
R
I
O

X
A

C
N
B

A
(
5
i
t
t
i
i
u
w
a

M
w
b
o
a
b
k

w
5
a
c
s
i
c

fi
o
d
p
b
m
P

K
b

*
E
A
m
e
5
z
5
b
1

Neuroscience 148 (2007) 212–220

0
d

ESTORATION OF 3,4-METHYLENEDIOXYMETHAMPHETAMINE-
NDUCED 5-HT DEPLETION BY THE ADMINISTRATION

F L-5-HYDROXYTRYPTOPHAN
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ND R. B. ROTHMAN*

linical Psychopharmacology Section, Intramural Research Program,
ational Institute on Drug Abuse, National Institutes of Health, P.O.
ox 5180, 5500 Nathan Shock Drive, Baltimore, MD 21224, USA

bstract—Background: 3,4-Methylenedioxymethamphetamine
MDMA) causes persistent decreases in brain 5-HT content and
-HT transporter (SERT) binding, with no detectable changes
n SERT protein. Such data suggest that MDMA impairs 5-HT
ransmission but leaves 5-HT nerve terminals intact. To fur-
her test this hypothesis, we carried out two types of exper-
ments in rats exposed to high-dose MDMA. First, we exam-
ned the effects of MDMA on SERT binding and function
sing different in vitro assay conditions. Next, we treated rats
ith the 5-HT precursor, L-5-hydroxytryptophan (5-HTP), in an
ttempt to restore MDMA-induced depletions of 5-HT.

Methods: Rats received three i.p. injections of saline or
DMA (7.5 mg/kg), one injection every 2 h. Rats in one group
ere decapitated, and brain tissue was assayed for SERT
inding and [3H]5-HT uptake under conditions of normal (100
r 126 mM) and low (20 mM) NaCl concentration. Rats from
nother group received saline or 5-hydroxytryptophan/
enserazide (5-HTP-B), each drug at 50 mg/kg i.p., and were
illed 2 h later.

Results: MDMA reduced SERT binding to 10% of control
hen assayed in 100 mM NaCl, but this reduction was only
5% of control in 20 mM NaCl. MDMA decreased immunore-
ctive 5-HT in caudate and hippocampus to about 35% of
ontrol. Administration of 5-HTP-B to MDMA-pretreated rats
ignificantly increased the 5-HT signal toward normal levels
n caudate (85% of control) and hippocampus (66% of
ontrol).

Conclusion: 1) Following high-dose MDMA treatment suf-
cient to reduce SERT binding by 90%, a significant number
f functionally intact 5-HT nerve terminals survive. 2) The
egree of MDMA-induced decreases in SERT binding de-
ends on the in vitro assay conditions. 3) 5-HTP-B restores
rain 5-HT depleted by MDMA, suggesting that this approach
ight be clinically useful in abstinent MDMA users. © 2007
ublished by Elsevier Ltd on behalf of IBRO.

ey words: amphetamine, ecstasy, 5-HT transporter, RTI-55,
inding.

Corresponding author. Tel: �1-410-550-1598; fax: �1-410-550-2997.
-mail address: rrothman@mail.nih.gov (R. B. Rothman).
bbreviations: DA, dopamine; HPLC-ECD, high pressure liquid chro-
atography with electrochemical detection; MDMA, (�)-3,4-methyl-
nedioxymethamphetamine; PBS, phosphate-buffered saline; SERT,
-HT transporter; TP-2-64, 4-(2-benzhydryloxy-ethyl)-1-(4-nitro-ben-
yl)piperidine oxalate; VMAT2, vesicular monoamine transporter 2;
-HTP, L-5-hydroxytryptophan; 5-HTP-B, L-5-hydroxytryptophan plus

125
t
enserazide; 5, 7-DHT, 5,7-dihydroxytryptamine; [ I]RTI-55, 3�-(4=-
25iodophenyl)tropan-2�-carboxylic acid methyl ester.
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�)-3,4-Methylenedioxymethamphetamine (MDMA, “ec-
tasy”) is a commonly abused illicit drug (Banken, 2004).
umerous studies in rodents and nonhuman primates show

hat MDMA administration produces long-lasting decreases
n markers of 5-HT nerve terminal integrity (for review see
Sprague et al., 1998; Green et al., 2003; Lyles and Cadet,
003)). The MDMA-induced changes in 5-HT markers in-
lude depletion of tissue 5-HT, reduction in 5-HT transporter
SERT) binding and function (Commins et al., 1987; Schmidt,
987), and loss of tryptophan hydroxylase activity. Immuno-
istochemical analysis of 5-HT shows an apparent loss of
-HT nerve terminals throughout the forebrain. The spectrum
f decrements produced by MDMA administration is typically
escribed as 5-HT neurotoxicity or axotomy.

Recently, we reported that neurotoxic doses of MDMA
hich reduce brain 5-HT concentrations by about 50% do not
etectably alter SERT protein expression as measured by
estern blot analysis (Wang et al., 2004, 2005). In contrast,
e observed that administration of the neurotoxin, 5,7-dihy-
roxytryptamine (5,7-DHT) decreases brain 5-HT levels and
ERT protein expression in parallel. Although our findings
ith regard to SERT protein have been challenged (Xie et al.,
006), the results suggest that functional serotonergic nerve

erminals may remain after MDMA treatment. As recently
eviewed (Baumann et al., 2007), the persistence of func-
ional 5-HT nerve terminals after MDMA or 5,7-DHT treatments
s supported by the fact that extracellular 5-HT concentra-
ions remain unchanged following severe depletion of tissue
-HT (Kirby et al., 1995; Shankaran and Gudelsky, 1999).

The goal of the present study was to further examine
he possibility that functional 5-HT nerve terminals remain
fter administration of MDMA. In one series of experiments
e determined the magnitude of MDMA-induced de-
reases in SERT binding and [3H]5-HT uptake under dif-
erent in vitro assay conditions. Interestingly, MDMA treat-
ent decreased SERT Bmax to 10% of control when
ssays were conducted in normal NaCl, but this decease
as only to 55% of control when assay were conducted in

ow NaCl conditions. In the second series of experiments,
ats were pretreated with 5-HT-depleting doses of MDMA
r vehicle, and 2 weeks later they received saline or L-5-
ydroxytryptophan plus benserazide (5-HTP-B). Seroto-
ergic innervation was assessed using an immunoautora-
iography method designed to detect brain 5-HT. We hy-
othesized that functional 5-HT nerve terminals would
emonstrate an increased 5-HT signal when exposed to
he precursor 5-HTP. As predicted, administration of
-HTP-B to MDMA-pretreated rats significantly increased

he 5-HT signal in caudate and hippocampus.



A

M
h
a
A
m
A
A
t
w
s

C

[
P
v
(
t
c

D

T
a
k
w
w
a
3
5
t
w
b

M
s
v
p
5
f
t
d
r
b
v
s

g
k
(
s
w
t
1
e
r
d
5

S

F
i
7
(
2

i
T
a
t
1
a
w
1
2
m
n

p
o
1
t
m
s
d
b
i
b
f
fi
p
p
s
i
m
p

[

T
e
h
E

T
r

A

C

C
C
M
M

B

C

C
C
M
M

d
c
l
i
(
t
a
*

X. Wang et al. / Neuroscience 148 (2007) 212–220 213
EXPERIMENTAL PROCEDURES

nimals

ale Sprague–Dawley rats weighing 280–320 g were singly
oused (lights on: 07:00–19:00 h) with food and water freely
vailable. Rats were maintained in facilities accredited by the
ssociation for Assessment and Accreditation of Laboratory Ani-
al Care, and procedures were carried out in accordance with the
nimal Care and Use Committee of the National Institute on Drug
buse Intramural Research Program. All experiments conformed

o international guidelines on the ethical use of animals. All efforts
ere made to minimize the number of animals used and their
uffering.

hemicals

3H]5-HT (specific activity�23.7 Ci/mmol) was purchased from
erkin-Elmer (Shelton, CT, USA). Dr. Tom Prizinsano kindly pro-
ided the selective dopamine (DA) uptake inhibitor, TP-2-64 (4-
2-benzhydryloxy-ethyl)-1-(4-nitro-benzyl)piperidine oxalate), syn-
hesized as described (Greiner et al., 2003). The sources of other
hemicals are published (Rothman et al., 1998).

rug treatments

o determine the effects of MDMA treatment on SERT binding
nd function, rats received three i.p. injections of MDMA (7.5 mg/
g) or saline, one injection every 2 h. Rats were decapitated 2
eeks later, and whole brains without cerebellum and caudates
ere used immediately for the [3H]5-HT uptake assays, or stored
t �80 °C until SERT binding assays were carried out using
�-(4=-125iodophenyl)tropan-2�-carboxylicacidmethylester([125I]RTI-
5) as the radiolabeled ligand. As expected, the acute adminis-
ration of MDMA produced elements of the 5-HT syndrome. Two
eeks after MDMA administration, the rats demonstrated no gross
ehavioral abnormalities (Baumann et al., 2007).

For the 5-HTP-B experiments, rats received i.p. injections of
DMA or saline as above. A separate group of rats received

ingle i.c.v. injections of 5,7-DHT (150 �g in 10 �l) or its ascorbate
ehicle into the lateral ventricle; rats receiving i.c.v. injections were
retreated with nomifensine (15 mg/kg, i.p.) to block the uptake of
,7-DHT into catecholaminergic nerves. Two weeks later, rats
rom all groups were treated with i.p. 5-HTP-B (50 mg/kg of each)
hen perfused for immunoautoradiography assay 2 h later, as
escribed below. All rats receiving L-5-hydroxytryptophan (5-HTP)
eceived the aromatic-L-amino-acid decarboxylase inhibitor,
enserazide (B) 30 min beforehand to prevent the peripheral con-
ersion of 5-HTP to 5-HT. Control rats received i.p. injections of
aline (1 ml/kg) or i.c.v. injections of 10 �l 0.1% ascorbate in saline.

For reserpine dose-response experiments, rats received sin-
le i.p. injections of saline or reserpine (0.1, 0.4, 1.6 and 6.4 mg/
g). Rats were killed 24 h later, brain regions were dissected out
caudate, hippocampus, and prefrontal cortex), and tissue was
tored at �80 °C until the day of monoamine assay. Monoamines
ere measured by high pressure liquid chromatography with elec-

rochemical detection (HPLC-ECD) as described (Baumann et al.,
998). For reserpine/5-HTP-B experiments, rats were treated with
ither i.p. saline or 6.4 mg/kg reserpine. Twenty-four hours later,
ats received i.p. saline or 5-HTP-B and were perfused 2 h later as
escribed below for the MDMA experiments for visualization of
-HT by immunoautoradiography.

ERT binding assays

rozen rat brains (minus caudates) were each thawed in 20 ml of
ce-cold binding buffer (BB: 55.2 mM sodium phosphate buffer, pH
.4) for 15 min, and then homogenized with a Brinkman Polytron
setting 5 for 20 s). The homogenates were centrifuged twice at

0,000�g for 15 min, with resuspensions in equal volumes of †
ce-cold BB, and finally resuspended in 10 ml/brain of ice cold BB.
he membranes were pooled, mixed and separated into 1 ml
liquots in polypropylene microfuge tubes. Each aliquot was cen-
rifuged in a TOMY refrigerated microfuge (model MTX 150) at
5,000 r.p.m. for 5 min; the supernatant was discarded. The
liquots were stored at �80 °C until needed. Two different buffers
ere used, a “normal” sodium buffer (10 mM Hepes, pH 7.4 plus
00 mM NaCl) and a “low” sodium buffer (10 mM Hepes, pH 7.4,
0 mM NaCl, 80 mM choline chloride). On the day of an experi-
ent, aliquots of membrane protein were diluted in 150 ml of
ormal sodium buffer or in 60 ml of low sodium buffer.

Transporter binding assays were carried out in 12�75 mm
olystyrene tubes that were pre-filled with 100 �l of drug, 100 �l
f radioligand, and 50 �l of a blocker or buffer (Rothman et al.,
998). For these SERT assays, we used 100 nM TP-2-64 to block
he binding of [125I]RTI-55 to DA transporters. [125I]RTI-55 was
ade in a protease inhibitor cocktail (BB with 25 �g/ml chymo-

tatin, 25 �g/ml leupeptin, 1 mM EGTA, and 1 mM EDTA). The
rugs and blockers were made up in buffer containing 1 mg/ml
ovine serum albumin (BSA) at pH 7.4. The experiment was

nitiated by the addition of 750 �l of membranes in appropriate
uffer. Samples were incubated in a final volume of 1 ml at 4 °C
or 18–24 h (steady state). After incubation, the samples were
ltered with a Brandel cell harvester over Whatman GF/B filters
resoaked in wash buffer (ice-cold 10 mM Tris/HCl, 150 mM NaCl,
H 7.4) containing 2% poly(ethyleneimine). Typical total and non-
pecific cpms observed for the assay were 4000 cpm (total bind-
ng) and 80 cpm (nonspecific). Non-specific binding was deter-

ined using 1 �M indatraline, a nonselective monoamine trans-
orter blocker.

3H]5-HT uptake assays

hese assays were conducted as described elsewhere (Rothman
t al., 2001). Freshly removed whole brain minus caudate was
omogenized in 10% ice-cold sucrose with 12 strokes of a Potter-
lvehjem homogenizer, followed by centrifugation at 1000�g for

able 1. Effect of MDMA treatment on SERT binding and function in
at brain

. SERT binding with [125I]RTI-55

ondition Bmax (fmol/mg protein) Kd (nM)

ontrol/high sodium 174�3 0.29�0.01
ontrol/low sodium 240�6† 2.9�0.1†

DMA/high sodium 18�3.0* 0.30�0.05
DMA/low sodium 132�6*† 3.0�0.1†

. [3H]5-HT uptake

ondition Vmax (fmol/mg protein/30 min) Km (nM)

ontrol/high sodium 15.2�1.1 32�2
ontrol/low sodium 4.2�0.7† 15�1†

DMA/high sodium 11�0.7* 31�2
DMA/low sodium 1.6�0.1*† 8.7�0.7*†

SERT binding and [3H]5-HT uptake assays were conducted as
escribed in Experimental Procedures under two different in vitro
onditions: High NaCl (100 mM for binding or 126 mM for uptake) and
ow NaCl (20 mM). The high- and low-sodium assays were conducted
n parallel and with the same tissue. The data sets derived from six rats
108 data points) were pooled and fit to the one site binding model for
he best fit estimates of the binding parameters (�S.D.) reported
bove.
P�0.05 when compared to the corresponding control.

P�0.05 when compared to the corresponding high-sodium condition.
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0 min. The supernatants were saved on ice and used immedi-
tely. For the “normal sodium” condition, we used a Krebs–phos-
hate buffer containing a final concentration of 126 mM NaCl,
.9 mM KCl, 1.1 mM CaCl2, 0.83 mM MgCl2, 5 mM glucose, 1 mg/ml
scorbic acid, and 50 �M pargyline. For the “low sodium” assays, the
oncentration of NaCl was reduced to 20 mM and replaced by
06 mM choline chloride. Nonspecific uptake was measured by

ncubating in the presence 1 �M indatraline. The reactions were
topped after 30 min by filtering with a Brandel cell harvester over
hatman GF/B filters presoaked in wash buffer (10 mM Tris/HCl, pH

.0). Retained tritium was measured with a Trilux liquid scintillation
ounter after overnight extraction in 0.6 ml of liquid scintillation cock-
ail (MP Biomedicals, Irvine, CA, USA). Typical total and nonspecific
pms observed for the [3H]5-HT uptake assays were 1600 and 400,
espectively.

n vitro data analysis

or SERT binding surface experiments (Rothman, 1986; Rothman
t al., 1991) two different concentrations of [125I]RTI-55 were each
isplaced by 8 to 10 concentrations of unlabeled RTI-55
0.02 nM–11 nM for the normal sodium experiments, 0.2 nM–
0 nM for the low sodium experiments). Similarly, surfaces for

3H]5-HT uptake were generated by displacing two concentrations
f [3H]5-HT (2 nM and 22 nM) by nine concentrations of unlabeled
-HT (2 nM–766 nM). The higher concentrations of [125I]RTI-55 or

3H]5-HT were obtained by adding RTI-55 or 5-HT to the radioli-
and. Binding surfaces were fit to a one-site binding model using
LAB-PC as described elsewhere (Rothman et al., 1991). Statis-

ical difference between binding parameters was determined us-
ng the F test as described in detail elsewhere (Rothman, 1986;
othman et al., 1991).

ig. 1. Effect of MDMA pretreatment on SERT binding and [3H]5-HT up
n Experimental Procedures under two different in vitro conditions: no
he “normal” and “low” sodium assays were conducted in parallel and w

108 data points) and fit to the one site binding model for the best-fit estimates
onverted to percent of control in this figure. * P�0.01 when compared with co
mmunoautoradiography

nimals were deeply anesthetized with 75 mg/kg i.p. pentobarbital,
nd 4% paraformaldehyde was perfused through the ascending
orta. Brains were removed and post-fixed in 4% paraformaldehyde
or 2 h. Each brain was frozen and kept at �80 °C until sectioning.
ections (40 �m) were cut at �20 °C using a cryostat. After pre-

ncubation for 2 h in 0.1 M phosphate-buffered saline (PBS) solution
ontaining 4% bovine serum albumin and 1% goat normal serum,
ections were incubated overnight in the primary antibody diluted
:50 for anti-5-HT or anti-rabbit IgG. Sections were subsequently
insed in PBS and incubated in anti-rabbit [35S]IgG solution at a
oncentration of 1:100 for 2 h. Sections were then rinsed in PBS and
ounted to slides. After air-drying, sections were exposed to the

uper resolution Phospho screen that was scanned in the Packard
yclone storage Phospho System. The images were digitized, and
uantified using densimetric analysis (NIH IMAGE software). The
nonspecific” binding observed in the IgG control sections was sub-
racted from the corresponding gray value of each section. Changes
ere expressed relative to their corresponding control (defined as
00% value). Statistical difference between groups was determined
sing the Student’s t-test.

RESULTS

he first set of experiments determined the effect of MDMA
dministration on SERT binding (Bmax and Kd) and [3H]5-HT
ptake (Vmax and Km) under two different in vitro assay
onditions: normal and low NaCl. We decided to explore the
ffect of low NaCl in our assay system based on reports that
ERT function in non-lipid rafts is not sensitive to sodium

RT binding and [3H]5-HT uptake assays were conducted as described
l (100 mM for binding or 126 mM for uptake) and low NaCl (20 mM).
ame tissue. The data sets derived from six rats per group were pooled
take. SE
rmal NaC

ith the s

of the binding parameters (�S.D.) reported in Table 1. The data are
ntrol (Student’s t-test).
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Magnani et al., 2004). The results are reported in Table 1. As
hown in Fig. 1A for the normal sodium assays, MDMA
reatment reduced the SERT binding Bmax to 10% of
ontrol, but reduced the Vmax for [3H]5-HT uptake to only
2% of control. MDMA treatment did not significantly alter
he Kd for SERT binding (�0.3 nM) or the Km for [3H]5-HT
ptake (�30 nM) (Table 1). Interestingly, under low sodium
ssay conditions, MDMA treatment reduced the SERT Bmax
o 55% of control instead of the 10% of control observed
nder normal sodium conditions (Fig. 1B). In control prep-
rations, lowering the sodium concentration increased the Kd
f [125I]RTI-55 for SERT 10-fold and increased the Bmax
.4-fold. In the [3H]5-HT uptake assays, lowering the so-
ium concentration decreased both the Vmax and Km.
hese findings are generally in accord with earlier studies
Mann and Hrdina, 1992).

In order to validate our 5-HT immunoautoradiography
ethod, reserpine treatment was used to produce a short-

ived reduction in brain 5-HT. The HPLC-ECD data in Fig. 2
how that reserpine produced a dose-dependent reduction
n 5-HT content in the prefrontal cortex 24 h later, such that

dose of 6.4 mg/kg reduced the 5-HT level to �5% of
ontrol. Similar results were obtained for the caudate and
ippocampus (data not shown). Using the immunoautora-
iography method, reserpine administration (6.4 mg/kg)
ecreased 5-HT to 10% of control in all brain regions as
epicted in Fig. 3. These data demonstrate that our 5-HT

mmunoautoradiography method can detect a clear loss of

ig. 2. Reserpine decreases brain 5-HT. Rats received the indicated
oses of reserpine and were decapitated 24 h later. 5-HT levels were
etermined by HPLC-ECD in the frontal cortex as described in Exper-
e
mental Procedures. Each value is the mean�S.D. (n�3). * P�0.01
hen compared with control (Student’s t-test).
-HT signal after reserpine. Administration of 5-HTP-B did
ot increase 5-HT in any brain region of control rats. How-
ver, 5-HTP-B administration slightly increased 5-HT sig-
al in the caudate and amygdala of reserpine-pretreated
ats.

Administration of MDMA decreased immunoreactive
-HT to 25–35% of control in the five brain regions sam-
led (Fig. 4). Similar reductions in brain tissue 5-HT were
bserved using HPLC-ECD in our previous study (Wang et
l., 2004). Administration of 5-HTP-B to MDMA-treated
ats increased the immunoreactive 5-HT signal in brain. In
he caudate, hypothalamus and amygdala, 5-HTP-B in-
reased 5-HT almost to control levels. Treating rats with
,7-DHT reduced brain 5-HT content to 25–40% of control
Fig. 5). Administration of 5-HTP-B to 5,7-DHT-treated rats
ignificantly increased brain 5-HT to control levels.

DISCUSSION

he neurotoxic effects of MDMA are often demonstrated
y measuring endpoints thought to be selective for the
-HT nerve terminal: tissue 5-HT and SERT levels. The
ensity of SERT is typically measured using radioligand
inding methods, and less commonly by measuring [3H]5-
T uptake into synaptosomes (Green et al., 2003) or
ERT protein levels via Western blot. Few studies have
oncurrently measured the effect of MDMA on SERT bind-

ng and [3H]5-HT uptake (Lew et al., 1996; Sabol et al.,
996), and none to our knowledge have measured SERT
inding and [3H]5-HT uptake concurrently under different

n vitro assay conditions. One striking finding to emerge
rom our in vitro data is the quantitative differences in the
ffect of MDMA treatment on various serotonergic indices
etermined 2 weeks later. MDMA treatment decreased the
ERT binding Bmax by �90% (“normal” sodium assay
onditions, Fig. 1A), decreased tissue 5-HT content by
65% and decreased the Vmax for [3H]5-HT uptake by
8%. Another conspicuous finding was that a simple
hange to low sodium buffer altered the effect of MDMA
reatment on the SERT Bmax to a 45% reduction. These
ata illustrate the inherent difficulty in using these particu-

ar endpoints to assess the extent of MDMA-induced toxic
ffects, since the magnitude of change differs among them
nd can be manipulated by subtle alterations in assay
onditions. The finding that a neurotoxic dose of MDMA
oes not alter in vivo 5-HT clearance in rat hippocampus 2
eeks after drug administration supports the idea that

unctional SERT sites are available despite tissue 5-HT
epletion (Callaghan et al., 2007).

Another way to probe the integrity of 5-HT terminals is
o determine their ability to synthesize 5-HT from a precur-
or, such as 5-HTP. Biogenic amine nerve terminals ex-
ress the enzyme aromatic-L-amino-acid decarboxylase
EC 4.1.1.28). In serotonergic nerve terminals, this en-
yme converts 5-HTP to 5-HT but is not rate-limiting. Ad-
inistration of 5-HTP increases immunoreactive 5-HT in

he raphe nuclei and substantia nigra pars compacta, but
ot the locus coeruleus, indicating that 5-HTP can produce

ctopic 5-HT synthesis in dopaminergic nerves (Lynn-
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ullock et al., 2004). In a recent paper, we showed that
dministration of 5-HTP-B to rats, at the dose used here
50 mg/kg i.p. of each drug), produced �20-fold elevations
f extracellular 5-HT in the n. accumbens as measured by

n vivo microdialysis (Halladay et al., 2006). A similar dose
f 5-HTP-B also increased postmortem striatal 5-HT con-
ent eightfold as measured by HPLC-ECD. It is of interest,
herefore, that 5-HTP-B administration did not increase
-HT in control brains when measured by the immunoau-
oradiography method (Fig. 3). One likely explanation for
his observation is that each assay method detects differ-
nt pools of brain 5-HT. In vivo microdialysis detects ex-

racellular 5-HT which would be washed away by the meth-
ds used to prepare tissue sections for immunoautoradiog-
aphy. HPLC analysis of postmortem tissue 5-HT detects
he sum of vesicular and non-vesicular pools of transmitter,
hile only the vesicular pool of 5-HT would remain after
reparation of tissue sections for immunoautoradiography.
eserpine binds irreversibly to vesicular monoamine trans-
orter 2 (VMAT2), leading to depletion of vesicular 5-HT
Cooper et al., 2003). The data in Fig. 3 reveal that reser-
ine decreased immunoreactive 5-HT signal by about
90%. We believe that administration of 5-HTP-B failed to

ncrease the immunoreactive 5-HT signal in reserpinized
ats, despite large elevations of extracellular 5-HT (Halla-
ay et al., 2006), because the reserpine treatment im-
aired the ability of the vesicles to accumulate 5-HT.
iewed collectively, these considerations suggest that our

mmunoautoradiography method specifically detects vesic-

ig. 3. Effect of reserpine on brain 5-HT as measured by immunoaut
ater received either saline or 5-HTP-B injections as described in Exper
s described in Experimental Procedures. * P�0.01 when compared w
ach value is the mean�S.D. (n�14 slices, 6 rats). Representative a
lar 5-HT. 5
Since 5-HTP administration can lead to the synthesis
f 5-HT in dopaminergic nerves (Lynn-Bullock et al., 2004),

t seems possible that increases in 5-HT produced by
-HTP-B in rats pretreated with MDMA or 5,7-DHT are
ccurring in dopaminergic nerve terminals. Several factors
rgue against this possibility. First, 5-HTP-B administration
oes not increase 5-HT in the caudate of control animals
hat have intact DA nerve terminals. Second, after pretreat-
ent with MDMA or 5,7-DHT, 5-HTP-B substantially in-

reases 5-HT in hippocampus, a region with sparse dopa-
inergic innervation.

The rationale for the MDMA dosing regimen used in
his study has been described in detail (Baumann et al.,
007). Previous work showed that this treatment regimen
roduces a long-term decrease in brain 5-HT and SERT
inding, without detectably changing expression of the
ERT protein. MDMA treatment does not decrease brain
A or NE in the rat (Green et al., 2003; Baumann et al.,
007). Using the immunoautoradiography method, we ob-
erved a brain distribution of 5-HT consistent with that
bserved with other methods (Baumann et al., 1998). Pre-
reatment with MDMA produced a fairly uniform decrease
n 5-HT in the brain regions sampled, and administration of
-HTP-B to rats pretreated with MDMA increased brain
-HT levels toward normal levels (Fig. 4). Similarly, pre-
reatment with 5,7-DHT produced a fairly uniform decrease
n 5-HT in the brain regions sampled and administration of
-HTP-B to rats pretreated with 5,7-DHT increased brain

phy. Rats were administered 6.4 mg/kg reserpine or saline and 24 h
rocedures. 5-HT levels were measured using immunoautoradiography
l (Student’s t-test). † P�0.01 when compared with the reserpine group.
rams from each group are shown.
oradiogra
imental P
-HT levels to normal levels (Fig. 5). Indeed, the autora-
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iograms obtained from the MDMA/5-HTP-B and the 5,7-
HT/5-HTP-B rats look nearly identical to control rats.

One simple interpretation of this experiment is that
fter neurotoxic MDMA and 5,7-DHT treatments, intact
urviving 5-HT nerve terminals possess VMAT2-containing
esicles that are depleted of 5-HT. This could explain the
elatively uniform decrease in brain 5-HT produced by
DMA and 5,7-DHT. Administration of 5-HTP-B to the
DMA- or 5,7-DHT-pretreated rats increases the availabil-

ty of cytoplasmic 5-HT, allowing the vesicles to fill to
apacity, thereby producing an almost normal 5-HT immu-
oautoradiogram. Since the vesicles normally accumulate
-HT to full capacity, this scenario implies that after MDMA
r 5,7-DHT cytoplasmic 5-HT must drop to such a low level
hat its availability becomes rate limiting for the accumula-
ion of vesicular 5-HT. The long-term inactivation of tryp-
ophan hydroxylase produced by MDMA and 5,7-DHT is
ompletely consistent with this hypothesis (for review see:
Bendotti et al., 1993; Baumann et al., 2007)).

Whether or not MDMA is neurotoxic to 5-HT nerve
erminals remains controversial (Baumann et al., 2007). In
onsidering the contribution of our findings to the debate
n MDMA neurotoxicity, it is useful to consider three pos-
ible models for the effect of MDMA on 5-HT nerve termi-
als: a “neuroadaptive” model, a “neurotoxic” model, and a
ixed model. The neuroadaptive model posits that the
-HT nerve terminals are intact after MDMA administra-

ig. 4. Effect of MDMA on brain 5-HT as measured by immunoautorad
ither saline or 5-HTP-B injections as described in Experimental Proce

n Experimental Procedures. * P�0.01 when compared with control (S
s the mean�S.D. (n�14 slices, 6 rats). Representative autoradiogram
ion, but vesicular 5-HT content is reduced, due to persis- a
ent inhibition of 5-HT synthesis. A neurotoxic model posits
hat some fraction of 5-HT nerve terminals is destroyed,
hile the remaining intact terminals are normal. The mixed
odel posits that some fraction of 5-HT nerve terminals is
estroyed and the remaining 5-HT nerve terminals display
educed vesicular 5-HT as noted above. Table 2 summa-
izes the distinct profile of MDMA-induced alterations pre-
icted by each of the three models. Given the general
endency for altered neuron systems to maintain ho-
eostasis, all three models predict that extracellular 5-HT
ill remain unchanged. Since all three models predict a

ower 5-HT content and presumably less 5-HT release, the
hree models similarly predict decreased SERT density in
rder to help maintain normal extracellular 5-HT. Only the
euroadaptive model predicts a lack of reactive gliosis and
he “refill” of intact 5-HT nerve terminals after 5-HTP. Thus,
he effects of high-dose MDMA on 5-HT nerve terminals
re most compatible with the adaptation model. MDMA
retreatment does not alter extracellular 5-HT or cause
eactive gliosis (Baumann et al., 2007), findings that are
upported by a recent study where MDMA had no effect on
xpression of the cleaved microtubule-associated protein
au (Straiko et al., 2007).

We have asserted that MDMA-induced destruction of
-HT nerve terminals should be accompanied by a loss of
ERT protein and we failed to detect MDMA-induced de-
reases in SERT protein expression using two different

. Rats were administered MDMA or saline and 2 weeks later received
T levels were measured using immunoautoradiography as described

t-test). † P�0.01 when compared with the MDMA group. Each value
ach group are shown.
iography
dures. 5-H
nti-SERT antibodies (Wang et al., 2004, 2005). A recent
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aper challenged our Western blot findings (Xie et al.,
006). Although we believe the study of Xie et al. is com-
romised due to overloading of gels with protein, we un-
ertook additional control studies with the anti-SERT anti-
ody used in our 2005 paper (Wang et al., 2005). These
tudies revealed that our antibody does indeed cross-react
o some degree with certain structural proteins that have
olecular weights similar to SERT proteins (�50 and 70

Da). It is now clear that the antibody we used in our 2005
aper is not ideal, but the fact that 5,7-DHT treatment
ecreased expression of bands at the expected molecular
eight provides some evidence that the antibody detects
ERT, despite cross-reaction with other proteins. More
efinitive experiments await the development of better
nti-SERT antibodies.

In considering the contribution of our findings to the
ffects of 5,7-DHT treatment, we note that 5,7-DHT is an
stablished 5-HT neurotoxin (Baumgarten and Lachen-
ayer, 2004; Bendotti et al., 1993; Semple-Rowland et al.,
996) that decreases 5-HT immunoreactivity in the 5-HT
erve terminal projection plexus (Azmitia and Whitaker-
zmitia, 1997), increases expression of markers related to
liosis (O’Callaghan and Miller, 1993; Munoz et al., 2005;

ig. 5. Effect of 5,7-DHT on brain 5-HT as measured by immunoau
eceived either saline or 5-HTP-B injections as described in Experimen
escribed in Experimental Procedures. * P�0.01 when compared with
ach value is the mean�S.D. (n�14 slices, 6 rats). Representative a

able 2. Predicted effects of different models on 5-HT nerve terminal

odel Extracellular 5-HT Reactive glio

euroadaptation No change No
eurotoxicity No change Yes
ixed No change Yes
Effects of different models on 5-HT nerve terminal endpoints are summarize
ang et al., 2005) and decreases expression of SERT
rotein (Wang et al., 2005). Rats pretreated with 5,7-DHT
lso maintain extracellular 5-HT levels at control levels
Kirby et al., 1995; Baumann et al., 2007), and in vivo 5-HT
ptake remains normal (Montanez et al., 2003). Indeed,

n vivo 5-HT clearance is not reduced by 5,7-DHT until
here is at least 90% reduction in SERT binding (Montanez
t al., 2003). Viewed collectively, the effect of 5,7-DHT is
ost compatible with the mixed neuroadaptive/neurotoxic
odel. This agent increases expression of markers related

o gliosis (O’Callaghan and Miller, 1993; Munoz et al.,
005; Wang et al., 2005), decreases expression of SERT
rotein (Wang et al., 2005) while extracellular 5-HT levels
re maintained at control levels (Kirby et al., 1995; Bau-
ann et al., 2007). In addition, 5-HTP-B administration

ncreases brain 5-HT to a greater extent than in rats pre-
reated with MDMA (Fig. 5). Indeed, autoradiograms of the
-HTP-B/5,7-DHT group showed no evidence of 5-HT de-
letion, suggesting that, following 5,7-DHT administration,
ore 5-HT nerve terminals may survive than previously

uspected.
Our data emphasize the difficulty in determining the

ffects of MDMA or 5,7-DHT when measuring endpoints

aphy. Rats were administered 5,7-DHT or saline and 2 weeks later
dures. 5-HT levels were measured using immunoautoradiography as

(Student’s t-test). † P�0.01 when compared with the 5,7-DHT group.
rams from each group are shown.

ts

5-HT content SERT binding 5-HTP-B “refill”

Decreased Decreased Yes
Decreased Decreased No
Decreased Decreased Yes
toradiogr
tal Proce
endpoin

sis
d.
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uch as 5-HT content, SERT protein expression, binding or
unction. A great deal of significance has been attached to
hanges in SERT binding levels as an indicator of seroto-
ergic “neurotoxicity” (Green et al., 2003). However, SERT
inding is subject to various regulatory processes, and
hanges in SERT binding levels cannot, as a single line of
vidence, connote a “neurotoxic” effect. For example,
hronic treatment of rats with 5-HT selective reuptake
nhibitors reduces SERT binding to a similar extent as

DMA (�90%) (Benmansour et al., 1999), yet such treat-
ents are not considered to be neurotoxic. An ideal end-
oint to assess the integrity of 5-HT nerve terminals is one
hat is selective for 5-HT nerve terminals, but one that also
s not subject to regulatory changes. None of the end-
oints used to date meet these requirements. Until such
ime as a “gold standard” end-point is identified and vali-
ated, it will not be possible to unambiguously determine
hich model (neuroadaptive, neurotoxic or mixed) best
escribes the effect of high-dose MDMA on rat brain se-
otonergic systems. Regardless of the mechanism by
hich high-dose MDMA depletes brain 5-HT, our findings
how that administration of 5-HTP-B can apparently re-
tore brain 5-HT concentrations, suggesting that this ap-
roach might be clinically useful in abstinent MDMA users
ho experience cognitive and psychiatric morbidity due to
ersistent 5-HT deficits (Thomasius et al., 2006).

CONCLUSION

n summary, three major findings emerge from this study.
irst, is difficult to ascertain the effect of MDMA on 5-HT
erve terminals by measuring tissue 5-HT, SERT binding
r SERT function, since the magnitude of effect differs
mong these end-points and can be manipulated by
hanging vitro assay conditions. Second, the loss of brain
-HT produced by MDMA can be substantially reversed by
dministration of the 5-HT precursor 5-HTP, suggesting
hat MDMA causes neuroadaptation rather than loss of
-HT nerve terminals. Finally, following 5,7-DHT adminis-
ration, more 5-HT nerve terminals may survive than pre-
iously suspected.
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