mM Tris. 2mM EDTA, 10 mM sodium molyb-
date and 2.3mM f-mercaptoethanol) into scintillation
vigls and counted. Protein content was determined by the
method of Bradford® and the results expressed as pmol
[H)eorticosterong bound/mg protein.

Piusma corticosterone was measured using a previously
described  radioimmunoassay’ with a highly specific
corlicosterone antiserum [raised in rabbits against cortico-
sterone-3-(0-carboxymethyl) oximine-BSA immunogen and
pamma-labelled corticosterone of high specific activity] and
{*Jjcorticosterone [in-house synthesis by coupling cortico-
sterone-3-(0-carboxymethyl) oxime 10 a previously radio-
iodinated histamine using the method described by
Al-Duyjaili and Edwards’ for aldosterone].

RESULTS

Paroxetine binding

The distribution of PH]paroxetine-labelled 5-HT
upiake sites in hippocampal subfields is shown in
Table 1. In control animals, the highest densities of
[‘H]paroxetine binding were found in the CA2 and
CA3 ficlds of Ammon’s horn. Repeated treatment
with MDMA, resulted in profound reductions in
[*H]paroxetine binding densities throughout the hip-
pocampus, but these were most marked in the CA2
and CA3 fields (~92 and —87%, respectively). Simi-
lar effects werc also measured in parietal cortex
(~ 77%).

Organ weights, corticosterone binding globulin and
COFUCOSIErone Measurementis

The weights (» = 18/group) of the adrenal glands
and thymus from MDMA-treated rats were nol
significantly different from those in controls
(Table 2). MDMA did not affect plasma CBG levels,
whereas basal plasma corticosterone was significantly

Table 1. Effects of 34-methylenedioxymethamphetamine
exposure  upon ['Hlparosxetine-labelled  5-hydroxytrop-
tamine uplake sites in the rat brain

Saline MDMA
Brain region pretreated preireated
Hippocampus
Dentate gyrus 80 + 16 45+ 11*
CAl 72+ 8 25 & 5+
CAZ 150+ 13 12 £ 6%
CA3 166 + 15 2+7*
Parietal cortex 200+ 12 45+ 9*

Duta arc presented as mean binding densiy (fmol/mg
tissue) + S.EM. n = 5/group. *, significantly different
from control (P < 0.05).

Table 2. Effect of 3,4-methylenedioxymethamphetamine

treatment on adrenal and thymus weights, expressed relative

to total body weight, and corticosterone-binding globulin
and corticostercne levels

Saline MDMA
pretreated pretreated
Adrenal weight
(mp/100 g BW) 14.32 £ 0.38 1410 + (.38
Thymus weight
(mg/100 g BW) 262+60 217+ 5.0
CBG
(pmol/mg protein) 16.30 + 1.21 15654156
Corticosterong
(pg/dl) 1574 0.78 724+ 1174
Results represent the mean + S.EM. (n = |B/group).

*Significantly different from control (P <0.05). BW,
body weight.

increased (102% rise, P < 0.05) in MDMA-treated
rats compared to controls (Table 2),

Mineralocarticoid receptor and glucocorticoid receptor
mRNA expression

GR mRNA was highly expressed in granule cells of
the dentate gyrus and in pyramidal neurons of CAl
and CA2, but expression was lower in CA3 and CA4.
whereas MR and mRNA was highly and approxi-
mately equally expressed in  all hippocampal
subfields, as previously described.”” MDMA treat-
ment significantly decreased both MR and GR
mBRNA expression in all hippocampal regions
(Fig. 1). GR mRNA expression was decreased by
between 39% and 46% (£ <0.001) (e.g., Fig. 2A),
MR by between 30 and 41% (P < 0.001} (Fig. 2B),
depending on (he hippocampal subfield. Neither MR
nor GR mRNA expression were altered in the over-
lying retrosplenial granular layer of the parietal cor-
tex by MDMA treatment despite the reduction in
P'H]paroxetine binding in this region (see Table 1),
Repeated MDMA exposure did not appear to cause
any obvious hippocampal neuronal loss or degener-
ation, as assessed by histological inspection.

S-Hydroxyiryptamine receptor subtype mRNA ex-
pression

In control rats, 5-HT , receptor mRNA was highly
expressed in the granule cell layer of the dentate gyrus
and the pyramidal cell layer of Ammon's horn,
particularly in CA3 and CA4, in good agrecment with
previous studies.'™2% MDMA treatment had no
significant effect on 5-HT,, receptor expression in
any hippocampal subfield in the dorsal hippocampus
{Fig. 3A).

The highest level of expression of 5-HT,¢ receptor
mRNMNA was localised in choroid plexus epithelial cells
as shown by other studies.”*4 In the anterior dorsal
hippocampus, 5-HT,. receptor mRNA expression
was low in the dentate gyrus and CA1, whereas some
heavily labelled neurons were observed in the strata
radiatum and oriens of CA2 and CA3. Within the
cerebral cortex. few neurons expressed 5-HT,.. recep-
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tor mRNA. However, prominent hybridisation was
detected in the retrosplental granular layer of the
parietal cortex. Chronic MDMA treatment signifi-
cantly increased 5-HT, . receptor mRNA levels in the
strata radiatum and oriens of the CA3 hippocampal
subregion (133% increase over control, P < (.01,
Fig. 2C) but had no significant effect on 5-HT ¢
receptor expression in dentate gyrus, CA2 or the
panetal cortex (Fig. 3B).

5-HT, receptor mRNA expression also varied
greatly between adjacent neurons within a hippocam-
pal subfield, with some ncurons being strongly
labelled and others unfabelled. High expression of
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Fig. i. Effect of chronic MDMA trzatment on (A) gluco-
cotticoid receptor (GR) and (B) mineralocorticoid receptor
(MR) mRNA expression in hippocampal subregions and
parietal corlex. Sprague-Dawley rats were given 0.9% saline
or MDMA (20 mg/kg. s.c. twice daily for four days.) Rats
were sacrified 14 days after the last injection. Following
hybridisation ol brain sections with GR and MR riboprobes
as described in Experimental Procedures, slides were dipped
in photographic emulsion, exposed for three to four weeks
then developed and counterstained with haemotoxylin and
eosin. DG, dentate gyrus. Resulls represent the
mean + S.EM. (n = 5/group). *P <0.05, **P <0.01,
senp - (0.00] compared to control.

5-HT, receptor mRNA was observed in layers 2-5 of
the parietal cortex as previcusly shown.”’ Scattered,
highly expressing cells in the hilus dentate gyrus angd
pyramidal cells in CA2 and CA3 of the anterior
portion of the dorsal hippocampus were also found.
No hybridization of the 5-HT, receptor cRNA was
secn in the choroid plexus, indicating no cross hybrid-
ization of this probe with 5-HT ¢ receptor mRNA,
MDMA treatment did not alter the level of 5-HT,
receptor mRNA expression in any hippocampal
subfield or the parietal cortex (Fig. 3C). Control
sections hybridized with sense probes showed no
labelling above background (data not shown, but see
for example Ref. 57).

DISCUSSION

3 4-methylenedioxymethamphetamine  newrotoxicity:
effects on mineralocorticoid receptor and glucocorti-
coid receptor mRNA expression

MDMA has been shown to be neurotoxic in the rat
with long-term effects including marked decreases in
the concentrations of 5-HT and 5-hydroxyin-
doleacetic acid and in the activity of tryptophan
hydroxylase, the rate limiting enzyme of 5-HT syn-
thesis.™*** In addition, repeated systemic adminis-
tration of MDMA results in the destruction of 5-HT
terminals as shown by a reduction in the number of
uptake sites for 5-HT.™ Qur dosage regimen for
MDMA, previously shown to decrease rat hippocan-
pal 5-HT content by 70%'* produced the expected
loss of 5-HT uptake sites, as evidenced by the marked
(44-92%) decrease in [*H]paroxetine binding sites in
hippocampus and parietal cortex. MDMA treatment
was also associated with a marked decrease in the
expression of MR and GR mRNAs in all hippocam-
pal subregions. Taken together with our previous
results showing decreased expression of hippocampal
MR and GR mRNAs following administration of
5,7-dihydroxytryptamine,” these data provide evi-
dence for an important role for 5-HT in the mainten-
ance of corticosteroid receptor biosynthesis in the
limbic system. This regulation is apparently specific
to the hippocampus as corticosteroid receptor gene
expression was not altered in the overlying parietal
cortex, although neurons here also express both GR
and MR mRNAs,** the region receives 5-HT pro-
jections® and 5-HT uptake sites were depleted by
MDMA to an extent similar to the hippocumpus.
Furthermore, although S-HT fibres vary in their
sensitivity to MDMA neurotoxicity,” projections to
both hippocampus and parietal cortex are affccted by
MDMA, and the hippocampus, at least, shows per-
sisting functional changes following a similar admin-
istration protocol.”® It (herefore seems unlikely that
differential sensitivity of projections to MDMA
underlies the seclectivity of effects on the hippo-
campus.
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Fig. 2. Photomicrographs showing the effects of chronic MDMA treatment on GR, MR and 5-HT¢

receptor mRNA expression in the dorsal hippocampus. (A) Brightfield photomicrograph { x 428} of in
sitw hybridization showing GR mRNA expression in granule cells of the dentate gyrus in control and
MDMA-treated rats. Autoradiographic silver grains appear black. Note attenuated expression following
MDMA treatment. {B} Autoradiograph showing coronal brain sections from control and MDMA treated
animals hybridised with antisense ¢RNA MR probe. Note attenuated hybridization signal in all
hippocampal subregions following MDMA treatment. (C) Darkfield photomicrograph ( = 85) of in situ
hybridization showing 3-HT,¢ receptor mRNA expression in CA3 cells of Ammon's horn. Autoradio-

graphic silver grains appear white, Note increased expression per aeuron (see arrow) following MDMA
treatment.

Are changes at the fevel of gene expression reflected
in altered corticosteroid binding sites? Recently, a
single 20 mg/kg dose of MDMA was found to de-
crease GR binding sites in the rat striatum bui not in
the hippocampus, in contrast to out GR mRNA
data.™ Since both the dose and number of injections
of MDMA affect the degree of neurotoxicity to 3-HT
axons and terminals,’ a single injection of MDMA
may not be sufficient to affect S-HT projections o the
hippocampus and thus alter GR binding. In addition,

Lowy et al.’® did not adrenalectomize the rals prior
to the binding assay to remove endogenous steroids
and hence the resulis may merely reflect altered
receplor occupancy. In a subsequent study in
adrenaleciomized rats, multiple injections of a related
substituted  amphetamine,  methylenedioxyam-
phetamine, which also exerts toxic effects on 5-HT
neurons, decreased GR  binding in the hippo-
campus,”’ in agreement with our gene expression
results.
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Fig. 3. Effect of chronic MDMA treatment on (A) 5-HT,,
(B) 5-HT, and (C) 5-HT, receptor mRMNA expression in
hippacampal subregions and cortex. Sprague-Dawiey rats
were given 0.9% saline or MDMA (20 mg/kg, s.c. twice
daily for four days). Rats were killed 14 days after the last
injection. Following hybridization of brain sections with the
appropriate 5-HT receptor riboprobe as described in Exper-
imental Procedures, slides were dipped in photographic
emulsion, exposed for three to four weeks then developed
and counterstained with haemotoxylin and eosin. DG,
dentate gyrus. Resuvits represent the mean £ 5.EM.
{n = 6/group). *F < 0.0] compared with control.
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The mechanisms whereby MDMA decreases hip-
pocampal MR and GR mRNA expression is not
known but is likely to relate to its neurotoxic
actions on serotonergic nerve terminals and sub-
sequent depletion of 5-HT. Thus, 5-HT adminis.
tration to primary cultures of fetal hippocampal
neurons leads to elevated GR binding sites.* In visre,
this effect is mediated via a ketanserin-sensitive path-
way and involves the generation of intracellular
cAMP¥—rather unusually for presumed 5-HT,,.
receptor-mediated events which usually act via the
phosphatidyl inositol pathway. The further intra-
cellular events are obscure, but these data supgest
that more indircct central or peripheral effects do
not need to be invoked to explain the in vivo
data presented here. Moreover, although we
found elevated basal corticosterone levcls after
MDMA, expression of the mRNA species
encoding GR and, more particularly, MR in the
hippocampus show little long-term regulation by
even gross manipulations of adrenal steroid
levels.**# Thus, Herman ef af. * reported that large
pharmacological doses of dexamethasone for eight
days led to only a small reduction in GR mRNA
expression restricted to CA3 with no changes in MR
mRNA expression in any hippocampal subregion.
These data do not suggest that effects of MDMA on
circulating glucocorticoid levels themselves cause
altered corticosteroid receptor gene expression in the
hippocampus.

It scems more likely that elevated basal cortico-
sterone levels reflect attenuated corticosteroid recep-
tor expression in the hippocampus (and possibly
other regions of the brain), since similar basal
hypersecretion of glucocorticoids is  seen in
animals with reduced hippocampal corticosteroid re-
ceptor expression {e.g. in Brattleboro rats® or as a
result of a stress-free neonatal environment™). More-
over, reversal of attenuated hippocampal GR ex-
pression (e.g. by neonatal handling or vasopressin
replacement in Brattleboro rats) also reverses the
circulating glucocorticoid abnormalities. The el-
evation of basal glucocorticoids as a result of
MDMA treatment was clearly not sufficient (in
magnitude or duration) to alter target organ
{thymus) weight or target gene expression {CBG).
In addition, adrenal weight was unaffected by
MDMA treatment indicating no chronic elevation of
ACTH. Recently adrenal hypertrophy was observed
in about 30% of depressed patients,* indicating that
chronic defective central control (possibly 5-HT-
mediated) of the hypothalamic-pituitary-adrenal
axis may associale with more than hypercortisolism.
Although there have been reporis of psychosis
and depression induced by long-term MDMA
abuse in humans®* it is difficult to relate these cases
directly to MDMA itself, and the mechanism
underlying basal hypersecretion of corlicosterone
levels following chronic MDMA requires further
investigation.
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effects  on
subtype mRNA

3.4-Methylenedioxymethamphetamine
S-hydroxytryptamine  receplor
expression

The rat hippocampus expresses a burgeoning var-
iety of 5-HT receptors,% but most investigation has
centred on 5-HT,, and 5-HT,,  subtypes. The par-
ucular 3-HT receptor subtype(s) involved in mediat-
ing 5-HT regulation of hippocampal MR and GR
expression is not known, although in virre data
suggest a ketanserin-sensitive site.”® Chronic MDMA
rreatment did not affect the expression of 5-HT,,
receptor mRMA expression in any hippocampal sub-
region. Under the same protocol, [PH]SOHDPAT
binding to 5-HT,, receptors in the hippocampus was
also unchanged (Kelly, unpublished observations). A
functional upregulation of 5-HT,, reccptors due to
changes in the signal transduction processes beyond
the receptors following MDMA treatment, however,
may not be ruled out, Thus, a recent report showed
functional up-regulation of 35-HT,, receptors, as
reflected in behavioural data, in the absence of
changes to receptor binding site following chronic
antidepressant treatment. ™

In agreement with our results, the sclective lesion-
ing of serotonergic neurons by intra-raphe admimis-
trattan of 5,7-DHT had no effect on 5-HT,, receptor
mRNA expression in the hippocampus® and exten-
sive degeneration of serotonergic projections did net
alter 5-HT,, binding sites on post-synaptic neur-
ons.”** In contrast, Brousscau ef af., !° found in-
creased 5-HT) 4 receptor mRNA expression in the rat
hippocampus 11 days following the injection of 5,7-
DHT. Whereas 5,7-DHT produces a marked and
relatively uniform decrease in 5-HT uptake sites
(84-90% in hippocampal subregions),” MDMA
lreatiment causes an egually marked, but regionally
more heterogeneous reduction of 5-HT uptake sites,
which in this study ranged from 44 % in dentalc gyrus
to $2% in CA2 (cf. 60-80%).* The differing effects of
57-DHT, MDMA and various experimental para-
digms on 5-HT,, sites may thus reflect differences in
the compleieness of lesions innervatling particular
hippocampal subfields.

Chalmers er al.'? recently reporied increased 5-
HT,, receptor mRNA expression in all hippocampal
subfields one week following adrenalectomy, an effect
which was preventable by administration of exogen-
ous corticosterone at the time of adrenalectomy. In
contrast, we find no adrenal steroid regulation of
hippocampal 5-HT,, receptor mRNA expression fol-
lowing MDMA treatment in spite of increased basal
corticosterone levels. Other studies have shown 5-
HT,, receptor mRNA expression in the hippocampus
10 be unaltercd®™ in all subficlds and increased™ or
decreased®™ only in the dentate gyrus following
adrenalectomy. The different experimental protocols
and status of the rats, however, make it difficult to
compare these studies directly to ours; for example
the serotonergic innervation to the hippocampus in

NSC &) 1—C

the adrenalectomized rats remain intact in contrast to
our MDMA treated rats.

Chronic MDMA treatment also had no effect on
the expression of 5-HT, receptor mRNA in any
hippocampal subregion. In agreement with our gene
expression data [*Hlketanserin binding to 5-HT, ¢
receptors in hippocampal homogenates were unal-
tered under the same MDMA protocol (Kelly, un-
published  obscrvations). Other reports  of

~ serotonergic denervation have been inconclusive,

showing a lack of change™® decreased™ or in-
creased 53-HT, receplor density.”’ Some of these dis-
crepancies reflect differences in the acute and chronic
actions of MDMA; the transient down-regulation of
5-HT, receptors 6 h after MDMA is most probably
due to the acute discharge of 5-HT into the synaptic
cleft.™

By contrast, we found that chronic MDMA admin-
istration significantly increased 3-HT,. receplor
mRMA expression in CA3, although not in CA2 or
other regions expressing this gene. The increased
expression of 3-HT,. receptor mRNA is likely to
reflect a direct stimulus to up-regulate synthesis (and
cxpression} of this postsynaptic receptor folowing
5-HT dencrvation by chronic MDMA treatment,
since glucocorticotd manipulations {removal of en-
dogenous stercids by adrenalectomy and steroid re-
placement by either aldosterone or dexamethasone}
per se do not alter 5-HT, ¢ receptor mRNA expression
in the dorsal hippocampus.™ The subtle change in
5-HT - receptor gene expression in a specific subre-
gion of the hippocampus may not be detected as an
increase in 3-HT . receptor binding since (i) in radi-
oligand binding studies whole hippocampus is used
and (ii) there is as yet no specific radioligand which
can distinguish between 5-HT ¢ and 5-HT, receptors;
the greater abundance of 5-HT, receptor sites may
mask small changes in 5-HT . receptor sites. The lack
of change in the binding of the 5-HT,c. receptor
radioligand ["**I]MIL) in the hippocampus one week
after chronic MDMA 1reatment® is thus not necess-
arily incompatible with our finding of increased 5-
HT, receptor gene expression. Since 5-HT, ¢ recepior
mRNA expression and binding sites are not found in
all hippocampal subfields, whereas MDMA de-
crecased MR and GR mRNA cxpression in all hippo-
campal subregions, the involvement of other 5-HT
receptor subtypes not examined in the present study
may not be ruled out, although these effects may be
remotely mediated via the intrahippocampal cr-
cuitry. It is conceivable that the 5-HT,. receptor
mediates the effects of ketanserin and other 5-HT ¢
receptor antagonists® on MDMA-mediated pro-
cesses, including corticosterone hypersecretion.”'
Simmilarly, these agents antagonize the effects of 5-HT
to increase GR binding sites in primary hippocampal
neurcnal cultures. actions thought to relate to the
5-HT, receptor™ However, our and other data
suggest that the 5-HT,, subtype may be important in
mediating some of the hippocampal actions of 5-HT.
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Thus, 5-HT, receptors are prominent in the neonatal
hippocampus where they link to second messenger
pathways.' Furthermore, supersensitivity of 5-HT ¢
receptors is seen after 5,7-DHT lesions,” suggesting
that increased expression of this receptor subtype
occurs with other 5-HT lesions.

CONCLUSIONS

The data presented here demonstrate that chronic
treatment with MDMA results in a marked decrease
in expression of GR and MR mRNAs in all hippo-
campal subregions and increased 5-HT,. receptor
mRNA in CA3 neurons. Whether the decreased
expression of MR and GR mRNA is asscciated with
corresponding decreased receptor levels remains to be
deterrmined although this seems likely since another
method of producing 5-HT depletion using 5,7-DHT
resulted in both decreased hippocampal MR and GR
mRNA expression and corticosteroid receptor bind-
ing sites.”™™ To determine whether the increased

expression of 5-HT,. receptor mRNA reflects an
increase in binding sites awaits the availability of a
highly selective ligand which does not bind to 5-HT,
receptors. The long-termm neural consequences of
MDMA abuse in man is not known. However, the
selective vulnerability of rat hippecampal corticos.
teroid receptor mRNAs to chronic MDMA exposure,
taken together with data indicating that primates
have similar 5-HT neuronal sensitivity 1o MDMA
and even less reversability of neurotoxicity than
rodents,”* suggests that MDMA abuse may alo
lead to long term neuroendocrine and affective dys-
function in humans.
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