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Abstract
Rationale 3,4-Methylenedioxymethamphetamine (MDMA,
“ecstasy”) is a widely used recreational drug known to
cause selective long-term serotonergic damage.
Objectives The aim of this study was to characterize the
ultrastructure of serotonergic pericarya and proximal neu-
rites in the dorsal raphe nucleus as well as the ultrastructure

of serotonergic axons in the frontal cortex of adolescent
Dark Agouti rats 3 days after treatment with 15 mg/kg i.p.
MDMA.
Methods Light microscopic immunohistochemistry and
pre-embedding immunoelectron microscopy with a novel
tryptophan hydroxylase-2 (Tph2) specific antibody, as a
marker of serotonergic structures.

The high resolution version of the original images are available in the
supplementary figures.
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Results Light microscopic analysis showed reduced seroto-
nergic axon density and aberrant swollen varicosities in the
frontal cortex of MDMA-treated animals. According to the
electron microscopic analysis, Tph2 exhibited diffuse
cytoplasmic immunolocalization in dorsal raphe neuronal
cell bodies. The ultrastructural-morphometric analysis of
these cell bodies did not indicate pathological changes or
significant alteration in the cross-sectional areal density of
any examined organelles. Proximal serotonergic neurites in
the dorsal raphe exhibited no ultrastructural alteration.
However, in the frontal cortex among intact fibers,
numerous serotonergic axons with destructed microtubules
were found. Most of their mitochondria were intact, albeit
some injured axons also contained degenerating mitochon-
dria; moreover, a few of them comprised confluent mem-
brane whorls only.
Conclusions Our treatment protocol does not lead to
ultrastructural alteration in the serotonergic dorsal raphe
cell bodies and in their proximal neurites but causes
impairment in cortical serotonergic axons. In these, the
main ultrastructural alteration is the destruction of micro-
tubules although a smaller portion of these axons probably
undergo an irreversible damage.

Keywords 3,4-methylenedioxymethamphetamine
(MDMA, “Ecstasy”) . Serotonin (5-HT) .Microtubule .

Degeneration .Morphometry . Tryptophan hydroxylase-2
(Tph2) . Pre-embedding immunoelectron microscopy

Introduction

The synthetic ring-substituted amphetamine derivate 3,4-
methylenedioxymethamphetamine (MDMA, “Ecstasy”) is a
popular psychoactive recreational substance with entactogenic
effect (Capela et al. 2009; Green et al. 2003). Regular use of
MDMA may lead to acute and long-term cognitive and
psychiatric problems (Green et al. 2003). In addition,
MDMA-related medical complications have risen more than
20-fold in recent years (Puerta et al. 2009). The acute
behavioral effects of MDMA are associated with the release
of monoamines from nerve endings in the brain (Green et al.
2003).

MDMA administration causes long-term decrease in
numerous serotonergic parameters such as long-term
depletion in serotonin (5-HT, 5-hydroxytryptamine) con-
centration, reduction in the major 5-HT metabolite 5-
hydroxyindoleacetic acid, loss of serotonin uptake and
uptake sites as well as inhibition of tryptophan hydroxylase
(Tph) activity in the forebrain of rats, guinea pigs, and
primates (Green et al. 2003; Molliver et al. 1990). Several
studies interpret the persistent decrease of serotonergic
parameters as the consequence of physical destruction and

disappearance of serotonergic axons (distal axotomy)
(Molliver et al. 1990; Ricaurte et al. 1988). However, early
studies have already noted that changes in 5-HT metabolic
activity can precede—and may occur independently of—
the processes determining degeneration of serotonergic
axons and terminals (Battaglia et al. 1988). Taken together,
it is still controversial whether the frequently used term
“serotonergic neurotoxicity” related to MDMA implicates
persistent neuroadaptive response of serotonergic markers
or physical damage of serotonergic fibers, or as raised by
Wang and coworkers, the combination of the two mecha-
nisms (Kivell et al. 2010; Meyer et al. 2008; Wang et al.
2007).

To further elucidate this problem, we have used pre-
embedding immuneoelectron microscopy, a method that
has not been used in the examination of MDMA
neurotoxicity in case of rat models yet. Fornai et al.
(2004) have described multi-layer ubiquitin and Hsp70
immunoreactive (IR) nuclear and cytoplasmic membrane
whorls in the nigral and striatal neurons of MDMA-
treated mice. However, in mice, MDMA induces serious
dopaminergic neurotoxicity unlike in rats and primates
(Fornai et al. 2005), which might explain the nigrostriatal
damage.

Here we labeled serotonergic neuronal elements with an
antibody raised against the brain isoform of tryptohphan
hydroxylase (Tph2) and we examined the light microscopic
appearance as well as ultrastructural integrity of labeled
dorsal raphe neuronal cell bodies and frontal cortex axons.
We applied a single 15 mg/kg intraperitoneal MDMA
treatment in adolescent male Dark Agouti rats. This
treatment protocol and similar models of MDMA neuro-
toxicity have already been characterized extensively in
many aspects by our group and others (Ando et al. 2010;
Balogh et al. 2004; Kirilly et al. 2008; Kovacs et al. 2007;
O'Shea et al. 1998; Quate et al. 2004).

The present study, together with previous data from the
literature, may provide significant new information about
the morphological basis of the potential serotonergic system
damage caused by MDMA.

Material and methods

Animals

All animal experiments and housing conditions were
carried out in accordance with the European Community
Council Directive of 24 November 1986 (86/609/EEC) and
the National Institutes of Health “Principles of Laboratory
Animal Care” (NIH Publications No. 85–23, revised
1985), as well as specific national laws (the Hungarian
Governmental Regulation on animal studies, 31 December
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1998 Act). Permission was obtained from local ethical
committees.

Male Dark Agouti rats (Harlan, Olac Ltd, Shaw's Farm,
Blackthorn, Bicester, Oxon, UK, 5 weeks old upon arrival)
were used in the experiments. The animals (three per cage)
were kept under controlled environmental conditions
(temperature at 21±1°C, and a 12-h light–dark cycle
starting at 6:00 A.M.). Standard food and water were freely
available.

Drug administration and treatment protocol

±3,4-methylenedioxymethamphetamine hydrochloride
(MDMA, certified reference compound, purity >99.5%)
was provided by Sanofi-Synthelabo-Chinoin, Hungary. The
drug was dissolved in 0.9% NaCl at doses equivalent to
15 mg/kg free base and was injected intraperitoneally in a
volume of 1 ml/kg into 7-week-old animals (MDMA
group). Control animals received injections of 0.9% NaCl
in a volume of 1 ml/kg at their age of 7 week (saline
group). Rats were perfused 3 days after the MDMA/saline
treatment.

Light microscopic immunohistochemistry
and densitometric analysis of Tph2 IR cortical fibers

The rats (n=5 and 7, control and MDMA-treated groups,
respectively) were anesthetized with pentobarbital-sodium
(Nembutal; CEVA-Phylaxia, Hungary; 35 mg/kg, i.p.),
thoracotomized, and perfused transcardially with Zamboni's
fixative (Adori et al. 2006). The brains were removed and
postfixed overnight at 4°C in the same solution and were
embedded into paraffin. Coronal sections were cut on the
levels of the striatum, hippocampus, and dorsal-median
raphe following a conventional rat brain atlas (Paxinos
1986). The 5-μm sections were collected on silane-coated
glass slides. One series of sections was stained for Luxol
fast blue/Cresyl Violet staining.

For immunohistochemistry, after blocking the endogenous
peroxidase activity with 0.03% hydrogen-peroxide (DAKO,
Glostrup, Denmark), sections were incubated for 30 min at
room temperature in 3% non-fat drymilk in PBS (pH 7.4) and
for 2 h with primary antibodies (rabbit polyclonal anti-Tph1
and Tph2, diluted 1:5,000). Both antibodies were prepared
according to the same protocol. The full description and
characterization of antibodies have been described before
(Gutknecht et al. 2009; Gutknecht et al. 2008). Immunostain-
ing was developed using a peroxidase/DAB kit (EnVision TM,
DAKO, Glostrup, Denmark). Routine immunohistochemical
controls included the omission of the primary antibody and
incubation with pre-immune serum. All sections were covered
with VectaMount mounting medium (Vector Laboratories Inc.,
Burlingame, CA, USA).

Densitometric analysis of Tph2 immunostaining was
performed on the II–V layer of frontal cortex as described
before (Adori et al. 2006).

Pre-embedding immunogold electron microscopy of Tph1
and Tph2

The rats (n=3, either of MDMA or control groups) were
anesthetized with pentobarbital-sodium (Nembutal; CEVA-
Phylaxia, Hungary; 35 mg/kg, i.p.), thoracotomized, and
perfused transcardially with 200-ml oxygenated Tyrode's
solution (0.8% NaCl, 0.02% KCl, 0.1% NaHCO3, 0.026%
CaCl2×2H2O, 0.005% NaH2PO4×2H2O, 0.1% glucose; ice
cold, oxygenized with carbogen, pH 7.4) then with 25 ml
fixative containing 2% paraformaldehyde in 0.1 M Na-
acetate buffer (pH 6.5) for 2 min, followed by 500 ml
fixative containing 2% paraformaldehyde and 0.1% glutar-
aldehyde in 0.1 M borate buffer (pH 8.5) for 1 h. After
perfusion, the brains were left in skull overnight at 4°C for
postfixation and then the removed brains were stored in
0.1 M PB (pH 7.4) pending analysis. Frontal vibratome
sections (50-μm thick) were cut on the levels of both the
striatum (between bregma +1.00 and +0.50) and dorsal-
median raphe (−7.5 to −8.00) following a conventional rat-
brain atlas (Paxinos 1986).

After washing in PB, sections were immersed in 1%
sodium-borohydride in PB for 15 min and then were placed
into PB containing 15% sucrose for 1 h and subsequently in
PB containing 30% sucrose overnight at 4°C for cryopro-
tection. Then, sections were freezed–thawed three times by
using liquid nitrogen to enhance antibody penetration. After
extensive washing in PB and subsequently in TBS
(pH 8.00), sections were incubated in 5% normal goat
serum (NGS) in TBS for 3 h at 4°C (to block the
nonspecific binding of antibodies) then in 2% NGS in
TBS containing primary antibodies (rabbit polyclonal anti-
Tph1 and anti-Tph2 antibodies, diluted 1:1,500; the two
antibodies were employed separately) for 72 h at 4°C.
Following extensive washing in TBS, sections were
incubated in TBS containing 1% bovine serum albumin
(BSA), 0.1% cold water fish-skin gelatin, and 0.1%
sodium-azide (blocking solution with gelatin) for 30 min
to inhibit nonspecific binding of gold probes to certain
proteins. Then, sections were incubated in 0.8-nm
gold-conjugated goat anti-rabbit immunoglobulin (Aurion,
Ultra.Small immunogold reagents, Wageningen, The
Netherlands; diluted 1:50 in blocking solution with gelatin
overnight at 4°C). After extensive washing in both blocking
solution with gelatin and in TBS, sections were postfixed in
1% glutaraldehyde in TBS for 10 min, washed in TBS and
finally in Enhancement Conditioning Solution (ECS,
Aurion). Silver intensification of the 0.8-nm gold particles
was carried out using the Aurion R-Gent SE-LM reagent kit
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for 5–10 min at 24°C. The enhancement was stopped by
placing the section into ice-cold ECS solution.

After rinsing in PB, sections were osmicated in ice-cold
0.5% OsO4 in PB for 15 min. Sections were washed in PB
and distilled water, contrasted in 1% uranyl-acetate for
25 min, dehydrated in graded ethanol and finally in
acetonitrile, and embedded in Durcupan (Fluca, Buchs,
Switzerland) by flat-embedding between a glass micro-
scope slide and glass coverslip which have been pretreated
with liquid release agent (Electron Microscopy Science,
Switzerland). The immunogold reactivity was checked
under light microscope in the Durcupan-embedded sec-
tions. Selected areas of sections, including the II–IV layer
of frontal cortex and the dorsal raphe nucleus, showing
immunoreactivity for Tph2 were re-embedded in Durcupan
blocks and serial sections were cut on ultramicrotome
(LKB-II). Ultrathin sections (80–90-nm thick) were
mounted on Formvar-coated 150-mesh or single-slot
copper grids and were slightly counterstained with lead-
citrate prior to ultrastructural analysis in a JEM-100CX II
electron microscope (Jeol, Tokyo, Japan) operating at
60 kV.

Morphometric analysis of Tph2 IR dorsal raphe neurons
and cortical fibers on electron microscopic sections

Ultrathin sections containing Tph2 IR dorsal raphe cell
bodies were mounted on Formvar-coated single-slot grids.
Two grids with a series of ultrathin sections were prepared
from each block. Three blocks derived from three different
flat-embedded 50-μm vibratome sections were applied
from each animal. Before electron microscopic analysis,
distribution of labeled cells was determined in parallel
semithin sections. Micrographs were taken from an average
of 2–4 Tph2 IR cell bodies with nucleus per block at the
magnification of ×6,700. The high-resolution digitalized
images (1,200 dpi) from each labeled cell bodies were
merged and the sharpness and contrast were adjusted by
Adobe® Photoshop® 7.0. The area of mitochondria, Golgi
network, autophagic vacuoles, matured lysosomes, and
multivesicular bodies (Figs. 4b–d, 5b) was measured
and their cross-sectional areal density (micrometer-
squared organelle per 100 μm2 cytoplasm, %) or the
density of somatic synapses (number of synapses per 100-μm
cell membrane) were determined by two independent
observers on the merged micrographs of 32 Tph2-
immunostained dorsal raphe cell bodies from control
and on 21 labeled dorsal raphe cell bodies from MDMA-
treated animals (Figs. 4a, 5a) using ImageJ 1.37v software
(NIH, USA, http://rsb.info.nih.gov/ij). The average cyto-
plasmatic area of the estimated cells were 103.5±
6.65 μm2 or 105.3±8.17 μm2, MDMA-treated and saline
controls, respectively.

Ultrathin sections containing Tph2 IR cortical fibers
were mounted on formvar-coated 150-mesh grids. Two
grids with a series of ultrathin sections were prepared
from each cortical block (layer II-IV). Two–three blocks
derived from two–three different flat-embedded 50-μm
vibratome sections were applied from each animal. A total
of 321 and 442 Tph2 IR fibers were determined on
control and MDMA-treated animals, respectively, accord-
ing to a blind protocol at the magnification of ×40,000.
These fibers were divided into two categories, namely, (1)
fibers with intact microtubules and (2) fibers with
destructed microtubular system (Fig. 6a vs. b; Fig. 8a–d
vs. e–g).

Data obtained from morphometric analysis of labeled
raphe cell bodies and cortical fibers were evaluated by
Mann–Whitney U test with acceptable levels of signifi-
cance set at P<0.05 using Statistica® 7 software. Figures 3
and 7 were prepared by GraphPad Prism® 4.00 software.

Results

Specificity of antibodies

In light microscopic sections, in addition to the widespread
axonal immunostaining (Figs. 1e, 2a), rabbit polyclonal
Tph2 antibody stained only raphe nuclei and some other
neuronal pericarya of the brainstem corresponding anatom-
ically to the serotonergic neuronal populations (Fig. 1a–b).
In contrast, neither cell bodies nor fibers were immuno-
reactive for rabbit polyclonal Tph1 antibody in the brain-
stem (Fig. 1c) although pineal gland exhibited strong Tph1
immunostaining (Fig. 1c–d).

In the electron-microscopic sections, sparse granules of
silver-gold labeling were detected in some neuronal nuclei
omitting the first antibody. Very sparse granules of silver-
gold labeling could be found in the dorsal raphe cell bodies
or in the frontal cortex fibers either with intact or destructed
microtubules in case of Tph1 immunostaining (data not
shown).

Light microscopic analysis of Tph2 IR fibers
after MDMA treatment

Three days after the single 15 mg/kg administration of
MDMA, 35% reduction of Tph2-immunoreactive axon
density was found in the frontal cortex (Figs. 2a–c, 3). In
addition, numerous aberrant swollen varicosities could be
detected in the frontal cortical sections after MDMA in
contrast to the control animals (Fig. 2b–c and e, arrows). At
higher magnification, Tph2 fiber immunoreactivity in the
frontal cortex often exhibited fragmented and bulbous
profile with large (2–4-μm in diameter) swollen varicosities
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in the treated animals. No such aberrant staining patterns
were found in the control animals (Fig. 2e vs. d, MDMA-
treated vs. control).

Electron microscopic analysis of Tph2 IR dorsal raphe
neuronal cell bodies and proximal neurites

Tph2 exhibited diffuse cytoplasmic immunolocalization in
many dorsal raphe cell bodies with no apparent associ-
ation with any organelles (Figs. 4 and 5). The labeled
dorsal raphe neurons were found to be morphologically
heterogenic: fusiform, triangular, or multipolar cells with
an average diameter of 10–20 μm. The nucleus was
located centrally in the cytoplasm and was often indented.
The ultrastructural-morphometric analysis of cell bodies
did not indicate pathological changes (e.g., swollen
mitochondria, protein inclusions, large membrane whorls)
or significant alterations in the surface area of mitochon-

dria, the Golgi network, components of the endosomal–
lysosomal compartment (multivesicular bodies, mature
lysosomes, autophagic structures) and in the number of
somatic synapses in MDMA-treated animals compared to
saline controls. A moderate increase was only noted in the
surface area of matured lysosomes in the MDMA-treated
group compared to saline control (P=0.08; Figs. 4b–d, 5b;
Table 1).

Proximal serotonergic neurites in the dorsal raphe nucleus
exhibited no ultrastructural alteration in the MDMA-treated
animals compared to control (Fig. 6c–d).

Electron microscopic analysis of Tph2 IR cortical fibers

In the frontal cortical samples, silver-gold granules repre-
senting Tph2 immunolabeling were notably fewer than
those in neurites or cell bodies in the dorsal raphe (Fig. 6a
vs. c). Labeled axons with microtubules, mitochondria,

Fig. 1 Specificity of Tph1 and
Tph2 rabbit polyclonal antibodies.
Tph2 immunostaining in the
dorsal/median raphe neurons and
in fibers around them (a); Tph2
immunostaining in the dorsal
raphe neurons (b). No cell bodies
or fibers are immunoreactive for
Tph1 in the brainstem (c). In
contrast, pineal gland exhibits a
strong Tph1-immunoreactivity
(c, d). Tph2-immunoreactive
fiber arborization in control
frontoparietal cortex (e). Higher
magnifications of the boxed zones
in panels a and c are shown in
panels b and d, respectively.
Scale bars: 500 μm in panel a
and c, 50 μm in panel b, 100 μm
in panel d, 200 μm in panel e.
Aq aqueduct, CC corpus callosum
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SER tubules were detected in all around the examined areas
with a slightly enhanced density around capillaries
(Figs. 6a, 9a). Labeled axonal cross-sections were typically
round- or ovoid-shaped, approximately 0.5–1.4 μm in
diameter, containing microtubules, 1–2 mitochondria, and
clear vesicles, but exhibiting only a few synapses (Fig. 8a–d).
All labeled fibers were unmyelinated and no immunolabeled
myelinated fiber was detected (Fig. 6a).

In the MDMA-treated animals, among Tph2-labeled
fiber sections with morphologically intact microtubules,

many labeled fibers with destructed microtubular system
were observed. In these axons, microtubules were dis-
organized, fragmented, or completely disappeared (Fig. 8e–g).
In some cases, aggregated microtubular elements with
irregular shape were also noted (Fig. 6b). Axons with
disrupted microtubular system were typical and their number
was significantly higher in the MDMA-treated animals
compared to controls (16% vs. 61%, saline vs. MDMA, P<
0.01; Figs. 6a and 8a–d vs. 6b and 8e–g; Fig. 7). The
distribution of axonal sections with damaged microtubules
was homogenous in the samples examined and these
structures occurred in all examined animals in a nearly
similar amount (57–64%).

In the MDMA-treated animals, many of the labeled
fibers with destructed microtubular system were swollen
(Fig. 9c–d), contained membrane whorls, accumulated
fragmented SER tubules/aberrant tubulovesicular struc-
tures, although their mitochondria were seemingly intact
(Figs. 6b, 9b). In some axons, higher amount of dark
mitochondria was found (Figs. 8g, 9d). Some injured axons
also contained degenerating mitochondria (Fig. 9c–d),
moreover, a few of them comprised confluent membrane
whorls only (Fig. 9e). At the same time, no shrunken or
dark processes were noted at all.

The described alterations were restricted principally to
Tph2-labeled processes (Fig. 9b–c) and were not observed
in cortical neuronal cell bodies or in glial elements. Non-
labeled myelinated fibers were preserved (Fig. 8f).

Discussion

Specificity of Tph2 immunoreactivity and methodological
considerations

In order to examine the morphological aspects of MDMA-
induced neurotoxicity in more details, we applied light

Fig. 3 Quantitative evaluation of Tph2 IR fiber density in the frontal
cortex 3 days after MDMA treatment and saline control. The
quantitative evaluation demonstrates the significantly reduced density
of Tph2 IR fibers in the MDMA-treated group compared to the saline
control. Statistical analysis: Student's t test for independent samples (n=
5 and 7, saline and MDMA-treated groups, respectively, P<0.05)

Fig. 2 Light microscopic analysis of Tph2 IR fibers after MDMA
treatment. Tph2 IR axon arborization in the frontal cortex of a control
animal is demonstrated in panel a. Reduced axon density and aberrant
swollen varicosities (arrows) in the frontal cortex of MDMA-treated
animals (b, c). Higher magnification of the boxed zones in panels a
and b are shown in panels d and e, respectively. Scale bars: 25 μm in
panel c applied to panels a–c; 5 μm in panel e, applied to panels d–e
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microscopic and immunoelectron microscopic analysis of
dorsal raphe and frontal cortical samples of adolescent Dark
Agouti rats 3 days after the single 15 mg/kg i.p. MDMA
treatment. We used a fully characterized, new rabbit
polyclonal antibody against the brain-specific isoform of
tryptophan hydroxylase (Tph2) as a brain serotonergic
marker (Gutknecht et al. 2009; Gutknecht et al. 2008).
The light microscopic immunostaining pattern of Tph2 is in
agreement with previous studies on Tph localization (Adori
et al. 2006; Tork 1990; Weissmann et al. 1987). The lack of

brain immunostaining with the rabbit polyclonal Tph1
antibody is also in agreement with other studies that report
no or only very minimal expression of Tph1 in the brain
(Gutknecht et al. 2009; Malek et al. 2005).

The ultrastructural morphology of both the Tph2-
immunolabeled dorsal raphe neuronal cell bodies and
cortical unmyelinated axon sections in control animals are
concordant with the description of serotonergic cell bodies
and cortical axons published in previous papers (Arai et al.
2002; Baker et al. 1990; Cohen et al. 1995; Holzel and

Fig. 4 Ultrastructural overview
of a Tph2 immunolabeled dorsal
raphe neuron from a saline
control Dark Agouti rat. Over-
view of a Tph2 immunolabeled
neuron (a); higher magnifica-
tions of the boxed zones in panel
a are shown in panels b–d.
Panels b–d demonstrates
organelles involved in
morphometry analysis. ER,
endoplasmic reticulum; Ly,
mature lysosome; AV,
autophagic vacuole; Nu,
nucleus; Golgi, Golgi network;
MVB, multivesicular body; Mit,
mitochondrion; Syn, somatic
synapse; T, synaptic terminal;
one asterisk (*), proximal
serotonergic neurites; two
asterisks (**), non-serotonergic
(glial) cell. Scale bars: 1.5 μm
in panel a and 0.5 μm in panel
d, applied to b–d. Note that the
labeled dorsal raphe cell body
does not exhibit pathological
alterations
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Table 1 Cross-sectional areal density of organelles (micrometer-squared organelle per 100 μm2 cytoplasm, %) or density of somatic synapses
(number of synapses per 100-μm cell membrane) were evaluated on 21 Tph2-immunostained dorsal raphe cells from control and on 32 labeled
dorsal raphe cells from MDMA-treated animals

Treatment Organelle/structure

Mitochondria Golgi MVB AV Lysosome MVB+AV+Lysosome Synapse

Saline 6.44±0.32 6.92±0.55 0.35±0.05 0.39±0.09 0.93±0.1 1.66±0.13 13.27±1.32

MDMA 7.06±0.33 6.95±0.48 0.39±0.06 0.43±0.07 1.17±0.09a 1.99±0.12 14.07±0.91

Statistical analysis—Mann–Whitney U test, P<0.05

Data are expressed as±SEM

The ultrastructural–morphometrical analysis of cell bodies from treated animals did not indicate statistically significant alteration in the surface
area of mitochondria, Golgi network (Golgi), components of the endosomal–lysosomal compartment (multivesicular bodies (MVB), mature
lysosomes (Lysosomes), autophagic vacuoles (AV)), and in the number of somatic synapses
aP=0.08

Fig. 5 Ultrastructural overview
of a Tph2 immunolabeled dorsal
raphe neuron from a MDMA-
treated Dark Agouti rat. Over-
view of a Tph2 immunolabeled
neuron (a); higher magnification
of the boxed zone in panel a is
shown in panel b. Panel b
demonstrates organelles
involved in morphometry
analysis. Ly, mature lysosome;
AV, autophagic vacuole; MVB,
multivesicular body; Mit,
mitochondrion; Syn, somatic
synapse; T, synaptic terminal.
Scale bars: 2 μm in panel a and
1 μm in panel b. Note that the
labeled dorsal raphe cell body
does not exhibit pathological
alterations

Table 1 Cross-sectional areal density of organelles (micrometer-
squared organelle per 100 μm2 cytoplasm, %) or density of somatic
synapses (number of synapses per 100-μm cell membrane) were

evaluated on 21 Tph2-immunostained dorsal raphe cells from control
and on 32 labeled dorsal raphe cells from MDMA-treated animals
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Pfister 1981; Liposits et al. 1985; Mori et al. 1987; Smiley
and Goldman-Rakic 1996). Earlier studies on electron
microscopic immunolocalization of Tph have reported
some association of immunoreactivity with rough endo-
plasmic reticulum, Golgi membranes, and microtubules,
besides the wide distribution of Tph IR in the cytoplasm
(Joh et al. 1975; Pickel et al. 1976). However, our results on
the diffuse cytoplasmic immunolocalization of Tph2 do not
confirm it. This discrepancy may be related to the
difference between visualization systems used (ABC
technology and DAB precipitation in the studies of Joh
and coworkers (Joh et al. 1975) and Pickel and associates
(Pickel et al. 1976), a more precise nanogold labeling and
silver intensification in our study). The less intense
ultrastructural silver-gold immunolabeling, detected in the
cortical fibers compared to dorsal raphe cell bodies and
proximal serotonergic neurites, is in good agreement with
light microscopic findings.

Our fixation procedure results in a generally well-preserved
ultrastructure despite the immunolabeling procedure. More-
over, the nanogold silver-intensification technology let us to
examine the detailed ultrastructure of serotonergic cells and
fibers as the silver-gold particles only minimally masked the
labeled structures.

Serotonergic neurotoxicity caused by MDMA

Following MDMA administration, long-lasting depletion of
many serotonergic parameters can be detected and the time
course of recovery coincides more closely with the time
course of serotonergic axonal regeneration (sprouting;
Callahan et al. 2001; Fischer et al. 1995). Secondly, the
light microscopic analysis of serotonergic axons after
MDMA revealed aberrant, swollen varicosities, and
fragmented-like axonal morphology (Molliver et al. 1990;
O'Hearn et al. 1988) that we can also confirm in this study

Fig. 6 Examples of Tph2
immunolabeled fibers from
frontal cortex (a–b) and dorsal
raphe (c–d) samples. Labeled
fiber section with morphologi-
cally intact microtubular system
near to a capillary from a control
animal (a); labeled fiber section
with destructed microtubular
system from a MDMA-treated
animal (b); labeled proximal
neurites with morphologically
intact microtubular system from
a control and an MDMA-treated
animal (panels c and d,
respectively). Note the more
intense immunolabeling of
fibers in the neuropil of dorsal
raphe sample (c, d) compared to
the cortical fiber sections (a, b).
arrowhead (<), myelinated non-
serotonergic fiber section; two
asterisks (**), labeled fiber sec-
tion with morphologically intact
microtubular system; arrow (↓),
membrane whorl in labeled
fiber section with disrupted
microtubular system; one
asterisk (*), disintegrated–
aggregated microtubular
elements. Scale bars: 1 μm in
all panels
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based on Tph2 immunohistochemistry. In addition, the
long-term decrease (50%) in anterograde axonal transport
of axons originating in the rostral raphe nuclei was detected
3 weeks after the drug treatment (Callahan et al. 2001).
However, according to our previous results, amyloid
precursor protein-IR axonal bulbs cannot be observed after
MDMA treatment, which suggest that no complete block-
age of fast axonal transport occurred (Kovacs et al. 2007;
Medana and Esiri 2003). In a recent study, a significant
reduction of both 5-HTT expression and protein level have
been described in parallel with unaltered protein level of
vesicular monoamine transporter 2 (VMAT2) 2 weeks after
a binge MDMA treatment in rats (Biezonski and Meyer
2010). Finally, the glial reaction after MDMA is still a
question of debate, many authors failed to detect reactive
astrogliosis (increased glial fibrillary acidic protein (GFAP)
immunoreactivity or protein level) after the treatment
(O'Callaghan and Miller 1993; Wang et al. 2004). However,
others argue that GFAP method is not sensitive enough to
detect such a small lesion of axons as the putative
degeneration of serotonergic axons after MDMA adminis-
tration (Bendotti et al. 1994; Rowland et al. 1993). At the
same time, we and others have described reactive astrogliosis
in the hippocampus (Adori et al. 2006; Aguirre et al. 1999)
and also microgliosis (Orio et al. 2004) in both the cortex
and hypothalamus of rats, although these glial reactions do
not necessarily reflect to axonal degeneration.

Effects of MDMA on the ultrastructure of dorsal raphe
neuronal cell bodies

Ricaurte et al. described shrunken cell bodies and
lipofuscin-like cytoplasmatic inclusions in the dorsal but
not the median raphe of MDMA-treated monkeys (Ricaurte
et al. 1988). In contrast, no evidence of altered morphology,
picnosis, or cellular degeneration in dorsal raphe cell bodies

or dendrites was detected in Nissl-preparation on frozen
sections from MDMA-treated rats, although the authors
emphasize that a more subtle morphological analysis is
required in this field (O'Hearn et al. 1988). Our ultrastruc-
tural analysis of serotonergic dorsal raphe cell bodies is in
concordance with the latter study in rats and indicates that
there are no pathological alterations (swollen or picnotic
mitochondria, membrane whorls, protein inclusions, etc.) in
these cell bodies in treated animals compared to saline control.

As the actual total amount of certain organelles may
reflect to the actual metabolic conditions of the cell (Welt et
al. 2004), we have analyzed the surface density of
mitochondria, Golgi network, autophagic vacuoles, matured
lysosomes, and multivesicular bodies (Fader and Colombo
2009), as well as we have determined the number of
perisomatic synapses in the serotonergic dorsal raphe cell
bodies 3 days after the MDMA treatment and we did not
found significant alterations. The only interesting observa-
tion was the trend toward increase (+26%) in the surface
density of matured lysosomes that may reflect a slight
increase of lysosomal degradation in these cells (Nixon and
Cataldo 1995). Taken together, we can establish that 3 days
after the treatment, MDMA does not cause metabolic
alterations that would manifest in significant increase of
the surface density of mitochondria, Golgi network, the
endosomal–lysosomal compartment, and the number of
somatic synapses (Morshedi et al. 2009) in serotonergic
dorsal raphe cell bodies.

Microtubular injury after MDMA treatment

The most apparent alteration in the ultrastructure of the
labeled cortical axons of MDMA-treated animals was the
widespread disorganization or destruction of microtubular
system, which was found in approximately 60% of all
labeled fiber sections. This result is in good agreement with
the finding that anterograde axonal transport in fibers
originating in the rostral raphe nuclei was decreased after
MDMA treatment (Callahan et al. 2001). Axonal micro-
tubules support fast and slow axonal transport of cellular
components both anterogradly and retrogradly (Baas and
Qiang 2005; Tanner et al. 1998). Moreover, a tight
correlation between cytoskeletal disintegration and the
serious decrease in fast axonal transport has already been
demonstrated in other experimental models earlier (De
Repentigny et al. 2003; Sahenk and Mendell 1983). The
morphological sign of microtubular destruction was noted
in the control animals only rarely. This effect has been
described by some ultrastructural studies and has been
interpreted as a result of neural plasticity or certain fixation
condition (Linder et al. 1995; Ryan et al. 1990). Taken
together, ultrastructural analysis of serotonergic fibers in the
frontal cortex suggests a widespread collapse of axonal

Fig. 7 Quantitative evaluation of Tph2-labeled fiber sections with
morphologically intact microtubular system vs. damaged microtubules
3 days MDMA treatment. The quantitative evaluation demonstrates a
significantly increased amount of Tph2 immunolabeled fiber sections
with destructed microtubular system in the MDMA-treated group
compared to the saline control. Statistical analysis: Mann–Whitney U

test (n=3, in either MDMA or saline treated groups, P<0.05)
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microtubular system after MDMA administration. Alter-
natively, it is also possible that MDMA treatment results
in an enhanced instability of microtubules that makes
them more vulnerable to fixation/embedding procedures.
It is unclear, why certain axons exhibit the collapse of
microtubular system after MDMA while others do not.
One can speculate that the sensitivity of microtubules to
the effects of MDMA may depend, at least partly, on
microtubule-associated proteins (MAPs) and on other
factors that influence the actual stability of microtubular
system (Baas and Qiang 2005).

The disorganized/collapsed microtubular system leads to
axonal swelling, fragmentation of SER vesicles, or even to
the appearance of tubulovesicular structures or aggregated
microtubular elements (Sahenk and Mendell 1983). These
aberrant structures were common in our sections from
MDMA-treated animals. At the same time, in these axons
with microtubular injury, mitochondria were mostly intact.

The integrity of microtubular system is highly sensitive
to oxidative stress (Baas and Qiang 2005; Bellomo et al.
1990), which has a prominent role in MDMA-caused
neurotoxicity (Puerta et al. 2009). In addition, MDMA
treatment alters the expression of activity-regulated
cytoskeleton-associated protein, which may be a further
effect of MDMA on stability of the cytoskeleton (Beveridge
et al. 2004). At the same time, microtubular disorganization,
destruction, cytoskeletal injury, and axonal swelling do not
necessarily result in an irreversible degeneration and
elimination of axons (Graham and Lantos 2002; Medana
and Esiri 2003; Tanner et al. 1998).

The technical procedure of fixation, pre-embedding
immunostaining, and embedding in our work do not allow
us to examine the ultrastructure of neurofilaments, another
important component of axonal cytoskeleton. Further studies
are needed to determine the involvement of neurofilaments in
MDMA-caused neurotoxicity.

Fig. 8 Examples of Tph2
immunolabeled axons—axon
terminals from frontal cortex of
control (a–d) and MDMA-
treated (e–g) animals I. Note the
labeled axons with damaged
microtubules but morphologi-
cally intact mitochondria in the
treated animals (panel e vs.
panels a–d). Labeled axons in
the treated animals occasionally
contained irregular membranous
structures and a higher number
of mitochondria (panel g). Open
arrow, clear vesicles; arrow-
heads, cross-sections of micro-
tubules; number sign (#), SER
tubules; one asterisk (*), mem-
brane whorl; two asterisks (**),
multivesicular body; arrow,
synapse; arrowhead (>), mor-
phologically intact mitochon-
dria. Scale bar: 0.5 μm in panel
f applied to all panels

Psychopharmacology (2011) 213:377–391 387



More severe injury of serotonergic axons after MDMA
treatment

In our study, besides serotonergic axons with collapsed
microtubules but with intact mitochondria, some labeled
axons also contained degenerated mitochondria and a
minority of them comprised confluent membrane whorls
only. Several previous studies have described similar fiber
alterations in the rat brain after different drug treatments such
as iminodipropionitrile (Chou and Hartmann 1964), n-butyl
ketone (Spencer and Schaumburg 1975), 2,5-hexanedione
(Sahenk and Mendell 1983), methamphetamine (Sharma
and Kiyatkin 2009). Papers on the ultrastructural analysis of
amphetamine treatment have identified two main types of
degeneration: swollen processes either devoid of organelles
or filled with membranous debris (“early stage”) and dark
profiles with often irregular outlines (“later stage”; Linder
et al. 1995; Ryan et al. 1990). Essentially, similar categories
have been established by Martinez et al. in a Wallerian-

degeneration model (Marques et al. 2003; Narciso et al.
2001). They describe “watery degeneration” that starts with
the focal disintegration of cytoskeleton followed by axonal
swelling when the axoplasm is either replaced by an
amorphous and granular material or completely devoid of
organelles. In the second category, the cytoskeleton
becomes aggregated and the authors suggest that this will
probably turn the axoplasm progressively denser, charac-
terizing the “dark form” of degeneration. In contrast to
Ryan et al. (Ryan et al. 1990), Marques et al. (Marques et
al. 2003) suggest that the two types of axon degenerations
are parallel processes. The serotonergic fibers in our study
with degenerated mitochondria andwith confluent membrane
whorls undergo a more serious injury, resulting probably in
an irreversible degeneration, which highly resembles the
“dying back” (Spencer and Schaumburg 1975) or “watery-
like” degeneration (Marques et al. 2003) types detailed
above. However, in our model, dark processes are com-
pletely absent, at least, 3 days after the treatment.

Fig. 9 Examples of Tph2 immunolabeled fibers from frontal cortex
samples of control (a) and MDMA-treated (b–e) animals II.
Horizontal section of a labeled fiber with morphologically intact
microtubular system from a control animal (a); labeled axon with
destroyed microtubules, membrane whorls, aggregated SER-elements
but morphologically intact mitochondria (b); swollen labeled fibers
with destructed microtubules, morphologically intact but often dark

mitochondria, degenerating mitochondria, and membrane whorls (c–
d); labeled fiber with confluent membrane whorls (e). Arrowhead,
disintegrated cytoskeletal elements; less than sign (>), morphologi-
cally intact mitochondrion; arrow, aggregated SER-elements; two

asterisks (**), degenerating mitochondrion; one asterisk (*), mem-
brane whorl. Scale bars: 1 μm in all panels
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Determination of the time point of our study
and the relevance of our model

We have chosen 3-day-survival time because quantified Tph2
IR fiber density exhibited a significant reduction in parallel
with the abundant appearance of swollen–fragmented axonal
profiles 3 days after the treatment. In addition, previous
studies on the electron microscopic characterization of
amphetamine-caused axonal degeneration describe that both
swollen and dark processes are highly abundant 2–3 days
following drug treatment (Ryan et al. 1990).

In the Dark Agouti rat strain, the CYP2D1 enzyme,
which is an important factor in MDMA metabolism and is
the equivalent of the human CYP2D6 (debrisoquine
hydroxylase), shows decreased activity. Thus, the metabolism
of MDMA in these animals may be similarly reduced to
vulnerable humans who exhibit decreased CYP2D6 activity
(5–9% of Caucasian population), and might represent a
genetically defined subpopulation in which acute clinical
complications are more likely to occur when exposed to
MDMA (de la Torre and Farre 2004; Malpass et al. 1999;
Vorhees et al. 1999).

Comparative evaluation of light- and electron microscopic
results and conclusion

In a recent paper, Wang et al. (2007) describes three
potential models for studying the effect of MDMA on
serotonergic nerve terminals. The “neuroadaptive” model
posits that 5-HT terminals are intact after MDMA treatment
although biochemical serotonergic parameters are reduced
due to the persistent inhibition of serotonin synthesis. The
“neurotoxic”model claims that some portion of serotonergic
terminals is destroyed while other terminals are preserved.
The “mixed” model states that some portion of serotonergic
terminals is destroyed while others exhibit a neuroadaptive
response.

In our study, the comparative analysis of light and
electron microscopic results suggests that the light micro-
scopic characteristic of Tph2 immunostaining in the frontal
cortex 3 days after the treatment (reduced fiber density and
swollen fragmented axonal profiles) may simultaneously
reflect to the previously described reduction of the Tph
enzyme expression (Bonkale and Austin 2008) and to the
decreased axonal transport caused by the collapsed micro-
tubular system. The fragmented-like morphology of seroto-
nergic axons at light microscopic level, which is described
by several previous studies, may reflect to the reduced
axonal flow rather than the physical fragmentation of fibers.

Taken together, our results support the “mixed” hypothesis
with further specification. In our model the most prominent
serotonergic fiber alteration is the widespread microtubular
destruction. According to our morphometric analysis, this

alteration affects approximately 60% of all labeled seroto-
nergic fibers in the frontal cortex (it should be considered that
serotonergic fibers in which the level of Tph2 drops below the
level of detectability are inherently unrecognizable.) How-
ever, most of these fibers with microtubular injury exhibit
relatively well-preserved morphology of mitochondria. It is a
question of debate, whether these fibers survive or degenerate
later. It is interesting to note that aberrant swollen varicosities
on Tph IR axons, which can be detected in a high amount
3 days after the MDMA treatment, disappear by 3 weeks
while the quantified Tph IR axon density does not decrease
further after 3 days (Adori, unpublished result). At the same
time, a smaller portion of fibers with degenerated mitochon-
dria and confluent membrane whorls observed in the present
study probably undergo an irreversible degeneration. Since
the degree of toxicity is known to be dose-related, a range of
higher doses and longer survivals may contribute greatly to
clarifying the ultrastructural changes related to toxic effect.
Further ultrastructural analysis is required with the applica-
tion of different doses of MDMA and sampling at several
survival time intervals after the treatment to evaluate the
proportion of intact, degenerating, and injured but surviving
serotonergic axons more precisely to provide more details
considering the damaging effects of MDMA administration
on the serotonergic system of the brain.
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