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ABSTRACT

INVESTIGATIONS INTO THE POTENTIAL FOR 3,4-
METHYLENEDIOXYMETHAMPHETAMINE TO INDUCE NEUROTOXIC

TERMINAL DAMAGE TO SEROTONERGIC NEURONS

SEPTEMBER 2009

DOMINIK BIEZONSKI, B.S., STONY BROOK UNIVERSITY

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Jerrold S. Meyer

High doses of 3,4-methylenedioxymethamphetamine (MDMA,;, “Ecstasg krmown to
reduce levels of various serotonergic markers outside of the raphe nuclei. To test the
hypothesis that these deficits reflect a degeneration of distal tetomsials, we
investigated the effects of an MDMA binge (10mg/kg x 4) on the relativeiprand
genetic expression of several serotonergic markers in rats, asws effects of this
compound on the quantity of serotonergic terminals in these animals. In expériwment
examined whether MDMA alters serotonin transporter (SERT) levelsasrdeed by
lysate binding and immunoblotting analyses. Both methods of analysis teiaMA-
induced reductions in regional SERT content. Experiment Il investigated MMDM
induced changes in terminal-specific levels of SERT and the vesicular mowoami
transporter 2 (VMAT-2) in the hippocampus, a region with sparse dopaminergic
innervation, after lesioning noradrenergic input with N-(2-chloroethylhiyie-

bromobenzylamine (DSP-4). Animals were administered 100 mg/kg DSP-4 orlsaline



week prior to MDMA (or saline). As determined by immunoblotting of synaptosomal
tissue, the DSP-4/MDMA group showed little change in hippocampal VMAT-2 protein
expression compared to DSP-4/Saline controls, despite large reductions ineSERTN
all regions examined in the MDMA-treated animals. Experiment linégxed whether
MDMA alters genetic expression of SERT and VMAT-2. When compared to saline-
treated controls, animals given MDMA showed a striking decrease in SERT ge
expression (and a lesser effect on VMAT-2) in dorsal/median raphe asddsgss
guantitative RT-PCR. Experiment IV(a) investigated the effects of MDM#4eme and
protein expression of tryptophan hydroxylase (TPH) in the hippocampus. Levétsiof T
protein were unchanged between treatment groups, while transcript leveldegecased
15-fold in the dorsal/median raphe. In experiment IV(b), flow cytometry we tos
measure whether MDMA alters the quantity of serotonergic terminals in the
hippocampus. MDMA-treated animals showed an increase in the number of serotonergic
synaptosomes identified by co-labeling for synaptosome-associatethpyb25 kDa
(SNAP-25) and TPH. These results demonstrate that MDMA causes substantial
regulatory changes in the expression of serotonergic markers with no evidience f
synaptic loss, questioning the need to invoke distal axotomy as an explanation of

MDMA-related serotonergic deficits.

Keywords: MDMA, neurotoxicity, neurodegeneration, serotonin transporter,
vesicular monoamine transporter 2, tryptophan hydroxylase, serotonin, immunoblotting,

gene expression, flow cytometry

Vi



TABLE OF CONTENTS

ACKNOWLEDGMENTS ..o e e e e e e aa e e e aan s \Y
N 1S3 I ¥ O PP v
LIST OF TABLES ... .ottt e e e e e e e e e e e e e e e s e s aeannes X
LIST OF FIGURES ...ttt e e e e e e e e e e e e e e e e e e eaans Xi
LIST OF ABBREVIATIONS ...ttt a e e e e e e e e Xiii
CHAPTER
1. INTRODUCTION L.ttt e e e e e e e e a bbbttt ettt e e et e e e e e aeeaeeeeaeaesannnnes 1
Chemical Structure and Mechanisms Of ACHON ..........coviiiiiiiiiiiiiiie e 2
Evidence Supporting the Neurodegeneration Hypothesis ............cccceeeevviiivveveiinnnnns 3
Evidence Against the Neurodegeneration Hypothesis............cccceeiviiiiiiiiiiiiiiiiiiiiiinnns 6
The NeurotoXiCity CONTIOVEISY .......iiiiiieieeeeeeeeeeeeeeeeiiies e s e e e e e e e e eeeeeeeeeaesnsean s 7
Overall Rationale for the Current INVestigationsS ..............uuveeiiiiiiinieeeeeeeeeeeeeeiiiiies 13

2. EXPERIMENT I: EFFECTS OF MDMA ON AXONAL/TERMINAL SERT

PROTEIN EXPRESSION ....coiiiiiiiiiiiiee ettt e e e e e e e e e e e e e e s s s s snnassseeeeees 17
SERT-Immunoblotting Validation Measures: Identification of Genuine SERT
Protein Band(S) ....ccooeiiiiiiiiiiiiiiiiie et 17

RALONGAIE ...ttt 17
SERT-KNOCKOUL ANGIYSIS....cutuiiiiiiiiee ettt e e e e e eeeeeeeees 17
Background and Rationale.............ccccceeeeeiiiiiieeeiiiccee e 17
Experimental DeSIgN ........coovviiiiiiiiiiiiiiee e 18
RESUILS ... 18
5,7-DHT Treatment ANAIYSIS......ccouiiiiiiieiiiiiiiieeeeiiiiie e 20
Background and Rationale.............ccccceeeeiiiiieiieciiiccece e 20
Experimental DeSIgN .......ccoovviiiiiiiiiiiiiee e 21
Statistical ANAIYSIS.......oooiiiiii 22
RESUILS ... 22
Regional SERT Distribution ANAlYSIS .......ccooviiiiiiiiiiiiiiii e 25
Background and Rationale............ccccceeeeiiiiiiiiciiiicicee e 25
Experimental DeSIgN ........cooiiiiiiiiiiiiiieee e 25

Vii



Statistical ANAIYSIS.......coouviiiiiii 26

RESUILS ... 26
OVErall DISCUSSION ...t e e e e e e e 28
Effects of MDMA on Axonal/Terminal SERT Protein Expression ...................... 29
Background and RatioN@le ...........coouuiiiiiiiiiiiiieeeiii e 29
EXperimental DeSIQN........ccooiiiiiiiieeieer e 30
StatisStiCal ANAIYSIS.....cooeiiiiiiiiiii e 30
RESUILS ... e e e e e e e 30
DISCUSSION ..ot e e e e e ettt e e et a et bbb e e e e e e e e e e e eaeeeeeeessseennnnns 33
3. EXPERIMENT II: EFFECTS OF MDMA ON TERMINAL-SPECIFIC SHRAND
VMAT-2 PROTEIN EXPRESSION ....ccoiiiiiiiiiiiiie ettt e e e e e e e e s s 35
Background and RaAtiON@IE ...........oiiiiiiiieeeiciceeeeeeerr e 35
EXPerimental DESIQN .......coiiiiiiiiiiiiiiee ettt 38
StAtIStICAl ANAIYSIS....ciiieiiiiiiiiie e e e e e e e e e e aaas 39
R ESUIES .. e et aaaae e 39
D] Yo U 151 TP PP TRTPPPPPR 45
4. EXPERIMENT IIl: EFFECTS OF MDMA ON GENETIC EXPRESSION OFFSE
AND VM A T -2 ettt et e e e e e e e oo oo o e e e e bbbttt bbb bttt et et e e e e e e e e e e e e e e e e a e e 49
Background and Rationale ..........ccoooiiiiiiii i 49
EXPEerimental DESIQN ........civveeeiiiiiiiie s e e et s e e e e e e e e e e 50
SEAtISTICAl ANAIYSIS...cciiiiiiiiiii e 50
RESUITS ...t e et e e e e e e e e e e e e e e e 51
[ o U 11 o] [T 53
5. EXPERIMENT IV: EFFECTS OF MDMA ON TPH EXPRESSION AND
QUANTITY OF SEROTONERGIC TERMINALS ...ttt 58
Effects of MDMA on Protein and Genetic Expression of TPH............cccccceeeeeennn. 58
Background and RaAtiON@le ...........coouueiiiiiiiiiiiiiieiiee e 58
EXperimental DeSIgN........ccooiviiiiieeeeee e 59
StatiStiCal ANAIYSIS.....ccoeiiiiiiiiii e 59
RESUILS ... e e e e 60
DISCUSSION ..ttt e e e et et e ettt e ettt e e e e e e e e e e e e aeeeeeeessesennnnns 62
Effects of MDMA on Quantity of Serotonergic TerminalS............ccccevvvvvvvvvinnnnns 66
Background and RatioN@le ...........coouueiiiiiiiiiiieieeeii e 66
EXperimental DeSIgN.......ccoooiiiiiiiiiiiiieeeeee et 69
StatiStiCal ANAIYSIS.....ccoiiiiiiiiiii e 69
RESUILS ... e e e e e e e e e e 69



DS CUSSION . .t 72

6. GENERAL DISCUSSION ...oiiiiiiiiiiiii e 76
APPENDICES

A. ANIMALS AND MDMA ADMINISTRATION ....uuiiiiiiiiieiieeiiiiiieeee e 87

B. EXPERIMENTAL PROCEDURES ........ootii s 91
REFERENCES ... 102



LIST OF TABLES

Table Page

1. Comparison of SERT antibody distributors and epitope variants in their capacity to

yield authentic SERT DANAS ... e 29
2. Statistical comparison of regional SERT levels between drug-treaigolsgand

SAlINE-0ONIY CONIIOIS ... e e e e e e e e e e e e e e er b e e as 45
3. Synaptosomal populations as identified by coincidence of terminal markers............... 69

4. Effects of MDMA on protein and transcript levels of SERT, VMAT-2, and TPH two
WeEKS fOlIOWING trEAIMENT........veiiiiieie e e e e e e e e e e e eaaees 77

5. Antibody vendors and epitope variants used in listed immunoblotting experiments ....94

6. Antibody concentrations used in listed immunoblotting experiments................cccccuee.. 95



LIST OF FIGURES
Figure Page
1. Chemical structure comparison of amphetamine, methamphetamine, and MDMA .......

2. Representative SERT blot comparing protein band patterns in the parietal cort
between wild-type ("WT”) and SERT-KO (“KO”) MICE ......cuvvvrrriiiiiiieeeeeeeeeeeeeeeeesiiiiinnnns 19

3. Representative SERT blot comparing protein band patterns in the hippocampus
between wild-type ("WT”) and SERT-KO (“KO”) MICE .....cuvvvrrmiiiiiiieeeeeeeeeeeeeeeeeiiiiiinnnns 19

4. SERT binding in hippocampus four weeks following 5,7-DHT (or saline)
LU= 11 1T 0 PP 23

5. Representative SERT blot (a) and corresponding graphical comparison garicgm
protein band patterns in the hippocampus between 5,7-DHT (“DHT”) or saline (“S”)
LLLSE LT o [ - TSP PPPPPPPPPPRP 24

6. Regional SERT expression as measured by SERT-immunoblotting...........ccccevvvvennnnnn. 27

7. Comparison of regional SERT expression as assessed by SERT binding and
1010418 ae] o] (o111 o T O 28

8. Body temperature during, and following MDMA (or saline) administration in
EXPEIMENT 1) .ottt e e e e e e e e e e e e e as 31

9. Regional SERT binding two weeks following MDMA (or saline) treatment ............... 32

10. Representative SERT immunoblots from striatum and hippocampus of MDMA (or
saline) treated aniMAlS............oiiiiiiiii e ————————————— 32

11. Representative SERT immunoblots from occipital cortex of MDMA (or saline)
TrEALEA ANIMAUS ... e e bbbt rr e e e e e e e e e e aeeas 32

12. Graphical comparison of regional SERT levels in MDMA (or saline) treatethis
as measured by SERT-ImMMUNODIOING .......cooiiiiiiieiiicee e 33

13. Immunoblot comparing VMAT-2 levels in the striatum between METH- and saline-
TrEALEA ANIMAUS ... e e bbbttt a e e e e e e e e e eaeas 40

14. Body temperature during, and following MDMA (or saline) administration in
(22 (01T 1 1= 0 1 40

15. Area under the curve analysis of body temperature during MDMA (or saline)
administration in eXPeriMeENnt I ..........uuuuiiiii e ———————— 41

16. Norepinephrine transporter binding three weeks following DSP-4 (or saline)
(O L TN (=T= 1 1T o PSP UPPPTR PRSPPI 42



17. Representative blots (a) and corresponding graphical comparison (b) of VMAT-2
levels in striatum, parietal cortex, and hippocampus two weeks following all drug
ETEALIMEINTS ... e et e e e e e e e et e et e e e e e e e e e e e e e enans 43

18. Representative blots (a) and corresponding graphical comparison (b) of SERT le
in striatum, parietal cortex, and hippocampus two weeks following all drug
LLCET= 11 11T LR PPTT PRI 44

19. Body temperature during, and following MDMA (or saline) administration in
EXPEIMENT 1.t e e e e e e e e e et e et e e e e ttbbbb e a e e e e e e e eeeeeaeeeeeenennnnes 51

20. Area under the curve analysis of body temperature during MDMA (or saline)
administration in experiMent [l ... e 52

21. SERT and VMAT-2 transcript levels two weeks following MDMA (or saline)
L1121 01T o | PP 53

22. Immunoblots comparing TPH levels in the hippocampus between animals treated
with (a) 5,7-DHT or saline, and (b,c) MDMA Or Saline ............uuuuvuiiiiiiiieeeeeeeeceeeeeeiiiieees 60

23. TPH levels in the hippocampus four weeks following 5,7-DHT (or saline)
L1121 0T o | PP 61

24. TPH levels in the hippocampus two weeks following MDMA (or saline)
LUL=T= 110 0] T o | PP TP 61

25. TPH-2 transcript levels two weeks following MDMA (or saline) treatment....... 62

26. Body temperature during, and following MDMA (or saline) administration in
EXPENMENT IV(D) et e e e e e e e e e e e aeeaaaee 70

27. Area under the curve analysis of body temperature during MDMA (or saline)
administration in experiment IV(D) ... 71

28. Quantity of presynaptic (SNAP-25 postive) synaptosomes two weeks following
MDMA (Or SAliNE) treatMENT ... e e e e e e e eeees 71

29. Fraction of serotonergic (SNAP-25/TPH positive) synaptosomes two welekgrigl
MDMA (Or SAliNE) treatMENT ... ..o e e e e e e e eees 72

30. Tentative model for explaining MDMA-induced serotonergic deficits in the addsenc
(o) I T=TN ] foTo [=ToT=T 0 =T =i o OO RPPPPPPPPPPRPPTRN 85

Xii



LIST OF ABBREVIATIONS

5,7-DHT 5,7-dihydroxytryptamine

5-HIAA 5-hydroxyindolacetic acid

S5-HT 5-hydroxytryptamine or serotonin

ADME absorption, distribution, metabolism, excretion
AMPH amphetamine

AUC area under the curve

BGG bovine gamma globulin

Cmax maximum concentration

CNS central nervous system

DA dopamine

DpH dopamine-beta-hydroxylase

DNTP deoxynucleotidetriphosphate

DRN dorsal raphe nuclei

DSP-4 N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine
FACS fluorescence-activated cell sorting

FITC fluorescein-5-isothiocyanate

GABA gamma-aminobutyric acid

GAP-43 growth-associated protein of 43 kilodaltons
GAPDH glyceraldehyde-3-phosphate dehydrogenase
GFAP glial fibrillary acidic protein

GFP green fluorescent protein

HPLC high-pressure liquid chromatography

HRP horseradish peroxidase

HSP27 heat-shock protein of 27 kilodaltons

HSP32 heat-shock protein of 32 kilodaltons

I.C. intracisternal

I.C.V. intracereberoventricular

Xiii



I.p.

IHC

KRP
MDA
MDMA
METH
MRN

NE

NET
PAGE
PBR
PCPA
PD

PE

PET

PNS
PVDF
gRT-PCR
RIPA

RT

s.C.

SDS
SERT
SERT-KO
SNAP-25

tie

tm ax

TPH
VMAT-2

intraperitoneal

immunohistochemistry

Kreb’s-Ringer phosphate buffer
3,4-methylenedioxyamphetamine
3,4-methylenedioxymethamphetamine
methamphetamine

median raphe nuclei

norepinephrine

norepinephrine transporter
polyacrylamide-gel electrophoresis
peripheral benzodiazepine receptor
para-chlorphenylalanine

postnatal day

phycoerythrin

positron emission tomography
peripheral nervous system
polyvinylidine difluoride

guantitative real-time polymerase chain reaction
radioimmunoprecipitation assay
reverse transcriptase

subcutaneous

sodium dodecyl sulfate

serotonin transporter

serotonin transporter knockout
synaptosome-associated protein of 25 kilodaltons
elimination half-life
time to maximum plasma concentration
tryptophan hydroxylase

vesicular monoamine transporter 2

Xiv



CHAPTER 1

INTRODUCTION

The illicit compound 3,4-methylenedioxymethamphetamine (MDMA; “Ecs)asy
is a ring-substituted amphetamine in the phenylisopropylamine family obsglst
(Lyles and Cadet, 2003). It is categorized as an “entactogen” primarilp dse t
empathogenic effects in human users, and given its ability to facilitaeneles and
emotional insight was originally used clinically from the late 1960’s throughl@0’s
as an adjunct to psychotherapy (Nichols, 1986). The use of this substance soon spread to
the general population, and despite its reported utility in the therapeutic setbiAM
(and 3,4-methylenedioxyamphetamine (MDA); parent compound) was criminalized i
1985 as a Schedule | substance due to its high abuse potential, lack of assdyded safe
use under medical supervision, and emerging evidence suggesting MDMA and its
derivatives as having “neurotoxic” effects in animals, particularly on tlueaseergic
neuromodulatory system in the brain (Ricaurte et al., 1985; Green et al., 2003). This
seminal finding has subsequently given rise to a plethora of research exgatheni
neurotoxic potential of MDMA, almost ineluctably leading to emergence of debate
throughout the drug-abuse research community. Perhaps the most criticahesseie
dealt with how MDMA-neurotoxicity can or should be defined, determination of the
mechanism(s) responsible for observed neurochemical changes followingAMDM
exposure, and concern surrounding the use of certain biochemical techniques as
appropriate tools for assessing the capacity of this compound to cause neurotlegenera

More than twenty years later, these issues remain unresolved and foxéler n



approaches are necessary to better our understanding of the adverse effects thi

compound may have on the serotonergic system.

Chemical Structure and Mechanisms of Action

As its chemical name implies, MDMA bears the intrinsic structure of
amphetamine (AMPH) with aN-methyl group and a methylenedioxy-ring substitution
on the third and fourth carbon of the phenyl ring (see Figure 1 below). It is thought that
this variation in structure is responsible for dichotomous effects on brain neurstiyemi
exerted by these two substances. More specifically, AMPH (and its tikegjva
methamphetamine (METH)) has potent, lasting effects on the dopamine (DA)
neuromodulatory system while, in the long-term, MDMA affects mainly tre@sergic
system. Additionally, MDMA more subtly affects the dopamine, norepinephring (NE)
gamma-aminobutyric acid (GABA), glutamate, and other systems agGvebn et al.,

2003).

Figure 1. Chemical structure comparison of amphetamine, methamphetanane,
MDMA. Adapted from Green et al. (2003).

NH, NHCH, 0 NHCH,

3,4-methylenedioxymethamphetamine

amphetamine methamphetamine
(MDMA)

Acutely, MDMA causes a rapid, calcium-influx independent, transporter-
mediated efflux of serotonin (5-hydroxytryptamine; 5-HT), NE, and DA frespective
monoaminergic terminals. In terms of serotonergic release, this isffeediated by the

drug’s interaction with both the plasmalemmal serotonin transporter (SERT) as we



with the intracellular vesicular monoamine transporter 2 (VMAT-2), both proteing be
involved in the selective transport of 5-HT across phospholipid bilayers. More
specifically, MDMA is a substrate for both SERT and VMAT-2, allowing it teeetite
terminal and subsequently vesicles bearing 5-HT, respectively (RudniéiahdL992).
Once inside the vesicles, the slightly alkaline nature of MDMA causepalissi of the
proton gradient between the vesicle and the cytosol necessary for proper faogationi
VMAT-2, and in this respect, it inhibits VMAT-2-mediated influx and proper storage of
5-HT in the terminal (Sulzer and Rayport, 1990). Coupled with its ability to cause
functional reversal of both VMAT-2 and SERT, MDMA allows 5-HT to passivélwe
from terminal vesicles and subsequently from the neuron itself, ultimMagaling to a
global increase in extracellular 5-HT throughout brain regions bearing edfgdnents
(Rudnick and Wall, 1992). This effect is further potentiated by MDMA-induced
inhibition of 5-HT reuptake, a consequence of competition for SERT-binding by both 5-

HT and MDMA.

Evidence Supporting the Neurodegeneration Hypothesis

One of the most researched and controversial issues surrounding MDMA has
been the empirical establishment of its potential to induce damage to seratoners
and terminals. Some of the most important studies targeting this question were
performed by O’Hearn et al. and Battaglia et al. in the late 1980’s andl8as, and
have provided the basis for biochemical indexing of MDMA effects on the brain. These
groups administered MDMA to rats according to what they considered a neurotoxic
dosing regimen (20mg/kg, one dose every 12h; 4 consecutive days), and measured levels

of 5-HT, DA, NE, and their respective major metabolites using high-pretsguick

3



chromatography (HPLC) two weeks after the final administration. Thi®agpipthas
commonly been used in the literature, and has revealed major decremenft ané-5
hydoxyindolacetic acid (5-HIAA; major metabolite) levels following MDM&posure,
with very modest, if not negligible, effects on levels of other neurotrarsm{Battaglia
et al., 1987). The length and extent of these depletions following MDMA exposure is
dependent on a variety of factors, ranging from differences in dosimgergjj to which
enantiomer or derivative of MDMA is administered, routes of administratiom; inte
species differences in ADME (absorption, distribution, metabolism, and excretion)
profiles, and many other factors (Ricaurte et al. 1988; Green et al. 2003). ddteoeff
ambient temperature is also of particular importance, in that exposure to the drug
higher temperatures (>21-23°C) tends to cause hyperthermia and an exacerbation of
neurotoxic effects while exposure in lower temperatures (<19-21°C) tengdd@ay
hypothermic response and an attenuation of these effects (Green et al., 2005undt
21°C, previous findings from our laboratory indicate that MDMA causes temperature
dysregulation wherein animals have an equal chance of becoming eitherdryper-

hypothermic (Piper and Meyer, 2006).

Battaglia et al. (1987) also performed assays targeting the intelgbtHT
neurons, such as the assessment of binding potential of specific radioligandSE®Rihe
protein in brain-lysate, plasma-membrane preparations. The idea behirdran8gRT
as a measure of neurotoxicity lies in the fact that this protein is specHitlT axons
and terminals, so disparities in its levels after MDMA exposure could be tineicd
altered terminal integrity. In fact, this group, among many othersafterehas

demonstrated dramatic decreases in SERT-binding following various MDMAgdos



regimens and post-administration periods of analysis. Importantly, thegseslaave

also demonstrated the effect of MDMA on serotonergic neuron 5-HT depletion and

SERT levels to be region specific. For example, regions such as the striatum
hippocampus, and cortex seem to be affected more strongly than other regions such as the

hypothalamus or certain thalamic nuclei (Battaglia et al., 1991).

Other studies have used brain sections for immunohistochemical (IHE)lasw
autoradiographical analyses of anatomically-specific 5-HT axonfiahifiber density
following various MDMA regimens. Almost all IHC studies have used antibodies
against 5-HT itself, though a few have stained for the SERT or tryptophamxlate
(TPH), the rate-limiting enzyme in the biosynthesis of 5-HT (Xie et al., 0¢cs et
al., 2007; Meyer et al., 2008). Irrespective of the marker used, analysesbodifore
immunoreactive raphe afferents following MDMA exposure have revealed egidénc
transient drug-induced fiber “swelling” (particularly when stained #fT9 followed by
long-term “degeneration”, especially of fine-caliber axons emapétim the dorsal
raphe nuclei (DRN) (O’'Hearn et al., 1988; Molliver et al., 1990). Large-asgiaxons
of passage originating from the median raphe nuclei (MRN) seem m@@aneso these
“neurodegenerative” effects, though it is difficult to discern whether tlye haaricosities
visualized in these studies are indeed inherent to unaffected axons of passdgeas a
pathological effect of MDMA on fine-caliber axons (O’'Hearn et al., 1988). Itapty,
these analyses have failed to find any significant effect of MDMA onaezagic cell
bodies contained within the raphe nuclei, indicating that MDMA perhaps causes
terminal-pruning rather than cellular death. Autoradiographical arsabfse

radioactively-labeled SERT fibers have shown similar results (Betteigal., 1991).



Studies focusing on long-term effects of MDMA have also used these techniques to
demonstrate gradual post-MDMA recovery of 5-HT fiber density, which abtgmsay
occur anywhere from 8 weeks to a full year, again depending on choice of dosing
regimen and species used in the particular study, and brain region examinedli¢ceainze
al., 1993). Importantly, at least two research groups examining the long-teats ef
MDMA have noted a hyperinnervation of 5-HT fibers in certain brain regions, a
phenomenon perhaps resulting from initial terminal pruning or axonal damage {Ricaur

et al., 1992; Meyer et al., 2004).

Evidence Against the Neurodegeneration Hypothesis

Some evidence also exists in opposition to the current presumption that MDMA
causes distal axotomy of 5-HT neurons, particularly from the laboratori@€aflaghan
and Miller (1993), Pubill et al. (2003), as well as from Rothman et al. (Wang et al., 2004,
2005). O’Callaghan and Miller were the first researchers to megkalreesponses to
MDMA insult. In their original 1993 study, they compared glial responses following
either d-MDMA or METH administration to mice by quantifying the lewalglial
fibrillary acidic protein (GFAP), a structural protein intrinsic to aghial cells. Their
argument for GFAP expression as being indicative of neural degenerat®arrekse
fact that most insults upon the central nervous system (CNS) are usualiefblby both
degradative as well as neuroprotective events resulting from adteoglianicroglial
involvement. In particular, microglia tend to proliferate and migrate qutokilye site of
injury following CNS insult, while astroglial cells typically hypertrgplocally over a
longer time span (Pubill et al., 2003). Since astroglial hypertrophy is aagued

standard response to neural injury, and because this growth causes an incréade in G

6



expression, the quantification of this protein has been used to assess different purported
mediators of neural damage. Importantly, both the labs of O’Callaghan andadille

well as Pubill et al. have found a disparity in the expression of neurotoxicityassirad

by GFAP levels following either METH or MDMA exposure. More specifics2METH
caused profound terminal degeneration (as measured by dopamine transporter binding) as
well as significant increases in GFAP, while MDMA failed to invoke this exsee

despite causing a decrease in SERT-binding. Another measure of asisptiie

expression of heat shock protein 27 (HSP27), followed the same trend. Additionally,
when microglial activation was measured by binding’ig{PK-11195 to the peripheral
benzodiazepine receptor (PBR) as well as OX-6 immunoreactivity, MDM&df&il

cause an increase in either of these measures (Pubill et al., 2003). As an important
control to assess whether 5-HT neurons, following neurotoxic insult, are acted upon in
the same manner by glia as other neurons in the CNS, Wang et al. (2004, 2005)
demonstrated that damage to 5-HT neurons following the administration of 5,7-
dihydroxytryptamine (5,7-DHT), an established serotonergic neurotoashidea

significant increase in GFAP and heat shock protein 32 (HSP32) protein express®n. Th
increase was not seen following MDMA administration and thus corroborated previous

findings.

The Neurotoxicity Controversy

Although much research has been devoted to demonstrating MDMA-induced
neurotoxicity and elucidating its causal mechanisms, there exists some idethatfield
as to whether or not MDMA is truly neurotoxic. Much of the problem lies in how

researchers have defined what toxicity entails, as well as in the coagdiaet 6f many
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researchers to recognize alternative, rather than purely dogmatpreté¢ions of
MDMA-induced serotonergic deficits as assessed by certain biechleechniques.
While many researchers have argued MDMA effects as being potentiall
neurodegenerative as evidenced by immunohistochemical and binding analyses, other
researchers, particularly after the major Battaglia et al. stuthes resorted to
guantitative analysis of 5-HT and its metabolites as sole indices of neuitytoxidas,
until recently, become almost a formality to perform a certain studyg asparticular
MDMA dosing regimen and to argue for “neurotoxic effects” when evidengeddoely

a decrement in 5-HT or 5-HIAA. Although, in a broad sense, neurotoxiciybma
viewed as a change in the neurochemical properties of a neuron (even in the absence of
damage), others have strongly argued for neurodegeneration as a requisitégart
definition. Signs of neurodegeneration resulting from MDMA exposure have been
assessed and documented in various ways, and include increases in silver staining,
increases in Fluoro-Jade B staining, and, as mentioned, decreases in egldnal
immunoreactive fiber density (Green et al, 2003). It should be noted thasthev@r
methods are non-specific and thus their outcomes cannot be ascribed to M2&tA eff
on 5-HT neurons alone. For instance, silver staining analysis has long been used to
visualize degenerating neurons which tend to develop an increased affinitydor si
following various insults to the CNS (Jensen et al., 1993). Fluoro-Jade B is a novel,
anionic fluorescent dye which seems to exclusively stain degeneratingns
irrespective of the origin of toxicity, although the exact mechanism forthisvoccurs is

unclear (Schmued et al., 1997). Consequently, since these methods do not allow



attribution of damage to a specific type of neuron, it cannot be ruled out that MDMA ma

be causing non-serotonergic neural degeneration.

Additionally, although SERT-binding as well as SERT-, TPH-, and 5-HT-
immunoreactive fiber density is indeed reduced by MDMA, it is important to uratersc
that such analyses depend on the binding of radioligands and antibodies, respectively, to
proteins that are liable to regulation. For instance, as discussed, MDMA ciypdetion
of both TPH and 5-HT, perhaps reducing levels of these antigens in IHC studies to below
thresholds for detection, thus only giving the appearance of missing fibers. ldndghe
term, some evidence suggests that SERT gene expression may be negatiaorégul
MDMA (Kirilly et al., 2007), which could lead to reductions in SERT-binding and
immunoreactive fiber density in the absence of physical damage. Additisiatie
binding assays typically make use of plasma-membrane preparations, iildéepibsd
MDMA-induced enhancement of SERT trafficking by endocytosis (Carneiro and
Blakely, 2006; Ramamoorthy and Blakely, 1999) may lead to decreases in plasnadl
SERT-binding irrespective of altered terminal integrity, although this phenomhas
never directly been shown to be regulated by MDMA. Given these considerations,
although many researchers argue that the depleting effects ofAvibMerotonergic
markers reflect neurodegeneration, it is important to appreciate the ptystiail most
of these drug-induced serotonergic deficits can also be explained by othes fentt

necessarily dependent on axonal damage.

Recently, Wang et al. (2004, 2005) have suggested that MDMA, as well as other
presumed 5-HT neurotoxins such as fenfluraminepana-chloroamphetamine, might

not cause neurodegeneration since SERT protein expression in drug-tregi@d,ani
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when measured by means of immunoblotting, did not change from levels expressed in
control animals. After this initial 2004 finding, it was hypothesized that SERding
assays show decreases in SERT due to internalization (increased trgffafdhe

protein rather than as an effect of terminal pruning, a process that nugbé rthe

binding of radioligands to membrane-bound SERT proteins. In their 2005 follow-up, the
group used differential centrifugation to further analyze SERT content froousa
subcellular compartments, including SERT embedded in plasma membranesass well
SERT compartamentalized in endosomes. Surprisingly, they found no differences in
transporter protein expression (again, using immunoblotting analysis) betweah neur
membranes or endosomes, suggesting that an increase in SERT trafficknwmtpll
MDMA exposure probably does not occur and is therefore not a likely explanation for
why binding assays show reductions in SERT. They concluded that perhaps MDMA
causes SERT inactivation in some other way, possibly through interferdnez=be

SERT and lipid rafts within the plasma membrane bilayer, structuresthesuggested

as being vital to SERT functionality (Magnani et al., 2004).

It is important to note that although the above Wang et al. studies are intriguing,
upon closer scrutiny of their methods, one begins to question whether the group made
careful use of appropriate controls necessary to correctly quantify S&Rifified
initially as a 70 kDa (2004) and later a 50 kDa (2005) band. The importance behind this
arises from the fact that SERT may exist in several different forpendéng on
glycosylation and oligomerization patterns, and since, as recent findings sitggest
undergoes proteolytic cleavagevivo (Yamamoto et al., 1998; Dmitriev et al., 2005).

Thus, it may appear as several protein bands of different molecular weightirigl
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immunoblotting, many (or all) of which may or may not correspond to intact, nageor
bound SERT. The appearance of non-specific bands near the hypothesized molecular
weight of glycosylated, plasmalemmal SERT (~76 kDa; Qian et al., 1995pis al

problem which may occur with the currently available anti-SERT antibodies.
Consequently, it is possible that the null effect of MDMA on SERT levels obtained in
these two studies may have resulted from the inadvertent quantification of & RIn-S

band. Given this, when immunoblotting for this protein, it has become crucial tyinitia
use a set of specific controls in order to safeguard quantification of thetdmarel, or

bands corresponding to membrane-bound SERT. Once this determination is made, only
then can one apply an experimental manipulation and make confident claims gggardin

effects on the expression of this serotonergic marker.

In this vein, Xie et al. (2006) used immunoblotting in conjunction with several
validation measures to identify a genuine SERT band prior to determinintjeitis ef
MDMA on expression of this protein. In their preliminary validation analytbesgroup
measured SERT content from several brain tissue sources known to contaemtiffe
amounts of the protein, including tissue from SERT-knockout mice (no SERT), tissue
from rats treated with the 5-HT neurotoxin 5,7-DHT (low SERT), and tissues from
various brain regions heterogeneous in SERT expression (for example, thé paniexa
contains high levels of SERT, while the cerebellum contains low levels of §&BTet
al., 2005)). The purpose of this analysis was to distinguish protein bands which changed
densitometrically in predicted directions from static non-specific bamddanction of
tissue source, the former presumably SERT in origin. Following identiicafia

genuine SERT “band”, major decrements were found in levels of this protein following
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MDMA exposure, further corroborated by dramatic decreases in both SERTP&Ad T
immunoreactive fiber densities. Although these findings have essentiallgadioted

those of Wang et al., several problems have limited the conclusiveness and;plossibl
validity of this study. First of all, whereas most SERT-blotting procedigedess than
60ug of protein per well (Wang et al., 2004, 2005), up to 200ug of protein was loaded in
this study, creating a significant amount of background staining. Strikihgh\GERT
“band” was defined as a “smear” spanning 5 kDa (63-68 kDa), much fainter than the
surrounding, crisp protein bands, and which was inexplicably still somewhat present in
the SERT-knockout tissue. Furthermore, the molecular weight range of this sthear di
not include the 76 kDa protein presumed to correspond to membrane-bound SERT.
Lastly, the study suffered from inaccuracies in data presentation, thouglatamewras

offered in 2008 (Xie et al., 2008).

These findings, in conjunction with previously mentioned evidence, have made
the question of whether or not MDMA is neurotoxic difficult to reconcile. Can BHT/
HIAA depletions following MDMA exposure be considered definitive evidence for
neurotoxicity, or should neurodegeneration be included? If neurodegeneration is
requisite to the definition of neurotoxicity, can MDMA be considered neurotoxic in the
absence of astrogliosis? Does SERT protein expression change folld@¥Még when
measured by immunoblotting? If MDMA is indeed benign, how can it cause long-term

hyperinnervation of certain brain regions?

12



Overall Rationale for the Current Investigations

Given the number of studies demonstrating the capacity of MDMA to reduce
various markers of 5-HT axons and terminals, the aim of this proposal wastteetest
hypothesis that these depletions occur as a consequence of MDMA-induced neurotoxic
damage (i.e., axon and terminal loss) rather than as an effect of the compound on the
expression of these markers in the absence of axotomy (i.e., biochemical down

regulation). To this end, we focused more specifically on the following fos: a

Specific Aim I The goal of the first experiment was to resolve the current dispute over

the capacity of MDMA to alter protein expression of the SERT. Initiallywvay of
immunoblotting, we aimed to characterize a genuine SERT protein band(s) usira sever
positive controls, allowing distinction of SERT from non-specific bands. These regasur
included analyzing SERT content in brain tissues processed from SERT-knotkeut

(and wild-types), from rats treated with the selective 5-HT neurotoxin 5,7{0OH

saline), and from various brain regions known to exhibit differential SERT expression.
Following the establishment of an authentic SERT band(s), we aimed to measure the
levels of SERT protein two weeks following an MDMA regimen known to signifigant
decrease SERT-binding in our laboratory. Since we hypothesize that the long-ter
effects of MDMA on 5-HT neurons are neurodegenerative in nature, it was ekfeste
SERT levels would be reduced to a similar extent when measured by immunoblatting. |
separate analyses, the convergence of these two methods in their abiliastoerievels

of this protein was also explored.
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Specific Aim 2 The aim of the second experiment was to further establish the potential

for MDMA to damage 5-HT terminals. Using immunoblot analysis of pinched-off
terminals (synaptosomes), MDMA-induced changes in SERT levels wepaoeaito
levels of the vesicular monoamine transporter 2 (VMAT-2), a vesicular membrane
protein expressed by serotonergic, dopaminergic, and noradrenergic neurons.
Importantly, VMAT-2 is an established marker of terminal loss in such moneami
specific lesioning diseases as Parkinson’s disease, and thus compagewngstsd that of
SERT helped distinguish whether or not MDMA may be causing distal axotamy. T
develop a preparation in which VMAT-2 expression was limited mainly to serotonergi
sources, we focused on the hippocampus because (1) this structure is only sparsely
innervated by dopaminergic afferents, and (2) noradrenergic fibers and teroankl be
selectively lesioned with the compound N-(2-chloroethyl)-N-ethyl-2-lofmenzylamine
(DSP-4). One week following DSP-4 treatment, animals were given theNdBié
binge as in the previous study, and sacrificed two weeks later for analysis.
Immunoblotting for SERT and VMAT-2 in the hippocampus was expected to reveal
significant decrements in levels of both proteins, further suggesting thistAvibDay

damage 5-HT fibers.

Specific Aim 3 The aim of the third experiment was to address the major limitation of

the previous experiment outlined in Specific Aim 2. Since uncertainty existslirggar

the potential of MDMA to cause 5-HT terminal pruning, it is also possible that
ascertained changes in post-MDMA levels of SERT or VMAT-2 may have ifeant

due to drug-induced alterations in the genetic expression of either protein. Thdgyrin or

to gain a more unequivocal understanding of the effects of this compound on 5-HT
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terminals, it was necessary to investigate changes in not only protesmbevealso the
genetic expression of these serotonergic markers following MDMA. Olely atudies
exist demonstrating the capacity for MDMA to alter SERT gene expression, and none
have ever been performed to examine the compound’s effects on VMAT-2. This study
thus employed the use of quantitative, real-time PCR (qRT-PCR) techniqueasiorene
SERT and VMAT-2 transcript levels two weeks following the same regim&tDaflA

as in the previous two experiments. To ensure anatomical specificity atryestioning
using specific landmarks allowed the identification of both the dorsal and meplren ra
nuclei, both of which contribute 5-HT fibers to the hippocampus. A tissue punch
encompassing only these nuclei was then collected and processed for SERFA/MA

gRT-PCR.

Specific Aim 4 In the first part of the fourth experiment, we aimed to determine whether

other serotonergic markers known to be depleted following MDMA exposure were
subject to similar neuroregulatory changes as were documented for SERT &1d2/M
in our studies. To this end, we determined the effects of MDMA on the protein and
genetic expression of the marker tryptophan hydroxylase. Importantlytetandestudy
has ever used immunoblotting or gRT-PCR to measure changes in TPH protein and
transcript levels after exposure to this compound. Thus, we analyzed the effects of
MDMA on TPH protein expression by immunoblotting synaptosomal tissue (Bati&a
Sal/lMDMA groups) from experiment Il, while MDMA-induced alteratiagosrPH
transcript levels were assessed by qRT-PCR analysis of dorsa@fmmaghe punches
from experiment Ill. Given the potential for MDMA to reduce TPH activitgt aPH-

immunoreactive fiber density, levels of this marker as assessed by immtingbiare
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expected to be similarly reduced, further supporting the notion that this compound may

cause loss of serotonergic terminals.

Additionally, since very little direct evidence exists supporting the contetiiat
MDMA causes physical damage to 5-HT axons and terminals, a final sagly w
performed to examine the direct effects of this compound on quantity of serotonergic
terminals. To this end, we made novel use of flow cytometry, a technique which is
typically used to decipher and count cells based on a number of parameters, sugh as siz
granularity, and the coincident detection of various fluorescent markers. Intporiais
technique can discriminate cells as small as fractions of a micron, thughglkbe
analysis of synaptosomes. Two weeks following the same binge-regimddMAMS
before, crude synaptosomal preparations were double-labeled with antilgzdrest a
SNAP-25 and TPH, and relative, drug-induced changes in the number of presynaptic
serotonergic terminals (SNAP-25/TPH positive) were examined. Agaen ¢he
potential for MDMA to damage 5-HT projections, it was expected that binge
administration of the compound would reduce the number of 5-HT-specific

synaptosomes in drug-treated animals compared to controls.
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CHAPTER 2

EXPERIMENT I: EFFECTS OF MDMA ON AXONAL/TERMINAL SERT PBTEIN

EXPRESSION

SERT-Immunoblotting Validation Measures: Identification of Genuine SERTeR

Band(s)

Rationale

Since it is well established that MDMA causes long-term decreasegiamal
SERT-binding, this first study targeted the validity of using immunoblottiradyais to
guantify SERT as an index of MDMA-induced neurotoxicity. To this end, three
validation measures were performed in order to determine the correct ban@ERT
guantification following SERT-immunoblotting. Since commercially avad&&ERT
antibodies seem to yield different band patterns and various extents of norespecif
binding, each of these studies utilized a panel of different antibodies (see Appeimdix B
order to determine which distributor or epitope variant yields the cleanest ttotsw

identifiable protein band(s) corresponding to SERT.

SERT-Knockout Analysis

Background and Rationale

The first validation measure used B6.J mice with a targeted mutation innthe ge
encoding the SERT protein. These SERT-knockout (SERT-KO) mice are devoid of
SERT in brain regions which normally express the protein, and thus were instruimental

determining which protein band(s) following SERT-immunoblotting were SERT in
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origin. More specifically, SERT blots from the hippocampus and parietal cufrtexd

type B6.J mice were compared to SERT blots from the same brain regions oKSERT
mice, and the same molecular weight bands which appeared absent in the SERTsSKO bl
were considered corresponding to SERT. Thus, this preliminary analgsisdl
determination of which band(s) of particular molecular weight should be regarded as
SERT, and therefore which should be quantified as a measure of SERT protein levels

following experimentation with MDMA.

Experimental Design

Briefly, BJ.6 wild type (n=5) and BJ.6 SERT-KO mice (n=5) were saedfand
brain tissue dissected as discussed in Appendix B. The parietal cortex ancimppsc

were collected and analyzed for levels of SERT by immunoblotting.

Results

Following immunoblot analysis of SERT content in the parietal cortex (Figure 2
and hippocampus (Figure 3), a broad band of predicted molecular weight (~76 kDa)
present in lanes containing tissue from wild type animals was absentsnidherotein
from animals lacking the transporter. It is noteworthy that this bandionelig
resolved into a doublet. Since the SERT-KO'’s are presumably devoid of their SERT

protein, we inferred the missing band as SERT in origin.
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Figure 2. Representative SERT blot comparing protein band patterns in thal pariet
cortex between wild-type (“WT”) and SERT-KO (*KO”) mice.

WT KO WT KO WT KO  WT

~76 kDa

PC PC PC PC PC PC PC

Figure 3. Representative SERT blot comparing protein band patterns in the hippocampus
between wild-type (“WT”) and SERT-KO (“KO”) mice.

WT KO WT KO WT KO

~76 kDa
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5,7-DHT Treatment Analysis

Background and Rationale

Although the first validation measure was crucial in distinguishing SERT bands
from non-specific antibody binding, it utilized mice rather than rats fompesison,
bringing into question whether SERT and its resulting protein bands are in gny wa
inherently different between these species. Because no strain of sionilarercially
available genetic knockouts for SERT exists in rat, the second validatasureaused
the compound 5,7-DHT, an established serotonergic neurotoxin, to substantially reduce
SERT expression in rats relative to saline-treated controls, so as toreangayerhaps
corroborate the SERT-immunoblotting results from the previous study.s lbfva
particular interest to administer this compound to neonatal rats and quantéguhieng
changes in SERT expression several weeks following exposure. This is important
in contrast to administration in adults, 5,7-DHT administration to neonates causes
permanent reductions in all previously mentioned markers of serotonergictintegri
(including perikarya) with little potential for long-term compensatory megaional
sprouting (Lytle et al., 1973; Breese et al., 1975, 1978; Towle et al., 1984; Prantzatelli e
al., 1989, 1992). This compound also has some neurotoxic effects on the NE system
which can be prevented by pretreatment with the norepinephrine transporigr (NE
inhibitor desipramine prior to 5,7-DHT administration, thus allowing selectivenies)
of only the 5-HT system (Breese et al., 1978). Four weeks following thipuiation,
we predicted SERT-immunoblotting to reveal decreased density of a §idRific
protein band in lanes containing tissue from 5,7-DHT-treated animalvediattontrols.

Importantly, we expected this band to be at a similar molecular weight aartge band
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deemed SERT-specific in the mouse study, since the amino acid sequence is 97%

homologous between both species (Chang et al., 1996).

Experimental Design

To circumvent intracereberoventricular (i.c.v.) infusion of the compound to
adults, we administered the compound to neonatal rats since they lack an efficient blood
brain-barrier allowing peripheral administration (Towle et al., 1984; Pralfizt al.,
1989). Though most of the previously discussed studies on 5,7-DHT have utilized the
intracisternal (i.c.) or i.c.v. route of administration, evidence suggestddlinering the
drug intraperitoneally (i.p.) leads to similar serotonergic neurotgxigarticularly in the
hippocampus (Pranzatelli et al., 1989, 1992). Importantly, i.p. administration seems t
avoid convulsive effects in animals seen following i.c. or i.c.v. infusions of the compound
(Pranzatelli et al., 1989). We thus administered 5,7-DHT to pups via this route.

Briefly, on day of parturition (postnatal day 0; PDO0), litters were culled to § pups
and individual litters were randomly assigned into treatment or control gnoapditter
per group). On PD2, pups in the treatment group were administered 20mg/kg
desipramine (i.p.) 60 min. prior to a 100mg/kg i.p. administration of 5,7-DHT. This
treatment was repeated on PD5. Pups in control groups were given i.p. injections of
saline vehicle on both days. All pups were housed with respective mothers until
weaning, and then pair-housed until PD 35, at which point they were sacrificed as
described in Appendix B. The hippocampus was dissected out from each animal, and the
tissue from one side of the brain underwent immunoblotting for SERT, whereas the othe
hippocampal sample was processed for SERT-binding analysis to confiratgfbic

5,7-DHT lesions.
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Statistical Analysis

The density of protein bands (% control) corresponding to SERT were compared
between control and 5,7-DHT treated rats by means of Student’s t-tests. b8t
results were analyzed in the same way. A p<0.05 was used to determirieatatist

significance.

Results

Four weeks following 5,7-DHT treatment in neonates, we found significant SER
reductions in the hippocampus as measured by SERT binding (t (13) = 6.463, p<0.0001)
(Figure 4). Following immunoblot analysis of SERT in this region, we identifved t
protein bands in lanes containing tissue from 5,7-DHT-treated animals whieh we
significantly reduced in density compared to bands from saline-treatedlsdh{8) =
5.2204, p=0.001) (Figure 5). Importantly, these two bands resolved at the same
molecular weight range (~76 kDa) as the SERT-positive band identified ineieys

measure, and thus were presumed SERT in origin.
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Figure 4. SERT binding in hippocampus four weeks following 5,7-DHT (or saline)
treatment.

SERT-Binding in the Hippocampus
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Figure 5. Representative SERT blot (a) and corresponding graphical camghjis
comparing protein band patterns in the hippocampus between 5,7-DHT (“DHT”) or

saline (“S”) treated rats.
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Regional SERT Distribution Analysis

Background and Rationale

The final control study exploited the fact that serotonergic fiberbiexbgional
differences in distribution, allowing analysis of which protein band()viatig SERT-
immunoblotting change in optical density as a function of brain region and thus
correspond to SERT. For example, serotonergic afferents are much more abuttgant i
parietal cortex than they are in the cerebellum, and thus we expectdeRMeo&nd from
the cortex to have a much higher optical density than the band corresponding to SERT in
the cerebellum (Kish et al., 2005). Other brain areas such as the striatum, hippocampus
and occipital cortex were similarly compared. Additionally, we contpergional
expression of SERT by immunoblotting to regional differences in SERT asiredaby
radioligand binding assays. This allowed us to determine the convergencesdivthes

methods in quantifying SERT.

Experimental Design

Briefly, adult rats (n=4) were sacrificed and brain tissue waa&et as
discussed in Appendix B. Unilateral parietal cortex, hippocampus, striatuipitaicci
cortex, and cerebellum were then collected and analyzed for levels fISER

immunoblotting as well as SERT-binding analysis.
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Statistical Analysis

Regional SERT expression as measured by SERT-immunoblotting and SERT-
binding was analyzed for degree of methodological convergence by wayrsbiPsa
product-moment correlation analysis. A p<0.05 was used to determine statistica

significance.

Results

In this final validation measure, we found predicted changes in the density of a
broad protein band following immunoblotting analysis of regional SERT content in adult
animals (Figure 6), though a doublet was occasionally observed. This band differed in
density (relative to other, non-specific bands) across regions and viaghefaint in
the cerebellum, a region known to contain sparse 5-HT innervation. Importarstly, thi
band was of the same molecular weight (~76 kDa) as those identified in vieprsvo
validation measures, and taken together, presumably corresponded to genuine SERT.
Additionally, we found a high, significant correlatiof2@®) = 0.79, p<0.0001) in regional

SERT expression as assessed by SERT-binding and immunoblotting anatyses7)-
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Figure 6. Regional SERT expression as measured by SERT-immunoblotting. ST =
striatum; PC = parietal cortex; HIP = hippocampus; OC = occipital caCiex;
cerebellum
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Figure 7. Comparison of regional SERT expression as assessed by SERT dmalding
immunoblotting.
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Overall Discussion

As described in Xie et al. (2006), it is crucial when using immunoblotting to
validate the choice of band(s) selected for measurement to ensure that jfaratse®
the authentic protein of interest. Based on comparison of protein band patterns from
whole-tissue lysates derived from SERT-KO mice (vs. wild type), 5,7-DHiledeats
(vs. saline), and brain regions known to differentially express SERT in nhormatbeats
confirmed the identity of an authentic, broad SERT band near the predicted molecular
weight of the protein (~76 kDa; Qian et al., 1995), though this band occasionally resolved
into a doublet in our blots. The distinction between the two bands in the doublet is
unknown but may be related to different phosphorylation states of the protein (Jalyanthi e
al., 2005). The ~76 kDa SERT band(s) was thus used to measure levels of the transporter
in all subsequent experiments. Strikingly, only one antibody variant allowed
establishment of a genuine SERT protein band (Table 1) in our study, indicating tha
some commercially available antibodies are seemingly not SERT-spawifishould not

be used when performing immunoblots for this protein. Given this, caution should be
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taken in interpreting the significance of SERT changes in publicationsngiliz

antibodies that have failed to detect genuine SERT in our studies.

Additionally, we demonstrated a high correlation between regional SERS leve
as measured by SERT-immunoblotting and SERT binding, indicating that both methods
similarly measure levels of this serotonergic marker. This findingp®itant as it
further reinforces the notion that either method can be used to accurately meassre |

of genuine SERT.

Table 1. Comparison of SERT antibody distributors and epitope variants in theitycapac
to yield authentic SERT bands.

Company/Product Name Epitope Yielded Authentic SERT bands?
Calbiochem 579-599 (r) Yes
Santa-Cruz 516-630 (h) No
(H-115)
Santa-Cruz C-terminus (h) No
(C-20)
Santa-Cruz N-terminus (h) No
(N-14)
Santa-Cruz C-terminus (r) No
(24A5; mono)

Effects of MDMA on Axonal/Terminal SERT Protein Expression

Background and Rationale

By measuring the ~76 kDa band(s) previously identified as SERT, llig st
established whether levels of this serotonergic axon/terminal marldateamined by
immunoblotting, are indeed altered following doses of binge-MDMA known to

significantly reduce SERT-binding. Two weeks following a treatment regim
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frequently used in literature to analyze different parameters of MDiMi&ded toxicity,
levels of SERT were quantified from various brain regions including the partetak,
striatum, hippocampus, and occipital cortex, and were compared to levels edpness

control animals.

Experimental Design

Briefly, adult rats (n=8) were treated with four subcutaneous (sjections of
10mg/kg tMDMA (interdose interval of 1h), while control rats (n=8) reatihe saline
vehicle only. MDMA dosing and rationale are further discussed in Appendix A.
Temperature measurements were taken as described in Appendix B. Two weeks
following drug administration, all animals were sacrificed, and theatsin, parietal
cortex, hippocampus, and occipital cortex dissected free-hand for SERT-immtingblot
as well as binding analyses. These regions are commonly investigatedes studi
MDMA neurotoxicity as they bear substantial serotonergic input and are highly

susceptible to MDMA-induced serotonergic deficits (Green et al., 2003).

Statistical Analysis

For every brain region, density of SERT bands (% control) as well as levels of
SERT-binding between groups were analyzed by means of Student’s t-tests. A p<0.05

was used to determine statistical significance.

Results

Following repeated high-dose MDMA administration, the expected tngremic

effect of MDMA was observed (for time 30, t (14) = -2.395, p=0.031; for time 240
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(exemplary), t (14) = 7.343, p<0.0001) (Figure 8). MDMA treatment caused sagific
decreases in SERT binding in the striatum (t (12) = -3.214, p=0.007), hippocampus (t
(12) =-6.093, p<0.0001), and the occipital cortex (t (12) =-11.232, p<0.0001) (Figure 9),
as well as reduced SERT protein expression in these regions when measured by
immunoblotting (see Figure 10 for striatum (t (12) = -3.322, p=0.0061) and hippocampus
(t(12) =-4.117, p=0.0014); see Figure 11 for occipital cortex (t (12) = -5.645, p=0.0001);

all results are graphically represented in Figure 12).

Figure 8. Body temperature during, and following MDMA (or saline) admatistr in
experiment I(b).
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Figure 9. Regional SERT binding two weeks following MDMA (or saline) treatm

Experiment |I: Regional SERT Binding Two
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Figure 10. Representative SERT immunoblots from striatum and hippocampus of
MDMA (or saline) treated animals.
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Figure 11. Representative SERT immunoblots from occipital cortex of MQAA
saline) treated animals.
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Figure 12. Graphical comparison of regional SERT levels in MDMA (or sdlieafed
animals as measured by SERT-immunoblotting.

Experiment I: Regional SERT Levels by Immunobloting
Two Weeks Following MDMA or Saline Treatment
(*p<0.01 vs. Saline)

125 Striatum Occipital Cortex Hippocampus

1004

75 *

% Control

50+

25+

Saline MDMA Saline Saline

Discussion

In contrast to the findings of Wang et al. (2004, 2005), MDMA administration to
rats in our study lead to severe decrements in regional SERT levels whemetddgs
either radioligand binding or previously validated immunoblotting methods. Itis
noteworthy that the effect of MDMA on SERT protein expression was smaller whe
measured by immunoblotting, perhaps indicating a lower sensitivity of thisotheo
detect such changes. Notwithstanding, these results confirm that MDMAaziucer
deficits in this marker of serotonergic axons and terminals, though the question of

whether these reductions occur in the presence of axotomy was further explored in

experiments I, lll, and IV.
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Although serotonergic deficits following MDMA are well established imyna
brain areas (Green et al., 2003), only a few laboratories have investigatéddtseod
this compound on 5-HT neurons within the occipital cortex. Interestingly, it leais be
shown that MDMA can dramatically activate this brain region, perhaps undgthen
enhancements in visual perception experienced by human users of the compound
(Brevard et al., 2006; Meyer et al., 2006). Additionally, at least one group has
demonstrated that this area can be particularly vulnerable to 5-HT neurotoicity a
evidenced by reduced SERT levels in humans when measured by positron emission
tomography (PET) (Buchert et al., 2004). In support of the rat as a propitious
translational model for the human effects of MDMA, we corroborated the tapéthis
compound to reduce SERT levels in the occipital cortex of drug-treated aninnadsr G
the paucity of research concerning 5-HT modulation of the visual system, iigslti
surmise the consequences of SERT depletion in this region, underscoring thea need fo

further studies to investigate the effects of this compound on visual processing.
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CHAPTER 3

EXPERIMENT II: EFFECTS OF MDMA ON TERMINAL-SPECIFIC SHRAND

VMAT-2 PROTEIN EXPRESSION

Background and Rationale

The view that MDMA causes a distal axotomy of serotonergic neuronseid bas
not only drug-induced reductions in biochemically-assessed serotonergic nfeekess
HT and SERT) but also on an apparent loss of serotonergic fibers visualized byomeans
5-HT or SERT immunohistochemistry. Nevertheless, critics of this “neurodegiens
interpretation argue that MDMA-related decreases in 5-HT or SERTt{fethassessed
biochemically or histochemically) could be due to a persistent down-regulatibese
markers rather than a loss of serotonergic fibers. This argument is tifficolunter
using only markers that are selective to serotonergic neurons. Consequently, in this
experiment, we used a novel approach in which we investigated the effects ddepeat
MDMA treatment not only on SERT protein expression, but also on regional VMAT-2
expression as determined by immunoblotting. VMAT-2 is a vesicular transfoortet
in all monoamine neurons, notably those using 5-HT, NE, and DA. In these neurons, the
protein is responsible for loading synaptic vesicles with the neurotranssyitithiesized
by each cell type. As a vesicle-specific protein, VMAT2 is highly conatadrin nerve
terminals and is known to be severely diminished by various monoamine neurotoxins and
in neurological diseases (e.g., Parkinson’s disease) that are assodiat@doas of

specific monoamine (in this case, DA) neurons (Miller et al., 1999). Thus, quardificati
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of VMAT-2 allowed us to determine whether MDMA-induced changes in SERTslevel

were accompanied by changes in an established marker of terminalyntegrit

It was of particular importance to measure levels of these proteins in the
hippocampus, since it is known that this particular brain region is significarelted
by MDMA treatment (Battaglia et al., 1987), and more importantly, that islzea
specific distribution of monoaminergic afferents allowing the expressiot# ™2 to
be limited mainly to serotonergic sources. More specifically, it has beernd@ated
that the hippocampus bears a high number of 5-HT and NE terminals, with a much lower
abundance of DA terminals (~20-fold lower) (Hortnagl et al., 1991; Ciliak,et995;
Freed et al., 1995; Delis et al., 2004; Kitahama et al., 2007). Thus, introducing a
selective lesion to NE neurons prior to administering binge-MDMA enabled
determination of how this compound may affect the integrity of 5-HT termusahg an

alternative marker to SERT.

The best studied method for achieving a selective NE lesion is with the compound
N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4). Importaridli$P-4 can be
administered peripherally to lesion NE terminals in the CNS without eiftebiE
neurons in the peripheral nervous system . Upon crossing the blood-brain-barrier, this
substance acts as a strong alkylating agent which targets the norephinephsiperter
as well as structures within NE terminals, causing pruning of locus coeaifertents
throughout the brain, an effect which peaks at 2-4 weeks following administration (Ja
Etcheverry and Zieher, 1980; Fritschy and Grzanna, 1990, 1992; Schuerger doaohBala
1995; Zhang et al., 1996). The inference that DSP-4 is indeed neurotoxic is based on

consistent findings that it causes severe depletions inrNyo inhibition of [*H]-NE
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uptake, and most importantly, lasting reductions in dopafhgdroxylase ([BH;
enzyme which synthesizes NE from DA) immunoreactive fiber density. UWéiyahe
introduction of a selective NE-lesion using this compound in turn allowed quamntificat
of VMAT-2 (and SERT) following MDMA administration, and attribution of chasge

levels of this protein in the hippocampus as being mainly serotonergic in origin.

As part of this experiment, we initially aimed to validate immunoblotting for
VMAT-2 since preliminary analyses in our laboratory yielded seveaéir bands that
may or may not have corresponded to the actual VMAT-2 protein. Furthermore, svherea
the manufacturer of the typically used anti-VMAT-2 antibody (Chemicéy), C
recommends quantification of a ~88 kDa band, all published studies to date have
guantified a ~70 kDa band (Sandoval et al., 2002; Eyerman and Yamamoto, 2005),
reported as the only protein band to change in parallel with VMAT-2 binding following
exposure to substances known to reduce the levels of this protein, such as
methamphetamine. Because of these ambiguities, as in the previous experiment, we
performed a control study to determine which band(s) following VMAT-2
immunoblotting corresponds to genuine VMAT-2 protein so as to prevent erroneous
guantification of a non-specific band. We reasoned that this could be achieved by
comparing protein band patterns from animals lacking or having reduceddétieds
transporter to normal animals, and identifying protein bands that change iry densit
accordingly. However, since neither genetic knockouts (in rat) nor specific mansot
for VMAT-2 exist, an alternative approach was used. It is well known thatrthis
bears dense DA innervation, and that afferents containing 5-HT or NE are coveparat

sparse. Consequently, the majority of VMAT-2 in the striatum is harbored in DA
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terminals, which can be selectively lesioned by treatment with methampheta drug
known to destroy DA terminals in this brain region (Kita et al., 2003). It was thus
expected that administration of this compound would dramatically reduce dévels
striatal VMAT-2 protein, allowing the identification of a genuine VMAT-210dy

immunoblotting as discussed above.

Experimental Design

For VMAT-2 immunoblot validation, adult rats (n=5 per group) were
administered s.c. injections of either tmethamphetamine HCI (Sigma Cdl€da., St.
Louis MO) (4 x 10mg/kg, 2h interdose interval) or 0.9% saline vehicle. One week afte
the treatment all animals were sacrificed and striatal samplesob&ined for analysis

of VMAT-2 by immunoblotting.

In the general experiment, adult rats were administered either 100 DigFd
(i.p.) or saline 1 week prior to either a binge dose of MDMA or saline, thus forming four
groups: Saline/Saline (n=8), DSP-4/Saline (n=6), Saline/MDMA (n=8), aid DS
4/MDMA group (n=6). During MDMA administration, temperature measuremeete
taken as described in Appendix B. All animals were sacrificed 2 weeks folltheng
MDMA or saline binge, and the hippocampus (unilateral), striatum, and parietat cor
were dissected and processed for synaptosomal VMAT-2 and SERT immunobloting (se
Appendix B). The remaining hippocampal tissue underwent NET binding to confirm

DSP-4 lesions.
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Statistical Analysis

Temperature measurements during MDMA administration were quantified by
determining the area under the curve (AUC) of each temperature reaamgdmin
before and up to 3h following dosing. AUC measurements were then used to compare
body temperature changes between treatment groups using Student’s tedebtsinP
region, the density of protein bands (% control) corresponding to SERT and VMAT-2
was also compared between groups by way of Student’s t-tests. NET-binding was

analyzed the same way. A p<0.05 was used to determine statistical aigreafic

Results

Analysis of synaptosomal VMAT-2 levels in the striatum 1 week following the
METH binge confirmed the identity of a single, ~70 kDa protein band corresponding to
the transporter (Figure 13). This band was at the same molecular vegigatas
reported in other studies (Sandoval et al., 2002; Eyerman and Yamamoto, 2005) and was

used to quantify VMAT-2 protein levels in this experiment.

During the MDMA binge, all MDMA-treated animals experienced hypertfeerm
compared to the saline-treated controls (Sal/MDMA group: t (14) = 8.138, p<0.0001,
DSP-4/MDMA group: t (13) = 2.671, p=0.0192) (Figure 14, Figure 15), with a trend
towards reduction in the extent of MDMA-induced hyperthermia seen in DSP-4
pretreated animals (t (13) = 1.989, p=0.0682) (Figure 14, Figure 15). The efficacy of
DSP-4 in lesioning the noradrenergic innervation of the hippocampus was confirmed by a
significant reduction in NET binding (~68%) in the DSP-4/MDMA group compared to

saline controls (t (12) = 12.99, p<0.0001; for DSP-4/Sal vs. Sal/Sal, t (11) = 11.02,
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p<0.0001) (Figure 16). Immunoblotting revealed that hippocampal levels of
synaptosomal VMAT-2 remained relatively unchanged in the DSP-4/MDMA group
compared to DSP-4/Saline controls (see Figure 17(a) for representativé-igote
17(b) for graphical comparisons), despite a large reduction in regional SERS iteaé|
groups given MDMA (see Figure 18(a) for representative blots, Figure 18(b) for

graphical comparisons; for statistical outcomes see Table 2).

Figure 13. Immunoblot comparing VMAT-2 levels in the striatum between MERH-
saline- treated animals.
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Figure 14. Body temperature during, and following MDMA (or saline) adinatign in
experiment Il.
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Figure 15. Area under the curve analysis of body temperature during MDMAli(o#)s
administration in experiment II.
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Figure 16. Norepinephrine transporter binding three weeks following DSP-4i(@) sal
pretreatment.
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Figure 17. Representative blots (a) and corresponding graphical comphl)isbn (
VMAT-2 levels in striatum, parietal cortex, and hippocampus two weeks followling a
drug treatments.
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Figure 18. Representative blots (a) and corresponding graphical comph)isdbSERT

levels in striatum, parietal cortex, and hippocampus two weeks following all drug
treatments.
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Table 2. Statistical comparison of regional SERT levels between datgetrgroups and
saline-only controls.

Brain Region | Group vs. Sal/Sal df t-value p-value
Striatum Sal/MDMA 14 3.180 0.0067
Striatum DSP-4/MDMA 12 2.910 0.0131

Parietal Ctx Sal/MDMA 13 5.743 <0.0001

Parietal Ctx DSP-4/MDMA 11 4.126 0.0017

Hippocampus Sal/lMDMA 14 3.817 0.0019

Hippocampus | DSP-4/MDMA 12 3.001 0.0110
Discussion

As was previously documented in experiment I(b), MDMA treatment caused a
significant rise in body temperature when compared to saline controls. amibgrt
DSP-4 pretreatment only modestly reduced the extent of MDMA-induced hypeidhe
an important variable to consider given that this effect can undermine the neurotox
potential of MDMA (Green et al., 2003). Nevertheless, it should be noted that the
magnitude of reduction in SERT levels resulting from MDMA exposure wasasimil
among all MDMA-treated groups irrespective of pretreatment conditionsatimjchat

the DSP-4-induced reduction in MDMA hyperthermia did not modify the degree of

MDMA-induced neurotoxicity.

Three weeks following DSP-4 pretreatment, NET binding in the hippocampus of
drug-treated animals was reduced substantially (~65-68%) compared tarezted-

controls. Assuming this decrease was reflective of DSP-4-induced distairgxot NE
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terminals, this analysis confirmed that the majority of VMAT-2 conterften t
hippocampus could be attributable to mainly serotonergic sources in our study.
Importantly, however, as is the case with SERT and VMAT-2, NET is also a neural
marker which may be liable to regulation following drug (in this case, DSPpékare.
This may also be true forflBi, which has been used as to stain NE neurons in IHC
studies demonstrating the capacity for DSP-4 to presumably lesion noradrenergic
projections from the locusoeruleus. Taken together, akin to ambiguities in interpreting
the long-term sequelae of MDMA, it is also difficult to delineate whetherftbetg of
DSP-4 are neurodegenerative or neuroregulatory. This is an important cdimsidera
given that we found no change in hippocampal levels of VMAT-2 in our DSP-4/Sal-
treated animals, which would be expected to decrease given the potentially-equal 5
HT:NE contributions of VMAT-2 in this region (Oleskevich et al., 1989; Oleskevich and
Descarries, 1990). This in turn may be either reflective of the inability BFD® lesion
NE fibers, or an upregulation of VMAT-2 protein in spared NE-terminals followi&§-D
4-induced axotomy, a possibility which may have normalized VMAT-2 levels in our
hippocampal blots. The implications of this and other pertinent considerations are

discussed further in Chapter 6.

Irrespective of the success of DSP-4 in lesioning NE input to the hippocampus,
we found striking reductions in regional SERT levels in all MDMA-treatedigs, with
little relative change in the amount of VMAT-2 protein. With respect to ther lat
finding, this was expected to occur in the striatum and perhaps the parietal dogex, g
that the extent of catecholaminergic contributions to VMAT-2 content in theismseg

(Reader et al., 1989; Kabani et al., 1990) may have provided enough background noise to
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preclude discernible reductions occurring in 5-HT neurons. In the hippocampus,
however, all groups given MDMA experienced very little change in VMAT-2 protei
levels, particularly in the DSP-4/MDMA group relative to saline-treatedrols.

Importantly, VMAT-2 levels were almost completely unchanged in the SaMD

group, where modest reductions (~30% assuming equal 5-HT:NE contribution to global
VMAT-2 content) would have been expected if serotonergic terminals were daimage

an order of magnitude relative to the extent of SERT depletions in this region (60%).
This finding is in agreement with Fantegrossi et al. (2004) where VMAT-leve
measured by PET and radioligand binding analysis, were found to be unaltered in midline
structures (thalamic/hypothalamic nuclei) and basal ganglia fel(pMDMA self-
administration in rhesus monkeys, indicating that terminal integrity may lhenaua
following exposure to this compound. However, it should be noted that two other studies
have examined the effects of MDMA on VMAT-2 levels, found to be decreased in the
caudate/putamen and frontal cortex two weeks following repeated admimistbthe
compound to baboons (Ricaurte et al., 2000), and in the striatum 24h following binge
administration of the compound to Sprague-Dawley rats (Hansen et al., 2002). Though
these studies suggest that MDMA may reduce VMAT-2 expression in monoaminergic
neurons, it is important to emphasize that the identity of the affected neurons was
unknown, and given the extensive VMAT-2 depletions in the DA-rich striatum (in both
studies), it is likely that this effect may have occurred in non-serotorterginals (i.e.
dopamine). Taken together, our data suggest that MDMA may cause substantial
alterations in levels of SERT (and other serotonergic markers) but not nggesshe

presence of damage. In order to investigate a potential mechanism for thisipgssil
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further tested the effects of this compound on genetic expression of the SERT in

experiment 111,

As is the case with all serotonergic markers, it is important to note thATvVAM
is yet another protein which may be liable to regulation following MDMA exposure,
bringing into question whether this compound in any way modulated the expression of
this terminal marker in our study. This is an important consideration sinaalseve
possibilities exist to explain why VMAT-2 levels were only marginalkgred in the
hippocampus following DSP-4/MDMA exposure. For instance, it is possible that
MDMA indeed caused terminal pruning, but that upregulation of VMAT-2 in remaining
terminals (to enhance 5-HT sequestration and thus function) could have normalized the
global VMAT-2 signal in our immunoblots. One mechanism by which this could occur
is through either direct or indirect transcriptional upregulation of the VMAT-2,gene
which could in turn increase production of this protein. Conversely, is it just as likely
that MDMA has little influence on VMAT-2 gene expression, suggesting théadkeof
effect of MDMA on VMAT-2 protein levels may indeed be indicative of unaltered
terminal integrity. Given these possibilities, we additionally measuredathectipt
levels of VMAT-2 in experiment Ill to examine whether MDMA exposure madsléhe

genetic expression of this marker.
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CHAPTER 4

EXPERIMENT IIl: EFFECTS OF MDMA ON GENETIC EXPRESSION GHERT

AND VMAT-2

Background and Rationale

Despite much research on the neurochemical effects of MDMA on 5-HT axons
and terminals, very little research exists regarding MDMA-indgeetic changes in
the expression of proteins necessary for the proper functioning of the 5-Hmsyste
There has been only one comprehensive study on MDMA effects on the genetic
expression of various 5-HT receptors (Kindlundh-Hogberg et al., 2006), while only two
efforts have described such changes in the expression of SERT (Kirilly et al.| 2807,
al., 2006) and TPH (Bonkale and Austin, 2008; Garcia-Osta et al., 2004). Interestingly,
whereas SERT gene expression seems to ultimately decline two weelkg €Kal.,
2007) and up to several months following MDMA (Li et al., 2006), TPH gene expression
may be upregulated (Bonkale and Austin, 2008), presumably as a compensatory response
to MDMA-induced perturbations to the 5-HT system (although see Garcia-Gdia et
2004). Given the possibility that similar changes may occur in response to MDMA
treatment in our animals, we investigated whether this compound alterexgeassion
of 5-HT markers utilized in our previous experiments so as to potentiadigate
whether the observed changes in their protein levels following MDMA resutt fr
neurodegeneration or neuroregulation. In particular, we compared charnigesscript
levels of both SERT and VMAT-2 to respective post-MDMA alterations in hippodampa

expression of these proteins as obtained in the previous study. To this end, real-time
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PCR methods were used to quantify levels of SERT and VMAT-2 mRNA in combined
tissue punches containing the dorsal and median raphe nuclei following binge-
administration of the compound, since both regions contain serotonergic perikarlga whic
project extensively to the hippocampus (Pifieyro and Blier, 1999). Importantly, these
nuclei contain very few other monoaminergic neurons with the exception of a small
population of DA-containing cells (Descarries et al., 1986), thus ensuring thaiNaVIA
gene expression in the tissue punches would almost exclusively refledyantthie

serotonergic neurons (Pifieyro and Blier, 1999; Vertesa and Linley, 2007).

Experimental Design

Briefly, adult rats (n=12) were treated with repeated doses of MD#éebore,
while control rats (n=10) received the saline vehicle only. Temperatureiregsnts
were taken as detailed in Appendix B. Two weeks following drug administrallion, a
animals were lightly anesthetized with €&hd decapitated. Brains were quickly

removed, frozen, and processed for real-time PCR as discussed in Appendix B.

Statistical Analysis

Body temperature during MDMA administration was quantified as detailed in
Experiment Il. SERT and VMAT-2 transcript levels (expressed agdiffierence in
gene expression) in pooled dorsal and median raphe were compared aatossntr
groups by means of Student’s t-tests. One outlier in the Saline/SERT grodptected
using the extreme studentized deviation (Grubb’s) method and was removed from all

subsequent analyses. A p<0.05 was used to determine statistical sigaificanc
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Results

During treatment, animals given MDMA experienced significant elenatin
body temperature compared to saline-treated controls (t (18) = 7.181, p<0.000d9gFig
19 and 20). Two weeks following drug administration, animals in the MDMA group
exhibited a striking reduction (~50-fold) in SERT transcript levels (t (185%9,
p=0.0186) with a smaller (~10-fold) but still significant reduction in VMAT-2 mRNA

compared to saline-treated controls (t (17) = 2.944, p=0.0091) (Figure 21).

Figure 19. Body temperature during, and following MDMA (or saline) adtnation in
experiment 111
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Figure 20. Area under the curve analysis of body temperature during MDMaAl{(ioe)
administration in experiment Ill.
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Figure 21. SERT and VMAT-2 transcript levels two weeks following MDMA (tnea
treatment. The plot shows representative amplification curves (n=2 per gwoGBHRT
and VMAT-2 cDNA as a function of treatment, as well as curves for housekeggieg
loading controls (GAPDH) and no template controls (NTC).
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Discussion

Two weeks following repeated administration of MDMA to our animals, levels of
the SERT transcript measured by gRT-PCR were found to be tremendouslgdieplet
corroborating a recent study which found reductions in SERT mRNA by in-situ
hybridization 21 days following a single, high-dose of MDMA in Dark-Agouti rats
(Kirilly et al., 2007). To our knowledge, this is the first study to measure AlRxels
of serotonergic markers by gRT-PCR, a technique far more sensitivenigesha gene
expression than “qualitative” in-situ hybridization. This is reflected irfioding of a
much greater deficit in SERT transcript levels following MDMA (50-fdltgn was
documented in the Kirilly et al. (2007) effort (25% in the median raphe), though it should

be noted that our study employed binge treatment in Sprague-Dawleyhateaw/in the
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latter study Dark-Agouti rats (more sensitive strain) were teatdh only one 15mg/kg
dose of the compound. Given the magnitude of this effect (50-fold reduction), itris clea
that exposure to MDMA can have devastating effects on the genetic regulation of key
proteins necessary for the proper functioning of the serotonergic system. i s

the production of SERT protein is in turn severely compromised, this may tainlgast
account for MDMA-induced depletions of this marker as documented in experiments |

and Il, a scenario which could occur independent of distal axotomy.

It is interesting that the extent of SERT protein reductions (up to 65%) tvwkswee
after drug exposure is disproportionate to the effect of this compound on SERTiggtanscr
levels (50-fold), indicating that a disconnect exists between transcriptaiethdevels
of the transporter at this timepoint. A similar phenomenon has previously been
documented in rats followingara-chlorphenylalanine (PCPA: irreversible inhibitor of
TPH)-induced serotonin depletion (Rattray et al., 1996). In this study, a single
administration of PCPA lead to depletion in SERT mRNA 1 and 2 days following dosing,
with no concomitant change in regional SERT binding 7 days later (though a decrease
was documented on day 14). In both our study and that of Rattray et al., this apparent
dichotomy may reflect a slow turnover rate of the SERT protein or perhapsraase in
the efficiency of SERT mRNA translation following drug exposure, though maithe
these possibilities have ever been investigated for SERT in the longsesnvi¢entic et
al. (1999) for information regarding acute SERT degradation rates;amde/rana
(1996) for a similar example of the aforementioned phenomenon; Bolognani and
Perrone-Bizzozero (2008) for general review). It is likewise possibl&HERT-protein

turnover rates may have been reduced in response to both MDMA and PCPA, possibly as
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an effect of altered post-translational modification of the SERT proteamés et al.,

2008). Additionally, since we assessed SERT transcript levels only at @npdint
following MDMA administration (2 weeks), it is also possible that post-MDd&Acits

in SERT transcription may have commenced too close to this particular timetgpoi

have more dramatic effects on SERT protein levels. Given this, investigatiefjetis

of MDMA on SERT protein expression at a later time point (e.g. 4 weeks following
dosing) may have revealed even more pronounced decreases in levels of this marker,

assuming sustained reduction in SERT genetic expression during this tiraefra

In conjunction with dramatic effects on SERT gene expression, MDMA also
caused a lower, albeit significant, reduction in levels of VMAT-2 mRNA (10-twd)
weeks following dosing. To our knowledge, this is the first study to document such
changes in this terminal marker in response to MDMA treatment, and aigaits & the
dramatic effects this compound may have on the genetic expression of proteinanmport
for serotonergic functioning. In contrast to reductions in SERT protein |&BISIA
caused little change in the relative levels of VMAT-2 in the previous experiment
irrespective of MDMA-induced reductions in VMAT-2 gene expression atithis point
(for similar example, see Takechi et al., 1998). This dichotomy may agaimdsaved
from aforementioned factors such as post-administration increases in \2MMAT-
translation despite a decrease in transcription, alterations in postticarasia
modification of the VMAT-2 product (Surratt et al., 1993), or as a consequence of slow
turnover rates of the VMAT-2 protein, though these possibilities have yet to be

investigated for this marker following exposure to MDMA.
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Importantly, our finding of reduced VMAT-2 mRNA following MDMA exposure
argues against the notion that VMAT-2 may have been compensatorily #teegul
spared terminals following MDMA-induced neurodegeneration, which in turn couéd ha
contributed to deceptive normalization in regional VMAT-2 levels as docudhente
experiment Il. On the contrary, given the modest changes in VMAT-2 pretats|
amidst massive reductions in protein and transcript levels of SERT nittisgfisuggests
that the depleting effects of this compound on various serotonergic markers (ile. SER
and 5-HT) may occur as a consequence of biochemical downregulation and not
necessarily axotomy. Again, it is possible that enduring reductions in the genetic
expression of VMAT-2 following MDMA may have ultimately resulted in lowered
protein levels of this marker if analyzed at a later time point, though in gesna
would not be able to discriminate whether such reductions occurred as a result of
damage, compromised genetic expression, or both. Finally, as the results from
experiment IV suggest, MDMA may cause acute, reactive synaptogasesvidenced
by a significant increase in 5-HT-specific synaptosomes. If this \Wwerease, perhaps
levels of VMAT-2 would have been expected to proportionally increase (~38%),
assuming that these new synapses were functional. As such, our finding afathargi
lowered VMAT-2 content following MDMA may have actually underestimaled t
extent of VMAT-2 depletions in the previous experiment, reductions that may have

indeed resulted from decreases in VMAT-2 genetic expression.

Overall, the results from this experiment indicate that MDMA can have

substantial effects on the genetic expression of serotonergic markegys)dpiirio
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guestion the validity of assuming neurodegeneration as the only possible explanation for

MDMA-induced reductions in levels of these proteins.
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CHAPTER 5

EXPERIMENT IV: EFFECTS OF MDMA ON TPH EXPRESSION AND QUANY

OF SEROTONERGIC TERMINALS

Effects of MDMA on Protein and Genetic Expression of TPH

Background and Rationale

As discussed in the previous chapters, our findings from experiments I-llissugge
that MDMA may downregulate the expression of certain serotonergic radrleer
SERT) without necessarily inducing neurodegeneration. Given this possilédity
investigated whether other serotonergic markers known to be depleted fol/dDiig
exposure are subject to similar neuroregulatory changes as were documenkiTor S
and VMAT-2 in our studies. To this end, we determined the effects of MDMA on the
protein and genetic expression of tryptophan hydroxylase, the rate-limtzggne
involved in the biosynthesis of 5-HT. Importantly, deficits in expression of thisemar
following MDMA have been inferred mainly from studies showing drug-induced
decreases in TPH activity (Schmidt and Taylor, 1987, 1988; Stone et al., 1988), though a
few studies have also found post-MDMA reductions in serotonergic fiber ylertsn
stained for this protein (Adori et al., 2006; Xie et al., 2006; Bonkale and Austin, 2008).
To date, no study has ever used immunoblotting to measure TPH levels after etgosure
this compound, and as such, we measured changes in TPH protein levels with this
technique using synaptosomal tissue (Sal/Sal and Sal/MDMA groups) fromnesipie
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Additionally only a few studies have investigated the effects of MDMA on TPH
gene expression, yielding contradictory findings. For example, two weékwifal
repeated administration of MDMA to Sprague-Dawley rats (20mg/kg whadg for 4
days), Bonkale and Austin (2008) noted increased levels of TPH mRNA in dorsal raphe
by in-situ hybridization. In contrast, Garcia-Osta et al. (2004) found TPNArIBvels
to be decreased in the hippocampus 2h and 48h following a single high dose of MDMA
(15mg/kg) to Dark Agouti rats, though the functional significance of distadd¢rats in
axons and terminals is unclear. Given these ambiguities, we additionallyrecetse
transcript levels of TPH by gRT-PCR using the same dorsal/median r&#ex@acts

as used in the previous experiment.

Experimental Design

For validation of TPH-immunoblotting, protein band patterns in the hippocampus
were compared between animals previously treated with 5,7-DHT or saline (n=4 pe
group) (see experiment I(a)). Levels of the TPH protein were mekisyre
immunoblotting while transcript levels (TPH-2, predominant isoform in the rat brai
(Sakowski et al., 2006)) were measured by qRT-PCR using synaptosomahtidsue
RNA samples from experiments Il and Ill, respectively. For TPH-imrblatting, the

Sal/Sal group was compared to the Sal/MDMA group.

Statistical Analysis

All analyses between treatment groups were performed by means of Sttdent’

tests. A p<0.05 was used to determine statistical significance.
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Results

Analysis of protein band patterns in the hippocampus of 5,7-DHT (or saline)
treated animals revealed a TPH-positive band of ~47 kDa (Figure 22(a); E&J|t€6)
= 2.327, p=0.0589)). This band was used to quantify TPH levels in all subsequent
analyses. MDMA had no effect on protein expression of TPH in he hippocampus when
analyzed two weeks following MDMA treatment (Figure 22(b,c); Fig#te Transcript
levels of TPH were significantly reduced (~15-fold) in dorsal/medipheaf MDMA-

treated animals compared to controls (t (15) = 2.217, p=0.0425) (Figure 25).

Figure 22. Immunoblots comparing TPH levels in the hippocampus between animals
treated with (a) 5,7-DHT or saline, and (b,c) MDMA or saline.
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Figure 23. TPH levels in the hippocampus four weeks following 5,7-DHT (or saline)
treatment.
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Figure 24. TPH levels in the hippocampus two weeks following MDMA (or saline)
treatment.
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Figure 25. TPH-2 transcript levels two weeks following MDMA (or salinegttnent.
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Discussion

Two weeks following repeated MDMA treatment, we were surprised to find that
TPH protein levels by immunoblotting were completely unchanged in the hippocampus
of Sal/MDMA treated animals when compared to Sal/Sal controls. Additpnal
transcript levels of this marker were significantly reduced in the dorsdian raphe as
assessed by gqRT-PCR. These results remarkably parallel our finding afatiarg
altered VMAT-2 content in the hippocampus of MDMA-treated animals at the sara
point, with similar reductions (10-fold) in VMAT-2 mRNA noted in the raphe. Taken
together, these results further indicate that the depleting effects of AtV

serotonergic markers may not necessarily occur in the presence ofxbsbahya
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Interestingly, the majority of evidence demonstrating that TPHdeel
compromised following treatment with MDMA comes from studies showing arute
long-term decreases in drug-induced activity of this enzyme. For exampieidband
Taylor (1987) first showed that MDMA exposure (20mg/kg, single injectiorgts r
significantly reduced TPH activity 3h, 12h, and one week following dosing, witlaparti
recovery noted at the one week time point. Although these deficits may havelresulte
from MDMA-induced axotomy and/or compromised expression of this protein, it also
possible that TPH may have simply been inactivated without concurrent loss ofdibers
loss of marker), potentially explaining the null effect of MDMA on expression sf thi
protein in our study. In support of the latter possibility, two studies have shown that
MDMA has no effect on TPH activitiyn-vitro or when administered directly into the
brain (Schmidt and Taylor, 1987, 1988), suggesting that a metabolite of MDMA may
indeed inactivate the protein. Importantly, certain MDMA metabolitad@an quinone
structures capable of forming disulfide bonds with cysteine residues innsrdéonks
et al., 2004), presumably enabling them to covalently bond with TPH. This could in turn
inactivate the enzyme acutely, and possibly damage the protein in the long-term, a
contention supported by another study showing that MDMA-induced decreases in TPH
could be reverseih-vitro by incubating TPH-containing samples in dithiothreitolffe
2-mercapto-ethanol under anaerobic conditions, but only up to 3 days following dosing
(Stone et al., 1988). Again, taken together with our results demonstrating a ldekcof ef
of MDMA on levels of TPH (and VMAT-2) protein, reductions in TPH activity
following MDMA exposure as documented in these studies may not necessfeity r

loss of marker or compromised fiber integrity.
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As mentioned in the introduction, there exist only a handful of studies measuring
MDMA effects on serotonergic fiber density when stained for TPH, and none have eve
measured TPH protein levels by immunoblotting. In 2006, Adori et al. administered one
dose of either 7.5, 15, or 30mg/kg MDMA to Dark Agouti rats and found regional
decreases in TPH immunoreactive fiber density at 3 days (caudate olohydst dose)
and 7 days following doing. Affected regions included the striatum, hippocampus, and
several cortical areas. Similar decrements have been documented in theagbesa
(Bonkale and Austin, 2008), cerebral cortex, and the hippocampus (Xie et al., 2006) two
weeks following repeated administration of the compound to Sprague-Dawlelt iats.
thus curious that in light of these studies we found no change in protein levels of this
marker between treatment groups when measured by immunoblotting. Thigydispar
may be related to how proteins are biochemically treated in each respeethad, and
the effect this may have on antigenicity of the TPH protein. For examplegbefor
removing cerebral tissue for subsequent sectioning for IHC, animalsauasedrdially
perfused with a fixative, usually paraformaldehyde. By forming cavaledges
between lysine residues, this process acts to stabilize cytosolic aretanerbound
proteins within tissues (including the brain) by mutual cross linking, as wejl as b
anchoring them to cytoskeletal elements (Schmiedeberg et al., 2009).it 8muessible
that the bonding of certain MDMA metabolites to the TPH protein (see ab@ye) m
occlude or disrupt the epitope of anti-TPH antibodies, the use of a fixative inetiedn
may stabilize this interaction and thus prevent antibody binding to this markerma brai
of MDMA-treated animals. If this were the case, TPH-stained fibergdafail to appear

following MDMA exposure (if the signal consequently fell below threshadds f
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detection), but would become visible following synthesis of new protein over time.
Indeed, when Kovécs et al. (2007) measured long-term effects of MDMA amaggi
TPH-immunoreactive fiber density, normalization was noted at 180 days (cahtpaf

days) following a single injection of 15mg/kg to Dark Agouti rats.

In contrast to studies using the IHC method, immunoblotting has the advantage of
introducing reducing agents (such as sodium dodecyl sulfate (SDS)) which act to
denature proteins during mechanical homogenization and subsequent tissue processing.
During electrophoresis, this denatured state is maintained as polyade/igets also
contain SDS, after which these proteins are electrotransferred onto mesriorane
antibody probing. As such, if indeed an MDMA metabolite was occluding antibody
epitopes on the TPH protein, it is possible that this may have been reversed following
protein denaturation and subsequent epitope re-exposure in our immunoblots. Thus,
immunoblotting may have reinstated TPH antigenicity in our study, potentially
explaining the differences in measured levels of TPH protein following MDMA a

assessed by either method.

Finally, it is interesting to note that MDMA exposure in our animals lowerédl TP
transcript levels nearly 15-fold as assessed by gRT-PCR, without a concamn#agé
in protein levels of this marker. As discussed before, this disconnect may peiect
transcriptional or post-translational modification of TPH mRNA or protein product,
respectively, potentially normalizing the expression of this marker in neuréms &tne
point. Our finding of a far greater deficit in TPH gene expression than vesat w
documented by Garcia-Osta et al. (2004) may be reflective of the much geyatigivity

of qRT-PCR analysis compared to more descriptive gel analysis of tpssenplified
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by reverse-transcriptase PCR. Additionally, although Bonkale and Austin (20018) f
increases in TPH gene expression in the dorsal raphe, they did not investigate@xpres
within the median raphe, which may have yielded opposite results. As such, since we
pooled both populations of raphe nuclei in our studies, it is possible that severe
decrements in TPH gene expression within the median raphe may havelnesaite
overall decrease in measured levels of the TPH transcript irrespetpotentially

opposite changes within the dorsal raphe. Given this limitation, future sthdids s

utilize qRT-PCR to measure MDMA-induced changes in transcript levetrimius

serotonergic markers in discrete cell populations within the raphe system.

Effects of MDMA on Quantity of Serotonergic Terminals

Background and Rationale

As previously discussed, little direct evidence exists unequivocally denauwomgpt
that the adverse neurochemical effects of MDMA on 5-HT nerve termirals a
neurodegenerative in nature. The few direct methods for detecting degenenators ne
following MDMA exposure (i.e. silver staining and Fluoro Jade B staining) male=d
suggested this eventuality, though, unfortunately, dual-labeling studies havdaen
performed to confirm the neurochemical identity of the affected neurons. Inorder t
directly determine the potential for this compound to alter the quantity obsergtc
terminals following exposure, we employed flow cytometry to count and centipar
number of 5-HT synaptosomes derived from the hippocampus of MDMA- and saline-
treated animals two weeks following treatment. Although flow cytometrisésrically

been used almost exclusively in the fields of immunology and derivatives thereof,
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research by Wolf and Kapatos (1989a, 1989b) and Gylys et al. (2000) has established the
validity of using purified as well as crude synaptosomal preparations, ligspedor
computational parametric analyses as well as fluorescence-adtoalt-sorting (FACS
analysis). Importantly, modern flow cytometers can utilize two or meszddo

distinguish proteins of interest labeled with various fluorescent markiensjraj not

only the analysis of changes in each marker’s fluorescence intenkityifg treatments

or manipulations, but the independent parametric analysis of discrete populations of
differentially labeled synaptosomes originating from neurons of speeifimonhemical
subtypes (Wolf and Kapatos, 1989b). Flow cytometry thus allowed the direct coninting
5-HT synaptosomes, and the comparison of how MDMA may affect their quantity two

weeks following exposure to the compound.

An important consideration in this study is that it relied on using serotonergic
markers in order to identify and subsequently count this population of terminals. As
discussed before, expression of these proteins may be amenable to regulistiok Ay
itself, or as an indirect consequence of MDMA exposure. It was thus concehatble t
the degree to which this method could count these structures “directly” in |gadtae
the effects of MDMA on protein expression of the chosen marker. For example, if
MDMA treatment in our animals significantly lowered levels of a ch&seliT marker in
terminals, it is possible that insufficient staining during subsequent flolyseéaf
individual synaptosomes could have in turn “missed” the affected 5-HT synaptosomes
even if intact and unaltered in quantity, again equivocating on whether the efféo
compound are neurodegenerative or neuroregulatory in nature. Conversely, if MDMA

had no effect on protein expression of such marker, this would enable the direct counting
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of serotonergic terminals between treatment groups and the assesswiggthef their
guantity is altered as a function of MDMA exposure. As such, given that levble

TPH protein were found to be unaffected following MDMA in the previous experiment,
we used this marker to identify 5-HT synaptosomes in this study. Additionallys¢he

of TPH was advantageous as it is a more direct marker for serotonengitaie than
VMAT-2, and since the use of SERT (known to be depleted by MDMA) would preclude

direct measurement of individual synaptosomes as discussed above.

In this study, synaptosomes were dual-labeled for two terminal-spptieins,
synaptosome-associated protein of 25 kDa (SNAP-25) and TPH. As each sample wa
subsequently analyzed by the flow cytometer, the use of these partieukarsallowed
identification of specific populations of interest as follows (see Table 3 helbw
SNAP-25 positive synaptosomes were considered to originate from presynapti
terminals, (2) dual-labeled (SNAP-25/TPH positive) synaptosomes cogisidered
presynaptic serotonergic terminals, and (3) SNAP-25 positive but TPH negative
synaptosomes were deemed as originating from non-5-HT terminals. Aadtlagtage
to double staining for both markers was the inherent ability to exclude gliosorngs, de
and postsynaptic synaptosomes. Additionally, since both SNAP-25 and TPH are
predominantly present in terminal endings, staining for these markewsraiely
allowed high specificity and thus the sensitivity of our analyses, whiclpisriamt given

that crude synaptosomal preparations may yield axonal fragments.
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Table 3. Synaptosomal populations as identified by coincidence of terminal markers.

SNAP-25 TPH Synaptosomal Population
+ - Non-serotonergic
+ + Serotonergic
- +/- All other combinations will
denote synaptosomal
fragments/debris

Experimental Design

Briefly, adult rats (n=8) were treated with binge-MDMA as befareile control
rats (n=8) received the saline vehicle only. Temperature measurementsodsiing
were taken as described in Appendix B. Two weeks following drug administrdtion, a
animals were lightly anesthetized with £€&hd decapitated. Brains were quickly
removed, and dissected hippocampi immediately processed for flow cygasetr

discussed in Appendix B.

Statistical Analysis

All analyses between treatment groups were performed by means of $udent’

tests. A p<0.05 was used to determine statistical significance.

Results

As documented in the previous three experiments, animals given MDMA during
dosing experienced significant elevations in body temperature compared &bsanim

receiving the saline vehicle (t (13) =5.911, p<0.0001) (Figures 26 and 27). Animals
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treated with MDMA showed a significant increase (~38%) in the number APSN
25/TPH positive synaptosomes compared to controls (t (12) = 2.605, p=0.023) (Figure

29), without a significant change in the total number of SNAP-25 positive synap®some

(Figure 28).

Figure 26. Body temperature during, and following MDMA (or saline) adtnation in
experiment 1V(b)
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Figure 27. Area under the curve analysis of body temperature during MDMaAl{ioe)
administration in experiment IV(b).
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Figure 28. Quantity of presynaptic (SNAP-25 postive) synaptosomes two weeks
following MDMA (or saline) treatment.
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Figure 29. Fraction of serotonergic (SNAP-25/TPH positive) synaptosovoesdeks
following MDMA (or saline) treatment.

SNAP-25/TPH Positive Synaptosomes
Two Weeks Following Treatments
(*p=0.023)

0.20+

o

=

a1
[

SNAP-25/TPH
SNAP-25
o
S
[

o

o

al
[l

0.00-

MDMA

Saline
Treatment

Discussion

Two weeks following repeated treatment with MDMA (or saline), synaptosomes
generated from the hippocampus of MDMA- or saline-treated animalsinviéa#y
analyzed by the flow cytometer for the presence of SNAP-25. Structusigwy for this
marker were considered presynaptic terminals and thus allowed exclusimsoings,
postsynaptic terminals, and general debris from further analysissnolieworthy that
nearly 60% of analyzed tissue was positively identified as presynaptic syoayas,
which very closely agrees with previous estimates of synaptosomal qua6686)
following crude preparations (Gylys et al., 2000). When these synaptosomes were

further analyzed for presence of TPH, we were surprised to find that the nofmber
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SNAP-25/TPH (i.e. serotonergic) terminals was significantly incceé%26) in the
MDMA-treated group, suggesting substantial reactive sprouting of sergio terminals
following MDMA exposure. Indeed, terminal sprouting has been regarded as the
underlying factor in long-term regional reinnervation of 5-HT fibers folhgaMDMA-
induced “lesion” (Battaglia et al., 1988; Molliver et al., 1990), though as findings from
our previous experiments suggest, this may alternatively be explainedduabr

repletion of 5-HT markers in intact axons. More pertinently, if proven accaate
finding may potentially help explain the mechanism of serotonergic hyperitioarva
documented to occur months or even years following acute MDMA exposure (Fascher
al., 1995, Meyer et al., 2004; Ricaurte et al., 1992). For example, Meyer et al.
administered MDMA (10mg/kg) twice daily to neonatal pups from PD1-4, and noted a
region-specific alteration in SERT-fiber density compared to controla wkamined 9
months later. More specifically, while fiber decrement or normalizatieneted in the

a few cortical regions as well as the hippocampus, increased fibetydeasifound in
caudate-putamen and nucleus accumbens. Finding a different pattern of
hyperinnervation, Fischer et al. documented increases in the densityTofibeks in the
hypothalamus (small subset of rats and most squirrel monkeys) and globus palbdus (
squirrel monkeys) 52 and 72 weeks (rats and monkeys, respectively) following acute
repeated administration of MDMA to these animals. Though these studiesrditfieat
regions may be hyperinnervated in response to MDMA, they highlight the pogdialit
reactive synaptogenesis may account for this phenomenon following exposuse to thi

drug.
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Importantly, although the above studies interpreted serotonergic hyperinmervati
as a consequence of initial pruning followed by long-term sprouting, our data from
experiments II-IV suggest that reactive synaptogenesis may occuiuiekyy following
MDMA treatment in animals, but that it cannot be detected by visualization of 5-HT
fibers (by IHC) until drug-induced marker depletion has been reversed naartlgsn
later. Although this is an intriguing possibility, it should be noted that we onlgurezh
the quantity of 5-HT synaptosomes only at two weeks following dosing, and thus it
remains to be seen whether similar increases are evident at a muadmkagaoint.
Additionally, evidence in support of reactive, drug-induced synaptogesessyi
limited, though a few studies have noted applicable phenomena with MDMA and other
structurally related drugs of abuse. For example, Dawirs et al. (1993) duednaa
80% increase in density of dendritic spines in layers Il and IV of prefroatix 7 days
following METH (25mg/kg x 1) administration to gerbils, though the relevance of post
synaptic sprouting in that region to our observed MDMA-induced increases in
hippocampal 5-HT terminals is unclear. In another study, within 24h followinggkesi
dose of METH (4mg/kg) to rats, Ujike et al. (2002) noted increases in synggitopind
stathmin mRNA, considered as markers for synaptogenesis and neuatitrgprin the
accumbens, striatum, hippocampus, and several cortices, including the medihl fronta
cortex. Measuring a neurotrophin implicated in synaptogenesis and axonal sprouting
Piper et al. (2009) additionally documented increases in levels of brain-derived
neurotrophic factor in the occipital cortex two months following neonatal MDMA
treatment (10mg/kg x 2, PD1-4). Finally, Stroemer et al. (1998) found significantly

elevated growth-associated protein 43 (GAP-43) and synaptophysin immuneareacti
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fiber density near the site of damage 7-14 days following AMPH (2mg/kg i.p.)
administration to Wistar rats with previously induced ischemia. Taken togttase
studies give at least some credence to our findings in that some potentetistdgr
reactive synaptogenesis following treatment with the amphetamirgeatldsugs, further
supported by a recent review by Yuferov et al. (2005) indicating that psyohbtasits
may cause increases in the expression of genes implicated in synaptogecesaritic

sprouting.

Nevertheless, caution should be taken in extracting significance from our finding
in that we documented an unprecedented phenomenon using an approach seldom used in
neuropharmacology research. As such, other studies should attempt to raplicate
perhaps corroborate our data by other means. For example, following a similar dosing
regimen and synaptosomal preparation, it may be possible to isolate TPH-tagged
synaptosomes though the use of immunomagnophoretic beads conjugated to protein A,
after which relative quantity between treatment groups could bgzadaby SNAP-25
immunoblotting. Additionally, studies should also investigate the potential for MDMA
to cause reactive synaptogenesis by measuring protein/transegigtde
immunoreactivity of pertinent markers such as synaptophysin and GAP-43.thdeél
studies are performed, the results from this study should at most raise thdijyosbsit

MDMA may be causing acute, reactive alterations to the serotonesf@rsy
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CHAPTER 6

GENERAL DISCUSSION

In experiments I-IV(a), we examined the influence of MDMA on threefit
markers of 5-HT fibers and terminals to test whether drug-induced segitodeficits
are reflective of neurodegeneration. To this end, we compared relative chrapgesin
levels of SERT, VMAT-2, and TPH at 2 weeks following a binge regimen of MDMA.
Given the sparse DA innervation of the hippocampus (Ciliax et al., 1995; Kitahama et al
2007), we aimed to limit VMAT-2 expression in this area mainly to serotongogices
by initially lesioning NE input with the known noradrenergic neurotoxin DSP-h¢Jai
Etcheverry and Zieher, 1980). In the hippocampus of DSP-4/MDMA treated animals,
immunoblot analysis revealed only a small, nonsignificant effect of MDMA on VMAT
protein expression compared to the expression seen in DSP-4/saline controls, while
regional levels of SERT were substantially reduced in all MDMA-égkanimals. In
addition, we also found no change in hippocampal levels of TPH by immunoblotting
between animals treated with saline or MDMA (Table 4). Taken togetharsuits
indicate that MDMA may deplete SERT without necessarily inducing tedness. In
experiments Il and 1V(a), we explored the contribution of altered genessipn to
MDMA-induced changes in the levels of SERT, VMAT-2, and TPH protein by
measuring transcript levels of these markers in dorsal/median raphe puncleds 2 we
following MDMA or saline administration. Amidst smaller reductions in lew¢ls
VMAT-2 and TPH-2 transcripts, MDMA treatment caused a tremendous deanease i

SERT gene expression (Table 4) relative to controls, again suggestingsitanipound
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may compromise the levels of certain serotonergic markers without n@lgassiaicing

distal axotomy.

Table 4. Effects of MDMA on protein and transcript levels of SERT, VMAT-2, and TPH
two weeks following treatment.

10mg/kg MDMA x 4,

Measures Examined SERT VMAT-2 TPH
2 Weeks Later
Protein Expression llll l —

Genetic Expression LLLLL I W

To our knowledge, the present studies are the first to use VMAT-2 as an index of
serotonergic terminal integrity following MDMA administration. Impaitg, the use of
this protein was particularly advantageous since it has been well dstddis a marker
of terminal loss in other models of neurodegeneration. For example, postmortem studies
have revealed significant reductions in both VMAT-2 protein expression and VMAT-2-
immunoreactive fiber density in the caudate and putamen of Parkinson’s disea#s pat
compared to age-matched controls (Miller et al., 1999). Furthermore, the extersiof the
depletions has been shown to parallel reductions in the levels of the dopamine transporter
in the same regions, another measure of DA-terminal integrity (Milkl,ex997).
Finally, non-human primates treated with the selective nigrostriatal DAvtoswr 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine have shown similar decreasesin bot
VMAT-2 and DAT (Miller, 1999). Thus, quantification of VMAT-2 allowed us to
determine whether MDMA-induced changes in SERT levels were accompanied b

changes in an established marker of terminal integrity.
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Our finding of reduced SERT protein expression following MDMA exposure is
consistent with the previous report of Xie et al. (2006), though the concomitant lack of an
effect of MDMA on VMAT-2 and TPH expression suggests that this reduction may be
related to a down-regulation phenomenon and not necessarily dependent on
neurodegeneration. Such an interpretation is supported by other research indicating
failure of MDMA to invoke glial activity thought to occur in response to neural damage
Importantly, O’Callaghan and Miller (1993) and Pubill et al. (2003) both found no
MDMA-induced increases in GFAP, an astroglial marker that is elévaliewing
treatment with METH, 5,7-DHT, or other recognized neurotoxins (O'Callaghdn et a
1995). Another measure of astrogliosis, the expression of heat shock protein 27,
followed the same trend. Finally, MDMA similarly failed to produce evideace f
microglial activation as measured by OX-6 immunoreactivityldifFK-11195 binding
to the peripheral benzodiazepine receptor (Pubill et al., 2003). It should be noted,
however, that at least two studies have documented increases in GFAP expnabssion i
hippocampus (but not other brain regions) following MDMA treatment, suggesting that
this region may be particularly vulnerable to MDMA-induced neural damageiri& et
al., 1999; Adori et al., 2006). Another study showed post-MDMA increases in GFAP
immunoreactivity in the hippocampus, cortex, and cerebellum, though the relefance
these findings is questionable given the extremely high dose (40mg/kg i.pehdbos
administration (Sharma and Ali, 2008). Nevertheless, it is important to mention tha
these studies did not assess the neurochemical identify of the affected neurons

equivocating on whether glial activity following MDMA occurred in response to
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serotonergic or non-serotonergic damage, a limitation that should be addressectin fut

studies.

Importantly, our interpretation of the results from experiment Il can looly true
assuming the success of DSP-4 pretreatment in lesioning hippocampal NBffibers
MDMA-treated animals. As documented by Jaim-Etcheverry and Zieher (4880)
Fritschy and Grzanna (1992), DSP-4 is an alkylating agent which targets ThasN&ell
as structures within NE terminals, causing pruning of locus coeruleusnédfere
throughout the brain, an effect which peaks at 2-4 weeks following administration.
Interestingly, the notion that DSP-4 induces neurodegeneration of NE fibersdsdras
similar, indirect measures used to address the neurotoxic capacity of Mbihigh
include severe depletions in Ni;vivo inhibition of PH]-NE uptake, and most
convincingly, lasting reductions in dopamifidtydroxylase immunoreactivity (Landa et
al., 1984; Fritschy et al., 1990). Using NET as an alternative marker for NE neueons
achieved a significant reduction in hippocampal levels of this protein followingDSP-
pretreatment, implying success in lesioning of NE input to this region. Hovesvierthe
case with BH, NET is yet another marker liable to regulation, bringing into question the
validity of considering reductions in these proteins as evidence for neurodeigenerat
(see Booze et al., 1988). Notably, we found no change in regional VMAT-2 expression
in the DSP-4/saline group, which may have been expected to decrease giveéh that N
fibers express significant quantities of this protein. Given the coexistébedT and
DA nerve endings in the striatum and parietal cortex (Reader et al., 198% Kthh,

1990), the relative contribution of VMAT-2 from NE sources in these regions may have

been insufficient to allow detection of loss following DSP-4 treatment. This however
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may not hold true for the hippocampus, since the number of noradrenergic and
serotonergic varicosities bearing VMAT-2 may be similar (Oleskegial., 1989;
Oleskevich and Descarries, 1990), though this has never been directly examised. It
thus unexpected that levels of VMAT-2 following DSP-4 exposure would be unaffected
in this region, and as such, it cannot be ruled out that failure of DSP-4 to lesion NE fibers
in the DSP-4/MDMA group contributed to the null effect of MDMA on the expression of
VMAT-2, since it is known that this drug does not adversely affect this population of
neurons (Green et al., 2003). However, given the extensive depletion of hippocampal
NET in this group, assuming this reflects DSP-4-induced neurodegeneratiom, it als
cannot be ruled out that normalization of the VMAT-2 signal could have occurred from
compensatory upregulation of the protein in spared NE terminals. In either case, it i
noteworthy that in the event of MDMA-induced terminal loss, if serotonergatdef
VMAT-2 were subject to the same magnitude of reduction as was found for SERT
(~60%), significant reductions (~30%) in hippocampal VMAT-2 content would be
expected in the Saline/MDMA groups even if NE-sources of this protein were intact
This possibility was not supported by our finding of only modest reductions (~7%) in
VMAT-2 levels in this treatment group. Additionally, our corroborative finding of
unaltered synaptosomal levels of TPH in the hippocampus of Sal/MDMA animals
relative to controls reinforces the notion that serotonergic terminals negdrbe spared
following treatment with this compound, though additional experiments are necessary t
confirm our findings by use of more direct measures not dependent on marker staining
Such experiments should investigate ways to directly highlight and subsequeasiyrm

changes in 5-HT fiber density in response to MDMA, such as through the use of
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anterograde or retrograde tracers, or by using reporter geneSk€ydriven by

promoters active in only 5-HT neurons.

Despite much focus on the neurochemical effects of MDMA on serotonergic
fibers, relatively little research exists regarding changes igeghe expression of
neuronal markers following exposure to this compound. There has been only one
comprehensive study examining MDMA effects on the expression of various 5-HT
receptors (Kindlundh-Hdgberg et al., 2006), while only two such efforts havelasscr
such changes in SERT (Li et al., 2006; Kirilly et al., 2007) and TPH (Garcia-Cdta e
2004; Bonkale and Austin, 2008). Given the existing evidence that MDMA can produce
changes in the expression of 5-HT-related genes, we measured trapgetgof SERT,
VMAT-2, and TPH by gRT-PCR to determine the potential contribution of altered gene
expression to the effects of MDMA on protein levels of these markers éemifig
immunoblotting. For example, to explore whether genetic downregulation of SERT
could (at least, in part) account for MDMA-induced depletions in SERT protein, we
investigated the potential of this compound to alter SERT mRNA expression two weeks
following dosing. Indeed, MDMA exposure led to a striking reduction in SERT
transcript levels relative to controls, suggesting that decreases in S&ih pr
expression (as documented in experiments I(b) and II) following MDMA expasay
occur as a consequence of biochemical downregulation and not necessardguts af
damage. Additionally, we measured transcript levels of both TPH and VMAT-&tto te
whether an alternative explanation could account for the relatively unchangkdde
these markers in the hippocampus of MDMA-treated animals. More specifigiaky

that these markers are not a direct measure of serotonergic ternggeatynit was

81



possible that normalized expression of both proteins in our immunoblots may have
resulted from compensatory increases in protein production following MDMA-@ttduc
axotomy, presumably to enhance 5-HT synthesis and sequestration in remaining
terminals. This scenario may have been evidenced by increased leveld ahd
VMAT-2 transcripts in the MDMA group relative to controls, which instead were
reduced 10-15 fold in these animals. As such, our results indicate that the effects of
MDMA on SERT levels may indeed occur irrespective of axotomy. It should be
mentioned, however, that we measured transcript levels of VMAT-2 and TPH atnenly
time point following MDMA treatment (2 weeks), and thus the contribution of altered
gene expression to protein levels of these markers prior to, and followingrtaipdint

are unknown, and should be investigated in future studies.

Another intriguing finding in our studies is that despite MDMA-induced
reductions in transcript levels of all three markers, protein expression ofTvVa/ed
TPH in the hippocampus of MDMA-treated animals remained relatively ngelawo
weeks following exposure to this compound. This apparent disconnect has previously
been noted for SERT (Rattray et al., 1996), and may reflect either low inharemter
rates of these markers, or enhanced marker stability following sppost-translational
modifications of the mRNA product resulting from MDMA exposure. Likewise,
increased efficiency of VMAT-2 and TPH transcript translation follfm\iMDMA
treatment may have contributed to normalized levels of protein translatioredespit
decrease in transcription. These possibilities may also in part explain the
disproportionate reduction in SERT gene expression (~50-fold) relative tcndestels

of this marker (~50%) in MDMA-treated animals. Future studies should conisisle
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and other effects of MDMA on the molecular machinery governing production of

proteins used to identify monoaminergic and other neural subtypes.

In the last experiment (IV(b)), we investigated whether MDMA alteesquantity
of 5-HT terminals two weeks following drug exposure. This was achievedrbgaring
relative changes in the number of hippocampus-derived synaptosomes posiivetd
for SNAP-25 and TPH (i.e. serotonergic in origin) between MDMA and saliatette
animals. In order to count these terminals directly, we made novel usevafytiometry,
a technique which can count cells (and synaptosomes) according to size, fjyaaniar
coincident detection of fluorescently labeled antigens. In the hippocampus of MDMA-
treated animals, we were surprised to find that the quantity of 5-HT positive
synaptosomes significantly increased relative to controls, suggesting@haA may
cause acute, reactive synaptogenesis. This phenomenon may in turn partly explain the
mechanism underlying long-term hyperinnervation of certain brain regionsvioysk/
drug-treated animals (Fischer et al., 1995, Meyer et al., 2004; Ricaurte et al,, 1992)
presumably undetected by IHC studies in the short term due to MDMA-inducedrmark
depletion. Given the novelty of our findings in the absence of corroborative studies,
however, it is important to caution that our data should at most be considered preliminary
evidence of possible acute alterations to 5-HT innervation following exptustiis
compound. Other studies should investigate the potential for MDMA to induce
synaptogenesis by other means, such as quantitation of appropriate markers (e.g
synaptophysin, GAP-43, etc.), or by measuring potential changes in the numbef of 5-H

terminals using alternative approaches (e.g. immunomagnetophoresis).
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Despite many years of intensive research, the exact nature of MDMA
neurotoxicity remains controversial. Substantial evidence has been offenddrbot
(Molliver et al., 1990; Ricaurte et al., 2000; Green et al., 2003) and against (O’'Callagha
et al., 1995; Pubill et al., 2003; Baumann et al., 2007; Wang et al., 2007) the
neurodegeneration hypothesis. Wang and coworkers (2007) have proposed three possible
models of MDMA neurotoxicity: (1) neurodegeneration, (2) neuroadaptation, and (3) a
mixed model involving both kinds of changes (i.e., significant loss of serotonergic nerve
terminals along with adaptive changes in the functioning of the remainingnédsini
The present results demonstrating a profound down-regulation of SERT gensierpres
accompanied by a significant reduction in expression of both the VMAT-2 afidPthe
genes certainly confirms that the serotonergic neurons of the dorsal and rapd&n r
nuclei undergo major adaptive changes following a high-dose MDMA treateggntan.
Moreover, even with the caveats expressed earlier, the lack of a sigrifecaease in
synaptosomal VMAT-2 and TPH protein expression suggests at the very least that
MDMA does not produce a massive loss of serotonergic nerve terminals. Therefore our
findings are consistent either with the neuroadaptation (see Figure 30 fgzlexam
mixed model of Wang et al. (2007), since we cannot exclude the possibility of a partial

degenerative response in the MDMA-treated animals.
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Figure 30. Tentative model for explaining MDMA-induced serotonergic tkefitithe
absence of neurodegeneration. Question marks denote phenomena that require further
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The overarching implication of our findings is that drug-induced depletion in
protein markers liable to regulation may not necessarily reflect neurcetagen. Other
factors, such as changes in genetic expression of these proteins, must $eedddre
order to determine the nature of adverse effects of any specific compouwmh tit all
our methods for detecting MDMA neurotoxicity in the present experimentsimdirect
(i.e. relied on quantifying protein/gene expression of markers liable to tiegyiland
measured at only one time point, the current studies are not definitive proof tMAMD
affects 5-HT terminals without inducing neurodegeneration, but they do exemplify the
dramatic effects this compound can have on regulation of 5-HT markers, qurestioni
need to invoke distal axotomy as the only explanation for MDMA-induced 5-HT
dysfunction. As such, future studies should use more direct approaches to unequivocally

assess the effects of MDMA on serotonergic terminal integrity.
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APPENDIX A

ANIMALS AND MDMA ADMINISTRATION

Vertebrate Animals

Adult male Sprague-Dawley rats (experiments I-1V) or pregnant dams
(experiment I(a)) were obtained from Charles River Laboratoriegy@ton, NY). Male
wild-type and SERT-KO BJ.6 mice (experiment I(a)) were obtained fracoriic Farms
(Hudson, NY). All animals were housed in standard plastic tubs with a bedding of wood
shavings, with food and water availablklib. Pregnant dams were singly housed under
a standard 12:12h light-dark cycle, while all other animals were pair-housed under a
reverse 12:12h light-dark cycle. Animal rooms were maintained at 23°C + 1 throughout
all experiments. All male rats and mice were habituated to the experimbntgentle
handling for approximately 1 min each day for at least 3 days prior to the beginning of
drug administration or euthanasia. Animal care was in accordance with thef@ultee
Care and Use of Laboratory Animals (Institute of Laboratory Animal Ressur
Commission on Life Sciences, National Research Council, 1996), and the experimental
protocols were approved by the University of Massachusetts-Amheisitiosal

Animal Care and Use Committee.

MDMA Dosing Paradigm

All animals in Experiments I(b), 11, 1ll, and IV(b) were administé the same
binge regimen of (+)-MDMA HCI (RTI International, Research Triarfegek, NC), and
sacrificed two weeks following administration for analysis. This paradiggpically
used in many MDMA studies and reflects a post-drug period during which major
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decrements in markers of 5-HT axons and terminals have been documented (Argen et a
2003). The regimen consisted of four subcutaneous (s.c.) injections of 10mg/kgMDM
with an interdose interval of 1h, delivered in a 0.9% physiological saline vehittle. A

control animals received the same regimen of saline vehicle only.

MDMA Dosing Rationale

Given our interest in examining the neurotoxic potential of MDMA on the
serotonergic system, all experiments involving MDMA administration usedatner
than mice since it is well known that MDMA adversely affects different monoargic
systems in these species. More specifically, MDMA exposure in rat dangeterm
decrements in markers of 5-HT axons and terminals, whereas in mice, the dwgamin
system is primarily affected (Green et al., 2003). Using the conversiomjesof

interspecies scaling (Humgye= [Animalpese” (HumManyeight/ Animakyeign) >

Coefficlent /Humanweign) With a scaling coefficient of 0.66, the doses we administered to
400g adult rats (4 x 10mg/kg, interdose interval of 1h) roughly approximated the binge-
ingestion of two 150mg tablets of pure MDMA by a 70 kg human (Hggan

4.32mg/kg), every few hours for a total of four uses (Piper and Meyer, 2004). Thus, our
dosing schedule took into account that it is not unusual for a human to ingest multiple
MDMA tablets at once (“stacking”), and then repeat this process severallteurt®

prolong the effects of the drug (“boosting”) (Piper and Meyer, 2004). Itpsrtant to

note that the interspecies scaling formula considers differences irhenketght and
metabolic rate of species of comparison, and allows at most a very roughiiaienx

of how a certain drug dose in one species may compare in relative level to atather.

thus not without flaw, and relative comparisons should only be considered preliminary.
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More evidential, empirically, is how the pharmacokinetics of a 10mg/kg
administration of MDMA to rat compares with that of a human taking a single, or
multiple tablets of MDMA, in both a laboratory and real-world setting. Rea®fihfs
from our laboratory (Meyer et al., 2008) suggest that the pharmacokinetics of both
MDMA and its metabolite MDA, following this dose in adult rat, differ from that of
humans administered one tablet (100mg; <2 mg/kg) of pure MDMA in a laboratory
setting (de la Torre et al., 2004). This is evidenced by a much faster halhliws.(9h),
tmax (0.71h vs. 2.3h), and higher& (1753ng/ml vs. 222ng/ml) in rats, resulting from
both a much higher single dose and presumably a faster overall ADME proétetiiam
in human (Meyer et al., 2008). Effectively, following our dose, rats experiemcela
higher circulating level of MDMA than humans taking only a single tablet, buttaove
much shorter time span. As such, if one was to consider employing area undevehe ¢
analysis of a hypothetical plasma-concentration time curve, compa@dgreated with
10mg/kg to a human treated with less than 2mg/kg may reveal that both could be
experiencing similar levels of overall drug exposure. Importantly, it should be
recognized that the de la Torre et al. (2004) study (one 100mg dose to a ~70kg human)
does not adequately represent human self-administration in a real-world envitonme
which may include instances of stacking and boosting as discussed abovediayer
2008). In consideration of such factors, Irvine and colleagues (2006) collected blood
samples from volunteers the morning after a rave in southern Australia, eteeen 1-

7 Ecstasy tablets were knowingly consumed by each participant. Althougimiikisly
that MDMA and its metabolites were assessed at their peak concentratiag, it w

nonetheless striking that plasma levels of MDMA averaged around 310 ng/ml, with at
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least a few participants reaching upwards of 750 ng/ml or more. It is themetore
unreasonable to assume that the peak concentration of MDMA in rats administered
10mg/kg of the compound in our studies may have approximated,thefCat least,
some recreational users of Ecstasy, again supporting the strength of ougrnteatm

regimen in simulating an MDMA binge in such individuals.
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APPENDIX B

EXPERIMENTAL PROCEDURES

Core Temperature Measurements

Changes in animal body temperature during drug administration wertnedni
using a rectal probe (RET-2, Physitemp Instruments, Clifton, NJ) connectelibitah
thermometer (Thermalert TH-5, Physitemp Instruments, Clifton, Némperature
measurements were taken 30 min prior to, and then every 30 min during and following
drug administration, terminating at 180 min after the final injection. Alleateeding
40.5°C during dosing were briefly cooled by application of ice packs to eithevfdioe

animal.

Animal Euthanasia and Tissue Dissection: Experiments |, Il, IV(a)

On the day of sacrifice, animals were lightly anesthetized witha®@®
decapitated. Brains were rapidly removed, chilled by immersion in ice-coldNa@o
for 1 min, and then placed into an acrylic brain block. A 2-mm thick slice beginning 4
mm from the anterior pole was removed, and the parietal cortex was se panait&iaef
underlying striatum. Where applicable, the hippocampus, occipital cortex, and
cerebellum were dissected free-hand from remaining tissue. All braimsegere

frozen on dry ice and stored at -70°C until time of analysis.

Animal Euthanasia and Tissue Dissection: Experiment Ill, IV(a)

On the day of sacrifice, all animals were anesthetized and decapitékeit ras

Whole brains were removed and immediately frozen in 2-methyl-butan@pséyi
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cooled in powdered dry ice. Frozen brains were then stored at -70°C until day of

processing.

Animal Euthanasia and Tissue Dissection: Experiment IV(b)

Animals were euthanized and their hippocampus dissected as described above for
experiments | and I, with the exception that tissue was immediatelydemized, and

thus did not undergo any freeze-thaw cycles.

Immunoblotting

Preparation of Whole-Cell Lysates/Protein Extraction (Experimentissues

were weighed and homogenized using a Teflon-glass motorized pestle in 30 vols of ice-
cold radioimmunoprecipitation (RIPA) buffer (pH, 7.4) containing 0.05 M Tris, 1%

Igepal CA-630, 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deoxycholate, 1 mM
sodium orthovanadate, and 1% of a commercially available protease inhibitor cocktail
(P8340, Sigma). Following homogenization, samples were agitated on a rocker for 30
min at 4°C, and then centrifuged at the same temperature for 15 min at 22,000
resulting supernatant was collected and frozen at -70°C for subsequent polyiaerylam

gel electrophoresis under denaturing conditions (SDS-PAGE). Protein qatioendf
samples was determined using the Bio-RBE Protein Assay (Hercules, CA) with

bovine gamma globulin (BGG) as the standard.

Preparation of Synaptosomes/Protein Extraction (Experiment I1,)IV{agsues

were weighed and homogenized in 30 vols of ice-cold 0.32 M sucrose using a Teflon-
glass motorized pestle as before. The homogenate was then centrifuged at) 1900 x
remove nuclei and cellular debris, and the resulting supernatant was thefugeahiat
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16,000 xg to yield a crude synaptosomal fraction. Synaptosomes were resuspended and
homogenized in RIPA buffer (30 vols for striatal samples, 5 vols for hippocampal
samples) to solubilize membrane-bound proteins. After a final centrifugatiiy000 x

0, the resulting supernatant was collected and frozen at -70°C for later SDS-PAGE

Protein concentrations were determined as above.

SDS-PAGE On day of analysis, loading buffer was added to a volume of sample
calculated to contain 30-60 g of protein (Table 5), and the resulting mixtuteoies
for 5 min using a dry bath. Molecular weight ladders (MagicM4rkvere prepared
according to manufacturer’'s recommendations (Invitrogen, Carlsbad, CA3amples
were run on 10% precast polyacrylamide gels (Pierce, Rockford, IL) atfbd0V
approximately 60 min. Proteins were electrotransferred at 100V onto Imm@dbilon
polyvinylidine difluoride (PVDF) membranes (Millipore, Billerica, MAr 80 min at
4°C. Following transfer, PVDF membranes were washed in Tris-buffelied §a8BS)
for 10 min and blocked in 5% nonfat milk buffer in TBS for 1 h at room temperature.
Membranes were then probed with primary antibodies against SERT (Calbioclmem, Sa
Diego CA,; cat# PC177L), VMAT-2 (Calbiochem; cat# AB1767), or TPH (Millipore
cat# AB1541) (see Table 5 below) overnight at 4°C, with the exception of membranes
containing striatal protein, which were incubated with VMAT-2 antibody for 1 h at room
temperature (Table 5). Membranes were rinsed twice with TBS containingiivéé-
20 (TBS-T), and then washed in TBS-T for 10 min followed by three 5-min washes.
Membranes were then incubated with secondary antibodies labeled with horseradis
peroxidase (HRP) at room temperature for 2 h, washed for 10 min followed by three 5-

min washes in TBS-T, and finally immersed in enhanced chemiluminesagehte
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(ECL-Plus, Amersham Biosciences, Piscataway, NJ) for 1 min. The resulting
chemiluminescent reaction was exposed on film (Hyperfilm ECL, Amersham
Biosciences), after which membranes were stripped and reprobed with antilgadiss a
B-actin (Sigma) in order to verify equal protein loading. As an additional control, an
identical “standard sample” was run on all gels to normalize variabilitsgnd lkdensity
across blots in subsequent analyses. Protein bands were quantified using Sgpé8h Ima
densitometry software (Scion Corporation, Frederick, MD), and the opticalydehsit

bands was expressed as percent of control.

Table 5. Antibody vendors and epitope variants used in listed immunoblotting
experiments.

Experiment I I v

SERT 1° 1) Immunostar: (579-| 1) Calbiochem: (579- -
599) 599)

2) Calbiochem: (579-
599; PC177L)

3) Santa Cruz: H-115
4) Santa Cruz: C-20
5) Santa Cruz: N-14
6) Santa Cruz: 24A5

(mono)
SERT 2° Sigma Sigma -
VMAT-2 1° - Calbiochem (AB1767 -
VMAT-2 2° - Sigma -
TPH 1° - - Millipore (AB1541)
TPH 2° - - Calbiochem (402100
Beta-Actin 1° | Sigma Sigma Sigma
Beta-Actin 2° | Sigma Sigma Sigma
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Table 6. Antibody concentrations used in listed immunoblotting experiments.

| T IV(a)
Experiment (Whole-Cell (Synaptosomes) (Synap)
Lysate)
Brain Region All Striatum Hippo Parietal Hippo
Cortex
Protein Loaded 30ug 10ug 60ug 60ug 60ug
SERT 1° 1:666 1:800 1:570 1:570 -
SERT 2° 1:2500 1:2500 1:2500 1:2500 -
VMAT-2 1° - 1:5000* 1:1000 1:1000 -
VMAT-2 2° - 1:5000 1:5000 1:5000 -
TPH 1° - - - - 1:2000
TPH 2° - - - - 1:5000
Beta-Actin 1° 1:20k 1:10k* 1:20k 1:20k 1:20k
Beta-Actin 2° 1:2500 1:2500 1:2500 1:2500 1:2500

*All primary antibody incubations were performed overnight, with the
exception of those indicated by an asterisk, which were performed for 1h.

Analysis of Protein Bandsln Experiment I(b), immunoblotting analysis was

performed by subtracting the background optical density (OD) from the OD of each
SERT band, and then dividing this resulting OD by that of beta-actin. Per bloyasare
taken to run alternating tissue from control and MDMA-treated subjects daness

limited to one brain region. All data were expressed as percent control.

In Experiment Il and 1V(a), an additional control was run to help eliminatalsig
variability which may occur between different blots. Each blot thus codtzaneong

tissue from control and MDMA treated animals, the same “standard” loadeithékast
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well, which was initially collected from several control samples. Fatigw
immunoblotting, analysis was performed as above, except that the OD of each SERT
VMAT-2, or beta-actin band was first divided by the OD of the standard. Again,
assuming that the standard varied in density as a function of exposure inteaaiti of
blot, this analysis allowed signal normalization and thus legitimate esopaf band

densities across blots. All data were expressed as percent control.

Serotonin Transporter Binding Analysis

Serotonin transporter binding analysis was performed as described in Riper et
2005. Briefly, tissue was homogenized with a Polytron (Brinkmann, Westbury, NY) in
40 vols of ice-cold buffer (pH, 7.4) containing 10 mM sodium phosphate, 5 mM
potassium chloride, and 120 mM sodium chloride, and then centrifuged at 2300 x
20 min at 4°C. The homogenization and centrifugation steps were repeated twice.
Following the second centrifugation, samples were placed in a dry bath at 30°C for 20
min to facilitate dissociation of endogenous serotonin from SERT to limitenéerde
with radioligand binding. Washed membrane preparations were assayedaatéipl
using a 1.0 nM concentration dH]citalopram (84.2 Ci/mmol, PerkinElmer, Waltham,
MA). Nonspecific binding was determined in the presence of 10 mM unlabeled
fluoxetine. The incubation step was carried out at room temperature for hwyliith
the reaction was terminated by filtration through Whatman GF/B fittersoaked in
0.05% polyethyleneimine. Filters were washed twice with 5ml ice-coldhptieed in
4.3 ml of Scintisaf8" (30%), and counted at least 24h later in a Packard 1900CA liquid

scintillation analyzer. Protein levels in each sample were deternyneadns of the
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Bio-Rad® DC protein assay (Hercules, CA) using bovine gamma globulin as the standard.

All data were expressed as fmol SERT/mg protein.

Norepinephrine Transporter Binding Analysis

Norepinephrine transporter binding was conducted as described by Tejani-Butt
(1992), with minor modifications. Samples were weighed and homogenized with a
Polytron in 30 vols of ice-cold assay buffer containing 50 mM Tris, 120 mM NacCl, and 5
mM KCI, pH 7.4. Homogenates were then centrifuged at 20,@0@x20 min at 4°C
and resuspended, followed by three additional homogenizations and washes. Membrane
preparations were finally homogenized in ice-cold buffer containing 50 mM Tris, 300
mM NaCl, and 5 mM KCI, pH 7.4, since the increased concentration of NaCl enhances
binding of nisoxetine to NET (Tejani-Butt, 1992). The binding reaction was carried out
by incubating the washed membranes in triplicate with 2.0%}hfsoxetine (87.2
Ci/mmol, PerkinElmer, Waltham MA) for 4 h at 4°C. Nonspecific binding was defined
using 10uM desipramine. The reaction was terminated by addition of 5 ml ice-cold
buffer and filtration through GF/B filters presoaked in 0.05% polyethyleneimirilters
were washed twice more with buffer and then counted in a Packard 1900CA liquid
scintillation analyzer. The protein concentration of each sample was detdras

described above. All data were expressed as fmol NET/mg protein.

Dorsal and Median Raphe Tissue Punches for Real-Time PCR

Whole brains were cut coronally using a cryostat set at -10°C. Approaching the
midbrain, the anterior boundaries of the dorsal and median raphe (same plane) were

identified using the following two landmarks: 1) complete lateralization of the
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hippocampus concomitant with 2) rapid enlargement of the cerebral aqueduct (Paxinos
and Watson, 1998). A 1-mm section encompassing the entire rostral-caudal extent of
both nuclei was then taken and placed on an ionized glass slide (Thermo Electron
Corporation, Waltham, MA). The slide was chilled on dry ice for 1 min, after which
punches of both nuclei were taken using a sterile needle/expeller with anlinterna
diameter of 1. mm. Tissue punches from each animal were pooled and stored at -70°C

until RNA extraction.

Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

RNA Extraction Total RNA was extracted from combined dorsal/median raphe

punches using an RNeasy Micro Kit (Qiagen, Germantown, MD). Briefly, pumares
disrupted and homogenized in Qiazol reagent, after which chloroform was added, the
samples were centrifuged at 12,000, and the clear, upper phase containing total RNA
was carefully collected. Samples were then mixed with 70% EtOH and loaded onto
microcentrifuge columns. Before final RNA extraction using RNasewvigger, columns
were subject to multiple washes using proprietary buffers, DNAse | eeatand at

least two further washes in 80% EtOH. The RNA eluate was analyzed fgr purit
(260rp/280p ratio of 1.9-2.1 in conjunction with curve analysis of 226> 32Qyp scan)
and concentration using a ND-1000 NanoDrop spectrophotometer (Thermo Scientific,
Waltham, MA). Extracted RNA was diluted in RNase-free water as needetbasd gt

-70°C until real-time PCR analysis.

gRT-PCR Analysis Quantitative, real-time PCR was performed using a one-step

reverse-transcriptase (RT)-PCR Quantitédit from Qiagen, with SYBR green as the
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amplicon fluorescence marker. Briefly, template RNA (~10ng/reactias)asided to a
master mix containing random primers (RT step), SensiS¢rigptd Omniscrigt”

reverse transcriptases (RT step), and for the amplification step, gemez$pavard and
reverse primers (Quantitect Primer Assays, Qiagen), Hot'$ag polymerase,
deoxynucleotidetriphosphates (dNTPs), and magnesium buffer. All thernmmacgtdips,

as well as detection of SYBR green fluorescence intensity, wererpedan triplicate

on an MX3000p PCR instrument (Stratagene, La Jolla, CA). Relative mRNA abundance
between treatment groups was calculated by means of'ffierethod (Livak and
Schmittgen, 2001), using the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) to normalize RNA loading in each reaction. All cata a

expressed as fold-difference in gene expression.

Flow Cytometry

Preparation, Fixation, and Permeabilization of Synaptoso®gsaptosomes for

flow cytometry were prepared using a combined protocol from Wolf and Kafi£189a;
1989b) and Gylys et al. (2000), with modifications. Briefly, animals were deeply
anesthetized with Cand decapitated. Following removal of the brain, the hippocampus
was dissected free-hand, weighed, and immediately submerged in 30 vol of ice-cold
0.32M sucrose containing 10 mM Tris (pH, 7.4) and (50 ul/g) tissue protease inhibitor
cocktail (Sigma). Homogenization was performed using a Teflon-glassineot@estle

set at speed 6, using 10 up and down strokes, after which the homogenate was
centrifuged at 1000 g to remove nuclei and large debris. The supernatant was further
centrifuged at 16,000 g to yield the crude-synaptosomal fraction. For

fixation/permeabilization, the resulting pellet was resuspended in egjuahes of
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Kreb’s-Ringer phosphate (KRP) buffer (121.9 mM NaCl, 0.87 mM &89 mM KCl,

1.23 mM MgSQ, 1.23 mM KHPGO,, 10.3 mM sodium phosphate buffer (pH, 7.4), and
11.87 mM glucose) and Zamboni fluid (4% wt/vol parformaldehyde and 15% vol/vol
saturated picric acid in 0.1 M phosphate buffer, pH 7.4) for 30 min at room temperature,
yielding a final concentration of 2% paraformaldehyde and 7.5% picric acid.
Permeabilized synaptosomes were washed 4 times in 15 vol of modified DulbeB8o’s P
containing 0.53 mM MgGlandno CaC} and finally resuspended in this medium at an
approximate concentration of 5Smg/ml. Synaptosomes were stored in this mediin a

until processing for flow cytometry.

Dual-Labeling and LSR-1I AnalysisFor all incubations, synaptosomes were used

at a concentration of Img/ml. Briefly, on day of assay, synaptosomes were blocked in
KRP containing 2% sheep and mouse serum (Invitrogen) for 1h at 4°C, and then
incubated with primary antibodies directed against SNAP-25 (mouse-genergtad) Si
and TPH (sheep-generated, Millipore), at a concentration of 1:2500 and 1:100,
respectively. Synaptosomes were then washed 4x in KRP containing 2&ndaoabbit
serum (Invitrogen) and incubated for 1h (4°C) in anti-mouse and anti-sheep secondary
antibodies conjugated to the fluorescent markers phycoerythrin (PE), andd&io+gs
isothiocyanate (FITC), respectively. Following another 4 washes in KRPdwral

labeled synaptosomes were suspended (1:20) in this medium for flow analysis.

Flow analysis was performed on a LSR Il flow cytometer (BD Berges) using
FACSDiva™ software. Initially, emission spectral overlap between fluorophores used in
this study was compensated for using CalibYiteeads (BD Biosciences) individually

labeled with each marker. Synaptosomal samples were then colleeie@@Q events
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per second and analyzed by forward-scatter (measure of size) andatide{steasure

of granularity) plots to confirm linearity of spread, indicative of synaptokontegrity

(Gylys et al., 2004). Per subject, unlabeled samples as well as sameled Vaibh
secondary antibody only were run to determine background fluorescence for the purpose
of setting a gating threshold for detection, defined as the fluorescencatinsdove

which only 2% of the total events in the sample were identified as PE (SNA#-25)

FITC (TPH) positive. Dual-labeled samples were subsequently run for @ajelstgo

identify a SNAP-25 positive population by applying the proper gating threshold from the
previous analysis. Synaptosomes deemed SNAP-25 positive were thendfalyze
presence (or absence) of TPH, again by applying the relevant threslefcbgathe

initial background analysis. Ultimately, as discussed in chapter 4, eventsiétl as
SNAP-25/TPH positive were considered to originate from presynaptitosergic

terminals, and the number of SNAP-25/TPH positive synaptosomes was compared

between treatment groups.
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