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Methylenedioxymethamphetamine (MDMA; ‘Ecstasy’) is a ring-substituted amphetamine and a popular drug of abuse. In
addition to ability to induce euphoria, MDMA abuse is associated with a range of acute and long-term hazardous effects. This
paper is focused on once such adverse effect: its ability to negatively impact on functioning of the immune system. Research
demonstrates that MDMA has immunosuppressive properties, with both innate and adaptive arms of the immune system
being affected. The ability of MDMA to suppress innate immunity is indicated by impaired neutrophil phagocytosis and
reduced production of dendritic cell/macrophage-derived pro-inflammatory cytokines including tumour necrosis factor-alpha,
interleukin (IL)-1B, IL-12 and IL-15. MDMA also suppresses innate IFN-y production, and considering the role of IFN-y in
priming antigen-presenting cells, it is not surprising that MDMA reduces MHC class Il expression on dendritic cells and
macrophages, and inhibits co-stimulatory molecule expression. Paradoxically, studies demonstrate that MDMA elicits
pro-inflammatory actions in the CNS by activating microglia, the resident innate immune cells in the brain. In terms of
adaptive immunity, MDMA reduces circulating lymphocyte numbers, particularly CD4* T-cells; suppresses T-cell proliferation;
and skews cytokine production in a Th, direction. For the most part, the immunosuppressive effects of MDMA cannot be
attributed to a direct action of the drug on immune cells, but rather due to the release of endogenous immunomodulatory
substances. In this regard, peripheral B-adrenoceptors and cholinergic receptors have been shown to mediate some
immunosuppressive effects of MDMA. Finally, we discuss emerging evidence indicating that MDMA-induced
immunosuppression can translate into significant health risks for abusers.

Abbreviations

5-HT; receptors, serotonin2 receptors; CD11b, cluster of differentiation 11b; CD40, cluster of differentiation 40; CD8O0,
cluster of differentiation 80; CTL, cytotoxic T-lymphocyte; HIV, human immunodeficiency virus; HSV-2, herpes simplex
virus-2; ICAM-1, intracellular adhesion molecule-1; IFN-y, interferon-gamma; IgG, immunoglobulin G; IgG;,
immunoglobulin G1; IgGz,, immunoglobulin G2a; IgM, immunoglobulin M; IL, interleukin; IL-1ra,
interleukin-1receptor antagonist; IP-10/CXCL10, IFN-y-inducible protein 10; KLH, keyhole limpet haemocyanin; LPS,
lipopolysaccharide; MDA, methylenedioxyamphetamine; MDMA/Ecstasy, methylenedioxymethamphetamine; MHC
class II, major histocompatibility complex class II; MLR, mixed lymphocyte reaction; NK cells, natural killer cells; pCPA,
p-chlorophenylalanine; PHA, phytohaemagglutinin; SSRI, selective serotonin re-uptake inhibitor; STAT1, signal
transducers and activators of transcription-1; TGF-B,, transforming growth factor-betal; Th,, T-helperl; Th,, T-helper2;
TNF-o, tumour necrosis factor-alpha

Introduction such as cocaine, opioids, cannabinoids and amphet-

amines to impair many aspects of immune function,
Over the last two decades, investigators have docu- either directly or via neuroimmune pathways
mented the ability of a number of drugs of abuse (Nunez-Iglesias etal.,, 1996; Klein etal., 1998§;
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Mellon and Bayer, 1998b; Pellegrino and Bayer,
1998a; Yu et al., 2002; Friedman et al., 2003; In et al.,
2005). Moreover, numerous pre-clinical reports indi-
cate that a range of drugs of abuse result in dimin-
ished host resistance to infections (Nunez et al.,
1993; Baldwin et al., 1998; Cabral and Dove Pettit,
1998; Donahoe and Vlahov, 1998; Freire-Garabal
et al., 1998; 1999; Gavrilin et al., 2002; Cabral and
Marciano-Cabral, 2004). Indeed, some investigators
have implicated drug abuse as a co-factor in suscep-
tibility to infection with HIV or other viruses
(Nunez et al., 1993; Baldwin et al., 1998; Donahoe
and Vlahov, 1998; Gavrilin et al., 2002). Here, we
review the evidence indicating that the widely
abused recreational drug methylenedioxymetham-
phetamine (MDMA; ‘Ecstasy’) has suppressive
effects on immune system functioning and can
result in increased disease susceptibility.

Neurochemical and physiological actions

of MDMA

MDMA is a ring-substituted amphetamine and has
been a popular recreational drug of abuse for the last
three decades, and was classified as a schedule I
controlled drug by the US Drug Enforcement
Administration in 1985, and is classified as a class A
controlled drug under the UK misuse of drugs act
(Hegadoren et al., 1999; Green et al., 2003). From a
neurochemical standpoint, MDMA increases synap-
tic availability of serotonin and dopamine in a
number of brain structures, via interaction with
serotonin and dopamine transporters (Koch and
Galloway, 1997; Kankaanpaa et al., 1998). These
neurochemical actions underlie the positive subjec-
tive effects of MDMA (Liechti and Vollenweider,
2001), which includes a relaxed euphoric state,
emotional openness, increased empathy and a
decrease in inhibitions. Following repeated admin-
istration, tolerance develops to the positive subjec-
tive effects of MDMA, thereby requiring users to
consume larger quantities of the drug to achieve the
same ‘high’ (Parrott, 2005; Baumann ef al., 2008;
Jaehne et al., 2008) (Figure 1).

In addition to the psychoactive properties that
lead to its abuse potential, MDMA produces an array
of physiological actions such as hyperthermia, acute
sympathomimetic effects, such as increased heart
rate and blood pressure, increased anxiety and
increased activation of the hypothalamic—pituitary—
adrenal axis resulting in increased circulating gluco-
corticoid concentrations (Green etal.,, 2003).
Experimental studies have concluded that many of
these actions of MDMA occur secondary to central
release of either serotonin or dopamine (Nash et al.,
1988; Liechti and Vollenweider, 2001; Mechan et al.,
2002).
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Figure 1

An illustration of the chemical structure of MDMA (A), its major
metabolite MDA (B) and the parent amphetamines methamphet-
amine (C) and amphetamine (D).

Adbverse effects induced by MDMA abuse
MDMA abuse is associated with serious adverse
effects such as cardiac arrhythmias, hyperthermia,
renal failure, hepatotoxicity, rhabdomyolysis, sei-
zures and intracranial hemorrhage (Hegadoren
etal., 1999; Green etal., 2003; Hall and Henry,
2006). In addition to these acute toxic effects, there
is substantial evidence that MDMA can result in
long-term neurotoxic effects on central serotonergic
neurons (Stone et al., 1987; Capela et al., 2009), and
that this may represent a predisposing factor to
psychological  disturbances/psychiatric ~ disease
(Montoya et al., 2002; Durkin et al., 2008). While
the incidence and severity of acute or long-term
adverse effects of MDMA are generally positively
correlated with the extent of use, there is also evi-
dence of idiosyncratic reactions to MDMA (Cole and
Sumnall, 2003). One such factor that may influence
the toxicity of MDMA is co-ingestion with other
chemical substances. In this regard, recent evidence
indicates that co-administration of caffeine with
MDMA greatly exacerbates the acute and long-term
toxicity of MDMA, ultimately resulting in death
(McNamara et al., 2006; 2007).

Research conducted over the last decade has
demonstrated that the immune system is also a
target of MDMA abuse. Specifically, studies indicate
that MDMA suppresses aspects of innate and adap-
tive immunity in humans (Pacifici etal., 1999;
2001a,b; 2002; 2004; 2007) and laboratory animals
(Boyle and Connor, 2007; Connor et al., 1998; 1999;
2000a,b; 2001a,b; de Paula et al., 2009; Camarasa
et al., 2010). Moreover, emerging evidence indicates
that MDMA-induced immunosuppression translates
into significant health risks for abusers. The remain-
der of this paper focuses on the ability of MDMA to
impact upon immune function, discusses the
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Figure 2
A diagrammatic summary of the effect of in vivo administration of
MDMA on aspects of innate and adaptive immunity.

mechanisms and mediators underlying MDMA-
induced immunosuppression and the ability of
MDMA to result in reduced host resistance to
disease. In addition, we discuss similarities between
the effects of MDMA and the related drugs metham-
phetamine and D-amphetamine on immune func-
tioning (Figure 2).

MDMA has immunosuppressive
properties

MDMA-induced immunosuppression: evidence
from studies conducted in laboratory animals
The first demonstration that MDMA had immuno-
suppressive properties following in vivo administra-
tion came from a pre-clinical study where MDMA
(20 mg-kg™, i.p.) was shown to profoundly suppress
lymphocyte proliferation in response to the T-cell
mitogen concanavalin A, and this suppression of
T-cell function was accompanied by a large reduc-
tion in circulating white blood cell numbers in rats
which persisted for at least 6 h following drug
administration (Connor et al., 1998). In a subse-
quent study, it was observed that MDMA, its major

Immunosuppressive effects of MDMA ‘Ecstasy’

metabolite MDA and also the related serotonin-
releasing amphetamine derivative fenfluramine,
suppressed circulating lymphocyte numbers,
mitogen-stimulated T-cell proliferation and cytok-
ine production, with MDA and fenfluramine being
more potent than MDMA with respect to their
immunosuppressive actions (Connor et al., 2000a).

While examining mitogen-stimulated lympho-
cyte responses gives a useful indication of lympho-
cyte function, it has the limitation that under
normal physiological circumstances the immune
system does not encounter mitogens, but rather
encounters antigens. Consequently, a study was
conducted to assess the impact of MDMA adminis-
tration on an antigen-specific immune response to
the soluble protein antigen keyhole limpet
haemocyanin (KLH) in rats (Connor et al., 2001a).
In this study, KLH-specific immunoglobulin produc-
tion and KLH-specific cytokine production were
assessed as indices of immunocompetence. MDMA
did not alter the KLH-specific IgM response. In con-
trast, MDMA (5 and 10 mg-kg™) significantly sup-
pressed KLH-specific IgG production (Connor et al.,
2001a). Therefore, while MDMA failed to alter the
initial generation of the antibody response, it pro-
foundly inhibited antibody class switching from
IgM to 1gG. Two pathways for the genetic switch
from IgM to IgG production were investigated. One
pathway requires the Th;-type cytokine IFN-y to
stimulate the switch to IgGz.-secreting cells, while
another pathway requires the Thy-type cytokines
interleukin (IL)-4 and IL-6 to stimulate the switch to
IgGi-secreting cells. IgG; and IgGa. levels were mea-
sured to determine if these two pathways were dif-
terentially affected. The results indicate that only
IgG2a levels were decreased following MDMA admin-
istration. Furthermore, this decrease in IgG2. pro-
duction was accompanied by decreased KLH-specific
splenic IFN-y production. Overall, these data indi-
cate that MDMA alters the ability to switch from
IgM to 1gG,. production, possibly by reducing pro-
duction of the TH; cytokine IFN-y. These data indi-
cated that in addition to the ability of MDMA to
suppress lymphocyte response to mitogenic stimuli,
that it also suppresses the Th; arm of the immune
response to an antigenic stimulus.

Most subsequent animal studies examining
immunosuppressive actions of MDMA focused on
the impact of the drug on various aspects of innate
immunity. Neutrophils are a subset of phagocytic
cells that play a key role in the innate immune
response, and are the first cells to be recruited to the
site of infection (Quie and Mills, 1979; Quie, 1980).
Neutrophil activation that occurs following phago-
cytosis is accompanied by an oxidative burst that
produces reactive oxygen species, and destroys bac-
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teria and fungi. Experimental studies show that
MDMA suppresses neutrophil phagocytosis in both
mice and rats (Connor et al., 2004; de Paula et al.,
2009). For instance, in our study, we demonstrated
that administration of MDMA (10 mg-kg™) to rats
suppresses the mneutrophil oxidative burst in
response to opsonized zymosan (a phagocytic
stimulus) (Connor et al., 2004).

Cells of the innate immune system such as mac-
rophages and dendritic cells produce pro-
inflammatory cytokines such as IL-1B, TNF-o. and
IL-12 in response to stimulation with bacterial prod-
ucts such as lipopolysaccharide (LPS). These cytok-
ines are of strategic importance in initiating and
co-ordinating a large range of immune responses
against invading pathogens (Beutler, 1995; Trinch-
ieri, 2003; Dinarello, 2009). MDMA administration
to rats and mice impairs the ability to respond to an
in vivo immune challenge with bacterial LPS. Specifi-
callyy, MDMA suppresses LPS-induced IL-1p and
TNF-o. production in rats (Connor etal., 2000b;
2001b; 200S; Camarasa et al., 2010). The suppres-
sion of TNF-o that occurs following MDMA admin-
istration is the more profound and persists for
longer than the suppression of IL-1f (Connor et al.,
2000b). The suppressive effect on TNF-a production
is still evident following repeated treatment with
MDMA, indicating that tolerance does not develop
to its immunosuppressive effects (Connor etal.,
2005; Camarasa et al., 2010). MDMA also suppresses
production of the IFN-y-inducing factors IL-12 and
IL-15 in the mouse following an in vivo LPS chal-
lenge (Boyle and Connor, 2007). The suppressive
effect of MDMA on IL-12 and IL-15 precedes and is
correlated with a reduction in IFN-y production that
occurs in response to LPS (Boyle and Connor, 2007),
and this was accompanied by impaired IFN-y signal-
ling indicated by reduced phosphorylation of the
transcription factor STAT1, and reduced expression
of the IFN-y-inducible gene IP-10/CXCL10 (Boyle
and Connor, 2007).

In addition to producing pro-inflammatory
cytokines, cells of the innate immune system also
produce IL-10, an anti-inflammatory or immuno-
suppressive cytokine that inhibits several macroph-
age functions including production of pro-
inflammatory cytokines including TNF-a, IL-12 and
[FN-y (de Waal Malefyt et al., 1991; Bogdan et al.,
1992; Ding et al., 1993; Gerard et al., 1993; Boyle
and Connor, 2007). Our studies have demonstrated
that MDMA induces a dose-dependent increase in
IL-10 following an in vivo LPS challenge in both rats
and mice (Connor et al., 2005; Boyle and Connor,
2007), and that this effect persists following
repeated treatment with MDMA (Connor etal.,
2005). In our recent study, we have demonstrated
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that IL-10 is a critical mediator of the ability of
MDMA to suppress IL-12 and IFN-y production in
mice (Boyle and Connor, 2007). In addition to sup-
pressing the production of pro-inflammatory cytok-
ines, IL-10 also down-regulates expression of the
antigen-presenting molecule MHC class 1I, and the
co-stimulatory molecule B7 expression on antigen-
presenting cells, thereby inhibiting antigen presen-
tation and producing anergy in the T-cell arm of the
immune response (de Waal Malefyt etal., 1991;
Ding et al., 1993). In this regard, recent data from
our laboratory have demonstrated that in tandem
with increasing IL-10 production, MDMA sup-
presses MHC class II expression and expression of
the co-stimulatory molecules CD40, CD80 (B7.1)
and ICAM-1 in mice (Figure 3). Moreover, when we
examined the ability of splenocytes from MDMA-
treated mice to act as stimulator cells in the mixed
lymphocyte reaction (MLR), an assay that is com-
monly used to assess T-cell activation, we observed
that administration of MDMA in combination with
LPS suppressed the MLR (Boyle et al., 2005). These
data indicate that antigen-presenting cells from
MDMA-treated mice are less effective in stimulating
T-cell responses.

MDMA-induced immunosuppression: evidence
from studies conducted in humans

Pacifici and co-workers have conducted a number of
studies clearly demonstrating that MDMA has
potent immunomodulatory properties following
administration to human volunteers (Pacifici et al.,
1999; 2001a,b; 2002; 2004). In these studies, either
placebo or MDMA (75-100 mg) was administered
orally to recreational MDMA users in a controlled
setting. The effect of ethanol consumption
(0.8 mg-kg™) on immune function was also assessed,
as was the effect of MDMA and ethanol
co-administration. Studies were conducted in a
double blind fashion, using a crossover (Latin
square) design, where each participant received all
of the treatments in separate experimental sessions,
with a 1 week washout period between each session.
The studies conducted by Pacifici and co-workers
clearly demonstrate that MDMA suppresses the
number of circulating CD4" T-cells, suppresses
mitogen-stimulated  T-cell  proliferation and
increases circulating numbers of natural killer (NK)
cells (Pacifici et al., 1999; 2001b). Although MDMA
was shown to increase circulating NK cell numbers,
the activity of these NK cells was not assessed; con-
sequently, it is difficult to predict the effect of
MDMA on overall NK cell functionality. Their
studies also indicate that MDMA promotes a switch
to a The-type cytokine profile as indicated by
reduced IFN-y and IL-2 production, with a concomi-
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Figure 3

MDMA suppresses MHC class Il expression and expression of the co-stimulatory molecules CD80, CD40 and ICAM-1. LPS (250 ug-kg™') was
administered to mice immediately following MDMA administration, and the mice were sacrificed 8 h after injection for measurement of MHC class
Il expression on splenic monocytes and dendritic cells by flow cytometry (A) and splenic mRNA expression for the co-stimulatory molecules CD40,
CD80 and ICAM-1 using real-time PCR (B). Data are expressed as mean = SEM (n = 4-8). *P < 0.05, **P < 0.01 versus no LPS control group, *P
< 0.05, *P < 0.01 versus LPS group (one-way ANOVA followed by a Newman-Keuls post hoc test).

tant increase in the Th; cytokines IL-4 and IL-6, and
the T-regulatory cytokines IL-10 and TGF-B; (Pacifici
etal., 1999; 2001b). These immunosuppressive
effects of MDMA were maximal 3-6 h following
drug administration, and in some cases were evident
24 h later. In some instances, co-administration of
alcohol further enhanced the immunosuppressive
effects of MDMA. When two doses of MDMA
(100 mg per dose) were administered 4 or 24 h
apart, the immunosuppressive effects of MDMA

were augmented following administration of the
second dose. Furthermore, administration of two
doses of MDMA 4 h apart produced longer-lasting
immunosuppression that a single dose of MDMA
when immune measures were assessed 24 h after
treatment. In a second clinical trial, the second
MDMA dose was administered 24 h after the first
dose, and produced immunological changes signifi-
cantly greater than those induced by the initial drug
administration, which seemed to show a delayed
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onset. In addition, significant residual effects were
observed for all the immune parameters examined
as late as 48 h after the second dose. Based on these
findings, we conclude that repeated administration
of MDMA with either a short or long time interval
between doses increases both the magnitude and
duration of MDMA-induced immunosuppression.

The clinical trials discussed so far were con-
ducted in a controlled environment and have
examined time-dependent effects of a single dose
or two repeated doses of MDMA within a 24-28 h
time-frame. The same research group has also
studied baseline immunological parameters in rec-
reational MDMA wusers at different time-points,
compared with control subjects (Pacifici etal.,
2002; 2007). When baseline values were compared
between MDMA wusers and controls, a significant
reduction in NK cell numbers, T-helper cell
numbers and lymphocyte proliferation could be
attributed to consumption of MDMA (Pacifici et al.,
2007). These studies indicate that there is a sus-
tained suppression in lymphocyte numbers and
function, and NK cell numbers in chronic MDMA
users; this reduction in NK cell numbers observed
in chronic MDMA wusers is at variance with the
increase in NK cell numbers observed following
acute administration of MDMA to human volun-
teers (Pacifici et al., 1999; 2001b).

Mechanisms by which MDMA can alter
immune function

Direct effects of MDMA on immune cells:
evidence from in vitro studies

The most well-classified molecular targets for
MDMA action are the transporter (uptake) sites for
serotonin and dopamine. While these transporter
sites are located predominantly on pre-synaptic
serotonergic and dopaminergic neurons, respec-
tively, there is now ample evidence the cells of the
immune system also express transporter sites for
both of these neurotransmitters (Mossner and
Lesch, 1998; Gordon and Barnes, 2003). In addition,
recent evidence indicates that MDMA and related
amphetamines bind to trace amine receptors
(Bunzow etal.,, 2001), and these receptors are
expressed on immune cells (Nelson efal., 2007).
Consequently, MDMA can interact directly with
molecular targets expressed on immune cells, and
thereby has the potential to alter immune cell activ-
ity directly.

The first study to examine the immunomodula-
tory potential of MDMA was published 15 years ago
by House and co-workers, and examined the impact
of in vitro exposure to MDMA (0.0001-100 uM) on a

22 British Journal of Pharmacology (2010) 161 17-32

number of immune parameters in splenocytes and
peritoneal macrophages from B6C3F1 mice (House
etal.,, 1995). In this study, T-cell function was
assessed by anti-CD3-induced IL-2 and IL-4 produc-
tion, B-cell function was assessed by measuring pro-
liferation, natural immunity was assessed by
measuring NK cell cytotoxicity, T-cell effector func-
tion was evaluated as a function of cytotoxic
T-lymphocyte (CTL) activity and macrophage func-
tion was assessed by measuring production of the
pro-inflammatory cytokines IL-6 and TNE. In vitro
exposure to MDMA had no effect on B-cell prolit-
eration. In terms of T-cell function, production of
the Th; cytokine IL-2 was enhanced by 0.0001 uM
MDMA, suppressed by 100 uM MDMA and not
altered by any of the five intermediate concentra-
tions. Production of the Th, cytokine IL-4 was not
altered by exposure to any concentration of MDMA
examined. Basal and IL-2-augmented NK cell cyto-
toxicity were enhanced at concentrations of MDMA
between 0.0001 and 0.1 uM; however, this effect
was evident only at one of the three effector : target
cell ratios employed, and therefore cannot be
regarded as a robust finding. Conversely, IL-2-
stimulated NK cell activity was significantly sup-
pressed by MDMA (10 uM), but again this effect was
evident only at one of the three effector : target cell
ratios employed in the assay. CTL induction was
significantly suppressed at a concentration of
100 uM, but was unaltered at any of the other con-
centrations used. Finally, LPS-induced macrophage
IL-6 or TNF production was not significantly altered
by any concentration of MDMA; however, there was
a slight but statistically non-significant suppression
of TNF observed at 10 and 100 uM MDMA. In
summary, the data generated by House et al. (1995)
indicate that in vitro exposure to MDMA has vari-
able, and for the most part modest, effects on the
immune system depending on the dose employed,
and the specific immune parameter under
investigation.

In a subsequent study, we observed that in vitro
exposure of LPS-stimulated diluted rat blood to
MDMA failed to mimic its ability to suppress the
pro-inflammatory cytokines IL-18 and TNF-o fol-
lowing an in vivo LPS challenge (Connor etal.,
2000b), and the inability of in vitro MDMA exposure
to suppress LPS-induced TNF-o production in rat
whole blood cultures was recently replicated by
another group (Camarasa etal., 2010). We also
observed that in vitro exposure of LPS-stimulated
mouse splenocytes to MDMA failed to mimic its
ability to suppress IL-12 and IFN-y production fol-
lowing an in vivo LPS challenge (Boyle and Connor,
2007). Similarly, we reported that the ability of
MDMA to increase LPS-induced IL-10 production in



vivo was not mimicked by in vitro exposure of LPS-
stimulated diluted whole blood cultures to the drug
(Connor et al., 2005). In addition, the suppression
of Con A-stimulated lymphocyte proliferation
observed ex vivo in blood harvested from MDMA-
treated rats cannot be mimicked by in vitro exposure
to MDMA (Connor, unpubl. obs.). These data
suggest that the potent immunosuppressive actions
of MDMA observed following in vivo administration
are not due to a direct action of the drug on immune
cells, and are likely to be due to the release of endog-
enous immunomodulatory substances that occurs
in response to MDMA. In contrast to these findings,
both in vivo and in vitro exposure to MDMA elicit
similar suppressive effects on the zymosan-induced
oxidative burst in rat neutrophils, suggesting that
MDMA can elicit a direct effect on neutrophil
phagocytosis (Connor et al., 2004). In addition, a
recent study reported that in vitro exposure of
murine macrophages to MDMA for 24 h suppressed
production of the pro-inflammatory cytokines IL-6,
TNF-o. and IL-12; the inflammatory chemokine
RANTES; and the anti-inflammatory cytokine IL-10
induced by murine y-herpes virus-68 (Nelson et al.,
2008). However, it is important to point out that in
this study, the suppressive effect of MDMA was
observed at 500 uM, a very high concentration of
MDMA that is far in excess of what would be ever
encountered by immune cells in the in vivo setting
following ingestion of the drug.

Indirect mechanisms by which MDMA can
impact upon the immune system

In addition to having a direct action on immune
cells, MDMA has the potential to alter immune
functioning via neuroimmune mechanisms. Specifi-
cally, it is well established that changes in CNS neu-
rotransmitter function can alter immunity via
changes in endocrine output and sympathetic
nervous system activity (Dantzer and Kelley, 1989;
Serafeim and Gordon, 2001). For instance, MDMA
induces the release of the neurotransmitters seroto-
nin and dopamine in the CNS (Koch and Galloway,
1997; Kankaanpaa et al., 1998), and produces con-
sequential downstream activation of peripheral
immunomodulatory pathways such as the
hypothalamic-pituitary—adrenal axis and the sym-
pathetic nervous system (Nash et al., 1988; Grob
et al., 1996). Therefore, when addressing the under-
lying physiological mechanisms that mediate the
immunosuppressive effects of MDMA, it is necessary
to consider central neurotransmitters that drive
downstream responses, and also peripheral neu-
rotransmitters and hormones that are the ultimate
mediators impacting on immune cells.

Immunosuppressive effects of MDMA ‘Ecstasy’

Neurotransmitters as central drivers of

MDMA-induced immunosuppression
As the predominant neurochemical action of

MDMA is to release serotonin within the CNS, it is
logical to assume that central serotonin release may
mediate the actions of MDMA on the immune
system. In this regard, it was demonstrated that the
related amphetamine compound fenfluramine that
is a selective releaser of serotonin produced qualita-
tively similar suppressive effects to MDMA on a
number of immunological measures in rats (Connor
et al., 2000a; Connor and Kelly, 2002). For instance,
tenfluramine suppressed circulating lymphocyte
numbers, suppressed T-lymphocyte proliferation
and cytokine production (Connor et al., 2000b) and
also suppressed production of the pro-inflammatory
cytokines IL-1B and TNF-a in response to an in vivo
LPS challenge (Connor and Kelly, 2002). Similarly, it
has been demonstrated that selective serotonin
re-uptake inhibitors suppress T-cell function, and
this immunosuppressive effect is mediated via acti-
vation of central 5-HT, receptors (Pellegrino and
Bayer, 2002). These findings all point towards sero-
tonin release as a mediator of the immunosuppres-
sive effects of MDMA in rats.

In order to evaluate the role of serotonin in
MDMA-induced immunosuppression, two pharma-
cological strategies that inhibit MDMA-induced
serotonin release were employed. Firstly, the selec-
tive serotonin re-uptake inhibitor paroxetine was
used to prevent MDMA from entering serotonergic
neurons, thereby preventing MDMA-induced sero-
tonin release (Connor et al., 2001b). In the second
study, rats were pretreated with the tryptophan
hydroxylase  inhibitor = p-chlorophenylalanine
(pCPA), an agent that reduces brain serotonin syn-
thesis. The impact of both of these anti-serotonin
strategies on MDMA-induced suppression of IL-18
and TNF-o in rats was evaluated. While paroxetine
pretreatment completely blocked MDMA-induced
serotonin depletion in both the frontal cortex and
hypothalamus, it failed to alter the suppressive
effects of MDMA on LPS-induced TNEF-a. secretion. It
was also of interest that paroxetine treatment alone
suppressed both LPS-induced IL-1$ and TNF-a secre-
tion by 27 and 50%, respectively, possibly by its
ability to increase central serotonin concentrations
(Connor et al., 2001b). While the treatment regimen
of pCPA used caused in excess of a 90% depletion of
brain serotonin concentration, the suppressive
effect of MDMA on LPS-induced IL-1p and TNF-o
was equivalent in both saline and pCPA-treated
groups. In all these data indicated that the immu-
nosuppressive effects of MDMA occur by a mecha-
nism(s) independent of serotonin release. In a
similar manner, it was observed that the suppressive
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effect of fenfluramine (10 mg-kg™) on LPS-induced
IL-1B and TNF-o production was not blocked by
pretreatment with either paroxetine or pCPA
(Dennedy et al., 2000). However, in a later study
using much lower doses of fenfluramine (1.25 and
2.5 mg-kg™"), it was observed that the suppressive
effect of fenfluramine on LPS-induced IL-1p produc-
tion was blocked by pretreatment with pCPA, indi-
cating that it was indeed a serotonin-dependent
event (Connor et al., 2003). In a similar fashion, it is
also possible that serotonin may contribute to the
immunosuppressive effect of low doses of MDMA,
and that this may be overridden by dopaminergic
influences when higher doses are employed.
However, further research is necessary to test this
hypothesis.

In contrast to the animal studies outlined above
that failed to elucidate a role for serotonin in
MDMA-induced immunosuppression (Connor
etal., 2001b), a study conducted in humans dem-
onstrated that pretreatment with the serotonin
re-uptake inhibitor paroxetine could block some of
the immunosuppressive effects of MDMA. Specifi-
cally, paroxetine pretreatment partially inhibited
that ability of MDMA to suppress circulating CD4+
Theper cell numbers, and to increase circulating NK
cell numbers (Pacifici ef al., 2004). In addition, par-
oxetine totally abolished the suppressive effect of
MDMA on lymphocyte proliferation and IL-2 pro-
duction induced by the T-cell mitogens Con A and
phytohaemagglutinin (PHA), and blocked the
ability of MDMA to enhance PHA-stimulated pro-
duction of the anti-inflammatory cytokines IL-10
and TGF-B. In all, these data support a role for
serotonin release in mediating the suppressive
effect of MDMA on human T-cell function. These
results are consistent with an earlier finding that
central 5-HT, receptors mediate the suppressive
effect of the selective serotonin re-uptake inhibitor
fluoxetine on T-cell function (Pellegrino and Bayer,
2002).

In addition to the potent serotonin-releasing
properties of MDMA, it is also well established that
MDMA releases dopamine within the CNS, although
with less potency (Koch and Galloway, 1997; Kan-
kaanpaa et al., 1998). Thus, it is possible that dopam-
ine release may play a role in the immunosuppressive
effects of MDMA. In this regard, it was previously
demonstrated that both D-amphetamine and meth-
amphetamine, two psychostimulants that are struc-
turally related to MDMA and are potent dopamine
releasers, elicitimmunosuppressive effects in rodents
(Freire-Garabal et al., 1991; Pezzone et al., 1992; Yu
et al., 2002). Future studies are required to evaluate
the role of dopamine in MDMA-induced immuno-
suppression (Tables 1 and 2).
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Does behavioural stimulation play a role in
the immunosuppressive effect of MDMA?
MDMA provokes a variety of euphoric effects in
humans and behavioural hyperactivity in labora-
tory animals (Green et al., 2003). It is of interest that
previous studies demonstrated that depletion of
serotonin concentrations with pCPA or blockade of
serotonin release by pretreatment with SSRIs attenu-
ates the locomotor stimulant effect of MDMA in rats
(Callaway et al., 1990). Therefore, while pretreat-
ment with paroxetine or pCPA attenuates the
behavioural effects of MDMA, the immunosuppres-
sive effects (at least on pro-inflammatory cytokine
production) still persist, indicating a dissociation
between the behavioural and immunosuppressive
effects of MDMA (Connor et al., 2001b). In addition,
the fact that the non-psychostimulant amphet-
amine derivative fenfluramine elicits similar immu-
nosuppressive effects to MDMA (Connor etal.,
2000a; Connor and Kelly, 2002) supports the view
that the psychoactive and immunosuppressive
properties of substituted amphetamines in rats are
not necessarily linked.

A previous study conducted in humans reported
that treatment with the SSRI citalopram blocked the
positive mood, extraversion and self-confidence
induced by MDMA (Liechti and Vollenweider,
2001). In addition, some of the immunosuppressive
actions of MDMA in humans are blocked by seroto-
nin transporter blockade with the related SSRI par-
oxetine (Pacifici et al., 2004). However, despite these
coincidental effects, the exact role that the euphoric
effect of MDMA plays in its ability to suppress the
immune system in humans is not clear.

Peripheral mediators of MDMA-induced
immunosuppression

It is well established that MDMA activates both the
hypothalamic—pituitary-adrenal axis and sympa-
thetic nervous system (Nash et al., 1988; Grob et al.,
1996; Connor et al., 1999), and that the end prod-
ucts of these axes namely glucocorticoids and cat-
echolamines have immunosuppressive properties
(Bateman et al., 1989; Elenkov et al., 2000). There-
fore, it was plausible to suggest that MDMA could
elicit its immunosuppressive actions by increasing
the release of these endogenous negative immuno-
regulators. Consistent with this hypothesis, it was
demonstrated that the increase in IL-10 induced by
MDMA could be blocked by pretreatment with the
B-adrenoceptor antagonists propranolol and
nadolol, indicating that the MDMA-induced
enhancement of IL-10 production was mediated by
B-adrenoceptor activation, presumably in response
to MDMA-induced catecholamine release (Connor
et al., 2005; Boyle and Connor, 2007). Similarly, the
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suppressive effect of MDMA on production of the
inflammatory cytokine IFN-y is mediated by
B-adrenoceptors; in contrast, suppression of other
pro-inflammatory cytokines including TNF-a and
IL-1B occurred independent of B-adrenoceptor acti-
vation (Connor et al., 2005). Consistent with this
observation, a recent study reported a key role for
nicotinic acetylcholine receptors in mediating the
suppressive effect of MDMA on TNF-o. production in
vivo in both rats and mice (Camarasa et al., 2010).
This is an interesting finding and supports an
emerging literature that cholinergic signalling via
the vagus nerve can suppress aspects of the innate
immune system (Wang et al., 2003).

While MDMA is a potent stimulator of peripheral
glucocorticoid release (Nash et al., 1988), our studies
to date using adrenalectomy and the glucocorticoid
receptor antagonist RU38486 do not support a role
for glucocortiocids in mediating the immunosup-
pressive effects of MDMA in rats (Connor etal.,
20035) or mice (Boyle and Connor, unpubl. obs.).

Does MDMA-induced
immunosuppression translate into a
significant health risk for abusers?

Based on the studies outlined above, it is clear that
MDMA suppresses aspects of innate and adaptive
immunity, and that there is evidence of sustained
suppression of immune function in chronic MDMA
users. Thus, the possibility exists that the immuno-
suppressive effects of MDMA could lead to an abnor-
mal immune response at times of infection or
illness. For instance, pre-clinical studies have dem-
onstrated that a deficiency in pro-inflammatory
cytokines such as IL-1, TNF-o and IFN-y can have a
significant impact on host resistance to infectious
disease. Specifically, TNF-o. knockout mice have
reduced host resistance to Listeria monocytogenes
infection (Pasparakis et al., 1996), and antagonism
of IL-1 receptors with IL-1ra interferes with host
resistance to infection with Mpycobacterium avium
(Denis and Ghadirian, 1994). Moreover, the clinical
literature clearly demonstrates that treatment with
anti-TNF-o agents including infliximab and etaner-
cept results in an increased susceptibility to infec-
tious diseases (Keane, 2005; Strangfeld et al., 2009;
Furst, 2010). The critical role played by IFN-y in
antimicrobial defence is demonstrated by the
increased susceptibilities of IFN-y and IFN-y receptor
knockout mice to a variety of infectious organisms,
particularly to intracellular organisms such as List-
eria and Mycobacteria (Shtrichman and Samuel,
2001). Of course, IFN-y also plays a key role in anti-
viral immunity via its ability to promote I1gG.. pro-

Immunosuppressive effects of MDMA ‘Ecstasy’

duction, the dominant antibody isotype responsible
for complement-mediated lysis reactions. In addi-
tion to its role in host resistance to infection, innate
IFN-y also plays a significant role in anti-tumour
immunity (Kim efal., 2000; Tannenbaum and
Hamilton, 2000; Ikeda et al., 2002). Thus, it is pos-
sible that MDMA, by suppressing production of
inflammatory cytokines, could reduce host resis-
tance to bacterial and viral infections, and also
negatively impact upon cancer progression. The
ability of MDMA to suppress neutrophil function is
a cause for concern, considering their key role in the
early stages of host defence (Quie and Mills, 1979;
Quie, 1980). Also, the long-term depletion in NK
cell numbers reported following MDMA abuse in
humans is of concern, considering the important
role that NK cells play in cell-mediated immunity,
and more particularly in tumour surveillance
(Albertsson et al., 2003; Farag et al., 2003). In addi-
tion, NK cells are a critical component of the innate
immune response to infection, largely due to their
ability to elaborate large quantities of IFN-y prior to
the development of an effective adaptive immune
response (Farrar and Schreiber, 1993). Similarly, in
the context of the adaptive immune response, the
suppressive action of MDMA on T-cell function is a
cause for concern.

To date, there is only one study that has exam-
ined the impact of MDMA on host resistance to
infection. In this study, Pennock and co-workers
demonstrate that treatment of female mice with
MDMA (10 mg-kg™) for 5 days increases susceptibil-
ity to herpes simplex virus-2 (HSV-2) infection fol-
lowing vaginal inoculation. Increased susceptibility
to infection in MDMA-treated mice was character-
ized by an earlier onset of disease, and the fact that
a lower virus inoculum concentration was required
to establish infection in 50% of mice. This increase
in disease susceptibility was accompanied by higher
viral titer in the genital tract of MDMA-treated mice
(Pennock et al., 2009). These are important data and
suggest that MDMA abuse can increase susceptibil-
ity to sexually transmitted diseases such as HSV.
These findings of Pennock et al. are consistent with
previous studies indicating that administration of
D-amphetamine, the parent compound of MDMA,
reduced host resistance to infection by influenza A
virus and the bacteria L. monocytogenes (Freire-
Garabal et al., 1991; Nunez et al., 1993).

In addition to these pre-clinical findings, studies
have used structured questionnaires to examine the
incidence of infections in MDMA abusers. One
study reported a significantly higher rate of mild
infections (common cold, acute pharyngitis and
sinusitis and uncomplicated urinary tract infec-
tions) in regular MDMA/Cannabis users compared
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with regular Cannabis users alone or control subjects
(Pacifici et al., 2007), thus indicating that regular
MDMA use may play a causal role in the incidence
of infections. Another report presented the results of
a survey of 282 Ecstasy users that participated in a
WWW study (Parrott et al., 2002). The sample was
comprised of 109 novice users (1-9 occasions), 136
moderate users (10-99 occasions) and 36 heavy
users (+100 occasions). In this study, yes/no
responses were recorded to a series of questions cov-
ering problems experienced when drug-free which
were attributed by the respondents to their Ecstasy
use. In this survey, infections were cited as one of
the problems that were significantly associated with
the extent of Ecstasy use (Parrott et al., 2002).

It is also possible that both the environment in
which MDMA is consumed and/or the psychoactive
effects that MDMA induces could synergize with the
immunosuppressive effects of the drug, to result in
increased susceptibility to infectious disease. For
instance, MDMA use has traditionally been associ-
ated with the rave dance club scene, a crowded
environment where teenagers congregate. Such an
environment is optimal for transmitting airborne
infection between individuals. In addition, the
results of a recent study indicated that MDMA abuse
was strongly and significantly associated with high-
risk sexual behaviours (unprotected anal inter-
course) in a population of gay/bisexual men
sampled from three New York dance clubs (Klitzman
et al., 2000). Thus, when one combines such envi-
ronmental factors with the immunosuppressive
effect of MDMA, it is reasonable to suggest that
MDMA users may have a higher risk of developing
infectious disease in comparison to drug-free
subjects.

Some clinical case reports also support a role for
MDMA-induced immunosuppression resulting in
increased susceptibility to infectious disease. For
instance, Zwick and colleagues reported a case of
herpes zoster ophthalmicus (shingles of the eye) in
a 24-year-old, and otherwise healthy, man, which
developed immediately after an Ecstasy binge
where he consumed MDMA three times daily for 4
days (Zwick etal., 2005). As this condition is
extremely rare in individuals under the age of 50
years, and as reactivation of Varicella zoster (the
virus that causes this condition) is a potential com-
plication of immunosuppression, the authors
suggest that MDMA-induced immunosuppression
could be a causal factor in the development of
herpes zoster ophthalmicus in this individual
(Zwick et al., 2005). Another report highlighted
cases where MDMA abuse in humans closely pre-
ceded the development of meningococcal menin-
gitis (Prasad et al., 1994).

28 British Journal of Pharmacology (2010) 161 17-32

MDMA drives an inflammatory
response in the CNS: a role in the
neurodegenerative actions of MDMA

Recent studies demonstrate that MDMA induces
activation of microglia; the resident innate immune
cells of the CNS that are of the same lineage as
peripheral monocytes. Microglial activation was
characterized by increased expression of the micro-
glial activation marker CD11b, increased produc-
tion of the microglial-derived pro-inflammatory
cytokine IL-18 and activation of the inflammatory
signalling molecule NFxB (Orio et al., 2004; 2009).
Microglial activation has be reported to be a phar-
macologically specific marker for neurotoxic
amphetamines (Thomas etal., 2004), and
co-administration of caffeine with MDMA, which is
known to exacerbate its neurotoxic actions
(McNamara et al., 2006), also augments the degree
of microglial activation induced by MDMA (Khair-
nar etal.,, 2010). Significantly, treatment with an
inhibitor of microglial activation, minocycline, pre-
vents MDMA-induced serotonergic neurotoxicity in
frontal cortex, striatum and hippocampus, and pre-
vents dopaminergic neurotoxicity in the striatum
(Zhang et al., 2006; Orio et al., 2009). These data
indicate that a microglial inflammatory response
contributes to the neurotoxic actions of MDMA in
these brain regions. Thus, while MDMA elicits
immunosuppressive/anti-inflammatory effects in
the peripheral immune system in response to
various immune cell stimulants, it is clear that in
the brain MDMA elicits an inflammatory response
in microglia that contributes to its neurotoxic
actions.

Conclusions

Research conducted over the last decade clearly
demonstrates that MDMA elicits immunosuppres-
sive effects in humans and laboratory animals, a
property that it shares with other drugs of abuse
(Nunez-Iglesias etal., 1996; Klein etal., 199S;
Mellon and Bayer, 1998a; Pellegrino and Bayer,
1998b; Yu et al., 2002; Friedman et al., 2003). For the
most part, the immunosuppressive effects of MDMA
are not due to a direct action of the drug on immune
cells, but rather due to the release of endogenous
immunomodulatory substances, and recent studies
have implicated catecholaminergic B-adrenoceptors
and nicotinic acetylcholine receptors in mediating
some of the suppressive effects of MDMA on
immune functioning (Connor efal., 2005; Boyle
and Connor, 2007; Camarasa et al., 2010). In addi-
tion, there is emerging pre-clinical and clinical evi-



dence to suggest that the immunosuppressive
actions of MDMA lead to reduced host resistance to
infections. In addition to the peripheral immuno-
suppressive actions of MDMA, recent evidence indi-
cates that MDMA induces an inflammatory reaction
in the brain by activating microglia and that micro-
glial activation contributes to the neurotoxic
actions of this drug.
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