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The classical monoamine neurotransmitters — dopamine, norepinephrine, and 

serotonin — are critically involved in a range of brain functions and their transporters 

(DAT, NET, and SERT) are targets for many psychoactive drugs. Some of the oldest and 

most widely prescribed psychotherapeutics (e.g., antidepressants, psychostimulants) are 

monoaminergic drugs, but their mechanisms remain poorly understood and many pose 

serious safety or efficacy challenges to patients. Still, there have been few meaningful
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advances in neuropsychiatric drug development over the last three decades. Growing 

evidence suggests that MDMA and other psychedelics may transform care for an array of 

poorly treated conditions. The purpose of my dissertation is to elucidate the mechanisms 

underlying the behavioral effects of monoaminergic drugs to inform the development of 

novel, optimized drugs that retain or lack specific therapeutic or adverse effects. We have 

taken a systematic approach to examining monoamine transporter inhibitors and reversers 

at both low and high doses on various behavioral outcomes in mice. In Chapter 2, we 

explore whether existing drugs may mimic the therapeutic, memory-enhancing effects of 

low-dose psychostimulants but lack the adverse, reinforcing effects of high-dose 

psychostimulants. Bupropion (a low affinity DAT inhibitor) and atomoxetine (a high 

affinity NET inhibitor) produced these desired effects in combination but not alone. In 

Chapter 3, we systematically analyze all preclinical findings on the cognitive effects of 

MDMA with a critical focus on dose. We found no evidence that low, clinically relevant 

doses (< 3 mg/kg MDMA) produce cognitive impairments. In Chapter 4, we further 

analyze the potential adverse effects of MDMA across a wide range of doses. High doses 

(≥ 3 mg/kg MDMA) produced memory impairments and some evidence of an addictive 

potential while low, clinically relevant doses (≤ 1 mg/kg MDMA) did not. In Chapter 5, 

we present a novel method for assessing prepulse inhibition of acoustic startle in rodents, 

which may be especially useful for antipsychotic drug screening. In Chapter 6, we discuss 

our findings in the context of the current “psychedelic renaissance” and provide a roadmap 

for systematically analyzing classical and novel monoaminergic compounds to advance 

drug development for the most critical unmet medical needs in neuropsychiatry. 
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The classical monoamine neurotransmitters — dopamine, norepinephrine, 

epinephrine, and serotonin — are critically involved in range of functions, including motor 

control, cognition, emotion, memory processing, vascular regulation, and endocrine 

modulation (Kandel et al., 2000). Monoaminergic dysfunction is also implicated in various 

neuropsychiatric disorders, such as addiction, anorexia nervosa, anxiety, attention deficit 

hyperactivity disorder (ADHD), depression, Huntington’s disease, Parkinson’s disease, 

schizophrenia, and Tourette syndrome (Lucki, 1998; Beaulieu and Gainetdinov, 2011; 

Borodovitsyna et al., 2017). A major mechanism by which extracellular monoamine levels 

are regulated are via the dopamine (DAT), norepinephrine (NET), and serotonin (SERT) 

transporters. Specifically, these plasma membrane proteins transport released 

neurotransmitters back into the presynaptic terminal (Torres et al., 2003; Kristensen et al., 

2011). 

Many psychoactive drugs, both therapeutic and recreational, target the monoamine 

transporters, including psychostimulants, antidepressants, and mixed stimulant-

psychedelics like MDMA (±3,4-methylenedioxymethamphetamine) (Tatsumi et al., 1997; 

Rothman and Baumann, 2003; Gether et al., 2006; Iversen, 2006). These drugs differ in 

their binding affinities to DAT, NET, and/or SERT as well as in their actions as transporter 

inhibitors versus transporter reversers. Transporter inhibitors bind to the transporter and 

block the reuptake of transmitter into the presynaptic terminal, while transporter reversers 

are transported into the presynaptic terminal and promote the release of transmitter into the 

extracellular space (Fleckenstein et al., 2000; Torres et al., 2003; Gether et al., 2006; 

Kristensen et al., 2011). Typically, reversers are more effective than inhibitors in increasing 
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extracellular monoamine levels; this is also affinity- and dose-dependent (Rothman and 

Baumann, 2003; Howell and Negus, 2014). Since these changes in extracellular 

monoamine levels underlie functional changes (Carlsson, 1964), the dose, affinity, and 

action of drugs that target the monoamine transporters critically mediate their functional 

effects. However, in many cases, the specific mechanisms underlying specific behavioral 

effects are poorly understood. A greater understanding of these patterns could facilitate the 

development of novel psychotherapeutics for disorders that have no current drug treatments 

(e.g., autism; Ghosh et al., 2013) or that have drug treatments with inconsistent safety (e.g., 

psychostimulants; Lakhan and Kirchgessner, 2012) or efficacy (e.g., antidepressants; Fava, 

2003). 

Ongoing research in our lab is aimed at exploring the behavioral effects of drugs 

that target the monoamine transporters. Table 1.1 includes many of these monoaminergic 

drugs that our lab has studied in previous and the present experiments. This list comprises 

of various drug classes, including stimulants (e.g., methylphenidate, amphetamine, 

cocaine), non-stimulants (e.g., atomoxetine), antidepressants (e.g., bupropion, citalopram), 

and mixed stimulant-psychedelics (e.g., MDMA). For each drug, their action (inhibit or 

reverse) and binding affinity (Ki values) at DAT, NET, and SERT, as well as their 

behavioral effects at low and high doses, are specified. We are specifically interested in 

drug effects on locomotion, reinforcement, memory, and depression, which together, 

encompass a few of the most salient behaviors modulated across this broad class of drugs. 

For drug effects not reported in their U.S. Food and Drug Administration (FDA) approved 

labeling, we investigated using preclinical models of behavior that are widely used and 
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demonstrate high predictive validity. Specifically, we assessed the behavioral effects of 

these drugs in mice using the following tests: open field (locomotion; Walsh and Cummins, 

1976), conditioned place preference (reinforcement; Tzschentke, 2007), Pavlovian fear 

conditioning (memory; Maren, 2001), and the Porsolt forced swim test (depression; Porsolt 

et al., 1977). Together, these findings will further clarify the mechanisms (i.e., dose, 

affinity, and action) that underlie the therapeutic (e.g., memory-enhancing, antidepressant) 

versus adverse (e.g., memory-impairing, reinforcing) behavioral effects of drugs that target 

the monoamine transporters.  

Psychostimulants are a large class of monoaminergic drugs that are used 

therapeutically and also abused. The psychostimulants amphetamine (e.g., Adderall) and 

methylphenidate (e.g., Ritalin) are highly effective cognitive enhancers and first-line 

treatments for ADHD, the most common neuropsychiatric disorder of childhood (Rowland 

et al., 2002; Daughton and Kratochvil, 2009; Caye et al., 2019). However, these same 

compounds, along with other psychostimulants like cocaine, are also drugs of abuse that 

can lead to addiction and a myriad of neurocognitive problems (Rogers and Robbins, 2001; 

Wood et al., 2014). Accumulating evidence suggests that dose is the critical factor that 

dissociates the therapeutic versus adverse effects of psychostimulants (Arnsten, 2006; 

Wood et al., 2014). At low doses, psychostimulants enhance cognition and have a low 

abuse potential, whereas at high doses, they impair cognition and have a high abuse 

potential (Wood et al., 2007; Shuman et al., 2009, 2012; Wood and Anagnostaras, 2009; 

Carmack et al., 2014). Because of their abuse potential at high doses, psychostimulants are 

regulated under the strictest conditions for medically approved drugs by the United States 
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Controlled Substances Act (21 USC § 812, 2002) and similar laws in most other countries. 

Patients requiring these controlled medications face a major public health deficit due to 

poor access to psychiatrists and other health providers as well as complex and expensive 

procedures for obtaining refills (Saxena et al., 2007; Burke-Shyne et al., 2017). Non-

controlled medications such as atomoxetine (Strattera), bupropion (Wellbutrin), clonidine 

(Catapres), and guanfacine (Intuniv) are also used to treat ADHD but are less effective than 

psychostimulants (Faraone, 2009; Faraone and Buitelaar, 2010; Catalá-López et al., 2017). 

Thus, there is an imperative need to develop a cognitive enhancer with low abuse liability 

but similar efficacy to that of psychostimulants (Childress et al., 2020). In Chapter 2, we 

explore whether combinations of existing, non-controlled drugs may mimic the 

procognitive effects of psychostimulants but lack a significant addictive potential. We 

hypothesized that the combination of bupropion (Wellbutrin or Zyban, a low affinity DAT 

inhibitor; Richelson and Pfenning, 1984) and atomoxetine (Strattera, a high affinity NET 

inhibitor; Wong et al., 1982) would enhance the cognitive processes of short- and long-

term memory but not elicit the addiction-related behaviors of locomotor stimulation or 

reinforcement in mice. Indeed, while atomoxetine alone enhanced short-term memory, the 

addition of bupropion was required to enhance long-term memory. Additionally, combined 

atomoxetine and bupropion did not elevate locomotor activity or produce reinforcement. 

These findings suggest that this drug combination or a drug with a similar mechanism could 

be developed as a novel, non-addictive cognitive enhancer.  

Scientific interest in the potential therapeutic value of psychedelic drugs [e.g., 

lysergic acid diethylamide (LSD), psilocybin, MDMA, ketamine] is currently booming 
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(Rucker et al., 2018; Nutt, 2019; Andersen et al., 2020; Nutt and Carhart-Harris, 2020; 

Vollenweider and Preller, 2020; Inserra et al., 2021). Although psychedelics are generally 

associated with recreational use (UNODC, 2020), growing evidence suggests that these 

drugs may potentially be effective psychotherapeutic agents for various treatment-resistant 

and untreated neuropsychiatric disorders (Belouin and Henningfield, 2018). MDMA is of 

particular interest because of its seemingly unique prosocial effects, including the ability 

to increase empathy, trust, extroversion, and sociality (i.e., empathogen-entactogen effects; 

Kamilar-Britt and Bedi, 2015; Liechti, 2015; Sessa and Nutt, 2015; Bershad et al., 2016; 

Heifets and Malenka, 2016; Feduccia et al., 2018). Data from Phase 2 clinical studies 

indicates that MDMA augments and enhances the effectiveness of psychotherapy for 

treatment-resistant post-traumatic stress disorder (Bouso et al., 2008; Mithoefer et al., 

2011, 2013, 2018; Oehen et al., 2013; Ot'alora et al., 2018) and may even outperform 

approved stand-alone pharmacotherapies (e.g., paroxetine and sertraline) in terms of 

efficacy (Feduccia et al., 2019). MDMA also shows promise as a primary treatment for the 

social deficits that currently stand untreated in a wide range of neuropsychiatric disorders 

(Ghosh et al., 2013; Danforth et al., 2016; Heifets and Malenka, 2016). Despite the many 

possible therapeutic applications of MDMA, there is some concern regarding its adverse 

effects, including its potential to produce addiction, neurotoxicity, cognitive and emotional 

dysfunction, and even acute adverse cardiovascular and hepatic events (Schenk and 

Newcombe, 2018). We hypothesized that like psychostimulants (Wood et al., 2014), the 

therapeutic and adverse effects of MDMA may be dissociable by dose, and that the adverse 

effects may only arise at high doses or in heavy users. Prior to studying MDMA and these 
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effects in our own lab, we turned to the existing literature to better understand its 

therapeutic viability. In Chapter 3, we provide a comprehensive review of MDMA, 

including its history, pharmacology, and neurotoxic and cognitive effects in humans and 

animals. The central aim of this review was to systematically analyze all findings on the 

cognitive effects of MDMA in laboratory animals with a critical focus on dose. In all, we 

found no preclinical evidence that low, clinically relevant doses of MDMA (< 3 mg/kg) 

produces neurotoxicity or cognitive impairments. These findings support the therapeutic 

viability and further investigation of low-dose MDMA. 

MDMA is considered to produce relatively unique behavioral effects as the 

prototypical empathogen-entactogen drug (i.e., generating a state of empathy and 

interpersonal closeness; Nichols, 1986; Liechti, 2015). However, MDMA is chemically 

similar to psychostimulants in many regards, including that it is a phenethylamine 

amphetamine derivative, targets the monoamine reuptake transporters (specifically, is a 

reverser like amphetamine), and has some stimulant-like effects (Richelson and Pfenning, 

1984; Gold and Koob, 1989; Rothman and Baumann, 2003; Torres et al., 2003; Hill and 

Thomas, 2011). MDMA is also similar to selective serotonin reuptake inhibitor (SSRI) 

antidepressants such as citalopram and tryptamine hallucinogens such as N,N-

dimethyltryptamine (DMT) that preferentially influence the serotonergic system (Shulgin, 

1986; Battaglia et al., 1988; Rothman et al., 2001; Halberstadt and Nichols, 2010). It is 

possible that some of the behavioral effects of MDMA are not as unique as previously 

believed, but rather that when dose is taken into consideration, MDMA and other 

monoaminergic drugs may similarly influence behavior. Moreover, the safety profile of 
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low, clinically relevant doses of MDMA may not drastically differ from that of 

psychostimulants and antidepressants. In Chapter 4, we investigate the effects of MDMA 

across a wide range of doses (0.01–10 mg/kg) in mice on the behaviors that our lab has 

used to study other monoaminergic drugs, including locomotion, reinforcement, memory, 

and depression. Low doses of MDMA (≤ 1 mg/kg) had no effect on memory, addiction-

related behaviors, or depressive-like behavior, while high doses of MDMA (≥ 3 mg/kg) 

produced memory impairments, some evidence of an addictive potential, and 

antidepressant effects. Together, these findings suggest that low- to moderate-dose 

MDMA, which has been administered in recent clinical studies (approximately 1–2 mg/kg; 

Feduccia et al., 2018), poses little risk of neural and behavioral toxicity.  

There have been only a few meaningful advances in neuropsychiatric drug 

development over the last 30 years (Hyman, 2013). This, in part, is due to a high attrition 

rate of drug candidates from the preclinical stages through to the clinical stages (Kola and 

Landis, 2004; Paul et al., 2010). Translational success in neuropsychiatric research requires 

valid and reliable animal models of human behavior, as opposed to many other diseases 

that can rely on in vitro models (Becker and Greig, 2010; Bale et al., 2019). As such, the 

development of tools to assess animal behavior is critical to the development of novel 

neuropsychiatric drugs (Garner, 2014). In Chapter 5, we present a novel method for 

assessing prepulse inhibition of the acoustic startle reflex in rodents. Prepulse inhibition is 

a translational model of sensorimotor gating (Swerdlow et al., 2008), deficits of which are 

a core feature of schizophrenia and other neuropsychiatric disorders such as Huntington’s 

disease, obsessive compulsive disorder, and Tourette syndrome (Kohl et al., 2013). Ergo, 
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prepulse inhibition has been the main model used to develop antipsychotic drugs (Geyer et 

al., 2001). The rodent startle reflex is typically assessed in small stabilimeter chambers that 

constrain animal movement, which can be stressful and unpleasant for animals and requires 

extensive habituation and calming procedures (Geyer and Swerdlow, 1998; Geyer and 

Dulawa, 2003). We consider that our novel method, which uses standard video to quantify 

the acoustic startle reflex in freely moving mice, may be especially useful to screen for 

potential antipsychotic drugs.  

In Chapter 6, we discuss our findings in the context of the current neuropsychiatric 

drug development crisis. We demonstrate how the systematic analysis of existing drugs 

can inform the development of novel, optimized drugs that retain or lack specific 

therapeutic or adverse effects. As such, we examine the use of psychedelics, entactogens, 

and stimulants in neuropsychiatry and provide a roadmap for their systematic analysis. A 

broad effort to systematically analyze both classical and novel monoaminergic compounds 

will significantly advance drug development for some of the most critical unmet medical 

needs in neuropsychiatry. 
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Table 1.1 Binding affinities and behavioral effects of monoamine transporter 
inhibitors and reversers. 
aActions of methylphenidate, cocaine, atomoxetine, bupropion, and citalopram as 
transporter inhibitors and of d-amphetamine and MDMA as transporter reversers are 
previously reviewed (Kristensen et al., 2011). 
bPublished Ki values are shown for methylphenidate, d-amphetamine, cocaine, bupropion, 
citalopram (Richelson and Pfenning, 1984), atomoxetine (Wong et al., 1982), and MDMA 
(Rothman et al., 2001) in the rat brain. Please note low Ki values indicate high affinity. 
Binding affinities of combined atomoxetine/bupropion are represented symbolically: (+) 
low affinity, (++) high affinity, (–) negligible affinity.  
c(↑) The drug elevates locomotor activity at the specified dose; (↓) the drug decreases 
locomotor activity; (–) no effect; (?) the drug effect is not known; (*) the drug effect will 
be investigated in the present experiments.  
d(↑) The drug increases addictive potential at the specified dose; (–) no known addictive 
potential; (?) the drug effect is not known; (*) the drug effect will be investigated in the 
present experiments.  
e(↑) The drug enhances memory at the specified dose; (↓) the drug impairs memory; (–) no 
effect; (?) the drug effect is not known; (*) the drug effect will be investigated in the present 
experiments.  
f(↓) The drug has antidepressant efficacy at the specified dose; (?) the drug effect is not 
known; (*) the drug effect will be investigated in the present experiments.  
gMethylphenidate’s locomotor, reinforcing, and memory effects are previously published 
(Figs. 1 and 2 in Carmack et al., 2014). 
hd-Amphetamine’s locomotor, reinforcing, and memory effects are previously published 
(Figs. 1 and 3 in Wood and Anagnostaras, 2009; Fig. 4 in Carmack et al., 2014). 
iCocaine’s locomotor, reinforcing, and memory effects are previously published (Figs. 1 
and 3 in Wood et al., 2007; Fig. 4 in Carmack et al., 2014). 
jAtomoxetine’s locomotor, reinforcing, and memory effects are previously published (Figs. 
S1 and S2 in Carmack et al., 2014).  
kBupropion’s locomotor and memory effects are previously published (Fig. S1 in Carmack 
et al., 2014); its reinforcing and antidepressant effects are reported in Wellbutrin’s FDA 
approved labeling (GlaxoSmithKline, 2011). 
lCitalopram’s locomotor and memory effects are previously published (Fig. S1 in Carmack 
et al., 2014); its reinforcing and antidepressant effects are reported in Celexa’s FDA 
approved labeling (Forest Laboratories, 2011).  
mCombined atomoxetine/bupropion’s locomotor, reinforcing, and memory effects will be 
investigated in the present experiments (Chapter 2).  
nMDMA’s locomotor, reinforcing, memory, and antidepressant effects will be investigated 
in the present experiments (Chapters 3 and 4).
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1. Introduction 

ABSTRACT 

Psychostimu lants are highly effective cognitive-enhancing therapeut ics yet have a significant pote ntial for abuse 
and addicti on. While psycho srimu lams likely exert the ir rew arding and addict ive properties throug h dopam ine 
transport er (DAT) inhibition , the mechanisms of their procognitive effects are less certai n. By one prevalent 
view, psychostimulants exert the ir procognitive effects exclusively throu gh norep inephrine transporter (NET) 
inh ibition, however increasing evidence suggests that DAT also plays a critica l role in their cognitive-enhanci ng 
properties, including long-term memory enhancement. The present experiments test the hypothesis that com­
bined strong NET and weak DAT inhibition will mimic the fear memory-enhancing but not the addiction-related 
effects of psychostimulants in mice. We examined the effects of the high affinity NET inhibit ors atomoxeti ne or 
nisoxetine and the low affinity DAT inhibitor bupropion, either alone or in combination , on short- and long-term 
memory of Pavlovian fear conditioning. We also examined the addict ion-rela ted effects of combined strong NET 
and weak DAT inhibition using condit ioned place preference and a locomotor activity test. While atomoxetine or 
nisoxetine alone enhanced short-term fear memory, the addit ion of bupropion was requi red to significantly 
enhance long-term fear memory. Additionally, combined atomoxetine and bupropion did not produce sub­
stantial motor stimulation or place prefer ence. These findings suggest that combining strong NET and wea k DAT 
inhibiti on could lead to the developme nt of a highly effective cognitive enhancer tha t lacks the potential for 
add iction. 

Classical psychostimulant s (e.g., methylphenidat e, amphetamine , 
and cocaine) all target the dopamine and norepinephrin e transporters 
(DAT and NET) with high affinity- methylphenidat e and cocaine are 
"reuptake inhibit ors" and amphetam ine is a "releaser" resultin g in large 
increases in extrace llular dopamine and norepinephrin e levels [1,2]. 
The behaviora l effects of psychostimulants are highly dose-de­
pende nt-l ow doses enhance cognition and rarely produ ce addiction , 
while high doses impair cognition and are closely associated with ad­
diction [3] . Although amp hetamine and methylp henidate have proven 
highly effective at enhancing cognition in patients with attention-deficit 
hypera ctivity disord er (ADHD) and othe r disorders [ 4,5], these patients 
face a major public health deficit due to poor access to psychia trists and 
other health providers [6- 9], as well as complex and expensive 

procedures for obtaining refills [ 10]. Given that dose markedly dis­
socia tes the cognitive-enhancing and abuse-re late d effects of psychos­
timul ants [3], it is likely possible to develop a dru g that retains the 
therapeut ic effects of psychostimu lants but lacks abuse potentia l. 

Our previous wor k explored if psychostimulant-i nduced memory 
enhanc ement is depende nt on dose, and if efficacy for long-term 
memory (LTM) enha ncement could be predicted based on DAT and / or 
NET affinity [3,l 1- 16] . If LTM enhanceme nt is due to exclusive action 
at one of these transporters, then a selective inh ibitor of DAT or NET 
should also enhance LTM. However, given ind ividually, buprop ion (a 
low affin ity DAT inhibitor) or atomoxet ine (a high affinity NET in­
hibitor ) did not enhance LTM [13] (see also Fig. 1), indicating that 
psychostimulant- induc ed LTM enhancement likely requires some com­
bination of DAT and NET activity. 

Although DAT inhibition appears to be required for LTM 

Abbrev iati.oru: ADHD, attention-deficit hyperactivity disorder; ATX, atomoxetine; BUP, bupropion; CS, conditioned stimulus; DAT, dopamine transport er; LTM, 
long-term memory; NET, norepinephrine transporter; NIS, nisoxetine; PFC, prefrontal cortex; STM, short-term memory; US, unconditi oned stimulus 
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enha ncement, increased extracellula r dopami ne levels are also re­
sponsible for the addictive potential of dru gs, including psychostimu ­
lant s [17- 19]. However, drugs with weak activity at DAT (i .e., low 
bind ing affinity, slow kinetics, and/ or low doses) are not likely to 
produ ce addiction. For instance, the atypical ant ide pressant bupropion, 
a cath inone derivative, binds to DAT with low affinity, has slow ki­
netics, and has little abuse liability [1,20,21] . This suggests that weak 
DAT inhibiti on may be sufficient for LTM enhance ment but insufficient 
for producing addiction-related behaviors. 

While our previous work suggested that affinity for DAT and NET 
may be required for LTM enhance ment and considered tha t it may be 
possible to develop a dru g that reta ins the procognitive effects of psy­
chostimulant s but that lacks the potential for addi ction [13], the pre­
sent study aims to directly test these predictions. We hypothesized that 
combined strong NET and weak DAT inhibition will mimic the memory­
enhancin g but not the addiction -relate d effects of psychostimulants. 
Here, we use combinations of existing drugs- th e high affin ity NET 
inhibit ors atomo xetine (ATX) or nisoxetine (NIS) and th e low affinity 
DAT inhibitor bupropion (BUP). ATX is a non-stimulant ADHD medi­
cation th at is non-controlled and lacks abuse pote ntial but remains 
clinically inferior to psychostimulants [22-2 4]. NIS has a similar 
bind ing profile to ATX but has not been pursued clinically [l ] . BUP is 
an aty pical antidepressant that is occasionally used as a non-stimula nt 
ADHD adju nct [21,25]. 

We exam ined the effects of these drugs alone and in combination on 
short- term memory (STM) and LTM using Pavlovian fear conditioning, 
a simple and efficient tool for modeling the effects of drugs on memory 
in rodents [13,26] . In Pavlovian fear conditioning, a discrete condi­
tioned stimulu s (CS) is pair ed with an ave rsive footshock unconditi oned 
stimulus (US) in a novel context. After training, mice will exhibit 
freezing behavior to both the discrete CS as well as the context (Le., the 
conditioning chamber); both cued and contextual fear memory depend 
on the amygdala, whereas contextual fear memory further depends on 
the hippocampus [26-30 ]. When ad ministered pre-training, we have 
found that clinically-relevant doses of several psychostimulant s en­
hance short- and long-term fear memory [13- 16]. In the present study, 
we found evidence that NET inhibition alone enhances short-term fear 
memory, but the addition of some DAT inhibi tion seems to be required 
to enhance long-te rm fear memory. We also examined th e addiction­
related effects of combined strong NET and weak DAT inhibition using 
conditi oned place preference (a model of drug-see king) and a loco­
motor activity test and found no substantial ev idence of reward or 
motor stimu lation. 

2. Mate rial s and metho ds 

2.1. Subj ects 

480 hybrid C57BL6/ Jxl 29T2/ SvEmsJ (129B6) (Jackson 
Laborato ry, West Sacramento , CA, USA) male (n = 255) and female 
(n = 225) mice were used. Separate cohorts of mice were used for the 
fear condition ing, locomotor activity, and conditi oned place preference 
experiments. Mice were weaned at 3 weeks of age and group-housed 
(2-5 mice per same sex cage) with cont inuous access to food and wate r. 
The animal colony was mainta ined on a 14:10-h light/ dark schedule 
and all test ing occurred during the light phase of the cycle . Mice were at 
least 10 weeks old and hand led for 3 days (1 min/ day) prior to testing. 
All animal care and testing proced ures were ap proved by the UCSD 
IACUC and compliant with the 8th NRC Guide for the Care and Use of 
Laboratory Animals. 

2.2. Drugs 

Atomoxetine HCl (Sigma-Aldr ich, TC! America), Nisoxetine HCl 
(Abeam, Tocr is Bioscience), and Buprop ion HCl (Sigma-Aldrich, 
Spectrum Chemical, TC! America) were dissolved in 0.9% physiologica l 
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saline, eithe r alone or in combinat ion (ATX + BUP, NIS + BUP). A 
ran ge of doses were selec ted (0.1, 0 .5, 1, and 10 mg/ kg ATX; 0.1, 0.5, 1, 
5, and 10 mg/kg NIS; 0.5 , 2.5, 5, 10, and 20 mg/ kg BUP; salt weights). 
Only clinically-relevant doses were given in combinat ion, because 
previous experiments indi cated that higher doses would produce defi­
cits [13]. All injections were given intraperitonea lly in a volume of 
10 mL/ kg. As furt her described, "on-drug" sessions were perfo rmed 
immediate ly or up to 30 min following drug injectio ns (and necessar ily 
includes all STM tests) and "off-drug" sessions were performed in a 
drug-na"ive state. 

2.3. Fear conditioning 

The VideoFreeze system (Med-Associates Inc., St. Albans, VT, USA) 
and fear conditioning protocol were used as described previous ly 
[13,26,28,31,32] . Up to eight mice were trained/ tested concurrently in 
individual conditioning chambers that conta in ed stainless-steel rod 
floors, white acrylic sidewalls, and clear polycarbonate front walls. 
Training and context testing took place in the 'train ing context' in 
which the chambers were illumin ated with moderate (80 lx) white light 
and were cleaned and scented with 7% isopropa nol. Tone testing took 
place in the 'alternate context', as th e chambers were tra nsformed 
across multiple sensory dimens ions to create a d istinc t context- a black 
plastic, triangular teepee was inserted into the chamber, white acrylic 
sheets were placed over the floors, only near-infra red light (980 nm) 
was used to crea te a dark environment, and the chambers were cleane d 
and scented with 5% vinegar. During all trials, the VideoFreeze system 
continuo usly scored locomotor act ivity (in arbitrary units [au], see [26] 
for a full description) and freezing behavior of eac h mouse. 

425 mice were randoml y assigned to dru g dose groups as present ed 
in Table 1. Groups were complete ly counte rbalanced by sex and as­
signed chamber for training/ testing. 

2. 3.1. Training 
Mice were given an injection of drug or salin e 15-30 min before 

be ing placed into one of eight ident ical chambers for trai ning. Trainin g 
began with a 3-min baseli ne period, followed by a single tone-shock 
pai ring. The tone-shock consisted of a 30-s tone (2.8 kHz, 85 dBA) 
prese nted throug h a speaker in the chamber sidewall, which co-te rmi­
nate d with a 2-s scrambled footshock (0.75 mA , AC, RMS constan t 
current) delivered through the rod floor. 1.5 min following the tone ­
shock par ing, mice underwent a 5-min STM test. Locomotor activ ity 

Table 1 
Drug dose groups and sample sizes for fear conditioning experiments. 425 mice 
were randomly assigned to groups by dose of atomoxe tine (ATX), nisoxetine 
(NIS), or bupropion (BUP), or dose combination of atomoxeti ne and bupropion 
(A Tl{ + BUP) or nisoxetine and bupropion (NIS + BUP). 'The NIS and 
NIS + SUP experiments were performed together and used the same saline 
control animals. 

Dru g Dose (mg/ kg) N Drug Combination Dose (mg/kg ) N 

ATX 0.0 20 ATX + BUP 0 + 0 43 
0 .1 13 0 .1 + 2.5 12 
0.5 13 0.5 + 2.5 12 
1.0 18 1 + 2.5 15 
10.0 19 0.1 + S 22 

NIS 0.0 16' 0.5 + S 22 
1.0 8 I+ 5 19 
5.0 8 0.1 + 10 24 
10.0 8 0.5 + 10 21 

BUP 0.0 14 1 + 10 16 
0 .5 11 NIS + BUP 0 + 0 16" 
5.0 11 0.1 + 10 
10.0 10 0.5 + 10 
20.0 10 1 + 10 

5 + 10 
10 + 10 
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and freezing beha vior were continu ously scored to meas ure on-drug 
base line locomotion , shock reacti vity, and STM. 

2.3.2. Context test 
Seven to nin e days after trainin g, mice were return ed to the training 

context, off-drug, for one 5-min cont ext test. Free zing beha vior was 
scored for all 5 min to meas ure contextual LTM. 

2. 3. 3. Tone test 
One to thr ee days after context test ing, mice were placed in the 

alt ernate cont ext, off-drug, for one 5-min tone test. Tone test ing con­
sisted of a 2-min baseline period, followed by th e presen tat ion of 3, 30-s 
tones identical to the training tone (2.8 kHz, 85 dBA), each separated by 
30 s. The difference in freez ing behavior during the 3 tone presentat ions 
and the 2-min base line period (tone minus base.line freezing) was used 
to measure tone LTM. 

2. 4. Locomotor activity 

Eight mice were tested concurrentl y in individu al chambers (one 
side of the two-compartment condition ed place pre ference chambers) 
(Med-Associate s Inc.). Each chamber measured 21.6 x 43.2 x 30.5 cm, 
contained stainless steel rod flooring and polyca rbonat e wall s (three 
white and one black) , and was cleaned with glass cleaner between 
trials. Activity Monitor software (Med-Associa tes Inc.) used the inter­
ruption of infrared beams to identify mouse position and measure lo­
comoto r activity (ambulatory distance in cm). 

Testing was conduct ed ove r 5 alterna ting days in a within -subjects 
design, such that 24 mice (not used in oth er experim ents) were tested 
once at each of the five doses in a pseudo ran dom order: 0 + 0, 0.1 + 5, 
0.5 + 5, 0.1 + 10, and 0.5 + 10 mg/kg ATX + BUP (all n's= 24). On 
each testi ng day, mice were given an injec tion and immediat ely placed 
in the testi ng chamber . Ambulatory distance was score d for a tota l of 
60 min to measure acute dru g effects on locomoto r ac tivity. 

2.5. Conditioned place preference 

Seven or eight mice were teste d concurrently in individual cham­
bers (Med-Associates Inc.) as described previously [13,31] . Each 
chamber ( 43.2 x 43.2 x 30.5 cm) consisted of two sides separated by a 
black wall with a remo vable insert (that was removed only for place 
preference testing). The two sides provided distin ct tactile and visual 
cues, as they differed by floorin g (stainless steel rods or wire-mesh) and 
walls (decorat ed white or und ecora ted clear polycarbonate). The 
chambers were count erbalance d by th e comb ination of flooring/wal ls 
and were cleane d with glass cleaner betwee n trials. Activity Monitor 
software (Med-Associates Inc.) used the interru ption of infrar ed beams 
to identi fy mouse position and measure perce nt time spent on each side 
during testing. 

31 mice were randoml y assigned to drug dose groups : 0 + 0 
(n = 11), 0.1 + 5 (n = 10), or 1 + 10 (n = 10) mg/kg ATX + BUP. 
Testing chamber and paired/ un paired side assignments were com­
plete ly counterb alanc ed across groups. 

2. 5.1. Habituation 
Mice were habitua ted to the testing chamber for two consecutive 

days prior to trainin g. On each habitu ation day, mice were introduced 
to both sides for 30 min each , off-drug. The sequence of habituation to 
the paired/ unp aired sides was count erbalan ced across groups and day. 

2.5.2. Training 
The day follow ing habitu at ion, mice were tra ined for seven con­

secutive days. On each tra in ing day, mice were injected with saline and 
immediately placed into the un paired side for 15 min, and then injected 
with drug and immed ia tely placed into the paired side for 15 min . 
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2.5.3. Place preference test 
24 h following tra ining, mice were tested off-drug for place pre­

ference. The inserts that previously separated the two sides of th e 
chamb ers were removed . Mice were placed into the center of th e 
chamber (dir ection of entry was count erba lanc ed) and allowed access 
to both sides for 15 min . Time spent on each side was scored to eva luat e 
place preference (percent time spent on the paired minus the unpaired 
side) . 

2.6. Statistical analyses 

Univariate or multiva riate analysis of varianc e CANOVA) were used 
to identify overa ll group differences; these were followe d by Fisher's 
Least Significant Difference (LSD) post-hoc tests agai nst the saline 
control groups. Data from male and female mice were merged as we 
found no stat istically signi fican t sex differences that meanin gfully in­
fluenced our findings (p values > 0.05). 

3. Results 

3.1. Effects of ATX, NIS, and BUP on f ear learning and memory 

The effects of ATX (0- 10 mg/ kg i.p.), NIS (0-10 mg/ kg i.p.), and 
BUP (0- 20 mg/ kg i.p.) on fear learnin g and memo ry were examin ed 
alone' and in combination using Pavlovian fear conditi oning. Mice 
were trained on-dru g with a single tone-shock pairin g, immediate ly 
tested for STM, and then tested off-dru g at least one wee k late r for 
contextual and tone LTM. 

3.1.1. A1X alone 
Dur ing the base line period, a dose of 10 mg/ kg ATX significantl y 

reduced locomotor activity re lative to sali ne controls (p = 0.044). All 
oth er doses had no effect on base line locomotion (p values > 0.35). The 
shock elicited a large activity burst that did not significantly differ 
between groups (F(4,78) = 0.883, p = 0.478) (Fig. IA). ATX dose-de­
pendently modulate d freezing during the STM test (F(4,78) = 6.16, 
p < 0 .001) . Doses of 0.5, 1, and 10 mg/kg ATX significantly enhanced 
STM relative to saline controls (p values< 0.04 ). A dose of 0 .1 mg/kg 
ATX had no effect on STM (p = 0.97) (Fig. 18). Freezin g did not sig­
nificantly differ between group s durin g the contextu al (F( 4,78) = 0.59, 
p = 0.66 8) (Fig. 1C) nor the tone (F(4,78) = 0.94 , p = 0.446) LTM 
tests (Fig. ID ). 

Low locomotor activity dur ing tra ining could be directly related to 
enh anced freezi ng, as see n in mice given 10 mg/kg ATX (i.e., reduced 
baseline locomotion and enhan ced STM freezing). However, such an 
effect could also reflect improved executive func tion, which could ap­
pea r as both enhanced inh ibition (e.g., a 'calm ing' effect ) and enhan ced 
STM. Although one can never really completely separa te these two 
views because STM tests are necessar ily on-dru g, we approached this 
probl em by subtracti ng freez ing behavior durin g base line from that 
durin g the STM test. This eliminates the portion of post-shock freezing 
that may be due to the dru g directly redu cing activity and thereby 
enhancin g freez ing. Using this measure, a dose of 1 O mg/kg ATX sig­
nificantly enha nced STM relative to saline contro ls (data not shown; 
0 mg/ kg, 23.45 ± 4.67%; 10 mg/kg , 42.47 ± 3.62%; p = 0.004). 
Therefo re, the significant reduction in base.line locomotion produced by 
10 mg/ kg ATX is not responsible for the significant enhancement in 
freez ing during the STM test. This is typical of drug or lesion effects that 
produce small changes in locomotor activity - they are unlike ly to affect 
freez ing [29,30]. 

1 Incomplete portions of this data (A Tl( alone and BUP alone) appear in the 
Supplemental Figures of Carmack et al. [13]. 
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Fig. 1. The effects of atomoxetine (ATX; a-d ), 
nisoxetine (NIS; e-h ), and bupropion (BUP; 
i- 1) on fear learning and memory. On-drug 
activity during the 3-min training baseline 
period and the 2-s footshock (a, e and i) , short­
term memory as measured by percent freezing 
during the 5-min post-shock period (b, f and 
j) , and Jong-term context (c, g and k) and tone 
(d, h and I) memory as measured by percent 
freezing during off-drug test ing, 1 week or 
more after training. (a) A dose of 10 mg/kg 
ATX significantly reduced baseline locomo tion 
relative to saline contro ls. ATX had no effect on 
shock reactivity. (b) Doses of 0.5, 1, and 
10 mg/kg ATX significan tly enhanced short­
tenn memory relative to saline controls. (c and 
d) ATX had no effect on long-term context or 
tone memory. (e) Doses of 5 and 10 mg/kg NIS 
significantly reduced baseline locomo tion re· 
Jative to saline controls. NIS had no effect on 
shock reactivity. CO Doses of 5 and 10 mg/ kg 
NIS sign ificantly enhanced short·term memory 
relative to saline controls. (g and h) NIS had 
no effect on long·term contex t or tone memory. 
(i) BUP had no effect on baseline locomotion or 
shock reactivity. (j ) A dose of 5 mg/kg BUP 

significantly impaired short-term memory re­
lative to saline controls. (k and 1) BUP had no 
effect on long-term context or tone memory. 
Each point represents the mean ± 1 standard 
error. The grey bar indicates standard error 
range for the comparison saline control group. 
Starred data points identify significant com­
parisons against the saline control group using 
Fisher's !.SD (•p < 0.05, .. P < 0.01, and 
***P < 0.001). Incomplete portions of this 
data (ATX alone and BUP alone) appear in the 
Supplemental Figures of Carmack et al. (13]. 
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3.1.2. NIS alone 
NIS dose-dependently modulated locomotor act ivity durin g the 

baseline period (F(3,36) = 7.06, p < 0.001). Doses of 5 and 10 mg/kg 
NIS significantl y reduced base line locomoti on relative to saline contr ols 
(p va lues < 0.02). A dose of 1 mg/kg NIS had no effect on base line 
locomotio n (p = 0.793) . The shock elicited a large activity burst that 
did not significantly differ betwee n gro ups (F(3,36) = 0.60, p = 0.619) 
(Fig. I E). NIS dose-dependentl y modul ated freez ing durin g the STM test 
(F(3,36 ) = 5.67, p = 0.00 3) . Doses of 5 and 10 mg/ kg NIS significantly 
enhan ced STM relati ve to saline contro ls (p valu es ,; 0.005). A dose of 
1 mg/kg NIS had no effect on STM (p = 0.122) (Fig. I F). Freezing did 
not significan tly differ betwee n gro ups during the context ual (F 
(3,36) = 0.45, p = 0.719) (Fig. l G) nor the tone (F(3,36) = 0. 24 , 
p = 0.866) LTM tests (Fig. lH ). 

Similar to a dose of 10 mg/ kg ATX, doses of 5 and 10 mg/kg NIS 
significant ly reduced base line locomo tion and significantl y enhance d 
freez ing during the STM test. Again, we subt racte d freezing behav ior 
during baseline from that duri ng the STM test and foun d that doses of 5 
and 10 mg/ kg NIS significan tly enhanced STM re lative to saline con­
tro ls (data not shown; 0 mg/ kg, 23.63 ± 4.57%; 5 mg/ kg, 
45.58 ± 6.90% ; 10 mg/kg, 50. 1 ± 8.3 %; p values ,; 0.026) . 
Therefore, the significant reduc tions in base line locomotio n produce d 
by 5 and 10 mg/kg NIS again are not responsible for th e significant 
enhancements in freezing during the STM test. 

3.1.3. BUP alone 
Locomo tor activ ity durin g the baseline period did not signi ficantly 

differ betwe en grou ps (F( 4,5 1) = 0.58, p = 0.679). The shock elicited a 
large act ivity burst that also did not signifi cantl y differ betwee n groups 

(F(4,51) = 1.05, p = 0.389) (Fig. 11). Duri ng the STM test, a dose of 
5 mg/kg BUP significantly reduced freezing relative to saline contro ls 
(p = 0.015). All other doses had no effect on STM (p values > 0.05) 
(Fig. lJ ). Freez ing did not significantly differ between groups during 
the contextua l (F(4,51) = 1.00, p = 0.4 16) (Fig . l K) nor th e tone (F 
(4,5 1) = 0.18, p = 0.949) LTM tests (Fig. IL). 

3.1.4. Combined ATX and BUP 
A TX + BUP dose-depe ndently modulated locomotor act ivity during 

the baselin e period (F(9, l 96) = 2.93, p = 0 .003). A dose of 
0.5 + 2.5 mg/ kg ATX + BUP significa ntly reduced base line locomot ion 
(p = 0.021) and a dose of 0.1 + 10 mg/kg ATX + BUP significan tly 
en hanced baseline locomotion (p = 0.024) rela tive to salin e contro ls. 
All other dose s had no effect on base line locomot ion (p values > 0.06). 
The shock elicited a large act ivity bur st tha t did no t significantly differ 
betwee n groups (F(9,196) = 1.63, p = 0.11). A dose of 0.1 + 2.5 mg/ 
kg ATX + BUP did produce a sta tistica lly signi ficant decreas e in shock 
reac tivity rela tive to saline cont rols (p = 0.008) (Fig. 2A). Howev er, 
this was unlike ly rela ted to any effects seen in fea r condition ing, as no 
memory effects were observ ed at this dose . A TX + BUP dose-depen ­
dently modu lated freez ing during the STM test (F(9,l 96) = 3.48 , 
p < 0.001 ). Doses of 1 + 2.5 , 0.5 + 5, and 1 + 5 mg/kg ATX + BUP 
significant ly enhanc ed STM relativ e to saline controls (p values < 
0.015). All other doses had no effect on STM (p values > 0.25 ) 
(Fig . 28). 

During the contex tual LTM test, mice given 0.5 + lO mg/kg 
ATX + BUP exhibited significantl y enhanced freez ing relative to saline 
controls (p = 0.0 44). Mice given 1 + 2.5 mg/ kg ATX + BUP exhibite d 
a tre nd towards significa nt ly enhan ced freez ing relati ve to saline 
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Fig. 2. The effects of combined atomoxetine (ATX) and bu­
propion (BUP) on fear learning and memory. (a) On-drug 
activity during the 3-min training baseline period and the 2-s 
footshock. A dose of 0.5 + 2.5 mg/kg ATX + BUP sig­
nificantly reduced baseline locomotion relative to saline con­
trols and a dose of 0.1 + 10 mg/ kg ATX + BUP significantly 
enhanced baseline locomotion relative to saline controls. A 
dose of 0.1 + 2.5 mg/ kg ATX + BUP significantly reduced 
shock reactivity relative to saline controls. (b) Short-term 
memory as measured by percent freezing during the 5-min 
post-shock period. Doses of 1 + 2.5, 0.5 + 5, and 1 + 5 mg/kg 
ATX + SUP significantly enhanced short-term memory re­
lative to saline controls. (c) Long-term context memory as 
measured by percent freezing during off-drug context testing, 
7-9 days after training. A pre-training dose of 0.5 + 10 mg/ kg 
ATX + BUP significantly enhanced long-term context memory 
relative to saline controls. A pre-training dose of 1 + 2.5 mg/ 
kg ATX + BUP significantly enhanced long-term context 
memory relative to saline controls during only the first minute 
of context testing. (d) Long-term tone memory as measured by 
percent freezing during off-drug tone testing (difference be­
tween tone presentations and tone baseline period), 1-3 days 
after context testing. A pre-training dose of 0.1 + S mg/ kg 
ATX + BUP significantly enhanced long-term tone memory 
relative to saline controls. Hash-tagged data points identify 
significant comparisons against the saline control group 
during a certain portion of testing (*"P < 0.05 ). 
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contro ls (p = 0.129), which was driven by a signific ant enhan cement 
during the first minut e of tes ting (data not shown ; p = 0.017) . Durin g 
the tone LTM test , mice given 0.1 + 5 mg/ kg ATX + BUP exhibited 
significantl y enhanced freezing relative to saline contro ls (p = 0.041) . 
All other doses had no effect on contextua l (p va lues > 0.25) or ton e (p 
values > 0.06) LTM (Figs. 2C and D). 

3.1.5. Combined NIS and BUP 
Locomotor activity du ring the baseline period did not significantl y 

differ between group s (F(5,50) = 1.25, p = 0.302). The shock elicited a 
large activ ity burst that also did not significantl y differ betwee n groups 
(F(5,50) = 0.84 , p = 0.52 6) (Fig. 3A). NIS + BUP dose-depend ently 
modul ated freez ing during the STM test (F(5 ,50) = 3.05, p = 0 .018). 
Doses of 0.5 + 10 and 5 + I O mg/ kg NIS + BUP significantl y enh anced 
STM re lative to salin e contr ols (p values s 0.045). All other doses had 
no effect on STM (p values > 0.1) (Fig. 38). 

During th e contextual LTM test, mice given 0.1 + IO and 
0.5 + 10 mg/ kg NIS + BUP exhibited a tre nd towar ds significantly 
enhan ced freezing relative to saline controls (p va lues = 0 .073 and 
0. 131), which were driven by significant enhan cements durin g the 
fourth (data not shown, 0.1 + 10 mg/kg NIS + BUP, p = 0.021) or the 
second a nd th ird (data not shown , 0.5 + IO mg/ kg NIS + BUP, p va­
lues < 0.04 ) minut es of testin g. During the tone LTM test, mice given 
0.5 + 10 mg/kg NIS + BUP exhibited significantl y enhanced freezing 
re la tive to saline contro ls (p = 0.01) . All oth er doses had no effect on 
context ual (p values > 0.25) or tone (p value s > 0.3) LTM (Fig. 3C 
and D). 

3.2. Addictiv e potential of combined A TX and BUP 

3.2. 1. Locomotor activity 
We selected a range of fear memor y-enhancin g dose combin ation s 

of ATX + BUP (0.1 + 5, 0.5 + 5, 0.1 + 10, and 0.5 + 10 mg/kg ) and 
assessed their effects on loco motion over a 60-min period. There was no 
main effect of group on locomot or activit y (F( 4,115) = 1.66, 
p = 0.16 5) . Doses of 0.1 + 10 an d 0.5 + 10 mg/kg ATX + BUP 

significantly enhan ced locom otor a ctivity relative to saline during the 
first 10-min block (p values < 0.015) but not dur ing any other blocks 
(p valu es > 0.2) . Because increase d locomoti on was only obser ved 
during the first 10 min post-injec tion (before the peak of the drug) , th is 
effect may be a physical react ion to rece iving a higher conc entration of 
dru g ra ther than an ac tual drug effect . All other doses of ATX + BUP 
had no effect on locomoti on relative to saline during any time block (p 
va lues > 0.1) (Fig. 4A). 

3.2.2. Conditioned place preference 
We assessed th e rewa rding effects of ATX + BUP at two clinically ­

relevan t dose comb ination s select ed from the fear cond ition ing stu ­
dies- a lower fear memory -enhanci ng dose (0.1 + 5 mg/kg) and th e 
hi ghest dose tested (1 + IO mg/k g) . Mice wer e trai ned for seven con­
secuti ve days to associa te saline with one side and drug trea tment with 
the other side of a two -comp a rtment chamber. 24 h late r, mice were 
return ed off-drug with free access to both comp artments. Place pre­
ference to the drug-pa ired side was scored as the difference in percen t 
time spe nt on the pair ed side versus th e unp aired side. None of th e 
gro ups exhibit ed a signi ficant preference for eith er side (one samp le 
two-ta iled t-tes t agai nst hypot hesized µ = 0, 0 + 0 mg/ kg: t 
(10) = 0.305 , p = 0.766 , 0.1 + 5 mg/kg : t(9) = 1.946, p = 0.084 , 
1 + 10 mg/ kg: t(9) = 0.808 , p = 0.44) . Place pre ference did not sig­
nificantly differ between groups (F(2,28) = 1.80 , p = 0.183). Mice 
given either ATX + BUP dose combinati on did not differ in place pre­
ference relative to saline con trols (p va lues > 0.2) (Fig. 48) . 

4. Disc uss ion 

We tested the effects of ATX, NIS, and BUP, alone and in combi­
nation, across a range of doses on Pavlov ian fear cond itioning. While 
ATX and NIS enhanced STM and BUP impa ired STM, these drugs given 
alo ne failed to enhance LTM across a wide range of doses. However, 
BUP in comb ination with ATX or NIS produc ed enhan ceme nts in STM 
and LTM at certain dose combinations. On the locomotor act ivity and 
place preferen ce tests, comb ined ATX an d BUP did not produce 
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Fig. 3. The effects of combined nisoxetine (NIS) and bupro­
pion (BUP) on fear learning and memory. (a) On-dru g activity 
during the 3-min training baseline period and the 2-s foot­
shock. NIS + BUP had no effect on baseline locomotion or 
shock reactivity. (b) Short-term memory as measured by 
percent freezing during the 5-min post-shock period. Doses of 
0.5 + 10 and 5 + 10 mg/kg NIS + BUP significantly en­
hanced short-term memory relative to saline controls. (c) 
Long-term context memory as measured by percent freezing 
during off-drug context testing, 7-9 days after training. Pre­
train ing doses of 0.1 + 10 and 0.5 + lOmg /kg NlS + BUP 
significantly enhanced long-term context memory relative to 
saline controls during only the fourth minute (0.1 + 10 mg/ 
kg) or the second and th ird minutes (0.5 + 10 mg/kg) of 
context testing. (d) Long-term tone memory as measured by 
percent freezing during off-drug tone testing (difference be­
tween tone presentations and tone baseline period), 1- 3 days 
after context testing. A pre-train ing dose of 0.5 + 10 mg/ kg 
NIS + BUP significantly enhanced long-term tone memory 
relative to saline controls. 

substantia l motor stim ulation or reward. These findings ind icate that 
NET inhibition alone is sufficient for short- term fear mem ory en­
hancement , but both DAT and NET inhibition seems to be needed for 
long-term fear memory enhancement. It also appears that weak DAT 
inhibi tion, when comb ined with strong NET inhibition , is sufficient for 
long-term fear memory enhancement bu t insufficient for producin g 
add iction-related beh aviors, at least in terms of motor stimulat ion or 
place prefere nce. 

tests differed in that STM was measured (unavoi dably) on-dru g and 
LTM was measu red off-dru g. Freezing behavi or durin g the STM test 
could have been influenced by othe r dru g effects, such as those on lo­
comoto r activi ty or fear . Only a few doses of ATX and NIS alone sig­
nificantl y reduced baseline locomotion and also enhanced freezing 
duri ng the STM test. While reduced locomotor activi ty could reflect a 
'ca lming' effect from improved executive function, we accounted for 
baseli ne dru g effects on activ ity and found tha t these doses still en­
hanced STM (see Results section) . It is unl ike ly that memory en­
hance ments were confou nded by dru g-induced increases in fear or 
anxiety, as ATX, NIS, and BUP are typi cally not anx iogenic and both 

In many previous expe riments (14-16 ), LTM has been much more 
res ista nt than STM to enhancement or impairment by stimu lant-like 
drug s (e.g., modafin il, amph etamin e, cocaine). Here, the STM and LTM 
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Fig. 4. The effects of comb ined atomoxetine (ATX) and bu­
propion (BUP) on addiction-rela ted behaviors . (a) On-drug 
locomotor activity as measured by ambulatory distance 
during the 60 min (six 10-min blocks) immediately following 
drug administration. There was no main effect of dose on lo­
comotor activity (total ambulatory distance in 60-min period). 
Doses of 0.1 + 10 and 0.5 + 10 mg/ kg ATX + BUP sig­
nificantly enhanced locomotor activity relative to saline 
during the first IO-min block only. (b) Conditioned place 
preference as measured by the difference in percent of time 
spent on the drug-paired side versus the unpaired side fol­
lowing seven days of training. None of the groups exhibited a 
significant preference for either side. Treatment with 
ATX + BUP had no significant effect on place preference re­
lative to saline controls. 
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ATX and BUP are even prescribed for comorbid anxiety disorders 
[21,22,33,34]. It is also unlikely that memory enhancements were 
confound ed by dru g-indu ced increases in pain sensitivity, as we found 
no dru g effects on nociception as measured by shock reactivity (except 
for the lowest dose of ATX + BUP, which had no e ffect on memory). If 
such confound s were present, we would expect nonspecific increases in 
freezing behavior across all tests; instead, we found that no doses sig­
nificantly increased freezing across all three memory tests . Because the 
LTM tests were condu cted in the absenc e of dru g, we can conclude that 
certa in dose combinations of DAT and NET inh ibitors enhance fear 
memory acqui sition and retention and the presence of drug is not re­
quired for retr ieva l. 

Pavlovian fear conditioning is an efficient way to screen potential 
cognitive enhancers in rodents and is especially useful when testing 
many dru gs at many doses [13,26]. Specifically, contextual fear 
memory is hipp ocampus-dependent and thus directly re levant to many 
conditi ons wherein memory is impaired [27,29,30]. Our previous work 
demonstra ted tha t psychos timulants enhance both short- and long-term 
fear memory in mice at doses that are prescribed to trea t ADHD and 
other cognitive disorders in humans [13- 16], and these enhanceme nts 
are also seen in othe r forms of learni ng and memo ry such as spatial 
memory [12,14]. Given this, we hypothesize that the drug combina­
tions tested here may also be highly effective cognitive-enhancing 
therape utics that targe t severa l forms of learn ing and memory. 

LTM enhancement should be a critical therapeu tic targe t of cogni­
tive enhancers, as significant deficits in LTM are implicated in a wide 
range of disorders such as ADHD, dementia, Alzheimer's disease, schi­
zophrenia, aphasia, an d learning disabilities [35-4 0]. Despite this, 
clinical efficacy studies of cognitive enhancers often neglect LTM and 
focus primarily on attention, working memory, and response inhibi tion, 
conceivably because clinica l assessment of these factors is far less la­
borious than long-te rm effects [41-45 ]. When left untrea ted, LTM 
deficits can lead to academic unde rachievement , poor job performance 
and retention, and limitat ions in major life activ ities [46). LTM en­
hancement may be necessary to reverse defici ts in academic and oc­
cupational achievement [44]. In parti cular, working and STM im­
provements are unlikely to improve school test performance unless LTM 
is also improved. We believe that an increased focus on LTM is crucial 
to develop nove l, highly effective cogni tive enhancers. 

Existing theories suggest that psychost imu lants and atomoxet ine 
exert influence on "frontal" executive functions (e.g., wor king memory, 
STM, at tention, response inhibi tion) exclusively thr ough NET inhibition 
in the prefronta l cortex (PFC) and all other procognitive effects, in­
cluding LTM enhancement, are incidental to improvements in those 
functions [ 47-5 0]. It is believed that inhibiting NET in the PFC in­
creases extrace llular levels of both dopamin e and norep inephrine , as 
there is a low density of DAT and a high density of NET in the PFC, and 
NET is non-selective in trans port ing either catec holamine [51- 53]. In 
the pres ent stud y, NET inhibition alone enhanced STM bu t did not en­
hance LTM unless combined with DAT inhibit ion. Thus, while in­
creasing extrace llular levels of dopamine and norep inephrine in the 
PFC may be responsible for enhan cing STM and other executive func­
tions, this mechanism is insufficient for enhanc ing LTM. We speculate 
that increas ing extrace llular dopam ine levels in ar eas outside the PFC 
may also be necessary to enhan ce LTM. According to one view, the 
corelease of dopami ne along with norepineph rin e from the locus 
coeruleus to the dorsal h ippocampus is key to successful learn ing and 
memory [54], which may expla in our findings that the combination of 
DAT and NET affinity is necessary for LTM enhanceme nt. Another 
possible mechanism by which the NET inhibitors en hanced STM may be 
increase d brain- derived neurotroph ic factor (BDNF) mRNA expression 
in the hippocam pus, which atomoxeti ne has been shown to increase 
[55] and previous repor ts suggest is associated with improved STM 
[56-58 ]. 

There is much add itional evidence implicating the critical role of 
DAT in learn ing and memory. DAT dysfunction is assoc iated with age-
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related cogniti ve decl ine and severa l conditi ons wherein memory is 
impaired such as ADHD, dementia with Lewy bodies, Parkinson's dis­
ease, and chron ic schizophre nia [59-62 ]. The 10-repea t VNTR allele of 
the dopamine tra nsporter gene (DATl ) also corre lates with ADHD as 
well as th e combined inatte ntive/hyperac tive-impu lsive diagnostic 
subtype, higher levels of symptom severity, and an enhance d response 
to methylphenidate [63-65 ]. Taken together, some activity at DAT may 
be essential to trea ting learn ing and memory impai rments . 

We found that combinat ions of strong NET and weak DAT inhibitors 
mimic the short- and long-term fear memory-enhanci ng effects but lack 
the addiction-related effects of psychost imulants. Given that only cer­
ta in dose combinatio ns enhanced long-term fear memory, there is likely 
an ideal rat io of NET/ DAT activ ity for maximal memory enhancemen t 
yet no addictive pote ntial, and our future work will be aimed at ex­
ploring this. We propose that these drug combinations may be an ef­
fective alte rnative to psychost imulants in the treatment of cognitive 
dysfunction that may have decreased health risks and increase d pati ent 
access. 
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Abstract--±3,4-Methylenedioxyrnethamphetamine 
(MDMA) is a gynthetic, psycho active drug that is primarily 
used recreationally but also may hav e some th era peutic 
value. At low doses, MDMA produces fe e lings of re­
laxation, empathy, emotional closeness, and euphoria. 
Higher doses can produce unpleasant psychostimulant ­
and hallucinogen-like adverse effects and therefore 
are usually not taken intentionally. There is considerable 
evidence that MDMA produce s neurot ox icity and 
cognitive deficit s at high doses; how ever, the se findings 
may not generalize to typical recreational or therap eutic 
use of low-dos e MDMA. Here, we systematically review 
25 years of research on the cognitiv e effects of MDMA 
in animals, with a critical focu s on dose . We found no 
ev ide nc e th at dos es of less than 3 mg/kg MDMA-the 
dose range that users typically take-produce cognitive 

I. Introduction 

"Solely the dose determines that a thing is not a 
poison." - Para celsus 

:t 3,4 -Methy lened ioxymet h am ph etamine (MDMA, 
known as Ecstasy or Molly; Fig. 1) is a synthetic, 
psychoactive drug that is usually desc rib ed as h aving 
mixed psychostimulant- and h allucino gen-lik e effects 
(i.e., effects lik e amphe t ami ne and lysergic acid 
diethylamide ) (Green et al., 2003 ). As with other 
phenethylamine and cathinone stimul ant-p sychedelics, 
MDMA primarily increa ses the neurotransmission of 
serotonin (5-HT) in the brain , specifically by revers ing 
the 5-HT reuptake transporter (SERT) and causing the 
calcium-independent release of 5-HT (Rudni ck and Wall, 
1992; Wichems et al., 1995). MDMA also reverses the 
dopamin e and norepin ephrin e transporters but to a lesser 
degree than SERT (Bat taglia et al., 1988). These changes 
in brain chemistry produce desirable effects of relaxa­
tion, euphoria , arousal, and increased sociabili ty as well 
as potential adverse effects such as nausea, headache, 
hallucin at ions, agitat ion , and palpitations. As dose is 
in creased, MDMA produces more adverse effects and 
fewer desirabl e effects (Baylen and Rosenberg, 2006; 
Brunt et al. , 2012), and therefore it is unlikel y that 
MDMA is us ed int ention ally at atypically hi gh doses. 
As such, at the doses people typically take (i.e., 75-125 mg, 
see sect ion II.A), MDMA primarily produces effects unlike 
class ic psychostimulants or hallucinogens (Nichols, 1986). 
MDMA is usually descr ibed by its proponents as an 
"empa t h ogen -entactogen"-a drug that inc reases em­
pathy and closeness, both emotiona l and physical. It is 
these latter effects that are of significa nt therapeutic 

deficits in animals. Doses of 3 mg/kg or greater, which 
were a dministered most often and frequently ranged 
from 5 to 20 times greater than a n average dos e, a lso 
did not produce cognitiv e deficits in a slight majority 
of e xp eriments. Overall, th e pr ec linical evidence of 
MDMA-induced cognitive deficits is weak and, if 
anything, may be the result of unr ea listically high 
dosing. Whil e factors associated with recr ea tional 
use such as polydrug u se , adulterants, hyperth ermia, 
and hyponatr e mia can incr ease th e pot ential for 
neurotoxicity, the short-term, infrequent, therapeutic 
use of ultra low-dose MDMA is unlikely to pose significant 
cognitive risks . Future studies must examine any 
a dvers e cognitive effects of MDMA using clinically 
relevant dos es to reliably assess its potential as a 
psychoth era peutic. 

inter est and are not shared with psychostimulants or 
hallucinogens. However, considerable evidence that MDMA 
is neurotoxic at hi gh doses (see section III ) has given 
cons id era ble pause to this therapeutic int erest . 

Although MDMA is frequently described as the pro­
totypical "designer drug ," MDMA was synthesized and 
patented by Merck in 1912 as an unim portant pr ecursor 
in a new chemical pathway (Fre ud enmann et al., 2006). 
Th e compo und was shelved un til Alexander Shulgin 
"rediscovered" MDMA in th e 1970s. Shulgin produced 
the fir s t reports on the psychoactive effects ofMDMA 
and promoted it s u se as an adjun ct to psychotherapy 
(Shul gin and Nichols, 1978). It was not until the early 
1980s that MDMA began to be used recreationally, often 
at nightclubs, dance parties, and raves (Weir, 2000). The 
growing popularity of MDMA, in addition to new re­
search findings on its adve rse effect s, led the U.S. Drug 
Enforcement Administration to class ify MDMA as a 
Schedu le I drug in 1985 for having "high abuse potential 
and no medica l value" (Lawn, 1985, 1988; Shulgin , 1986). 
Despite its ill ega lit y, the recreational use of MDMA 
steadi ly in creased through the 1990s with the rise of 
the underground r ave scene (Schwa rtz and Miller, 
1997 ) an d platea u ed in the ea rly 200 0s (Schulenberg 
et al. , 2018). Any curr ent incr ease in MDMA use may 
be re lated to the emerge nce of electronic da nce m usic 
into mainstream culture (Fraser , 2012). Recently, scientific 
interest in the potential th era peutic value of MDMA has 
re-emerged as th e result of findings tha t MDMA-assisted 
psychotherapy may be effect ive for treatment -resistant 
post-traumatic stress disorder (Bou so et al., 2008 ; 
Mithoefer et al., 2011, 2013, 2016; Oehen et al., 2013) . 

ABBREVIATIONS: 5-CSRT, 5-choice seria l reaction time; CWM, Cincinnati water maze; DA, delayed alternatio n; OMS, delayed matching­
to-samp le; DNMS, delayed nonmatc hin g-to-sa mple; FC , fear condition ing; 5-HT, serotonin ; MOMA, :!:3,4-methylenedioxymethamp heta mine ; 
MWM, Morris water maze; NOR, novel object recognition; NPR , novel place recognition; OST, odor span task; PA, passive avoidance; RAM, 
radia l arm maze; SA, spon tan eous alternation; SD, spatial discrimination ; SERT, serotonin tra nsporter; SR, social recognition. 
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0 

< 0 
Fig. 1. Chemical struc tur e of :!:3,4-methylenedioxymet hamphetamin e 
(MDMA) (htt ps://ch em.n lm.nih .gov/chemid plu s/n a me/mdm a%20hcl , 
Open Source). 

Th e Unite d State s "Monitorin g the Futur e" n at iona l 
surv ey indi cates th at th e lifetime pr eva lence ofM DMA 
u se among young adults (19-28 years of age) ha s 
r emain ed r elatively sta ble since 2000 (about 13%) and 
is significantly hi gh er than in the 1990 s (a bou t 5%) 
(Schul enb erg et al., 2018 ). Most MDMA users consume 
th e drug relatively infr equentl y and only for a few yea rs 
in their ea rly tw enties (Green et al. , 200 3; Ku yper s 
et al. , 2016 ). The 2016 U .S. Nation a l Survey on Drug 
Use and Health rev ea led that about one-third oflifetime 
MDMA users age d 18-25 yea r s had u sed th e drug in the 
past yea r, while less than 8% of lifetime MDMA use rs 
age d 26 years and older had used th e drug within the 
past yea r (Center for Beha vioral Health Stat istic s and 
Qu alit y, 2016). Desp ite th e low expos ur e, th e long-term 
effects of MDMA use in young adulthood are a signifi­
cant concern and one that is especially releva nt to th e 
curre nt youn g ad ult popul ation. 

As both recrea tional and therapeutic inte rest in MDMA 
ha s in crease d over the past 40 years, so ha ve concerns 
regarding th e possibl e harmful effects ofMDMA. There 
is evid ence from both human and ani mal research that 
MDMA produce s n eurotoxicit y and cognitive deficit s. 
Thi s evidenc e, however , is controversia l and may have 
resu lt ed from experim ent s with methodology th at fail 
to genera lize to typ ical MDMA users. Th e va lidit y of 
MDMA toxicological findings res ts particularly with 
respect to self-r eported dru g use and oth er confoundin g 
variables in hum an st udi es , the doses admini stered in 
ani m al st udie s, and the ability to generali ze findings 
from anim als to hum ans . Dose is a d eterminant of 
toxicity for virtual ly any substance, as even wate r and 
oxygen produce adverse effects an d can lea d to death at 
high doses. The quest ion of crit ical importance then is: 
do the doses typical us ers act ually take act uall y pro­
duce cognit ive d eficit s an d/or neurot oxicity? Thi s ques ­
tion becomes eve n mor e acute when one consi der s th at 
th erapeutic dosing may be even lower th an recreat ion al 
dosing, meaning that MDMA could h ave th erape utic 
va lue at doses far below thos e for wh ich any evidence of 
toxicity exists. 

Oth ers have extensive ly r eviewe d findings on the 
cognitive and neurotoxic effects ofMDMA in human s as 
well as the neurotoxic effects ofMDMA in animals (e.g., 
Bauma nn et al. , 2007 ; Zakzani s et al. , 2007; Mueller 
et al., 2016 ). In thi s paper, we summ arize th ese review 

articles and discuss some potential methodological issues. 
Our aim is to provid e the first ever full syste matic review 
of findin gs on the cognitive effects of MDMA in animals. 
We review these studi es with a critical focus on dose. 

II . ±3,4-Methylenedioxymethamphetamine Do se 

A. Human Use 

MDMA is almost exclusively admini ster ed as a race ­
mic mixture, a lthou gh th ere is evidence th at it s two 
enant iomers have diff erent pharmacological and be­
haviora l effects (Fantegrossi , 2008; Pitts et al. , 2018 ). 
MDMA is commonl y sold as a tablet (i.e ., "Ecstasy" ; 
Fig . 2) or as crystall in e powde r (loose or in a capsu le, 
i.e ., "Molly"; Fig. 3 ) an d is us u ally ing ested orally; 
however, cru she d tab lets or crysta lline powder can 
also be tak en su blin gu a lly, bu cca lly, or intranasally 
(Eisner , 1989). Because pur e MDMA cannot be made 
into a pr esse d ta bl e t by itse lf, Ec st asy tablets contain 
ot her sub sta n ces, including exc ipi ent s su ch as cellu­
lose and often oth er act ive age n ts such as stimul ants 
or other MDMA-lik e substances. "Molly" is often per ­
ceived by the purchasers to be pure MDMA , bu t is 
also frequent ly conta min ate d with oth er ch ea per or 
mor e access ibl e sub stances (Pa lamar , 2017 ). Base d 
on Ecstasy Data.o rg, an ind epende nt laboratory testing 
service for str eet MDMA, only 43. 7% of the 4063 sampl es 
tested betwee n 1996 and 2017 contain ed only MDMA. 
Th e remaining sam ples cont ained either MDMA with 
addi tional substance(s ) (18%) or no MDMA (39%) (Fig. 4). 
Therefore, only 62% of street MDMA truly contained any 
MDMA, and 57% of st reet MDMA consisted partially or 
entir ely of other substan ces (often a cocktail of substances). 
Th e most common sub sta n ces mixed wit h or sold as 
MDMA includ ed st imulants (55%; e.g., caffeine, metham­
phetamin e, trifluorom eth ylph eny lp ipera zine , ben zyl­
pip erazine , pseudo ephedrine), MDMA-like sub sta nces 

Fig. 2. MDMA in the form of"Ecstasy" tablets (http://www.usdoj.gov/dea/ 
programs/forensicsci/microgra m/mg0103/mg0103.htm l, Open Sour ce). 
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Fig. 3. MDMA crystalline powder in capsu le form, commonly referred to 
as "Molly" (htt psJ/commons.wikimedia.org/w/index.php?cu rid=l 884576, 
Open Sou rce). 

(20%; e.g., methylenedioxyamph etamin e, methylenediox­
yethy lamphe tam ine, meth ylone), and/or dissociatives 
(11 %; e.g. , dextrom ethorph an , ketamine ) (https:// 
www.ecstasydata.org/stats.p hp ).1 It is import ant to note 
that the samples from EcstasyData.org are volunt ari ly 
submitted and are not a random sampling of ava ilable 
street MDMA. Neverthele ss, given that the available 
data shows that more than half of str eet MDMA is 
adulterated and almost half of str eet MDMA does not 
contain any MDMA, MDMA use rs have most lik ely 
consumed these oth er psychoac t ive substance (s) in 
addition to and/or instea d of MDMA. 

MDMA users most common ly take doses of about 
75-125 mg, or about 1 to 2 mg/kg , whi le doses high er 
than 200 mg are usua lly unint entional becau se the y 
can produce unple asa nt adverse effects, including hy­
perthermia and paranoi a (https ://erowid.org /chemicals/ 
mdma/mdma_dose. shtml; Hayne r and McKinney , 1986; 
Green et al. , 2003; Gouzoulis-Mayfrank and Daumann, 
2006; Morgan, 2000; Ricaurte et al. , 2000). Consistent 
with this , Brunt et a l. (2012) reve aled that doses of 
81- 100 mg MDMA are associated with the high est 
prob ability of experiencing desirable subjective effects, 
whil e doses greater than 160 mg MDMA lead to more 
adverse than desirabl e effects. Analyses of st reet MDMA 
contents indicate that tabl ets usu ally contain doses in 
the range of tho se commonly used, yet th ere are some 
vari a tions by batch and location . Old er report s have 
sugge sted that MDMA tab lets contain 70- 120 mg on 
averag e (Parrott , 2004). Several more recent large-scale 
anal yses in various countri es indic ate d th at MDMA 
tablets cont ain average doses of about 66-87 mg (close 
to 1 mg/kg) (Giraudon and Bello, 2007; Vogels et al., 2009; 

1Th e va lues for thi s anal ysis were obtained from the Test Res ult 
Stati s tics : Summ ary Data on EcstasyDat a.org (Display as: Numb ers; 
By date: Tested ; Uncheck: EcstasyData Only). We included the laborato ry 
testing result s for all sam ples sold as MDMA between 1996 and 20 17, 
which is listed as the tota l num ber of sa mples contain ing 1) MDMA 
Only , 2) MDMA + Somethin g, or 3) No MDMA. Mos t of the sam ples 
(about thre e-fourths ) were su bmitt ed from the United States. Thi s 
a nal ysis was condu cted on 05/04/20 17 and t herefore includ es all 
la borator y test ing re sult s up to that dat e. 

MOMA only 
44% 

Street MOMA 
(1996 to 2017) 

Fig . 4. Contents of 4063 samples of street MDMA tested by EcstasyData.org 
and other organizations between 1996 and 2017. Samples sold as MOMA 
contained eithe r MDMA only, MDMA in combination with other substances, 
or no MDMA at all. Less than half of street MDMA samples contained 
MDMA only and more than half of street MDMA samples consisted partially 
or entirely of other substances (original figure; data redrawn with permission 
from http sJ/www.ecstasydata.org/stats. php). 

Brunt et al. , 2012; Vidal Gine et al. , 2016 ). Data from 
the 2016 Europ ean Dru g Report indica ted th at tablets 
typically contain between 68 and 95 mg ofMDMA (also 
close to 1 mg/kg) (EMCDDA, 2016). 

MDMA us ers usua lly take one to two tablets per 
occasion and generally use MDMA once per week or 
less becau se ofrapid to leranc e to it s des irabl e effects 
(Topp et al., 1999; Morgan , 2000; Winstock et al. , 2001; 
Riley et al., 2001; Scholey et al., 2004; Gouzoulis-Mayfrank 
and Daumann , 2006; Parrott et al. , 2006; ter Bogt et al. , 
2006 ). Only about 9%-17 % of MDMA users tak e an 
average of thre e or four tablet s per occasion, and about 
3o/o-10% ofMDMA users take an average of mor e than 
four tablets per occasion (Scholey et al., 2004; Parrott 
et al. , 2006; ter Bogt et al., 2006). Becaus e each tab let 
is expected to ha ve a dose of about 1 mg/kg , a typical 
weekly dose of two tablet s is about 2 mg/kg, but heavie r 
us ers may be taking week ly doses of 3 mg/k g or more. In 
our review, we focus on und erstandin g typical re crea­
tional MDMA users rather than atypical heavy us ers. 

Th e t herapeu tic doses of MDMA us ed in current 
clinical trial s are comparab le to typica l recreationa l 
doses yet are admini stered on onl y a few separ ate 
occasions. In th e two compl ete d phas e 2 clinical tri als 
test in g MDMA-ass iste d psychotherapy for tr eat ment­
resistant post-traum atic st ress disord er , patients were 
tr ea ted wit h a dose of 125 mg MDMA, plu s a 62.5 mg 
supplem enta l dose in some cases, on two or three 
occasion s (Mitho efer et a l. , 2011; Oehen et al. , 20 13). 
MDMA may potenti ally hav e therapeutic valu e at even 
lower doses, and we encoura ge investigato rs to explore 
tho se doses. 

In summ ary, rel at ively low doses ( < 3 mg/kg ) are used 
both th erapeut ically and recreat ionall y. However , it is 
critica l to differe nti ate between the th erap eutic use of 
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pur e MDMA in controlled medical settings and the 
recreational use of potentially impure MDMA in poten­
tially hi gh -risk settings. Our systematic review of 
preclinical MDMA research speaks to the use of pure 
MDMA in therapeutic settings or low-risk recreational 
settings. 

B. Animal to Human Scaling 

There has been significant controversy regarding 
whether the doses of MDMA administered to animals 
in preclinical studies accurately reflect those taken by 
human users. Given the average human weight of70 kg, 
a typical MDMA dose of75-125 mg is equivalent to about 
1 to 2 mg/kg MDMA. Despite this , the majority of animal 
studies administer doses ranging from 10 to 20 mg/kg, 
which is equiva lent to 700-1400 mg in a 70-kg human 
and is about 5-20 times lar ger than a typical MOMA 
dose . 

Early MDMA researchers argued that the method of 
"interspecies sca ling " (Mordenti and Chappell, 1989) 
should be used to translate MOMA doses across species 
(Ricaurte et al., 2000; McCann and Ricaurte, 2001). This 
method proposes that smaller anima ls require much 
lar ger doses than humans , using the equation Dhuman = 
Danimal X (Whuman!WanimaJ)°-7

, where O is drug dose in 
milligrams, Wis body weight in kilograms, and 0.7 is 
the "allometric constant" that accounts for differences in 
drug elimination. As a result, a dose of98 mg in a 70 kg 
human (1.4 mg/kg) was equated to 7 mg/kg in rats and 
5 mg/kg in monkeys. Most the studies reviewed here 
argued that doses of 10-20 mg/kg in rodents are suitab le 
for modeling recreational use of MDMA, as they trans­
lat e to a human dose of 140-2 80 mg und er "allometric 
scaling." Allometric scaling results in animal doses that 
are exceedingly higher than those determined by a 
simple conversion of dose based on body weight, and the 
approac h is not without controversy . 

We have typically argued that one-to-one dosing should 
be used , unless further specific knowledge (for examp le, 
metabolic or actual exposure data) justifies some specific 
kind of altern ative sca ling (Shuman et al., 2009; Wood 
et al., 2014; Carmack et al., 2014). Furthermore, although 
doses vary somewhat in veterinary medicine, across 
a wide variety of indications , most drugs are given 
roughly on the same scale as human dos es converted 
on a stra ight milligrams per kilogram basis. For examp le, 
fluoxetine dosing in dogs and cats is 1 to 2 mg/kg (https:// 
www.reconcile.com/pdfs/prescribing-information. pdf) , 
which is quite similar to human dosing (http://pi.lilly.com/ 
us/prozac.pdf). 

More recently, severa l researchers have argued that 
allometric scaling is not a valid approach for MDMA 
research. Specifically, this method does not take prin­
ciples of pharmacokinetics/pharmacodynamics into ac­
count . Green et al. (2009, 2012a) explain that factors 
such as bioavailability, active metabolites, plasma pro­
tein binding differences, and patterns of systematic 

exposure are critical influences on drug effects , and 
these factors can vary markedly between species and 
methods. Humans almost always ingest MDMA orally, 
whereas anima ls are administered MDMA intraperito­
neally or subc ut aneously, whi ch may lead to significant 
differences in bioavailability and/or metabolism (Green 
et al., 2009, 2012a ). In humans , there is a nonlinear 
relationship between dose an d plasma concentration 
such that a twofold increase in dose (from 1 to 2 mg/kg) 
results in a fourfold increase in plasma concentration, 
while the relationship between dose and plasma con­
centration in rats is approximately line ar . As a resu lt , 
the dose-plasma concentration curves of humans and 
rats are comparable at doses below 2.5 mg/kg but differ 
drastically at higher doses (Green et al., 2009 , 2012a). 
Specifically, Cmax (peak plasma concentration) ofl.6 mg/kg 
MDMA (ora lly) in humans and 2 mg/kg MOMA (in ­
traperitoneally and subcutaneously) in rats is similar 
[humans (oral): 292 ± 76 ng/ml , rats (intraperitoneal): 
210 ± 108 ng/ml , rats (subcutaneous): 196 ± 50 ng/ml). 
Time of drug peak, however, is much shorter in rats 
(0.14 ± 0.08 hours (intraperitonea l), 0.75 ± 0.29 hours 
(subcutaneo us)] than in humans (2.4 ± 0.6 hours (oral)] 
(Kolbrich et al., 2008; Baumann et al. , 2009 ). Thu s, 
testing rats 10- 45 minutes after parenteral doses of 
about 2 mg/kg is roughly equivalent to peak exposure 
in humans 2.4 hour s after taking about one and a half 
oral tablets. The differences in time course are becaus e 
MDMA is absorbe d and metabolized much faster in 
rats than in humans and the proportion of metabolites 
formed differs strikingly between species ( Green et al., 
2009, 2012a ). This is a major concern because the act ive 
metabo lite s of MD MA, rather than MDMA its elf, appear 
to be responsible for long-term neurotoxicity. For instance, 
methylenedioxyamphetamine , an active and neurotoxic 
metabolite ofMDMA, accounts for 23%-34 % ofMDMA 
metabolism in rats but only about 10% in humans (Green 
et al., 2012a). Nonetheless, MDMA is extens ively me­
tabolized in both animals and hum ans, a condition und er 
which the allometric relationship does not hold true 
(Lin, 1998; Baumann et al., 2007). 

For the reasons above , as well as others extensively 
discussed by Baumann et al. (2007) and Green et al. (2009, 
2012a), allometric scaling in MOMA research is arguably 
flawed , and findings under this method should be inter­
preted with caution for using excessive dosing. Baumann 
et al. (2007) proposes the a lt ernative method of "effect 
scaling" for extrapo lating doses between species. Under 
this method, an imal doses are determined based on the 
lowest dose of drug that produces a specific pharmaco­
logical response in animals and humans. Doses of about 
1 to 2 mg/kg MOMA produce equivalent pharmacology 
effects in hum ans (orally ) and rats (intraper iton e­
ally , subcutaneo usly, or intravenously), includin g th e 
in vivo release of serotonin and dopamine [humans 
(ora l): 1.5 mg/kg, rats (intraperitoneal ): 2.5 mg/kg, 
rats (subcutaneous): 1 mg/kg], secret ion ofpro lactin and 
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glucocorticoids [humans (oral): 1.5 or 1.67 mg/kg, rats 
(intraperitoneal): 1-3 mg/kg], drug discrimination [humans 
(oral): 1.5 mg/kg, rats (intraperito neal): 1.5 mg/kg], and 
drug reinforcement [humans (oral): 1 to 2 mg/kg, rats 
(intra venous): 1 mg/kg) (Baumann et al., 2007). Unlike 
Green et al.'s findings, Baumann et al. (2009) found that 
the pharmacokin etics of MDMA are not only nonlinear in 
monkeys and humans but also in rats. Regardless of this 
discrepancy, it is agreed that the pharmacokinetics of doses 
of about 1 to 2 mg/kg MDMA are similar across species. 
Because the pharmacologically relevant doses of MDMA 
are similar across species, there is not adequate scien­
tific justification for using interspecies scaling to "adjust" 
MDMA doses (Baumann et al ., 2007, 2009). This is 
especially true when considering toxicology, because most 
of the "adjustments" have been radical increases in dose, 
which tend to suggest a drug is more toxic than it actual ly 
is. Ind eed, one might think this could impose a bias in 
"finding" toxic effects in drugs of abuse, in general. 

Given that doses of about 1 to 2 mg/kg MDMA produce 
similar pharmacokinetic, pharmacological, and psycho­
active effects across species and are analogous to the 
doses taken by human MDMA users, these low doses 
should be used in preclinical MDMA research in the 
absence of explicitly justified interspecies scaling. While 
low doses are unlikely to produce neurotoxicity, they 
ma y still have adverse cognitive effects (Green et al., 
2012a,b) . A centra l aim of this review is to determine if 
MDMA influences cognit ive functioning at these doses. 

III. Neurotoxicity in Animals and Humans 

The long-t erm neurotoxic effects of MOMA have been 
studied extensively in animals and humans. Ricaurte 
et al. (2000) , Green et al. (2003), and Lyles and Cadet 
(2003) were among the first to review the man y findings 
on MDMA-induced neurotoxicity in animals . Research 
in rats and non-human primates demonstrated that 
MDMA produces significant reductions in biochemical 
markers of serotonergic activity that last for months to 
years . The most prominent reductions include decreased 
levels of5-HT and 5-hydroxyindol eacetic acid (the major 
metabolite of 5-HT), decreased numbers of SERT, and 
decreased activity of tryptophan hydroxylase (the rate­
limitin g enzyme in 5-HT synthesis) . Additional studies 
found through histologic methods (e.g., si lver staining) 
that MDMA produces degeneration of 5-HT axons and 
terminals. These findings suggest that the long-lasting 
and selective serotonergic biomarker reductions pro­
duced by MDMA may reflect neurodegeneration. How­
ever, as with amphetamine neurotoxicit y, there is no 
evidence of actual cell death. 

These early studies used MDMA doses that are exceed­
ingly large and not representative of those taken by 
typical users (as was done in early amphetamine neuro­
toxicity studies). Most rat strains (e.g., Lister Hooded, 
Sprague-Dawley, and Wistar) typically require several 

MDMA doses of 20 mg/kg or more to exhibit serotonergic 
deficits (Colado et al., 1993; Aguirre et al., 1998; Shankaran 
and Gudelsky, 1999; Green et al., 2003). Non-human 
primates show high er sensitivity to MDMA-induced 
serotonerg ic deficits, as doses of about 5 mg/kg will 
produce deficits that are more severe than those observed 
in rats (Ricaurte et al., 1988; Ricaurte and McCann, 1992; 
Green et al., 2003). Mice are far less sens itiv e than rats 
to MOMA-induced serotonergic deficits, as doses ofup 
to 50 mg/kg produce only slight deficits (Stone et al., 
1987; Logan et al. , 1988; Green et al., 2003). Although 
there are differences between species/strains, MOMA­
induced deficits in markers of serotonergic neurons 
require fairly hi gh and often sustained dosing (Green 
et al. , 2003 ). 

In a more recent review, Baumann et al. (2007) 
analyzed findings on MOMA-induced neurotoxicity in 
rats with respect to dose. Several stu dies hav e demon­
strat ed that behaviorally relevant doses of MOMA (i.e., 
1 to 2 mg/kg; see section II.B) do not produce reductions 
in biochemical markers of 5-HT neurons. The doses of 
MOMA that do produce serotonergic deficits (i.e., 10-
20 mg/kg) are five or more times greater than behav­
iorally relevant doses of MDMA . Even so, these high 
doses are not reliably associated with 5-HT neuron 
degeneration. Rather, even more extreme doses ofMDMA 
were used in the histology studies that found neurotoxic 
damage. For instance, massive cumulative doses of 100-
600 mg/kg (i.e., up to 42,000 mg or 600 MOMA tablets 
in humans) were given to rats that exhibited increased 
silver -positive staining in degenerating 5-HT neurons. 
Thus, MOMA-induced reductions in biochemical markers 
of 5-HT neurons do not nec essari ly reflect neurotox ic 
damage (see Baumann et al. for additional supporting 
evidence). There is insufficient evidence that the MDMA 
doses typically used by humans result in serotonergic 
neurotoxicity in anima l models. 

Nevertheless , evidence of possible MD MA-induced 
neurotoxicity in animals has raised concern for neuro­
toxicity in human MDMA users. Reneman et al. (2006) 
and Cowan (2007) provided reviews on some of the 
latest neuroimaging studies in human MDMA users. 
While there has been much debate regarding the methods 
used in early human studies on MDMA-induced neuro­
toxicity , modern neuroimaging techniques such as pos­
itron and sing le photon emission tomography provide 
updated findings on the effects of MDMA in the human 
brain. The most consistent finding is that MDMA users 
exhibit a red ucti on in SERT density that appears to be 
associated with the degree of MDMA exposure , while 
findings on other serotonergic deficits are largely 
inconsistent. It remains unclear whether the SERT 
reductions in MOMA users ar e a direct reflection of 
serotonergic neurodegeneration. 

A concern regarding the above findings is that 
most stud ies in vestigated samp les of he avy MDMA 
users, with a mean lifetime consumption ranging from 
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173 to 880 MDMA tablets. Only about 13%-18% of 
MD MA users report having taken MDMA on more than 
100 occasions (Schol ey et al., 2004; Parrott et al., 2006), 
and whi le this research may be indicative of neurotox­
icity in these heavy users, it is not indicative of the 
effects of MDMA in the typical user and is highly 
unlikely to reflect patients treated thera peuti cally 
only a few times with MDMA. Mueller et al. (2016) 
addressed this issue with a systematic review of neuro­
imaging studies in moderate MDMA users (those with 
life time use of < 50 occasions or < 100 tablets). The 
19 studies that met inclusion criteria provided little, if 
any, evidence for brain alt erations in moderate MDMA 
users. 

The animal and human data together suggest that 
heavy use of MDMA may produce neurotoxicity , but 
typical (i.e., low to moderate) MDMA use may have no 
effect on brain structure and function. Human MDMA 
research, however, may have issues with experimental 
design, confounding variables, and methodological tech­
niques (explained further in section IV and by Gouzoulis­
Mayfrank and Daumann, 2006). In this review, we explore 
the functional conseque nces ofMDMA use , specifica lly 
the effects on cognition, as potential indicators of 
MDMA-induced neurotoxicity. 

IV. Cognitive Effects in Humans 

Numerous review articles have evaluated findings 
on cognitive functioning in MDMA users. Recent meta­
ana lyses and systematic reviews suggest that MDMA 
users, when compared with drug-nai:ve or polydrug 
controls, are impaired in severa l cognitive domains 
including decision-making (Betz ler et al. , 2017), atten ­
tion (Verbaten , 2003 ; Zakzanis et al., 2007 ), executive 
functioning (Zakzanis et al., 2007; Murphy et al. , 2009; 
Roberts et al. , 2016), verba l and visuospatia l working 
memory, short -term memory , and long-term memory 
(Verbaten, 2003; Laws and Kokkalis, 2007; Zakzanis 
et al., 2007; Murphy et al., 2009, 2012; Nulsen et al., 
2010). Others , however, have found that MDMA users 
and controls show no differences in executive switching 
(Murphy et al., 2009), executive inhibition (Roberts et al., 
2016) , visual short - and long- term memory (Laws and 
Kokkalis , 2007), and verbal long-term memo ry (Kuypers 
et al., 2016). Like the neurotoxicity studies , many of 
these reviews includ e data from heavy MDMA users 
only (Verbaten , 2003; Laws and Kokkalis , 2007; Nu lsen 
et al., 2010; Roberts et al., 2016). Some deficits have 
been attributed to polydrug/cannabis use rather than 
MDMA use specifically, such as those in decision-making, 
visual short-term memory, and verbal long-term memory 
(Verbaten, 2003; Nulsen et al., 2010; Betzler et al., 2017), 
althou gh there is some evidence of the contrary re­
garding verba l memory (Laws and Kokkalis, 2007). 
Overall, the most consistent findings are that heavy 
MDMA users exhibit long-term deficits in attention, 

executive updating, verbal and visuospatial working 
memory , and verbal short-term memory; findings re­
garding other cognitive domains are fairly inconsistent. 

Research on the cognitive effects of MD MA in humans 
face a multitude of potential methodological issues. 
Dose-related , double-blind, placebo-controlled para­
digms are the strongest in human psychopharmacol­
ogy research, but there is a lack of suc h prospective 
stud ies in MDMA research du e to the et hi cal and legal 
barriers of administering MDMA to human volunteers 
(Verbaten, 2003). As a result, retrospective cross-sectional 
designs dominate in this field, in wh ich a group of self­
reported MDMA users are compared with a control 
group . In contrast to prospective designs, retrospective 
designs decrease the ability to contro l potential con­
founds. A potential confounding variable in the studies 
reviewed above is that MDMA users are typically poly­
drug users, either knowingly or due to the impurity of 
street MDMA. While some studies contro lled for self­
reported polydrug use , the contents of impure street 
MDMA is typically unbeknownst to all and therefore 
cannot be contro lled for. Self-reported drug use also 
introduces uncertainty in drug use patterns, including 
doses, number of exposures, and duration of abstinence. 
Another potential issue with retrospective designs is 
that the observed effects could be due to pre-existing 
differences, such as intelligence, cognitive, psychologic, 
neurochemical, genetic , or personality differences in th e 
selected contro l group. It is conceivable that individuals 
with cognitive deficits may be more likely to use MDMA, 
and therefore the cognitive deficits observed in MDMA 
users could have been a cause of MD MA use rather than 
a consequence, although the direction of causa lity ha s 
been sparsely explored and is still a matter of debate 
(Curran , 2000; Roberts et al., 2016; Betzler et al. , 2017). 

To summarize , there has been consistent evidence of 
some cognitive deficits in heayy MDMA users (specifi­
cally in attention , executive updating , working memory , 
and verbal short-term memory), but we cannot be certain 
that these deficits are exclusively due to MDMA use 
rather than the use of other drugs, pre-existing condi­
tions, and/or other confoundin g variables (Curran, 2000; 
also discussed further in the reviews/meta-analyses cited 
above). It is likely that MDMA poses considerable risk at 
high doses , as does high-dose amphetamine. However, 
as with amphetamine, low-dose MDMA may have great 
clinical potential and should not be barred based on 
unfounded concerns about behavioral or neural toxicity. 

V. Cognitive Effects in Animals­
Systematic Review 

Because of the methodological issues in human MDMA 
research , animal models may be ideal for studying the 
cognitive effects of MDMA, specifically with respect to 
the therapeutic use of pure MDMA. Here we provide the 
first systematic review of findings on the cognitive effects 



 38 

Pantoni and Anagn ostaras 

of MDMA in anima l model s. A tota l of 90 experim ents 
(from 68 articles) provide such findings using a variety 
of tasks . We divided researc h findings by task into five 
major cognitive domains : 1) attention, 2) working memory, 
3) spatial lea rning and memory , 4) nonspatial learning 
and memory, and 5) fear -motivated lea rning and mem­
ory. Findings on both the on-drug (acute ) and post -drug 
(long-la st ing) effects of MDMA are included . In some 
cases, on-drug impairm ent s are assoc iat ed with ta sk 
perfor mance impairm ent s (e.g., impaired movem ent 
or altered state while intoxicated) rath er than actual 
cognitive impa irment. All findings are reviewed with 
res pect to methodology, with a specific empha sis on 
the dose s ofMDMA administered. Again , we stress that 
most of th ese studies used doses that are excee dingly 
higher than low, behaviorally relevant doses of 1 to 
2 mg/kg MDMA. The ability to generalize high-dose 
(2c3 mg/kg MDMA) findings to typic al MDMA us e, and 
specifically th era peutic use, is limited. 

A. Att ention 

1. 5-Choice Serial Reaction Time. The 5-choice serial 
reaction time (5-CSRT) task (Robbins , 2002) is commonly 
used to assess attention and impulsivity in non-human 
primat es . As to th e studies reviewed here, the task is 
conducted in an operant chamber that contains a monitor 
and a singl e response lever. On each tri al , five circl es 
connected by line s are pre sented on the monitor , and 
th e trial begins when th e animal pres ses and holds 
down the response lever. After a vari able delay period of 
0. 75- 2.5 seconds, a yellow circle is quickl y prese nted on 
one of the five circles for 20, 100, or 1000 milli seconds. 
Th e animal must touch th e circl e that contain ed th e 
yellow circle withi n 2 se cond s for re inforc er delivery. 
The release latency (time to release the lever) and 
moveme nt time (time to move fr om lev er to tar ge t ) are 
used to mea sure attentional performance , with longer 
relea se latencies/movem ent time s repr ese nting poorer 
at tention. 

Taffe et a l. (2001, 2002 ) investigated the effects of 
MDMA on the 5-CSRT t ask, and the se studies are listed 
in Table 1. Taffe et al. (2001) train ed adult mal e rhesus 
monkeys on the task for 4 weeks pri or to drug treat­
ment . Monkeys were th en given two daily injections of 
10 mg/kg i.m. MDMA at a 12-hour interva l for 4 consec­
utive day s. Testing continued during the treatment 

week (3- 5 hours after th e first injection of ea ch day, so 
testing occurred after the peak drug effect) and also 
for the foll owing 2 1 weeks. Dur ing all three testing 
period s (pretreatm ent weeks, treatment week, and 
posttreatment weeks) , MDMA-treated monkeys and 
saline controls did not significantly differ in release 
latency or movement time. However, th e release latency 
of MDMA-t reated monkeys was significantly long er 
dur ing the tr eatm ent week than dur ing th e pr et rea t­
ment weeks . Taffe et al. (2002 ) te ste d the sam e group 
ofrhesus monkey s 13 month s later , and again MDMA­
treated monkeys and sa line contro ls did not signif ­
ica nt ly diff er in release la tency or movem ent tim e. 
Togeth er, th ese findin gs indicate that treatment with 
repea ted doses of 10 mg/kg MDMA may prod uce slight 
attentional deficits during the tr eat ment period but 
ha ve no re sidu al effects on attention for mor e t han 
1 year late r. 

B. Working Memory 

1. Delayed (Non)ma tching-to-Sample . Th e delayed 
matching -to-sa mple (DMS) and dela yed nonmatching ­
to -sample (DNMS ) tasks (see Dudchenko, 2004 ) are 
widely u sed to study working memory in many species , 
including rodents , birds , and non-hum an primates. These 
tasks assess recognition memory for a visua l stimu lus 
and can be conducted using stimuli such as retractable 
lever s, color illuminat ed keys , or visual stimuli dis­
pl ayed on a pres s-plate or touchscreen. Each tria l has 
thr ee main phases : samp le pr esentation, delay, and choice. 
During the sample presentation, a single visu al stimulus 
is presented to the anima l (i .e., right or left lever , red or 
green key, a geometric shape on th e pr ess -plate or 
touch scre en). After th e an imal makes an obse rv ing 
response (i.e., a press or nose-poke) to the sample stimulus , 
the stimulu s is removed for a delay period of a specified 
duration . The delay period is followed by the choice pha se, 
when two or three visual st imuli are pres ented to th e 
anima l, only one of which is identic al to th e sa mple 
st imu lus. The animal must respond (i.e., a pres s or nose­
poke ) to the sample stimulus in the DMS task or th e 
novel stimulus in the DNMS task for accuracy, food 
reinforcer deliv ery , and initiation of the next trial. 

Sessions are typic ally conduct ed daily, and a rang e of 
delay periods are tested, with each anima l performing 
multiple trial s at each delay duration. Accuracy is 

TABLE 1 
Studi es exa minin g th e effects of MDMA on attention 

Articl e Task" Subjectsb Dose s/Frequenef Timelined 

Taffe et a l., 2001 5-CSRT Monkeys (R), Adu lt , Male 10 mg/kg (i.m.) x 2/day, 4 days Trainin g: Pr edru g 
Testing: On-Dru g, Postdru g 

Taffe et a l., 2002 5-CSRT Monkeys (R), Adult , Male 10 mg/kg (i.m. ) x 2/day, 4 days Training: Predrug 
Testing : Postdru g 

"Studies used the 5-choice se rial reaction time (5-CSRT) task. 
bSpecies (strain), age, and sex of subjects. Strains include rhes us (R) monkeys. 
cDose, route, and frequency of MDMA administration. Treatment days/weeks are consecutive unless noted as "spaced." 
dWhen traini ng and testing occurred in relati on to drug treatment . Pre- and post-drug training/testing were always conducted off-drug. 
"Effects of drug treatm ent on attention: 0 No Effect, J Impairment , t Enhancement . 

Effectse 

! (On-Dru g), • (Postdrug) 

• 
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determined at each delay by average percent correct 
(i.e., percent of trials that a correct response was made). 
Under normal working memory function, accuracy will 
decrease as the duration of the delay period increases. A 
workin g memory deficit is usually indicated by normal 
accur acy under no delay or ultra-short delays but a 
significant decrease in accuracy relativ e to normal at 
longer delays. A significant decrease in accuracy relative 
to norm al across all delays [i.e., no/ultra -short delay(s) 
and long delays] does not represent impaired working 
memory, but rather a performance impairment. 

Table 2 includes the seve n studies that tested the 
effects of MDMA on the DMS (5 studies ) and DNMS 
(2 stud ies) tasks. All of these studies trained anima ls 
on the task to a criterion level before beginning on-drug 
testing, and some of the studies continued testing after 
the on-drug trials. 

Harper et al. (2005) and Harper (2011) trained and 
tested adu lt male Sprague-Dawley rats on a DMS task 
using retractable levers and delays of 0.1 , 3, 9, and 
18 seconds . Harper et al. (2005) gave rats 0, 0.3 , 1, 2, 
or 3 mg/kg i.p. MDMA in a within-subjects design 
10 minutes before on-drug test sessions. Relative to 
sa lin e, doses of 0.3 and 1 mg/kg MDMA had no effect 
on accuracy , and doses of 2 and 3 mg/kg MDMA signifi­
cantly decreased accuracy across all delays . Harper (2011) 
gave rats O or 3 mg/kg i.p. MDMA in a within-subjects 
design 5 min before on-drug test sessions. A dose of 
3 mg/kg MDMA sign ificantly decreased accuracy across 
all delays relative to saline . Together , these results indi­
cate that whi le doses of 2 and 3 mg/kg MDMA impair 
performance on the task, doses of0.3, 1, 2, and 3 mg/kg 
MDMA have no effect on working memory. 

Frederick et al. (1995a) trained and tested adult male 
rhesus monkeys on a DMS task using a press-plate 
apparatus and delays of 2, 4, 8, 16, 32, and 48 seconds. 
Monkeys were given 0, 0.1, 0.3, or 1 mg/kg i.m. MDMA 
in a within-subjects design 30 minutes before on-drug 
test sessions. MDMA had no effect on overall accur acy 
relative to saline at any of the doses tested. In contin ­
uation of this study, Frederick et al. (1995b) tested the 
same rhesus monkeys on the same task under different 
MDMA treatments. Monkeys were given two daily injec­
tions ofi.m. MDMA at an 8-hour interval for 14 consecu­
tive days. The dose of MDMA was increased every 
2 weeks, such that doses of 0, 0.1, 0.3, 1, 3, 5.6, 10, and 
20 mg/kg MDMA were each given for 14 consecut ive 
days in sequentia l order. On-drug testing took place 
30 minutes after the first injection of each day, and 
MDMA had no effect on overa ll accuracy relative to 
saline at any dose. Five month s lat er, monkeys were 
given 0, 0.3, 1, 1.75, 3, or 5.6 mg/kg i.m. MDMA in a 
wit hin- subjects design 30 min before daily on-drug 
test sessions. Doses of0.3, 1, 1. 75, and 3 mg/kg MDMA 
had no effect on overall accuracy relative to sa lin e, 
and the effect of 5.6 mg/kg MDMA could not be deter­
mined due to performance failur e. In all, these studies 

indicate that doses of 0.1, 0.3, 1, 1.75, 3, 5.6, 10, and 
20 mg/kg MDMA may have no effect on working memory. 

LeSage et a l. (1993) trained and tested adult White 
Carneau pigeons on a DMS task using color illuminated 
keys and delays of 0, 3, and 6 seconds. Pigeons were 
given 0, 0.32 , 1, 1. 7, 3.2, 4.2 , or 5.6 mg/kg i.m. MDMA in 
a within-subjects design 10 minutes before on-drug test 
sessions. Relative to sal ine, doses of0.32 , 1, and 1. 7 mg/kg 
MDMA had no effect on accuracy across all delays, doses of 
3.2 and 4.2 mg/kg MDMA significantly decreased accuracy 
across all delays, and a dose of 5.6 mg/kg MDMA com­
pletely suppressed responding. Ten days later, pigeons 
were given i.m. MDMA at doses of O mg/kg for 2 days 
(base lin e), followed by 3.2 mg/kg for 20 days, 4.2 mg/kg 
for 1 day (challenge dose), 3.2 mg/kg for 5 days , and 
5.6 mg/kg for 1 day (challenge dose) (all consecutive 
days). The final dose of 3 .2 mg/kg MDMA an d the 
challenge doses of 4.2 and 5.6 mg/kg MDMA had no 
effect on accuracy relative to salin e (baseline) across all 
delays. These findings suggest that doses of3.2, 4.2, and 
5.6 mg/kg MDMA initially impair performance on the 
DMS task but these impairments diminish after treat­
ment with repeated doses ofMDMA. Nevertheless, doses 
of0.32, 1, 1.7, 3.2, 4.2, and 5.6 mg/kg MDMA appear to 
have no effect on working memory. 

Taffe et al. (2001) trained adult male rhesus monkeys 
on a DNMS task using touchscreen stimu li. Monkeys 
were first tested under delays of 0, 16, 32, and 64 seconds 
for 4 weeks. The following week , monkeys were given 
two daily injections oflO mg/kg i.m. MDMA at a 12-hour 
interval for 4 consecutive days. Testing continued 
during the MDMA treatment week (3-5 h ours after 
the first inj ect ion of eac h da y, so testing occurred 
after the peak drug effect) and for the 21 weeks following 
treatment. During all three testing periods (pretreat­
ment weeks, treatment week, and posttreatment weeks ), 
MOMA-treated monkeys and sa lin e controls did not 
significantly differ in accuracy across all four delays. 
The accuracy of MD MA-treated monkeys was signifi­
cantly reduced during the treatment week compared 
with the pretreatment weeks at delays ofO and 64 seconds, 
but this effect can be attributed to performance deficits 
rath er than working memory deficits as the reductions 
were seen at both no delay and a long delay. In all, these 
findings indicate that treatment with repeated doses of 
10 mg/kg MDMA may have no effect on working memory 
during treatment and for at least 5 months later. 

Marston et al. (1999) trained and tested adult male 
Lister Hooded rats on a DNMS task using retractable 
levers and delays of0.3, 1, 3, 5.6, 10, 17.6, and 30 seconds. 
Rats were given two daily injections of i.p. MDMA at 
a 10-hour interval for 3 consecutive days at doses of 
10 mg/kg MDMA on day 1, 15 mg/kg MDMA on day 2, 
and 20 mg/kg MDMA on day 3. Testing continued 
during MDMA treatment (45-130 min after the first 
injection of each day) and for the 3-16 days following 
treatment . MDMA suppressed responding during the 
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treatment days, so the results on accuracy were not 
reported. During the posttreatment days, the accuracy 
of MOMA-treated rats was significantly reduced rela­
tive to saline controls at the longer delays of 17.6 and 
30 seconds (but not the shorter delays) during the last 
few days of testing. These results suggest that treatment 
with increasing doses of 10-20 mg/kg MDMA impairs 
working memory for up to about 2 weeks later . 

a. Odor span task. Hawkey et al. (2014) conducted a 
variation of the DNMS task, the odor span task (OST), 
and this study is included in Table 2. In the OST, the 
stimuli are plastic cups that contain sand and a food 
reinforcer with different scented lids. On the first trial, a 
single olfactory stimu lu s is presented. On the second 
trial , the familiar olfactory stim ulu s is presented with a 
novel olfactory stimulus . On each subsequent trial , an 
additional olfactory stimulus is added so that the number 
offamiliar olfactory stimuli increases with each trial, but 
there is always only one novel olfactory stimulus . Beyond 
the fifth trial, the number of stimuli does not increase , but 
the familiar and novel scents are still changed between 
trials. Simple discrimination trials are also interspersed 
between OST trials, whic h test for simple task perfor­
mance but not working memory functioning. On each 
simple discrimination trial, the same five olfactory stimuli 
are presented and the single stimulus that is reinforced 
remains constant for all trials (while responses to the 
other four stimu li are never reinforced). In this study, 
each test session consisted of24 OST trials and 6 simpl e 
discrimination trials. OST percent correct, simple discrim­
ination percent correct, span (number of trials completed 
before an error) , and longest run (longest series of correct 
responses) were scored for each sess ion. 

Hawkey et al. (2015) trained adult male Sprague -Dawley 
rats on the OST and simple discrimination tasks to a 
criterion level prior to testing . Rats were given 0, 0.3, 1, 
1.8, or 3 mg/kg i.p. MDMA in a within-subjects design 
15 minutes before on-drug test sessions. Doses of0.3 , 1, 
and 1.8 mg/kg MOMA had no effect on OST percent 
correct, simple discrimination percent correct , span, 
or longest run relative to saline. A dose of 3 mg/kg MDMA 
significantly decreased span and longest run relative to 
saline but had no effect on OST percent correct or simple 
discrimination percent correct. The reductions in span 
and longest run were due to a significant increase in 
response omissions on both simple discrimination and 
OST tria ls , rather than being due to working memory 
deficits. Another group of rats was given two daily injec­
tions of 10 mg/kg i.p. MDMA for 4 consecutive days and 
then tested off-drug 3 days later for a total of 10 sess ions. 
MDMA-treated rats and saline controls did not signif­
icantly differ in OST percent correct, simple discrimi­
nation percent correct , span, or longest run. In all, 
these findings demonstrate that doses of 0.3, 1, 1.8, 
and 3 mg/kg MOMA have no on-drug effect on working 
memory (although 3 mg/kg MOMA did produce perfor­
mance deficits ), and pretreatment wit h repeated doses 

of 10 mg/kg MOMA also have no subsequent effect on 
working memory. 

2. Spontaneous and Delayed Al,ternation. The spon­
taneous alternation (SA) and delayed alt ernation (DA) 
tasks (see Dudchenko , 2004; Hughes , 2004) are used to 
assess spatial working memory in rodents , typically on 
a T- or Y-maze. The main difference between these two 
tasks is that SA responses are driven by the natural 
tendency for rodents to explore novel environm ents, and 
DA response s are driven by food reinforcement. In both 
tasks , the goal of the animal is to investigate a new arm 
of the T- or Y-maze rather than one that they recently 
visited. 

There are two main versions of the SA task, contin­
uous SA and two-trial SA. The continuous SA task 
is completed in one tria l , during which the animal is 
allowed to freely explore all three arms of the maze for 
the entire duration (usua lly several minutes). Number 
of alternations, defined as consecutive entries into all 
three arms without repeated entries , is scored for each 
animal and converted to percent alternation (ratio of 
actual to possible alt ernations given number of arm 
entri es). The two-trial SA task consists of a forced trial 
and a test trial. On the forced trial, the anima l is placed 
at the end of the "start" arm and is only a llowed to enter 
one other arm (the "familiar" arm ), as the third arm 
(the "novel" arm ) is blocked by a door. Normally, a delay 
period is placed after the forced trial and before the test 
trial. On the test trial, the anima l is returned to the end 
of the "start" arm and allowed to enter either the "familiar'' 
arm or the "novel" arm (all three arms are open). A correct 
response or alternation is defined as an entry into the 
"novel" arm on the test tria l. 

The DA task is quite similar to the two-trial SA task. 
Each session usually consi sts of one forced trial followed 
by several choice trials. The forced trial is conducte d in 
the same manner as the SA task, except a food rein ­
forcer is placed at the end of the "familiar " arm. On the 
first choice trial , the food reinforcer is placed at the end 
of the "novel" arm, and for all subsequent choice trials , 
the food reinforcer is placed at the end of the arm that 
was not entered on the previous trial. Only one entry is 
permitted per trial, and a correct response or alterna ­
tion is defined as a reinforced response, an entry into the 
arm that was not entered on the previous trial. 

Table 2 includes the seven studies that explored th e 
effects ofMDMA on the SA (four stud ies) and DA (three 
studies) tasks. Of these studies, only Costa et al. (2014) 
conducted the continuous SA task. In this st udy, male 
C57BU6 mice were given two daily injections of 10 mg/kg 
i.p. MDMA at a 4- to 6-hour interval on the 2nd and 5th 
days of each week for 9 weeks, which began in adolescence 
and extended in to adu lthood. Mice were tested on a 
Y-maze, off-drug , on the 7th day of drug treatment 
weeks 1, 4, and 9 and postdrug treatment weeks 2 and 3. 
The percent alternat ions of MOMA-treated mice and 
sa lin e contro ls did not significant ly differ at any time 
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point, suggesting that treatment with repeated doses 
of 10 mg/kg l'vIDMA has no effect on spatial working 
memory for up to 3 weeks after treatment. 

Edut et al. (2011) and Cassel et al. (2005) tested 
rodents on th e two-trial SA task at least 1 week after 
MDMA treatment. Edut et al. gave adult male ICR 
mice a single injection of 10 mg/kg i.p. MDMA and 
tested them 7 and 30 days later on a Y-maze. Mice were 
permitted to enter mu ltip le arms during a 5-minute 
forced trial and a 2-minute choice trial, which were 
separated by a 2-minute delay period. The preference index 
[(time at "novel" arm - time at ''familiar' ' arm)/(time at 
"novel" arm + time at "familiar" arm)] of l'vIDMA-treated 
mice and sa line controls did not significantly differ at both 
7 and 30 days later . Cassel et al. gave adult male Long 
Evans rats a daily injection of 10 mg/kg i.p. l'vIDMA for 
4 consecutive days. Four days later, rats began testing on 
a T-maze, and were tested once daily for 4 days and then 
twice on a 5th day. Rats were permitted to enter only one 
arm during each trial, which were separated by a 
30-second delay period . The overall percent alternation 
of MD MA-treated rats and saline controls did not signif­
icantly differ. These two studies suggest that pre­
treatment with a dose of 10 mg/kg MDMA , whether 
administered once or repeatedly, has no subsequent 
effect on spatial working memory. 

Kolyaduke and Hughes (2013) performed a variation 
of the two -trial SA task in which all three arms of a 
Y-maze were open during both trials (now referred to as 
the acquisition and retention trials). During the acqui­
sition trial, one arm contained a black insert and one 
arm contained a white insert, and during the retention 
trial, both arms contained a black insert (the changed 
arm = the novel arm). Multiple choices were allowed 
during the 6-minute acquisition trial and the 3-minute 
retention trial, and there was no delay period between 
the two trials. Male and female PVG/c hooded rats were 
given a daily injection of 10 mg/kg i .p. MDMA for 
10 consec utive days during early adolescence (postnatal 
days 35-45) or late adolescence (postnatal days 45-55). 
Rats were tested as adu lts on two separate days at least 
35 days after MDMA treatment (after postnatal day 90). 
Both early and late adolescence MOMA-treated rats did 
not significantly differ from saline controls in percent 
novel entries and percent time spent in the novel arm, 
indicating that pretreatment with repeated doses of 
10 mg/kg MDMA may have no subsequent effect on 
spatial working memory. 

Ricaurte et al. (1993) gave adult male Long Evans 
rats two daily injections of 20 mg/kg s.c . MDMA at an 
8-hour interval for 4 consecutive days, and this treat­
ment was repeated again about 1 week later. About 
1 month later, rats began training for a DA task on a 
T-maze. Seven weeks after MDMA treatment, rats 
began daily test sessions consisting of one forced trial 
foll owed by 10 choice tria ls under a constant delay of 
5 seconds . The percent correct of MD MA-treated rats 

and saline controls increased at a similar rate over the 
20 test sessions , and there were no significant differ ­
ences between groups. After 5 weeks of testing under a 
constant delay, variable delays of 5, 30, 60, 120, and 
180 seconds were introduced, and testing continued for 
an additional 3 weeks. The percent correct of MDMA­
treated rats and saline controls decreased at a similar 
rate as the duration of the delay period increased, and 
again there were no significant differences between 
groups . Findings from this study indicate that pre ­
treatment with repeated doses of20 mg/kg MDMA may 
have no subsequent effect on spatial working memory. 

Young et al. (2005) performed a two-part task on a 
doub le Y-maze: the first part was a spatial discrimina ­
tion (SD) task (described in section V.C.3.a) and the 
second part was a DA task (summarized here). Young 
adult male Wistar rats were trained to criterion on 
the task prior to being introduced to delays of 0, 15, or 
60 second and then on-drug testing. Rats were injected 
with 0, 1.25, 2.25, or 5 mg/kg i.p. MDMA in a within­
subjects de sign 20 minutes before on-drug test sessions . 
Each test session consisted of one forced trial followed 
by 24 choice trials with randomly allocated delays . Over­
all, the percent correct of all rats significant ly decreased 
as the duration of the delay increased. Relative to saline, 
doses of 1.25 and 2.25 mg/kg MDMA had no effect 
on percent correct at any delay, a dose of 2.25 mg/kg 
MDMA produced a sma ll increase in percent correct 
under a 60-second delay, and a dose of 5 mg/kg MDMA 
significantly decreased percent correct at all delays. 
Typically, this deficit would be attributed to a perfor ­
mance impairment, but since 5 mg/kg MDMA had no 
effect on accuracy in the SD component, whic h required 
the same performance abilities (see section V.C.3.a), 
this may be due to a working memory impairment. In 
all, these findings suggest that a dose of 1.25 or 
2.25 mg/kg MDMA has no effect on spatial working 
memory, but a dose of 5 mg/kg MDMA may produce 
spatial working memory deficits. 

Viiials et al. (2012 ) performed an operant/nonspatial 
version of the DA task in which adult ma le C57BL/6 
mice were trained to alternate nose-poking between two 
nose-poking holes. Mice were trained to a criterion leve l 
on the task, and then given two daily injections of 3 or 
30 mg/kg i.p. MDMA at a 4-hour interval for 4 consec­
utive days. Mice were tested off-drug for 7 days after 
MDMA treatment and introduced to delays of 2, 4, 6, or 
8 seconds in a random order. Mice given 3 mg/kg MDMA 
injections and saline controls did not significantly differ 
in percent correct over all 7 days of testing. The percent 
correct of mice given 30 mg/kg MDMA injections was 
significantly higher than saline contro ls on the 1st day 
of testing but did not significant ly differ from sa line 
controls for the remaining 6 days. The increased accu­
racy on the 1st day of testing may be because of a slowed 
reaction time rather than working memory enhance ­
ments, as mice given 30 mg/kg MDMA injections also 
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demonstrat ed a significantly lon ger re spons e la tenc y 
compared with s aline controls . In all, these result s 
suggest that pr etreatment wit h rep eated doses of 3 or 
30 mg/k g MDMA ha s no subs equent effect on non spati al 
working memory . 

3. Radial Arm Maze . The radial arm maz e (RAM) 
(see Dudchenko , 2004; Quillfeldt , 2016) is a usefu l tool 
to study spatial working and reference memor y in 
rodents . The goal of th is task is to learn and remember 
the location of food pellets using spatial cues . P erfor ­
mance can be separated by type of memor y (working vs. 
reference ). The effects ofMDMA on working memory in 
the RAM task will be di scussed her e, whi le the effects on 
reference memor y will be reviewed in section V.C.2. 

The RAM consists of a centra l hub that provid es 
access to eight radiating arms . All eight arms are 
equal in length, and a food well is attached to the end 
of each arm. The entire maz e is typica lly elevated 
above the floor in a room with many di sta l spatial 
cues at fixed locations . Prior to training , each animal 
is random ly assigned a set of four bait ed arms and four 
nonb ait ed arms, which re main s fixed for the remainder 
of the experime nt . Training is usually conducted daily 
(or sometimes spaced by 1 to 2 days), with all anima ls 
completing several trial s per da y (2- 6 trial s/day for th e 
studies reviewed ). Before each trial , food pellets are 
placed in the food wells of the four baited arms assigned 
to th at animal. The trial th en begins by placing th e 
animal in the central hub facing arm number one. The 
animal is typically allowed to enter four ar ms per trial 
before being removed from th e ma ze . The number of 
working memory errors, defined as entries into a bait ed 
arm that has a lready been visited in that same tria l , 
is scored for each trial. A singl e entry into each bait ed 
arm reflect s accurate spatial working memor y of the 
food pe llet location s. 

Table 2 includ es the six studi es that used th e RAM to 
evaluate the effects of MD MA on spatial working memory. 
Five of the studies used th e genera l method s outlin ed 
above, while Braida et al. (2002 ) u sed an alternative 
procedure t hat is described below. 

Hernandez-Rabaza et al. (2010) and Ros-Simo et al. 
(2013 ) tr ea ted adolescent mal e rod ent s with two injec­
tion s of MDMA on a single day. Hernandez -Rabaza 
et al. gave Long Evans rats two injection s of 10 mg/kg 
i.p. MDMA at a 6-hour int erval, 12 days prior to training. 
MDMA-treated rats and saline controls exhibited a de­
crease in working memor y errors over the 5 days of 
trainin g, and the numb er of working memory errors 
did not significantl y differ between groups. Ros-Simo 
et al. began training CDI mice prior to any MDMA 
administration. Each anim al was ass ign ed only thr ee 
baited ar ms, and animals were not limited to a certain 
number of arm entries within each trial. Mice were trained 
for a total of 12 consecutive days and were given two 
injection s of 20 mg/kg i.p. MDMA on the 12th train­
ing day, one immed iate ly after training and another 

2 hour s later . Thr ee day s later , mice were subj ect to an 
additional training sess ion, during which the numb er of 
working memory errors produc ed by MDMA-treated 
mice and sa line contro ls did not significant ly differ . The 
find ings of these two studies suggest that pretreatment 
with two doses of 10 or 20 mg/kg MDMA ha s no lat er 
effect on spatial working memor y. 

Figure 5 pres ents t he finding s of Kay et al. (2010), 
whic h exemplify dose-dependent effects of MDMA on 
working memory . Kay et al. train ed adult male Spragu e­
Dawley rat s off-drug until all rats reached a criterion of 
at least 75% correct arm entries for 7 days . After reaching 
criterion, rat s began on-dru g training. Rats were given 0, 
0.75, 3, or 4 mg/kg i.p. MDMA in a withi n-subjects design 
15 minu tes before each day of trainin g. Relativ e to saline, 
a dose of 0.75 mg/kg MDMA had no effect on the mean 
overall percent correct, but doses of 3 and 4 mg/kg MDMA 
significantly decreased the mean overall percent correct 
(Fig. 5A). The deficits produced by 3 mg/kg MDMA were 
not due to working memory impairments , as thi s dose did 
not significantly impact th e percent of working memory 
errors (numb er of err ors/number of err ors possible per 
day). A dose of 4 mg/kg MDMA did significantly increase 
the percent of working memory error s relativ e to saline; 
how ever th e percent of working memor y errors was 
still signific antl y smaller than the percent ofreference 
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Fig . 5. Dose-depende nt effects of MDMA on the radial ar m maze tas k. 
0.75 mg/k g MDMA had no effect on overall accuracy (A) or er ror s (BJ, 
while 3 and 4 mg/kg MDMA imp aired overall accura cy (A) and increased 
wor king (4 mg/kg only) and reference memory error s (B). Data redrawn 
with permission from Figs . 1 and 3 in Kay et al. (2010 ). 
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memory errors (Fig . 5B). These findings indicate that 
doses of 0.75 and 3 mg/kg MDMA have no effect on 
spatial working memory, but a larger dose of 4 mg/kg 
MDMA slightly impairs spatial working memory. 

Kay et al. (2011) and Harper et al. (2013) conducted 
similar experiments in which adult male Sprague-Dawley 
rats were treated with MDMA before and/or during 
training. Kay et al. gave rats four injections of 10 mg/kg 
i.p. MDMA at 2-hour intervals, 2 days prior to training. 
Rat s were trained off-drug until all animals reached 
training criterion (28 days later) . Over the 24 off-dru g 
training sessions, the average percent correct ofMDMA­
treated rats increased at a slower rate than saline 
controls . Two days after off-drug training , on-drug train­
ing began and continued for a total of 12 days. Rats were 
given O or 4 mg/kg i.p. MDMA in a within-subjects design 
20 minutes before each on-drug training session. MDMA 
significantly decreased the average percent correct 
relative to saline, but thi s impairment was signifi ­
cantly smaller in rats treated with MDMA prior to off­
drug training relative to saline controls. Nonetheless, 
the impairments observed during off- and on-dru g train­
ing were not due to working memory deficits, as working 
memory error percentag e was not significantly affected 
by any MDMA treatment. 

Harper et al. also gave rats four injections oflO mg/kg 
i.p. MDMA at 2-hour intervals. Training began after 
MDMA treatm ent and lasted for 4 7 days. Most training 
sessions took place off-drug , except some rats were 
given 4 mg/kg i.p. MOMA before training sessions 
on days 8, 15, 22 , 28, 34, and 41. The average percent 
correct ofrats pretreated with MDMA prior to all training 
sessions was significantly lower than sa lin e contro ls on 
both off-drug and on-drug training days. MDMA also 
significantly reduced average percent correct during 
on-drug training days relative to saline. Again, none 
of these impairments were due to working memory 
deficits , as working memory error percentage was not 
significantly affected by any MDMA treatment. The 
findings of Kay et al. and Harper et al. suggest that 
pretreatment with four doses of 10 mg/kg MDMA has 
no subsequent effect on spatial working memory, and 
a dose of 4 mg/kg MDMA also ha s no on-drug effect on 
spatial working memory. 

Braida et al. (2002) conducted an alt ernative working 
memory task on the RAM. In this version, all eight arms 
of the maze are baited, and the animal's goal is to enter 
all eight arms only one time during each trial. The 
number of errors are scored for each trial , which is 
synonymous with working memory errors on the typical 
RAM task (i.e., re-entries into a baited arm). Here , the 
t as k was conducted both without a delay and with a 
2-hour delay between the fourth and fifth arm entry. 
Adult male Wistar rats were trained on the task to a 
criterion level, and then began on-drug training for 
3 consecutive days. Rats were given a single injection 
of 1, 2, or 3 mg/kg i.p . MDMA 20 minutes before each 

on-drug training session. Without a delay , MDMA had 
no effect on the total number of errors relative to saline. 
With a 2-hour delay , doses of 1 and 2 mg/kg MDMA had 
no effect on th e tota l number of errors during the pr e­
delay period (first 4 choices) and post-delay period (last 
4 choices ) relative to saline. A dose of 3 mg/kg MDMA 
also had no effect on the total number of errors during 
the pre-delay period , but significantly increased the total 
number of errors during the post-delay period relative to 
saline . These results suggest that doses ofl and 2 mg/kg 
MDMA have no effect on spatial working memory , but a 
dose of3 mg/kg MDMA impairs spatial working memory. 

4. Other Working Memory Tasks. 
a. Morri s water maze. The standard Morri s water 

maze (MWM) task (Morris , 1984) typically assesses spatial 
learning and spatial reference memory (see section V.C.l); 
however the task procedures can be manipulated to 
measure spatial working memory (see Vorhees and 
William s, 2006). On the standard MWM task , the hidden 
platform remains in the same location throughout 
acquisition training, and therefor e long-term memory 
is r equired to navigate to the platform. On the working 
memory version of the MWM task , the location of the 
hidden platform is changed each day, and ther efore 
long-term memory of the platform location is not 
required and rather the task demands working mem­
ory functioning. The two studies that examined the 
effects of MDMA on the working memory MWM tas k 
are included in Table 2. The method s for these studies 
are briefly discussed here, but see section V.C.l for a 
full descr iption of th e MWM apparatus/methods . 

Robinson et al. (1993) conducted a spatial navigation 
task on the MWM that consisted of three parts: an 
initial learning set, a retention test (reviewe d in section 
V.C.1.a ), and a second learning set . The learning sets 
assessed working memory and were each 3 consecutive 
days in total. On each day, th e platform location was 
chosen randomly, which remained constant for that day 
only. Eight trials were performed per day , with two 
trial s from each of the four sta rting location s . Adult 
male Sprague-Dawley rats were given two daily injec­
tions of 10 mg/kg i.p. MDMA at a 12-hour interval for 
4 consecutiv e day s . The initial learning set began 2 days 
after MDMA treatment , and the second learning set 
began 8 days after MDMA treatment. On the initial 
learning set, the escape latency of MD MA-treated rats 
was significantly higher than saline controls on the first 
few trials of each day, but both groups demonstrated a 
significant decrease in escape latency across trials and 
showed no significant differences by the last few trial s. 
On the second learning set, both MOMA-treated rats 
and saline controls demonstrated a significant decrease 
in escape latency across trials , and there were no 
significant differences between groups. These results 
suggest that pretreatment with repea ted dos es of 
10 mg/kg MDMA has no subsequent effect on spatial 
working memory. 
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Galizio et al. (2014) performed a repeated acquisi­
tion/performance procedure on the MWM. The acqui­
sition component assessed working memory, as the 
platform location changed each day, while the perfor­
mance component (see section V.C.1.a) assessed refer­
ence memory, as the platform location remained fixed 
over all days. Each day consisted of 12 trials that 
alternated between acquisition and performance trials. 
Adult male Sprague-Dawley rats were trained on the 
task prior to on-drug testing. Rats were given of 0, 0.3, 
1.0, 1. 7, 3.0, or 5.6 mg/kg i.p. MDMA in a within-subjects 
design 15 minutes before each on-drug test session. 
On the acquisition component, doses of 0.3, 1.0, and 
1. 7 mg/kg MDMA had no effect on escape latency, while 
doses of 3.0 and 5.6 mg/kg MDMA significantly in­
creased escape latency relative to saline. Doses of 3.0 
and 5.6 mg/kg MDMA also produced significant in­
creases in latency on the performance component (see 
section V.C.1.a), and therefore these deficits can be 
attributed to performance impairments rather than 
working memory impairments. In all, these results 
reveal that doses of0 .3, 1.0, 1.7, 3.0, and 5.6 mg/kg 
may have no effect on spatial working memory. 

C. Spatial Learning and Memory 

1. Morris Water Maze. The Morris water maze 
(MWM) (Morris, 1984 ) is one of the most widely used 
tasks for studying spatial learning and memory in 
rodents. The objective of this task is to learn to navigate 
to a hidden platform in a large circular pool of water 
using spatial cues. The pool is arbitrarily divided into 
four quadrants and is in a room with many distal visual 
cues at fixed locations (e.g., furniture, wall art, etc.). There 
are two main stages of the task: acquisition training and 
the probe test, which assess spatial learning and spatial 
reference memory, respective ly. 

Acquisition training takes place over a few consecu­
tive days (3-5 days for the studies reviewed) , with all 
animals completing several trials per day (3-8 trials/ 
day for the studies reviewed). On each trial, an animal is 
placed into the water facing the wall of the pool and is 
expected to swim and escape onto the hidden platform. 
The hidden platform remains in the same location 
throughout acquisition training, but the starting loca­
tion of the animal is varied between tria ls. As a result, 
spatial memory of the distal visual cues is required to 
identify the location of the hidden platform . The escape 
latency (i.e., time taken to reach the platform) , and often 
the path length (i.e., distance swam to reach the 
platform ), is recorded for all trials. A significant 
decrease in escape latency/path length over days of 
acquisition training suggests spatial learning of the 
platform location. 

The probe test takes place after the last acquisition 
training session, either the same day or the following 
day. The procedure is similar to acquisition training, 
except the hidden platform is removed from the pool and 

each animal performs only one trial. The total time 
spent swimming in each quadrant of the pool, or some­
times the average distance from the platform location, is 
recorded. A significantly greater amount of time spent 
swimming in the target quadrant (i.e., quadrant where 
the hidden platform used to be located) relative to the 
other three quadrants indicates spatial reference memory 
of the platform location. 

Tab le 3 presents the 14 studies that report the effects 
of MDMA on the standard MWM task. Most of these 
studies completed both acquisition training and the 
probe test . Some studies do not report the change in 
escape latency/path length over days of acquisition 
training , and a few other studies do not report findings 
on the probe test. In these particular studies , effects on 
spatial learning or spatial reference memory (respec­
tively) cannot be properly assessed. All 14 studies used 
high doses of 5-20 mg/kg MDMA, and none used lower, 
typical doses ofless than 3 mg/kg MDMA. 

Taghizadeh et al. (2016) were the only group to 
conduct on-drug acquisition training. Adult male Wistar 
rats were given 5, 10, or 15 mg/kg i.p. MDMA 30 minutes 
before the first trial of acquisition training on all 4 days. 
During th e probe test on the following day (off-drug), 
MD MA-treated rats spent significantly less time in the 
target quadrant than saline controls. These results 
suggest that doses of 5, 10, and 15 mg/kg MDMA 
impair spatial reference memory wh en acquisition 
occurs on-drug . 

The remaining studies explored the effects of admin ­
istering MDMA one or more days prior to acquisition 
training . Mirzaei et al. (2013) gave adult male Wistar 
rats a sing le injection of 10 mg/kg i.p. MDMA, 3 days 
prior to acquisition training. The escape latency and 
path length of MDMA-treated rats were significantly 
higher than that of saline controls on the 1st day of 
training, but these values decreased significantly over 
the 2nd and 3rd day to a level comparable to that of the 
saline controls. This suggests that pretreatment with a 
dose of 10 mg/kg MDMA has no subsequent effect on 
spatial learning. 

Sprague et al. (2003), Cohen et al. (2005), Able et al. 
(2006), Skelton et al. (2008), and Cunningham et al. 
(2009) all gave adult male Sprague-Dawley rats multi­
ple injections of MDMA on a single day prior to 
acquisition training. Spragu e et al. gave rats two 
injections of 20 mg/kg s.c. MDMA at a 12-hour interval, 
1 week prior to acquisition training . The escape latency 
and path length of MDMA-treated rats decreased 
significantly over 3 days of acqui sition training, and 
there were no significant differences between MDMA­
tr eate d rats and saline controls during acquisition. 
During the probe test directly after the last acquisition 
session, MDMA-treated rats spent significantly less 
time in the target quadrant than saline controls, yet 
significantly more time in the target quadrant than two 
of the other thre e quadrants. Similarly, Cunningham 
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Cognitive Effects of MDMA in Laboratory Animals 

et al. gave rats four injections of7.5 mg/kg i.p. MDMA at 
2-hour intervals, 24 days prior to acquisition training. 
There were no significant differences between MDMA­
treated rats and saline controls in the decrease in 
escape latency and path length over 5 days of acquisi­
tion training. During the probe test directly after 
the last acquisition session, MDMA-treated rats spent 
the same amou nt of time in all four quadrants, 
unlike the saline controls that spent significantly more 
time in the target quadrant than the other three 
quadrants. Able et al. gave rats four injections of 
15 mg/kg s.c. MDMA at 2-hour intervals, 12 days prior 
to acquisition training. Again, there were no significant 
differences between MDMA-treated rats and saline 
controls during acquisition training , as both groups 
exhibited similar decreases in escape latency over all 
5 days. During the probe test on the following day, the 
average distance from the platform location of MDMA­
treated rats was significantly greater than that of saline 
controls. Cohen et al. also gave rats four injections of 
15 mg/kg s.c. MDMA at 2-hour intervals, but at least 
2 weeks prior to 5 days of acquisition training. On the 
probe test the day after the last acquisitio n session, 
there were no sign ificant differences between MDMA­
treated rats and sa line controls in percent time spent in 
the target quadrant. Skelton et al. also gave rats four 
injections of 15 mg/kg s.c. MDMA at 2-hour intervals, 
14 days prior to acquisition training. The latency of 
MDMA-treated rats and saline contro ls decreased in a 
similar manner over 5 days of acquisition training. 
During the probe test on the following day, the average 
distance from the platform location of MDMA-treated 
rats and sa lin e control s did not significantl y differ. 

The findings from the five studies above suggest that 
pretreatment with two doses of20 mg/kg MDMA or four 
doses of 7 .5 or 15 mg/kg MDMA has no later effect on 
spatial learning. The r esults from the probe test of these 
studies suggest that pretreatment with two doses of 
20 mg/kg MDMA or four doses of 7.5 mg/kg MDMA 
subseq uently impairs spatia l reference memory , while 
pretreatment with four doses of 15 mg/kg MDMA has no 
lat er effect on spatial reference memory (apart from 
Able et al.' s findings that this dose produces spatial 
reference memory impairments). 

The remainder of the studies investigated the conse­
quences of administering multiple daily injections of 
MDMA on multiple days prior to acquisition training. 
Camarasa et al. (2008) and Abad et al. (2014) treated 
rats with two daily injections of MD MA for 4 consecuti ve 
days. Camarasa et al. gave adult male Long Evans rats 
two daily injections of 15 mg/kg s.c. MDMA at a 7-hour 
interval for 4 consecutive days, 9 days prior to acquisi­
tion training. Unlike sali ne controls , the escape latency 
of MDMA-treated rats did not significantly decrease 
over 4 days of acquisition training. On the probe test the 
following day, MDMA-treated rats a lso did not spe nd 
significantly more time in the target quadrant than that 

predicted by random (1/4th of the total time). Abad et al. 
gave adolescent male Sprague-Dawle y rats two daily 
injections of20 mg/kg s.c. MDMA for 4 consecutive days, 
1 week prior to acquisition training. The escape latency 
of MDMA-treated rats decreased at a faster rate than 
saline controls over 4 days of acquisition training. 
MDMA-treated rats and sa lin e controls spent signifi­
cantly more time in the ta rget quadrant than the 
opposite quadrant on the probe test the next day. Th ese 
two studies have opposing findings. The results of 
Camarasa et al. suggest that pretreatment with re­
peated doses of 15 mg/kg MDMA lat er impairs both 
spatial learning and spatial reference memory, while 
the results of Abad et al. suggest that pretreatment with 
repeated doses of 20 mg/kg MDMA later enhances 
spatial learning and has no effect on spatial reference 
memory. The use of different rat strains or ages 
(Camarasa et al. tested adult Long Evan rats and Abad 
et al. tested adolescent Sprague-Dawl ey rats) may 
account for this discrepancy in findings. 

Busceti et al. (2008) used a similar MDMA regimen as 
Camarasa et al. and Abad et al., but instead gave adult 
male C57BU6 mice two daily injections of 5 or 15 mg/kg 
i.p. MDMA at a 2-hour interval for 6 consecut ive days. 
Acquisition training began 7 or 40 days after MDMA 
treatment , and at both time points, the escape latency of 
MDMA-treated mice did not significa ntl y decrease over 
the 4 days. On the probe test, mice given 5 mg/kg 
MDMA injections spent significantly less percent time 
than saline controls in the target quadrant when tested 
7 days later but not when tested 40 day s later. Mice 
given 15 mg/kg MDMA injections spent significantly 
less percent time than sa lin e control s in the target 
quadrant when tes ted 7 or 40 days later. These results 
suggest that pretreatment with repeated doses of 5 or 
15 mg/kg MDMA subseque ntl y results in spatial learn ­
ing and spatial reference memory deficits, but spatial 
reference memory may return to normal by 40 days 
after treatment with repeated doses of 5 mg/kg MDMA 
only. 

The next group of studies treated adult rats with 
MDMA for 7 consecutive days. Kermanian et al. (2012) 
gave adult male Sprague-Dawl ey rats a daily injection 
of 10 or 20 mg/kg i.p. MDMA for 1 week. Acquisition 
training began 1 week later, and unlike sa lin e controls, 
the escape latency of MDMA-treated rats did not 
significantly decrease over the 4 days. Soleimani As! 
et al. (2015) gave male and fema le adult Sprague­
Dawley rats two daily injections of 5 mg/kg i.p. MDMA 
for 1 week . On the following probe test , MDMA-treated 
rats spent significa ntly less percent time in the target 
quadrant than saline controls. Soleimani As! et al. 
(2011) and Soleimani As! et al. (2013 ) gave adult male 
Sprague-Dawley rats two daily injections of 5, 10, or 
20 mg/kg i.p . MDMA at an 8-hour interval for 1 week. 
Soleimani As! et al. (2011 ) began 3 days of acquisition 
tr a inin g 1 week after MDMA treatment . The probe test 
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took place the day after acquisition training, during 
which MD MA-treated rats and sa line controls spent the 
same percent time in the target quadrant. Soleimani 
Asl et al. (2013) began 3 days of acquisition training the 
day after MDMA treatment . The probe test also took 
place the day after acquisition training, but MDMA­
treated rats spent significantly less percent time in the 
target quadrant than sa lin e controls. In addition to 
testing the effects of a single dose of MDMA (described 
above), Mirzaei et al. (2013) gave another group ofadult 
male Wistar rats two daily inj ections of 10 mg/kg i .p. 
MDMA for 1 week and began acqu isition training the 
following day. The escape late ncy and path length of 
MDMA-treated rats were significantly higher than that 
of saline controls on the 1st day of training, but these 
va lues decreased significan tl y over the 2nd and 3rd day 
to a level comparable to that of saline controls. 

The findings from the above stud ies are mixed. The 
results of Kermanian et al. suggest that pretreatment 
with repeated doses of 10 or 20 mg/kg MDMA leads to 
spatial learning deficits, while the results of Mirzaei 
et al. suggest that pretreatment wit h repeated doses 
of 10 mg/kg MDMA ha s no effect on spatial learni ng. 
Likewise, the results ofSoleimani Asl et al. (2013, 2015) 
suggest that pretreatment with repeated doses of 5, 10, 
or 20 mg/kg MDMA leads to spatial reference memory 
deficit s . The results of Soleimani Asl et al. (2011), 
however , suggest that pretreatment with repeated 
doses of 5, 10, or 20 mg/kg MDMA has no effect on 
spatial reference memory. These differences in findings 
could be due to the timing of training/testing relative 
to MDMA treatment. Soleimani Asl et al. (2013) and 
Mirzaei et al. began acquisition training 1 day after 
MDMA treatment and found learning and memory 
deficits, while Soleimani Asl et al. (2011) and 
Kermanian et al. (2012) began acquisition training 
1 week after MDMA treatment and found no effects. 
The differences between the findings of Kermanian 
et al. and Mirzaei et al. could also be due to the us e 
of different rat strains (Sprague -Dawley vs. Wistar). 
In all , it appears that pretreatment with MDMA for 
7 consecutive days may produce spatial learning and 
memory deficits within the week after treatment , but 
not after 1 week. 

Skelton et al. (2008), in addition to st ud ying the 
effects of multiple MDMA injections on a single day 
(above), gave anoth er group of animal s the same 
treatment weekly. Adult male Sprague-Dawley rats 
were given four daily inj ections of 15 mg/kg s.c . MDMA 
at 2-hour intervals once weekly for 5 weeks. Acquisition 
training began 14 days lat er, during which the latency 
of MDMA-treated rats and sa lin e controls decreased 
in a sim ilar manner over a ll 5 days. During the probe 
test on the following day, the average distance from 
the platform location of MD MA-treated rats and salin e 
controls did not significantly differ. Thes e results 
suggest that pretreatment with repeated doses of 

15 mg/kg MDMA has no subsequent effect on spat ial 
learning or spatia l reference memory. 

a. Morris water maze variations. Four studies in­
cluded in Table 3 used variations of the water maze to 
assess the effects of MDMA on spatia l lear ning and 
memory. Robinson et al. (1993) conducted a spat ial 
navigation task that is similar to the standard MWM 
task. Adult male Sprague-Dawley rats were given two 
dail y injections of 10 mg/kg i.p. MDMA at a 12-hour 
interval for 4 consecutive days , 2 days prior to training. 
The location of the hidden platform changed each day 
of training, and therefore this phase measured work­
ing memory rather than spatial learning (see section 
V.B.4.a ). Training la ste d for 3 days, and on the 4th day 
the hidden platform was left in the same location as the 
previous day for a retention test of spatia l reference 
memory of the platform location (similar to the probe 
test in the standard MWM task). The escape latencies 
of MDMA-treated rats and sa lin e controls showed no 
signifi cant differences over all four trials of the reten­
tion test, which suggests that pretreatment with re­
peated doses of 10 mg/kg MDMA has no subsequent 
effect on spatial reference memory. 

Figure 6 portrays the findings ofGalizio et a l. (2014), 
which exemplify dose-dependent effects of MDMA on 
spati al learning and memory. Galizio et al. conducted 
a rep eated acquisition/performance procedure on the 
MWM. Adult male Sprague-Dawley rats were trained 
on the acquisition and performance components of the 
task prior to any MDMA administration. Each training 
day consisted of 12 trials that a lternated between 
acquis ition and performance tr ial s. The acquisition 
component (see section V.B.4.a) assessed working mem­
ory, as the platform location changed each training day 
but remained fixed for all trials on a particular day. The 
performance component corresponded to acqu isition 
training on the standard MWM, as the platform location 
remained fixed over all days of training. Once rats 
reached criterion on training, the same procedure was 
repeated on-drug. Unlike the other MWM st udi es , 
MDMA was tested across a wide range of doses. Rats 
were given 0, 0.3, 1.0, 1.7, 3.0, or5.6 mg/kgi.p. MDMAin 
a within-subjects design 15 minutes before each on-drug 
session. On the performance component , doses of 0.3, 
1.0, and 1.7 mg/kg MDMA had no effect on escape 
latency while doses of 3.0 and 5.6 mg/kg MDMA 
significantly incr eased escape latency relative to saline. 
These results suggest that doses of 0.3, 1.0, and 
1.7 mg/kg MDMA have no effect on spatial learning 
but doses of3 .0 and 5.6 mg/kg MDMA impair spatia l 
learning. 

Compton et al. (2011) used a constant-start train ­
ing and nove l-start testing procedure on the MWM. 
Adolescent male Long Evans rats were given a daily 
injection of 10 mg/kg i.p. MDMA for 6 alternating days. 
Rats were trained and tested as adults about 3 months 
later. The experiment started with constant-start 
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Fig. 6. Dose-dependent effects of MDMA on a variation of the Morris 
water maze task. 0.3, 1.0, 1.7 mg/kg MDMA had no effect on working 
memory (acquisition ) or spatia l learning (performance), while 3 mg/kg 
MDMA impaired spat ial learnin g (performan ce). Data redrawn with 
permiss ion from Fig. 4 (middle) in Galizio et al. (2014). 

training, durin g which the starting locat ion of each 
rat and the platform location were invariable . Novel­
start testin g began after rats reached training criterion, 
which is executed in th e same mann er as acquisition 
training on the standard MWM (variable starting 
locat ions and a fixed platform location ). Rats were 
tested for 3 days , with each day consisting of six trials , 
trial s one, two , four , and five were const ant- start trials 
and trials three and six were novel -start trials. The 
escape lat ency of MDMA-tr ea ted rats on novel-start 
trials were significantl y greater th an that of sa line 
controls , sugges ting th a t pr etr ea tm ent wi th repeated 
doses of 10 mg/kg MDMA durin g adolescence will 
impair spatial learning as adult s . 

Edut et al. (2011) tested the effect s of MDMA 
treatment on the dry maz e te st , a variation of the 
MWM th at does not require swimming . The dry ma ze 
consists of a circular arena with 20 tiny wells arranged 
in a circular mann er . Th e goal of the ta sk is to learn th e 
location of the single well that is filled with water. Adult 
mal e ICR mice were first train ed to drink from all 
20 wells, and th en introduced to a procedur e identi cal to 
acquisition training on the standard MWM to learn the 
water well location. Mice were given a single injection of 
10 mg/kg i.p. MDMA and te sted 7 and 30 days lat er . 
Seven days after MDMA treatment , the latenc y to reach 
th e water well of MDMA-treat ed mice and saline 
controls decreased in a simil ar mann er over all 7 days of 
testing. Thirty days after MDMA treatment, the latency 
of MDMA-treated mice was significantly high er than 
saline control s on days 4 and 6 of acquisition, but both 
groups showed significant decreases in lat ency over a ll 
7 days and by the la st day of acquisition there were no 
signific ant differenc es. Th ese re sult s sugges t that pr e­
t reatment with a dose of 10 mg/kg MDMA ha s no 
subsequent effect on spati a l lear ning. 

2. Radial Arm Maze. As describ ed in sec tion V.B.3, 
the radial arm maze (RAM) (see Dudchenko , 2004; 
Quillfeldt, 2016) is a useful tool to study spatial working 

and reference memory in rodents. Here, we review the 
five studie s that examined the effects of MDMA on 
spatial refer ence memory using the RAM task , which 
are outlin ed in Tab le 3. The method s for these studi es 
ar e as pr eviously explained; how ever , now th e outcome 
variable of int erest is th e number of reference memory 
error s per trial. Refere nce memory error s are defined 
as entries into a nonb aited arm. Entrie s into only baited 
arms refl ect accurate spatial r eference memory of th e 
food pellet location s. 

Hernandez-Rabaza et al. (2010) gave adolescent male 
Long Evans rats two injections of 10 mg/kg i.p . MDMA 
at a 6-hour int erva l, 12 da ys prior to training. MDMA­
treated rats and saline controls exhibited a similar 
decrease in reference memory er rors over 5 days of 
training. Th e total reference memory errors durin g all 
5 day s also did not significantly differ between groups. 
Similarly, Ros-Simo et al. (2013) gave adolesc ent male 
CDl mice two injection s of20 mg/kg i.p. MDMA, but on 
the 12th and la st day of training (using the alternati ve 
methods describ ed in section V.B.3). One injection was 
given imm ediate ly after training and the second was 
given 2 hour s late r. Three days lat er, mice were subject 
to an additional tr aining sess ion, during which MDMA­
tr ea ted mic e produc ed signific an tl y mor e refere nce 
memory error s than sa line controls. Although the se 
two studies admini ste red similar MDMA treatments , 
th e finding s of Herna nd ez-Rabaza et al. suggest th a t 
pretr ea tment with a two doses of 10 mg/kg MDMA has 
no lat er effect on spatial reference memor y, while th e 
finding s of Ros-Simo et al. suggest that tr eatm en t with 
two doses of 20 mg/kg MDMA impairs consolid ation of 
spatia l r eferenc e memory. 

Kay et al. (2010) gave adult male Spragu e-Dawley 
rat s (that were pretrain ed on the ta sk) 0, 0.75, 3, or 
4 mg/kg i.p. MDMA in a within -subjects design 15 minute s 
before each day of training. As summariz ed pr eviously, 
a dose of 0.75 mg/kg MDMA had no effect on the mean 
overall percent correct, but doses of3 and 4 mg/kg MDMA 
significantly decreased the mean overall percent correct 
relativ e to saline. The deficits produced by doses of 3 and 
4 mg/kg MDMA are primaril y attributed to referenc e 
memory impairm ents , as both doses significantly in­
creased the percent of r eferenc e memory error s rel ative 
to saline , and the percent of reference memory errors were 
significantly higher than the percent of working memory 
errors. As illustrate d in Fig. 5, these findings indicat e that 
a dose of 0. 75 mg/kg MDMA has no effect on spati al 
reference memory but dos es of 3 and 4 mg/kg MDMA 
imp air spati al reference memory . 

Kay et al. (2011) and Harp er et al. (2013 ) gave adult 
male Sprague-Dawley rats MDMA before and/or during 
training . Kay et al. gave rats four injection s of 10 mg/kg 
i.p. MDMA at 2-hour intervals , 2 days prior to off-drug 
training. After 28 day s of off-drug training , on-drug 
training bega n and continued for a tot al of 12 days . Rat s 
were given O or 4 mg/kg i.p. MDMA in a within-subjects 
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design 20 minutes before each on-drug training session. 
The effects of MDMA on average percent correct that 
were previously reported in section V.B.3 can be 
attributed to reference memory deficits, as the effects 
on average percent correct and reference memory error 
percentage follow the same pattern. During off-drug 
training, the reference memory error percentage of 
MDMA-treated rats decreased at a slower rate than 
saline controls. During on-drug training, MDMA signif­
icantly decreased the refer ence memory error percent­
age relative to saline (this impairment was a ls o 
significantly smaller in rats treated with MDMA prior 
to off-drug training vs. salin e contro ls). 

H arper et al. (2013) gave rats four injections of 
10 mg/kg i.p. MDMA at 2-hour intervals and began 
training after MDMA treatment. Training la sted for 
47 days, with a mix of on-drug sess ions (days 8, 15, 22, 
28, 34, and 41) and off-drug sessions (all other days). 
Before the on-drug training sessions, some rats were 
given 4 mg/kg i.p. MDMA. Again, the effects ofMDMA 
on average percent correct that were previously re­
ported in section V.B.3 can be attributed to reference 
memory deficits, as th e effects on average percent 
correct and reference memory error percentage follow 
the same pattern. The reference memory error percent­
age ofrats pretreated with MDMA prior to all training 
sessions was significant ly higher than saline controls on 
both off-drug and on-drug training days. MDMA also 
significantly incr eased reference memory error percent­
age during on-drug training days relative to saline. The 
findings of Kay et al. and Harper et al. suggest that 
pretreatment with four doses of 10 mg/kg MDMA 
subseq uently impairs spatia l reference memory , and a 
dose of 4 mg/kg MDMA also impairs spatia l refer ence 
memory when on-drug. 

3. Other Spatial Tasks. 
a. Spatial discrimination. Young et al. (2005) used a 

double Y-maze for a two-part task, spatial discrimina­
tion (SD) task, which assesses spatial reference memory 
and is outlined in Table 3, and a delayed alternation 
task, which assesses working memory and is described 
in section V.B.2. The double Y-maze consists of four end 
arms connected to a centr al stem (2 arms on each side of 
stem). Every arm is virtua lly identical from inside the 
maze , but the entire maze is in a room with many distal 
visual cues. On every trial , the anima l is placed on th e 
end of one of the arms on the left side of the maze , and 
the goal is to navigat e to a food reward that is on one of 
the arms on the right side of the maz e . The first part 
of the task is the SD task , as the animal is faced with 
the decision to turn left or right-one way leading to the 
adjacent arm and th e other leading to the central stem 
and ultimately the food reward. Both options appear 
identical to the animal because there is a door placed in 
the central stem before the arms on the right side. The task 
therefore requires spatial reference memory of the location 
of the central stem relative to the distal visual cues. 

For this study, young adult male Wistar mice were 
trained on the task above prior to any MDMA treatment. 
After reaching training criterion, mice were introduced to 
intertrial delays of 15 and 60 seconds and then tested 
on-drug with the same procedure. Mice were given 0, 1.25, 
2.25, or 5 mg/kg i.p. MDMA in a within-subjects design 
20 minute before each test session. MDMA had no effect 
on percent correct choices at any delay relative to saline. 
These findings demonstrat e that doses of 1.25, 2.25, and 
5 mg/kg MDMA do not influence spatial reference memory 
retrieval. 

D. Nonspatial Learning and Memory 

1. Novel Object Recognition . The novel object recog­
nition (NOR) task (Ennac eur and Delacour, 1988) is a 
relatively simple test of nonspatial memory. This 
method is based on the natural tendency for rodents to 
explore a novel object more than a familiar object. 
Animals are first habituat ed to the te sting environ ­
ment, a box or circul ar arena that is typicall y under dim 
lighting, on 1 or more days prior to testing. Testing 
consists of two trials, a training tri al and a test trial, 
separated by a delay ranging from 1 minute to 24 hours. 
This task can meas ur e short -term memory or long-term 
memory , depending on the duration of the delay. Short­
term memory does not require protein synthesis but 
long-term memory does require protein synthesis, and 
the transition from prot ein synthesis -independent to 
protein synthesis -dependent long-term potentiation 
begins abo ut 2 hours after memory acquisition (Frey 
and Morris, 1997; Lu et al., 2008 ). Therefore, we can 
consider that delays of less than 2 hours measure 
short -ter m recognition memory, and delays of2 hours 
or more measure long-term recognition memory. 

During the training trial , the animal is presented 
with two identical objects ("A"), and the total time spent 
explor ing the two objects is meas ured. During th e test 
trial (following the delay), the animal is presented with 
one familiar object ("A") and one novel object ("B"), and 
the time spent exploring each object is measured. Object 
exploration is defined as touching, sniffing , or directing 
the nose and vibrissae toward the object at a distance of 
less than 1 to 2 cm. Significantly more exploration of the 
novel object B than of the familiar object A in the test 
trial is an indicator of object recognition memory. A 
"discrimination ind ex" or "discrimination ratio" is usu­
ally calculated to capture this data. The "discrim ination 
index " is the difference in exploration times of the novel 
object B and the familiar object A, divid ed by the total 
exploration time of the two objects in th e test tria l. The 
discrimination ratio is the exploration time of the novel 
object B divided by the total exploration time of the two 
objects in the te st trial. A higher discrimination index or 
discrimination ratio reflects greater memory retention 
of the familiar object. 

Table 4 outlines the 22 stud ies that investigated the 
effects ofMDMA on the NOR task. Similar to the MWM 
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studies, most of the NOR studies used high doses of3-
20 mg/kg MDMA, and none used lower, typical doses of 
less than 3 mg/kg MDMA. For most of these studies, the 
rodents were pretreated with MDMA and then trained 
and tested on the task at a later time point. Two of the 
22 studies (Ros-Sim6 et al., 2013; Shortall et al., 2013), 
however, administered MDMA on the same day as the 
training and/or test trials, and these studies will be 
discussed first. 

Instead of conducting only one training trial, Ros-Sim6 
et al. (2013) trained adolescent male CDl mice daily for 
3 days. Mice were given two injections of 20 mg/kg i.p . 
MDMA, one directly after the third training trial and 
another 2 hours later. The test tria l took place 72 hours 
later. The discrimination index of MDMA-treated mice 
was significantly less than that of saline controls. These 
results suggest that two doses of 20 mg/kg MDMA 
administered after memory acquisition leads to impair­
ments in long-term recognition memory. Shortall et al. 
(2013) gave young adult male Lister Hooded rats a daily 
injection of 10 mg/kg i.p. MDMA for 2 consecutive days. 
The training trial began 30 minutes after the drug 
injection on the 2nd day, which was followed by a 
2-hour delay and then the test trial. Rats treated with 
MDMA did not explore the novel object more than the 
familiar object, and the discrimination ratio ofMDMA­
treated rats was significantly less than that of saline 
controls. This suggests that a dose of 10 mg/kg MDMA 
impairs long-term recognition memory when admin­
istered on the day before and the day of memory 
acquisition/retrieval. The findings of Ros-Sim6 et al. 
and Shortall et al. together suggest that MDMA impairs 
long-term recognition memory when on-drug during the 
memory consolidation phase. 

Nawata et al. (2010) and Edut et al. (2011) gave adult 
male CDl and ICR (respectively) mice a single injection 
of 10 mg/kg i.p. MDMA. Nawata et al. ran the training 
and test trials 1 or 7 days after MDMA treatment , with a 
3-hour delay between trials. The discrimination indexes 
of MDMA-treated mice and saline controls were com­
parable at both 1 and 7 days posttreatment. Edut et al. 
ran the training and test trials 7 or 30 days after MDMA 
treatment, with a 24-hour delay between trials. The 
discrimination indexes of MDMA-treated mice and 
saline controls were comparable at 7 days posttreat­
ment, but MDMA-treated mice showed significant 
reductions relative to saline controls at 30 days 
posttreatment. Together, these findings suggest that 
pretreatment with a dose of 10 mg/kg MDMA has no 
effect on long-term recognition memory up to 1 week 
after treatment, but deficits may arise 30 days after 
treatment. 

The following group of studies treated rats with 
multiple injections of MDMA on a single day prior to 
testing. Figure 7 depicts the findings of Rodsiri et al. 
(2011) , which exemplify dose-dependent effects of 
MDMA on nonspatial learning and memory. Rodsiri 

et al. gave adult male Lister Hooded rats three injec­
tions of3 or 6 mg/kg i.p. MDMA at 2-hour intervals. Rats 
were tested 2 weeks l ater, with a 2-hour delay between 
trials. Rats given 3 mg/kg MDMA injections and saline 
controls did not exhibit differences in discrimination 
ratios , but the discrimination ratio ofrats given 6 mg/kg 
MDMA injections was significantly less than that 
of saline controls (Fig . 7B). These findings indicate that 
there may be dose-dependent effects ofMDMA on long­
term recognition memory, as pretreatment with three 
doses of MDMA had no later effect at 3 mg/kg MDMA 
but led to memory impairments at 6 mg/kg. 

In a similar study, Piper et al. (2008) gave young 
adult ma le Sprague-Dawley rats four injections of 
10 mg/kg s.c. MDMA at 1-hour intervals. Rats were 
tested at 15-17 and 17-19 days after MDMA treatment 
with shorter 15- and 60-minute delays, respectively. 
The discrimination ratios of MOMA-tr eated rats and 
saline controls did not significantly differ during either 
test. Cohen et al. (2005 ), Able et al. (2006), and Skelton 
et al. (2008) all gave adult male Sprague-Dawley rats 
four injections of 15 mg/kg s.c. MDMA at 2-hour 
intervals. Able et al. tested their rats 30 days after 
MDMA treatment and Cohen et al. and Skelton et al. 
tested their rat s at least 5 weeks after MDMA treat­
ment. All three studie s used a 1-hour delay period and 
found that during the test trial MD MA-treated rats and 
saline controls explored th e novel object more than th e 
familiar object, and both groups explored the novel 
object for a similar amount of time. The findings from 
the above studies suggest that pretreatment with four 
doses oflO or 15 mg/kg MDMA has no subsequent effect 
on short-term recognition memory . 

The remaining studies treated animals with MDMA 
over several days prior to testing. Morley et al. (2001) 
and McGregor et al. (2003) treated adult male Wistar 
rats with MDMA for 2 consecutiv e days. Morley et al. 
gave rats one or four (at 1-hour intervals) daily injec­
tions of 5 mg/kg i. p. MDMA for 2 consecutive days. Rats 
were trained and tested 14 weeks later with a 
15-minute delay and again 1 more week later with a 
60-minute delay. The discrimination ratio ofrats given 
one daily injection did not significantly differ from that 
of saline controls at either delay. The discrimination 
ratio of rats given four daily injections did not signifi­
cantly differ from that of saline controls at th e 
60-minute delay , but was significantly less than saline 
controls at the 15-minute delay. McGregor et al. also 
gave rats four daily injections of 5 mg/kg i.p. MDMA at 
1-hour intervals for 2 consecutive days. Approximately 
10-12 weeks later, rats were tested with a 1-hour delay 
between trials. Two "preliminary" days of testing were 
conducted followed by a third identical day of testing 
that provided the reported data. The discrimination 
ratio of MD MA-treated rats was significantly less than 
that of saline controls. In all , the findings from these two 
studies suggest that treatment with one dose of5 mg/kg 
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Fig. 7. Dose-dependent effects of MDMA on novel object recognition . 
Pretreatment with thr ee doses of 3 mg/kg MDMA had no effect on 
exploration time of th e novel a nd famili ar objects durin g the test trial (A) 
or th e discrimin ation ra ti o [novel/(novel+fami liar )] (B), while pretreat ­
ment wit h thr ee doses of 6 mg/kg MDMA significantly decrease d 
exploratio n time of the novel object (A) and th e discrimin ation ratio (B). 
Data redrawn with permission from Fig. 3, A and C in Rodsiri et al. 
(2011 ). 

MDMA for 2 consecutive days has no subsequent effect 
on short-term recognition memory, while treatm ent 
with four doses of 5 mg/kg MDMA for 2 consecutive 
days may impair short -term recognition me mory (with 
th e exception of Morley et al.'s findings at the 60-minut e 
del ay). 

Abad et al. (2014 ) gave adolescent male Sprag ue­
Dawl ey rats two daily inj ections of20 mg/kg s.c. MDMA 
for 4 consecutive days . Rats were tested 1 week later 
with a 1-hour delay between trials . MDMA-tr eated rats 
and salin e controls explor ed the novel object for signif ­
icantl y more percent of the tot al exploration time than 
the familiar object. These findings indicat e that pre­
tr ea tment with repeated doses of20 mg/k g MDMA may 
have no subsequent effect on short-term recognition 
memory. 

In addition to te stin g a single dose ofMDMA , Nawata 
et a l. (2010) gave another group of adult male CDl mice 
a daily injection of 10 mg/kg i.p. MDMA for 1 week. 
Thes e mice were also tested 1 or 7 days lat er with a 
3-hour delay between trial s. The discrimination index of 
MDMA-treated mice was significantly less than that 
of saline contro ls at 1 and 7 days posttreatment; 
however this value was significantly above chance at 
1 day posttreatment. Although thi s study found that 

pr etr ea tm en t with a single dose oflO mg/kg MDMA had 
no effect on long-term recognition memory (see above), 
these additional findings suggest that pretreatment 
with repea ted dose s of 10 mg/kg MDMA may lead to 
long-term recognition memory deficits , with more pro­
nounced deficits 1 week after tr ea tm ent versus 1 day. 

van Nieuwenhuijzen et al. (2010) and Kolyaduke and 
Hughes (2013) treated rats with a daily injection of 
MDMA for 10 consecutive days. van Ni euwenhuijzen 
et al. treated adult male Wistar rats with a daily dose of 
5 mg/kg i.p. MDMA. Rat s were tested 6 weeks after 
MDMA treatment with a 1-hour delay between trials. 
The discrimination ratio of MDMA-tr ea ted rats wa s 
significantly less than that of saline contro ls. Kolyaduke 
and Hughe s tr ea ted mal e and female adolescent PVG/c 
hooded rat s with a higher daily dose of 10 mg/kg i.p . 
MDMA during early adolescence (postnatal days 35-45) 
or late adolescence (postnata l days 45- 55) . Both groups 
were tested as adult s at no les s than 90 days old (around 
5-8 weeks postdrug ) with a short 15-minute dela y 
betwe en trials. Th e exploratory behavior of MDMA­
tr ea ted rats and saline controls during the test tria l led 
to simi lar discrimination indexes. The findings from 
th ese two studies demonstrate that pretreatment with 
repeated doses ofMDMA may lead to short -term recogni­
tion memory impairments at doses of 5 mg/kg but 
surprising ly may have no effect at doses of 10 mg/kg. This 
un expected outcome may be because van Nieuwenhuijz en 
et al. and Kolyaduke and Hughes tested ra ts from 
different strains, ages , and sexes . 

Garcia-Pardo et al. (2017) gave adolescent male OFl 
mice four injections oflO mg/kg i.p. MDMA over 2 weeks , 
one on each of postnata l days 55, 57, 60, and 62. Testing 
took place on postnatal day 64, 2 days after MDMA 
treatment , with an ultr a-short 1-minute dela y between 
trials. The discrimination indexes of MDMA-treated 
mic e and saline control s did not significant ly diff er, 
suggesting that pretreatment with four doses of 
10 mg/kg MDMA may have no lat er effect on short ­
term recognition memory. 

The following group of studies treated adolescent rats 
with MDMA every 5 days (for a specific number of total 
days) , with multiple inj ections given on each treatment 
day. Llorente -Berzal et al. (2013) gave male and female 
Wistar r ats two injections of 10 mg/kg s .c. MDMA at a 
4-hour interval every 5 days from postnata l day 30-45 . 
Rats were tested 1 month lat er as adu lts on postnatal 
day 75 wit h a 4-hour del ay betw een trials . Th ere were 
no significant differ ences between the discri mination 
indexe s of MDMA-treated rat s and saline control s. 
These findings demonstrate that pretreatment with 
rep ea ted doses of 10 mg/kg ha s no sub sequent effect 
on long-term recognition memory . Piper and Meyer 
(2004) gave male Sprague -Dawley rats two injections 
of 10 mg/kg s.c. MDMA at a 4-hour int erva l every 5 day s 
from postnat al day 35 to 60. Rats were tested 1 week 
lat er with a 15-minute delay between tri als. The 
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discrimination ratio of MD MA-treated rats was signif­
icantly less than that of saline controls. Piper et al. 
(2005) gave male Sprague-Daw ley rats four injections of 
5 mg/kg s .c. MDMA at 1-hour intervals every 5 days 
from postnatal day 35 to 60. Rats were tested 1 week 
later (postnatal day 67) with a 15-minute delay and 
again 1 to 2 days later (postnatal day 68 or 69) with a 
30-minute delay. There were no significant differences 
between the discrimination ratios of MDMA-treated 
rats and saline controls under either delay condition. 
The findings from these two studies are mixed ; the 
resu lts of Piper et al. suggest that pretreatment with 
repeated doses of 5 mg/kg MDMA has no subsequent 
effect on short-term recognition memory, whi le the 
findings of Piper and Meyer suggest that pretreatment 
with repeated doses of 10 mg/kg produces short-term 
recognition memory deficits. Although the same cumu­
lative daily doses were given, the difference in number 
and dose of injections (two daily injections of 10 mg/kg 
vs. four daily injections of 5 mg/kg) could account for this 
discrepancy in findings. 

The next group of studies treated animals with 
MDMA over several weeks. Clemens et al. (2007) gave 
adult fema le Wistar rats a single injection of 8 mg/kg 
i.p. MDMA once weekly for 16 weeks. Two days of 
testing were performed 8 weeks after MDMA treatment 
(with 1 day between the 2 days), and a 20-minute delay 
was used for both tests. Th e discrimination ratio of 
MDMA-treated rats and saline contro ls did not signif­
icantly differ during either test. In addition to testing 
the effects of multiple MDMA injections on a single day 
(see above), Ske lton et al. (2008) gave another group of 
adu lt male Sprague-Dawley rats the same treatment 
of four injections of 15 mg/kg s.c. MDMA at 2-hour 
intervals once weekly for 5 weeks. Again , rats were tested 
5 weeks after the MDMA treatment with a 1-hour 
delay period. MDMA-treated rat s and saline controls 
explored the novel object more than the familiar object, 
and there were no significant differences between 
groups. Costa et al. (2014 ) gave male C57BU6 mice 
two injections of 10 mg/kg i.p. MDMA at a 4- to 6-hour 
interval on the 2nd and 5th days of each week for 
9 weeks (which started in adolescence and continu ed 
into adulthood). Mice completed a total of 5 days of 
te sting-on the 6th day of drug treatment week s 1, 4, 
and 9 and posttreatment weeks 2 and 3. A 1-hour delay 
was used for all five tests . The discrimination ratio of 
MDMA-treated mice and saline controls did not signif­
icantly differ during drug treatment weeks 1, 4, or 9 but 
was significantly reduced in MDMA-treated mice com­
pared with saline controls during posttreatment weeks 
2 and 3. Th e finding s of Clem ens et a l. and Skelton et al. 
suggest that pretreatment with repeated doses of 8 or 
15 mg/kg MDMA has no subsequent effect on short-term 
recognition memory. On the other hand, the findings of 
Costa et al. , suggest that pretreatment with repeated 
doses of 10 mg/kg MDMA ha s no effect on short-term 

recognition memory 1 day posttreatment but produc es 
impairments by 2 weeks posttreatment . This discrep ­
ancy may be because Costa et al. used mice as subjects 
rather than rats, or possibly becaus e the mice were 
tested repeatedly throughout drug treatment. 

Schulz et al. (2013) tr ea ted adolescent and adult male 
Wistar rats with a varying number of s.c. MDMA 
injections over 25 days. A single injection of 7.5 mg/kg 
MDMA was given on 10 of the 25 days, two injections 
of 7 .5 mg/kg MDMA were given at a 4-hour int erval on 
5 of the 25 days , and no drug was given on 10 of the 
25 days (treatment schedule was randomized). All rats 
were tested 10 days after the 25-day treatment period, 
and the adolescent rats were tested again as adults 
6 weeks after the first test. Unlike the oth er NOR 
studies reviewed here, only one object was pr ese nted 
during the training trial, but the remainder of the methods 
were as described above. A 25-minute delay was placed 
between the training and test trials. The adult saline 
controls explored the familiar object significantly less in 
the test trial than the same object in the training trial, and 
significantly less than the novel object in the test trial. The 
adolescent salin e controls, however , explored all three 
objects for a comparab le amount of time during the 
first test. Because the adolescent saline controls did not 
exhibit normal recognition memory , the effects ofMDMA 
cannot be accurately determined. During the second test , 
the adolescent saline controls explored the familiar object 
significantly less in the test trial than the same object in 
the training trial (but not significantly less than the novel 
object in the test trial ). The adult and adolescent MDMA­
treated rats explored all three objects for comparable 
amounts of time during all tests. These results suggest 
that pretreatment with repeated doses of 7 .5 mg/kg 
MDMA during adulthood impairs short -term recognition 
memory, and the same treatment during adolescence may 
produce some deficits as in adults (but the effects during 
adolescence cannot be determined). 

Abad et al. (2016) gave adolescent male C57BV6 mice 
thre e injections of s.c. MDMA at 1-hour intervals once 
weekly for 8 weeks-at doses of 5 mg/kg MDMA for the 
first 2 weeks, 7 .5 mg/kg MDMA for the next 3 weeks, 
and 10 mg/kg MDMA for the last 3 weeks. Mice wer e 
te sted as adults, 1 week and 3 months after MDMA 
treatment with 1- and 24-hour delay s. The discrimina ­
tion indexes ofMDMA-tr eat ed mice and saline controls 
did not significantly differ with a 1-hour delay but was 
significantly reduced in MDMA-treated mice compared 
with saline controls with a 24-hour delay at both 1 week 
and 3 months posttreatment. These finding s suggest 
that pretreatment with repeated doses of MDMA (in­
creasing from 5 to 10 mg/kg ) has no subsequent effect 
on short-term recognition memory but may lead to long­
term recognition memory deficits. 

a. Novel object recognition variations. Pomp ei et al. 
(2002) and Ske lton et al. (2008 ) tested the effects of 
MDMA on a nove l place recognition (NPR) test and a 
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social recognition (SR) test, respectively , and these 
studies are outlined in Table 4. The procedures of these 
tests are similar to the NOR test, but the NPR test 
assesses recognition memory of an object's orientation 
and the SR test assesses recognition memory of 
another animal. In the NPR test, the two objects 
pr esented in the training trial are identical to those 
presented in the test trial , but in the test trial one 
object is placed 90° clockwise compared with its 
location in the training trial. The exploration time of 
each object is recorded during both trials, and recognition 
memory is revealed by significantly less exploration of the 
non-rotated object compared with the rotated object in the 
test trial or either obj ect in the training trial. In the SR 
test, a juvenile rat is introduced into the cage of an adult 
male rat (the test subject) in the training trial, and the 
same juvenile rat is reintroduced into the cage of the adult 
in the test trial. The time that the adult rat spends 
exploring the juvenile rat (i.e., nosing, sniffing, grooming, 
pawing, or close following) is recorded during both trials. A 
decrease in exploration time from the training trial to the 
test trial reflects recognition memory of the juvenile rat. 

Skelton et al. (2008) gave adu lt male Sprague-Dawley 
rats four injections of 15 mg/kg s.c. MDMA at 2-hour 
intervals on a single day or once weekly for 5 weeks. 
Testing took place 40 days after MDMA treatment with 
a 1-hour delay between trials. MD MA-treated rats did 
not significantly differ from sa lin e contro ls on any 
measure of object exploration. This suggests that pre­
treatment with repeated doses of 15 mg/kg MDMA has 
no later effect on short-term recognition memory. 

Pompei et al. (2002) gave adult male Sprague-Dawley 
rats a daily inj ection of 1, 5, or 10 mg/kg i.p. MDMA for 
8 consecutive days. The SR test took place on the 8th 
day of MDMA treatment. Rats were given their final 
MDMA injection immediately after the training trial 
and tested after a 120-minute delay. All groups explored 
the juvenile rat less in the test trial than in the training 
trial. This decrease in exp lor ation time was signifi­
cantly enhanced in rats given 1 or 5 mg/kg MDMA 
injections compared with saline controls and did not 
significantly differ between rats given 10 mg/kg MDMA 
injections and sa lin e controls. These findings reveal 
that pretreatment with repeated doses MDMA may 
enhance short -term recognition memory at doses of 1 or 
5 mg/kg MDMA (althou gh the authors ' conclusions are 
inconsiste nt with their graphical data ) and may have no 
effect on short-term recognition memory at a dose of 
10 mg/kg MDMA when memory consolidation and 
retrieval occur on-drug. 

2. Other Nonspatial Tasks. 
a. Cincinnati water maze. The Cincinnati water 

maze (CWM) task (Vorhees, 1987 ) is a nonspatial 
variation of the MWM task. The CWM is a 9-unit 
multiple T-maze that is filled with water. Animals are 
required to swim through the maze to escape ont o a 
hidden platform. The maze is configured so that the path 

to the goal runs along only the long arms of each T. Testing 
is performed under red light or complete darkness to limit 
or eliminate the use of distal visual cues, and therefore 
animals must rely on egocentric cues to navigate to the 
hidden platform. Typically, each animal completes two 
trials per day for several days. The starting location of the 
animal and the platform location remain constant over all 
trials and days. The escape latency (i.e., time taken to 
reach the hidden platform ) and number of errors (i.e., 
entries into one of the short arms of a T) are recorded 
during all trials. A decrease in escape latency/number of 
errors over the days of testing reflects nonspatial learning 
of the platform location. 

Three studies assessed the effects of MOMA on the 
CWM task, which are listed in Table 4. Prior to testing , 
Able et al. (2006), Skelton et al. (2008), and Vorhees 
et al. (2011) all gave adult male Sprague-Dawley rats 
four injections of 15 mg/kg s.c. MDMA at 2-hour 
intervals on a single day, and Skelton et al. gave 
another group of rats this same treatment once weekly 
for 5 weeks. Able et al. began testing 4 days after MDMA 
treatment and tested rats for a total of 6 days. The rate 
at which the number of errors and escape latency of 
MOMA-treated rats decreased over the 6 testing days 
was slower than that of saline controls. Specifically, 
MOMA-treated rats made significantly more errors 
than saline control s on days 4 and 5, and a trend toward 
significantly more errors on day 6. Skelton et al. began 
testing 1 week after MOMA treatment and tested rats 
for a total of 6 days. While the average numb er of errors 
and the average escape latency of MOMA-treated rats 
(both single day and week ly) were significantly higher 
than salin e controls, these measures decreased at a 
similar rate over the 6 testing days in all three groups . 
Both groups of MD MA-treated rats therefore exhib ited 
performance impairments but not le arning impair­
ments. Vorhees et a l. began testing 2 weeks after 
MOMA treatment and tested rats for a total of21 days. 
The number of errors and escape latency of MDMA­
treated rats and saline controls decreased at a similar 
rate over the 21 testing days, and the overall average 
number of errors and average escape latency also did 
not significantly differ between groups. The findings 
from these three studies reveal pretreatment with 
repeated doses of 15 mg/kg MOMA has no effect on 
nonspatial learning when tested 1 week or more 
after treatment but produces nonspatial learn ing 
impairments wh en testing begins less than 1 week 
after treatment. 

E. Fear-Motivated Learning and Memory 

1. Passive Avoidance. The passive avoidance (PA) 
task is a fear -motivated task that is used to evaluate 
learning and memory in rodents. A common version of 
this task is th e step -throu gh PA task (Jarvik and Kopp, 
1967), which takes place in a two-compartment cham­
ber consisting of one bright (e.g., illuminated, white 
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walls) compartment and one dark (e.g., nonilluminated, 
black walls) compartment connected by a guillotine 
door. The task requires animals to inhibit their natural 
tendency to prefer dark areas/avoid bright areas to 
avoid an aversive st imulu s . Each anima l is first habit­
uated to both compartments of the chamber as well as 
crossing through the guillotine door prior to training. 
Training is usually completed in a single trial , which 
begins by placing the animal in the bright compartment 
with the guillotine door closed. After a brief peri od, the 
guillotine door is opened, and once the animal enters 
the dark component, the guillotine door is closed, and 
the animal receives an inescapable foot shock. Testing 
typically takes place 24 hours after training, during 
which the animal is returned to the bright compart­
ment, and again the guillotine door is opened after a 
brief period. If the animal remembers that entering the 
dark compartment lead to a foot shock during training, 
then the animal will inhibit it s natural tendency to 
enter the dark compartment. 

The step-thr ough latency (i.e., time taken to enter the 
dark compartment once the guillotine door is opened) is 
measured during both the training and test trials, and 
the cutoff time/maximum latency recorded is usually 
300 seconds. A significant increase in step-thr ough latency 
from training to testing reflects normal memory retention , 
whereas the lack of this increase reflects memory deficits. 
A significant ly lower step -through latency relative to 
normal during testing is also an indicator of memory 
deficits. The type of memory measured here involves both 
explicit memory (i.e., association with the context) and 
implicit memory (i.e., operant conditioning to the shock). 

Table 5 lists the 12 studies that explor ed the effects 
of MDMA on the PA task. Eleven of thes e studies 
conducted the step -thr ough PA task , whereas only one 
study (McNamara et al. , 1995 ) performed another 
version, the step -down PA task (met hod s described 
below). The anima ls from most of t hese studies were 
treat ed with MOMA 1 or more days prior training, 
30 minutes befor e training, and/or immediately after 
training. All of the studies eva lu ated lon g-term mem­
ory as delays of 24 hours or more were placed between 
the trainin g and test trials. 

Moyano et al. (2004 , 2005) and Barrionuevo et al. 
(2000 ) all tested the effects of on-drug training. Adult 
male Wistar rats were given a single injection of MD MA 
30 minutes before training and then tested 24 hours 
later. Moyano et al. (2004 , 2005) found that rats inject ed 
with 10 mg/kg i.p. MDMA before training exhibit ed a 
significantly lower step-through latency than saline con­
trols during testing, and Barrionuevo et al. (2000) found 
the same results with a dose of 20 mg;lkg i.p. MDMA. 
These find ings suggest that doses of 10 and 20 mg;lkg 
MDMA produce long-term memory deficits when mem­
ory acquisition occurs on-drug. 

Shariati et al. (2014) and Budzynska et al. (2017) 
explored the effects of a dministering th e drug 

immediately after training. Figure 8 exhibits th e find­
ings of Budzynska et al., which exemplify the dose­
dependent effects ofMDMA on fear-motivated learning 
and memory. Budzynska et al. gave adult male Swis s 
Webster mice a single injection of 1, 2.5, 5, or 10 mg/kg 
i.p. MDMA immediately after training and test ed th e 
mice 24 hours later. The step -through latency of mice 
treated with 1 or 10 mg/kg MDMA did not signifi­
cantly differ from that of saline controls , while mice 
treat ed with 2.5 or 5 mg;lkg MDMA showed a signifi­
cantl y higher step -through latency than sa lin e controls. 
Shariati et al. tested two groups of adult male Wistar 
rats-one group received a single injection of 10 mg/kg 
i.p. MDMA following two training tria ls, and another 
group received a daily injection of 10 mg/kg i.p. MOMA 
on 2 consecutive days per week for 3 weeks, with the last 
injection administered immediately following training. 
All rats were tested 24 hours after MDMA treatment , 
and both groups ofMDMA-treated rats demonstrated a 
significantly shorter step -th rough latenc y than saline 
controls. Together , the above re sults indicate that 
administering MDMA imm ediately after memory ac­
quisition has no effect on long-term memory retention 
at a dose of 1 mg/kg but enhanc es long-term memory 
retention at doses of 2.5 or 5 mg/kg. The findings 
regarding a dose of 10 mg/kg MDMA are mixed , as 
Budzynska et al. found that this dose has no effect on 
long-term memory ret ention, wh ile Shari ati et al. found 
that single or repeated administration of this dose impairs 
long-term memory retention. This discrepancy could be 
due to the us e of different species (mice vs. rats) or th e 
number of training trials (one vs. two). 

Jahanshahi et al. (2013) also treated young adult 
male Wistar rats with MDMA betw een training and 
te sting , but the MDMA tre at ment began 24 hours after 
two training tria ls and la sted for 4 weeks. Rats were 
given thr ee inject ions of2.5 , 5, or 10 mg/kg i.p ) MDMA 
at 3-hour intervals once weekly for 4 weeks . Testing 
took place following drug tr ea tment, and all thre e 
groups of MOMA-treated ra ts exhibited a significantly 
longer step -throu gh latency than sa line controls. These 
results reveal that treatment with doses of 2.5, 5, and 
10 mg;lkg MDMA after acquisition may enhanc e long­
term memory retention. 

The next group of st udies treated animals with a 
specific MDMA regimen prior to training and testing. 
Timar et al. (2003) and Murnane et a l. (2012) gave 
anima ls four injections of MDMA at 2-hour int erva ls. 
Timar et al. gave adolescent male Wistar rats doses of 
10 mg;lkg s.c. MDMA and teste d them 3 days and 4 weeks 
after MDMA treatment, with 48 hours separating train­
ing and testing. During both tests, MOMA-tr eate d rat s 
and salin e control s did not significantly differ in step­
through latency. Murnane et al. gave adolescent male 
Swiss Webste r mice doses oflO or 20 mg/kg i.p. MDMA. 
Rats were trained 2 days after MDMA treatment and 
test ed 2 days after training. Again , MOMA-tr eat ed rats 
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TABLE 5 
Studie s exam inin g the effects of MDI\iA on fear-moti vated learning and memory 

Subject sb Doses/Freq uenc'f Timeline d 

Rats CW), Adult, Ma le 10 mg/kg (i.p .) X 1 Training: On-Drug 
Testing: Postdrug 

Rats CW), Adu lt, Ma le 10 mg/kg (i.p .) x 1 AND/OR Training: On-Drug (Single ), 
x 2/day , 4 day s Postdrug (Repeated) 

Testing: Postdrug 
Rats (W), Adult , Mal e 20 mg/kg (i.p.) X 1 Training: On-Dru g 

Testin g: Postdrug 
Mice (SW), Adult , Male 1, 2.5 , 5, or 10 mg/kg (i.p.) x 1 Train in g: Off-Dru g2 

Testing : Postdrug 
Rats CW), Adu lt, Ma le 10 mg/kg (i.p.) x 1 OR x 1/day, Training: Off-Dru g2 

2 day/wk, 3 wk Testin g: Postdrug 
Rat s CW), Adult , Ma le 2.5, 5, or 10 mg/kg (i.p.) x 3/day , Training: Predrug 

1 day/wk, 4 wk Testin g : Postdru g 
Rat s (W), Ado!., Mal e 10 mg/kg (s.c.) x 4 Training/Te sting: Postdru g 
Mice (SW), Ado!., Male 10 or 20 mg/kg (i.p .) x 4 Training/T est ing: Postdru g 
Mice (0Fl), Ado!., Male 10 mg/kg (i.p.) x 1/day, 4 day s Training/T est ing: Postdrug 

(spaced ) 
Mice (OFl) , Ado!., Male 10 mg/kg (i.p.) x 1/day, 4 da ys Training/T esti ng: Postdrug 

(spaced) 
Mice (OFl ), Ado!., Male 10 or 20 mg/kg (i .p. ) x 2/day , Training/Te sting: Postdrug 

2 days/wk, 2 wk 
Rats (SD), Adult, Ma le 5, 10, or 20 mg/kg (i.p .) x 2/day, Testin g: Postdrug 

4 days 
Rat s (LH), Adult , Ma le 10 mg/kg (i.p .) x 1/day, 3 day s Training: Off-Drug2 

(spaced) Testing: Postdrug 
Mice (!CR), Adult , Male 20 mg/kg (i.p.) X 2 Training/Te stin g: Postdrug 

Effectse 

t (Single) 
0 (Repeat ed) 

t (2.5 and 5 mg/kg ) 
0 (1 and 10 mg/kg) 

t 

0 

0 

0 

0 

0 

0 St udie s used the pa ss ive a voidance (PA) and contextual fear conditioning (FC) tasks. 
bSpecies (strain ), age, and sex of su bjects . Strain s include Liste r Hooded (L H) , Sprague-Dawl ey (SD), and Wist ar (W) rats; and lCR, OFl , and Swis s Webster (SW) mice. 
coos e, route, and frequency of MOMA admini stra tion. Treatm ent days/weeks are consecutive unless noted as "spaced." 
dWhen training and testing occurred in re lation to dru g treatmen t. Pre· and post.drug tra inin g/test ing were always conduct ed off.drug. 
eEffects of drug tre atme nt on learnin g and memory : 0 No Effect, J. Impairment , t En ha ncemen t. 
2Qff.drug trainin g.lte sting took place immediat ely before drug admini stration on (last ) da y of tr eatment . 

and sa line controls did not significantly differ in step­
through latency. In all, these studies reveal that pre­
treatment with four doses oflO or 20 mg/kg MDMA has 
no subsequ ent effect on long-term memory retention . 

In addition to testing the effects of on-drug training 
(see above), Moyano et al. (2005 ) gave another group of 
adult male Wistar rats two daily injection s of 10 mg/kg 
i .p . MDMA for 4 consecutive days. Rats were trained 
1 week after MDMA treatment and tested 24 hours 
after training . The step-through latency of MDMA­
treated rats and saline controls did not significantly 
differ. Moyano et al. tested an additional group, which 
received both of the pr eviously described treatments, 

8 

7 

0 2.5 5 10 

Dose (mg/kg MDMA) 

Fig. 8. Dose-dependent effects of MDMA on passive avoidance. Posttrainin g 
doses of 2.5 and 5 mgikg MDMA enhanced long-tenn memory, while 
posttraining doses of 1 and 10 mgikg MDMA had no effect on long-term 
memory. Data redrawn with penni ssion from Fig. 5 in Budzynska et al . (2017). 

two daily inj ections of 10 mg/kg i.p. MDMA for 4 consec­
utive days , 1 week prior to training , and a single 
injection of 10 mg/kg i.p. MDMA, 30 minutes before 
training. This group of MDMA-treated rats exhibited a 
significantly slower step-through laten cy than saline con­
trols. Together these findings suggest that pretreatment 
with repeated doses oflO mg/kg MDMA has no subsequent 
effect on long-term memory retention , while a single dose 
of 10 mg/kg MDMA impairs long-term memory retention 
when memory acquisition occurs on-drug . 

Garcia-Pardo et al. (2015, 2017) gave adolescent male 
OFl mice a single injection of 10 mg/kg i.p . MDMA on 
four alternating days (2 to 3 days betw een each injec­
tion). Garcia-Pardo et al. (2015) trained their mice 
4 days after MDMA treatment and Garcia-Pardo et al. 
(2017) trained their mice 5 days after MDMA treat­
ment , and all mice were tested at 24 hour s and 1 week 
after training. Both studies had identical findings-th e 
step-through lat ency of MDMA-treated mice did not 
change significantly from training to testing (24 hours 
and 1 week later) , and the step-through latency of 
MD MA-trea ted mice was sign ificantly shorter than that 
of saline controls at 1 week after training (but not at 
24 hours ). These findings suggest that pretreatment 
with four doses of 10 mg/kg MDMA lead s to long-t erm 
memor y impairments that are more significant at 
1 week versus 24 hours after acq uisition . 

Rodriguez-Arias et al. (2011) gave adolescent male 
OFl mice two daily injections of 10 or 20 mg/kg i.p. 
MDMA at a 4-hour interval on 2 consecutive days per 
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week for 2 weeks. Mice were trained 22 days after 
MDMA treatment and tested 24 hours later. The step ­
through latency of MOMA-treated mice and saline 
contro ls did not significantly differ, revealing that pre­
treatment with repeated doses of 10 or 20 mg/kg MDMA 
may have no subsequent effect on long-term memory. 

Unique to the other studies reviewed here , McNamara 
et al. (1995) tested adult male Sprague-Dawley rats on 
the step-down version of the PA task. Rats were given 
two daily injections of 5, 10, or 20 mg/kgi.p. MDMA at a 
12-hour interval for 4 consecutive days and tested 6 days 
lat er. On each trial, a rat was placed on a triangular 
platform that was mounted above a grid floor. When the 
rat stepped off the platform, it received a foot shock. 
Repeated trials were conducted until the rat remained 
on the platform for at least 2 minutes. MOMA-treated 
rats and saline controls did not significantly differ in the 
number of trials it took for them to reach this thresho ld , 
suggesting that pr etreatment with repeated doses of 5, 
10, or 20 mg/kg MDMA has no effect on memory function. 

2. Contextual Fear Conditioning. The contextual 
fear conditioning (FC) paradigm (Fanse low, 1986; 
Anagnostaras et al., 1999, 2010, 2015) is an efficient 
model to measure hippocampal-dependent learning and 
memory in rodents. In contextual FC, an animal learns 
to associate an aversive stim ulu s (typically a foot shock) 
with a specific context. As a result, the initially neutral 
context elicits a fear r espons e in the animal. In rodents, 
this fear response arises as freezing behavior, which is a 
measure of contextual fear memory. Thus a significant 
decrease in fre ezing is indicative of memory deficits. 
Two studies explored the effects of MD MA on contextua l 
FC and are outlined in Table 5. These studies used two 
different variations of the typic al FC procedure , which 
are described below. 

Shortall et al. (2013) conducted a "conditioned emo­
tional response " task, which is a variation of the contex­
tual FC task. The task took place in a two-compartment 
box that consisted of a dark side and a light side 
separated by a computer -operated door. For training, 
each animal was placed on the light side of the box, and 
after 30 seconds the door was opened. When the animal 
entered the dark side of the box, the door was closed , 
and the animal was subject to two light/tone and foot­
shock pairings (a 5-second light and tone cue that 
coterminated with a 1-second foot shock) with a 1-minut e 
interval between pairings. For testing, each animal was 
returned to the dark side of th e box, and freezing was 
measured for 5-minute without any light/tone or foot 
shock presentation. In this study , young adult male 
Lister Hooded rats were given a single injection of 
10 mg/kg i.p. MDMA on experim ent days 1, 2, and 8. Rats 
were trained on experiment day 8 immediately prior to 
MDMA treatment and tested 24 hours later. MDMA­
treated rats and saline controls did not significantly differ 
in freezing time during t he test. These results suggest that 
treatment with repeated doses of 10 mg/kg MDMA prior 

to and following memory acquisition has no effect on long­
term context memory. 

Johansson et al. (2015 ) performed another variation 
of the contextual FC task, contextual fear discrimina­
tion . This task took place in two contexts, Context A 
and Context B, which differed by a variety of sensory 
modalitie s (different floor/walls, noise, illumination , 
and scent) . Training took place in Context A, and each 
anima l completed one training trial per day for 3 days. 
For each trial , the animal was introduced to Context A, 
and after a 3-minute ba seline period the y received a 
2-second foot shock and then remained in the context for 
an additional 15 seconds . Testing began 3 days later , 
and each anima l was exposed to both Context A and 
Context B on all 12 days of testing (random order of 
exposure with a 1.5- to 2-hour interval between each 
exposure) . The trials in Context A were identical to 
training (3-minute baseline + 2-second foot shock + 
15-second postshock period ), and the trials in Context B 
were 3 minutes in duration with no foot shock. In this 
study, adult male ICR mice were given two injections of 
20 mg/kg i.p. MDMA at a 2-hour interval , 4 day s prior 
to training. The freezing behavior of sa lin e controls 
increa se d significantly in Context A and decreased 
significantly in Context B over the 12 day s of testing and 
overall was significantly greater in Context A than in 
Context Bon the last 8 days of testing. Converse ly, the 
fre ez ing behavior of MOMA-treat ed rats remained 
constant over the 12 days of testing and did not 
significantly differ between Context A and Context B. 
Thes e result s suggest that pretreatment with two doses 
of 20 mg/kg MDMA leads to later deficits in learning to 
discriminate between two contexts. 

VI. Analysis of Findings 

This review includes a total of90 experiments on the 
cognitive effects ofMDMA in animals. Clearly , findings 
are mixed on whether MDMA impairs, enhances, or has 
no effect on cognition. Figure 9 depicts the breakdown 
of findings from all experiments reviewed here. Of 
the 90 total experiments, MDMA produc ed cognitive 
enh ancements in one experiment, mixed parameter­
dependent cognitive enhancements/no effects in three 
experiments, no cognitive effects in 46 experiments, 
mixed parameter-dependent impairment s/no effects in 
17 experiments, and cognitive impairments in 23 exper ­
iments. 2 MDMA produc ed cognitive impairm en t s in 

2 All exper iments in th e curr en t review were categorized by 
whethe r MDMA treatment produced: 1) impairments , 2) a mix of 
imp airm ent s and no effects, 3) no effect s, 4) a mix of no effects and 
enhancements, 5) enhan cement s. The "mixed " catego rie s (2 and 4) 
include expe rim ent s with findings that are inconsistent across 
different treatm ent and/or task parameters (e .g., MDMA dose, 
freq u ency of drug admini stra tion , exp er imental timel in e, etc.). 
See Tables 1-5 ("Effects" column s) for exam ples of experiments 
with mixed finding s. 
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Fig. 9. Breakdown of findings from all 90 experiments. Most experiment s 
(46 out of 90) found no effects of MDMA on cognit ion. 

only 40 of the 90 experiments (44.4%), and in 17 of the se 
experiments only certain parameters led to impair­
ments. Thus MDMA did not influence cognition in the 
majority of these experiments, even when dose is 
ignored. MDMA did not produce any cognitive im­
pairments in 50 of the 90 experiments (55.6%), and 
an additional 17 experiments showed negligible effects 
under certain parameters. Therefore , some negligible 
effects were found in 74.4% ofall experiments. To bett er 
understand these findings, we further analyze the 
factors that may modulate the cognitive effects of 
MDMA. 

A. Findings by Cognitive Domain 

We first analyze the findings within each major section 
-attention (2 st udie s), working memory (23 studies) , 
spatial learning and memory (24 studies), nonspatial 
learning and memory (27 studies), and fear-motivated 
learning and memory (14 studies). Figure 10 illustrates 
the breakdown of findings by cognitive domain . 

The effects of MDMA on attention were examined in 
two studies on the 5-CSRT task (Table 1). Taffe et al. 
(2001) found that MDMA produced attention deficits 
on-drug but no effects postdrug, and Taffe et al. (2002) 
found that MDMA produced no effects postdrug. There­
fore, it appears that MDMA produces attention deficits 
when on-drug but not following drug tr eat ment. How­
ever , there are not enough studies to reach a definitive 
conclusion of these findings. 

The effects of MDMA on working memory were 
examined in 23 studies u sing th e DMS/DNMS, OST , 
SA/DA , RAM , or MWM tasks (Table 2). Of these 
23 studies, 19 found no effects on working memory, 
three found no effects at dose s of 1.25-3 mg/kg and 
working memory impairments at doses of 3-5 mg/kg , 
and one found working memory impairments only (Fig. 
lOA). Thus the majority of these studies found that 
MOMA treatment does not alter working memory. 

Whil e Braida et al. (2002 ), Young et al. (2005 ), and Kay 
et al. (2010) found that doses of 3-5 mg/kg impair 
spatial working memory while on-drug , most of the 
studies with similar testing param eters found no effects 
on spatial working memory. In Wistar rats, the on-drug 
effects appear to be dose-dependent, as doses of 1-
2.25 mg/kg had no effects but doses of 3-5 mg/kg 
impaired spatia l working memory (Braida et a l. , 
2002; Young et al., 2005). Marston et al. (1999) found 
that treatment with dose s of 10-20 mg/kg leads to 
postdrug working memor y impairment s, but several 
other studies concluded that similar treatments lead 
to no postdrug effects. In all, it appears that MDMA 
genera lly has no on-drug or postdrug impact on 
working memory. 

The effects ofMDMA on spatial learning and memory 
were explored in 24 studies using the MWM, RAM, and 
SD tasks (Table 3). Of these 24 studies, one found 
spatial learning enhanc ements and no effect on spatial 
reference memor y, eight found no effects on spatial 
learning and memory, six found a mix of no effects 
and spatial learning and memory impairments (impair­
ments found with doses of 3-5 .6 mg/kg but not 0.3-
1.7 mg/kg, spatia l r eference memory but not spatia l 
learning, or later postdrug testing ), and nine found 
spatial learning and memory impairments only (Fig. 
lOB). Here , the slight majority of studies found impair­
ments , but th e true effect ofMDMA on spatial learning 
and memory remains unclear. The effects of on-drug 
training and/or testing appear to be dose-d epend ent yet 
differ by strain. In Wistar rats , doses of 1.25-5 mg/kg 
had no effects (Young et al., 2005) and doses of 5- 15 
produced impairm ents (Taghizadeh et al. , 2016). In 
Sprague -Dawley rats , doses of 0.3-1.7 mg/kg had no 
effects (Kay et al. , 2010; Galizio et al., 2014) and doses 
of 3-5 .6 mg/kg produced impairments (Kay et al., 2010, 
2011; Harper et al., 2013; Galizio et al., 2014) . Th e 
postdrug findings remain mixed, as there is evidence 
that highly similar/identical experimental designs pro­
duced dissimilar effects. In the MWM studies, spa tial 
reference memory during the probe test appears to be 
more sensitive to impairment than spatial learning 
during acquisition. Over all , th ese findings reveal that 
the effects of MDMA on spatial learning and memor y 
while on-drug may be dose-dependent but the post­
drug effects are still uncl ear . 

The effects of MDMA on nonspatial learning and 
memory were explored in 27 studies using the NOR, 
NPR , SR, and CWM tasks (Table 4). Of these 27 studies, 
one found nonspatial learning and memory enhance ­
ments at doses of 1 and 5 mg/kg and no effects at a dose 
of 10 mg/kg, 13 found no effects, 6 found a mix of no 
effects and nonspatial learning and memory impair­
ments (impairments found with a dose of 6 mg/kg 
but not 3 mg/kg, more drug administrations , longer 
delay periods , or la ter postdrug testing ), and 7 found 
nonsp ati al learning and memory impairment s only 
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No Effect 
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Fig . 10. Breakdown of findin gs from 23 workin g memor y (A), 24 spatial learning and memory (B), 27 nonspat ial lea rning and memory (C), and 14 fea r­
motiv a ted learning an d memo ry (D ) experim ents. 

(Fig. lOC). Thu s the majorit y of studies found no effects 
on nonspatial learning and memory. Th ere appears to 
be no precise rea son for th e observed impairments, as 
studies with almost identical methods produced no 
effects in other cases . Th ere does appear to be a lesser 
rate ofimpairments in Spragu e-Dawley rats than in th e 
oth er strain/ specie s. In all, the evidence suggests that 
MDMA likely ha s no effect on nonspatial learn ing and 
memory , but the reas ons for occasiona l impairments ar e 
ambiguous . 

The effects ofMDMA on fear-motivated learning and 
memory were examined in 14 studies usin g the PA and 
FC tasks (Tab le 5). Of these 14 st udi es , on e found 
memory enhanc ement s, one found memor y enhanc e­
ments at doses of2.5 and 5 mg/kg and no effects at doses 
of 1 and 10 mg/kg, 5 found no effects, 1 found no effects 
with postdrug training and memory impairm ent s with 
on-drug training, and 6 found memory impairments 
only (Fig. lOD). Here, on-drug training always impair ed 
memory acqui sition , but only high doses ofl0-20 mg/kg 
were tested. Administration of MD MA bet ween training 
and te sting enhanced or had no effect on memory 
consolidation at doses of 2.5- 10 mg/kg and impaired 
or had no effect on memory consolidation at doses of 
10-2 0 mg/kg. Postdrug trainin g and testing most often 
result ed in no effects . In all, the effects of MDMA on 
fear -motivated lear nin g and memor y ar e mixed but 
app ea r to be hi ghly depend ent on dose and when the 
dru g is administ ered. 

Overall , this revi ew reveals that MDMA likely ha s no 
effect on working memor y and nonspati al learning and 
memory an d may or may not imp air spatial lea rning 
and memory and fear-motivat ed learning and memory. 
Th e reasons for thes e ambiguous findings may be 
r evea led through furth er analyses. 

B. Finding s by Dose 

With respect to typical , occasional users of MDMA 
and it s potential for therap eutic u se, an exa mination of 
th e impact of low, clinicall y and community-re leva nt 

dosing is essential. To exami ne th e role of dose in the 
cognitiv e effects of MDMA, we divided all experiment s 
into four groups by dose of MDMA admini stered- less 
than 3, 3-6, 7.5-10, and 15-30 mg/kg. Giv en the 
average hum an weight of70 kg, th ese levels corr espond 
to less th an 210 , 210-420, 525-700, and 1050-2 100 mg. 
Of th e st udi es reviewed her e, 15 experim ent s adminis ­
tered doses of less than 3 mg/kg , 31 experime nts 
admini stere d doses of 3-6 mg/kg, 50 experim ent s ad­
mini ster ed doses of7.5-10 mg/kg , and 31 experimen ts 
administered doses of 15-3 0 mg/kg (not e: some exper­
iments used a range of doses, and the tot als above 
account for experim ents tha t admini ster ed doses from 
multipl e levels). Figure 11 illu strates the breakdown of 
findin gs by these dose cat egories. Of these it is impor­
tant to not e that only the lowes t dose range ( < 3 mg/kg) 
see ms to reflect the doses tak en by most recreatio nal 
MDMA us ers (i.e., 1 to 2 mg/kg), and it is like ly th at 
any pot enti al therapeutic dosing would be even lower . 
Although there are several st udie s in this dose 
rang e, th ere are very few that examin e microdo sing 
(e.g., < 1 mg/kg). At these doses , MDMA may ha ve high 
th era peutic value and will almost certainl y pose even 
less risk. Th erefo re, we suggest mor e st udi es, both 
hum an and anim al, to exam in e MDMA at microdos e 
ran ges (e.g., < 1 mg/kg ). 

Perhap s the most import ant finding from this review 
is th at there is no evidence that doses be low 3 mg/kg 
MDMA, th e doses that people ordinarily take , produce 
cognitiv e impairments in an imals , eve n when the 
anima ls are on-dru g (Fig. llA ). Doses of 0.1, 0.3, 0.32, 
0.75 , 1.0, 1.25, 1.7, 1.75, 1.8, 2.0, and 2.25 mg/k g 
produced no effects on working memory when animals 
wer e tes ted on-drug on the DMS (LeSage et al., 1993; 
Frede rick et al., 1995a ,b; Harper et a l., 2005 ), OST 
(Hawkey et al., 2014), DA (Young et al., 2005), RAM 
(Braida et al. , 2002; Kay et a l., 2010), or MWM (Galizio 
et al., 2014) t asks. Doses of0.3, 0.75 , 1.0, 1.25, 1.7, and 
2.25 mg/kg produc ed no effects on spatia l learni ng and 
memor y when anim als were tested on-dru g on the 
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Note: Fig. 11 has been replaced to correct an error in the original publication. Fig. 11 as above reflects the Erratum in Pharmacological Reviews, 73, 729.  
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regardi ng higher doses (2:3 mg/kg) are mix ed yet led to 
cogniti ve imp airment s in less than half of experiments, 
which wer e primarily in th e cognitive domains of spatia l 
and fear -motiv ated lear ning and memory. Across a ll 
experiment s, we did not find differenc es in effects ba sed 
on rout e or frequency of administration. While h eavy 
MDMA users, which account for only a small fraction of 
users , may use potentially memory-imp airing doses 
(2:3 mg/kg), typical recreationa l and therapeutic doses 
li e below thi s range and did not produc e cognitive 
deficit s in any animal study. 

C. Findin gs by When the Drug Was Adm inistered 

Here , we consider the effects of MDMA on learning 
and memory (all experim en ts except tho se on attention 
or working memory ) with respect to wh en th e drug was 
administered. Findings are categoriz ed by whether 
MDMA was administered during trainin g, betwe en 
training an d te stin g, during t es tin g, or en tir ely prior 
to training and t es ting. 

The effects of MDMA on memor y acquisition are 
deter min ed by on-drug training. Findin gs from the five 
experiments that conducted on-drug training (and 
then off-drug t estin g) revea l a clear dos e-dependent 
effect ofMDMA on memor y acqui sit ion. Doses of0.3 , 
1, and 1.7 mg/kg h ad no effect on memory acq ui sition 
(Galizio et al., 2014), while doses of 3-20 mg/kg 
impaired memory acquisition (Barrionu evo et al., 
2000; Moyano et al. , 2004 , 2005 ; Galizio et a l., 2014; 
Ta ghizad eh et al., 2016 ). 

Th e effects of MDMA on memory consolid at ion are 
det ermined by administ ering the drug betw een tr a inin g 
and t esting (typically imm ediately after training ). 
Finding s from th e six experiment s th at administered 
MDMA after training ye t before off-drug testing again 
pre sent a dose-dependent effect on memory consolida­
tion. Doses of 2.5, 5, and 10 mg/k g enhan ced memory 
consolidation (Jahan shahi et al., 2013; Budzynska 
et al., 2017), while doses of 1 and 10 mg/kg also had no 
effect on memory conso lidation (Shortall et al. , 2013; 
Budzyn ska et al., 2017). Higher doses oflO and 20 mg/kg 
impaired memory consolidation (Ros-Simo et al., 2013; 
Shariati et al. , 2014 ). 

The effects ofMDMA on memor y retriev al are det er­
mined by on-dru g testing. Findings from the four 
experim ent s that conducted on-dru g test ing (but off­
dru g training) again exhibit a dose-depen dent effect of 
MDMA on memory retrieval. Doses of 0. 75, 1.25, 2.25, 
and 5 mg/kg had no effect on memory retrieval (Young 
et al., 2005; Kay et al. , 2010), while doses of 3 and 
4 mg/kg impaired memory retri eva l (Kay et al., 2010; 
Kay et al. , 2011; Harper et al., 2013). Different rat 
stra ins (Sprague-Dawley vs. Wistar) may account for 
the contr adictory effects of doses in th e 3-5 mg/kg range 
(specifically, the 5 mg/kg outlier) . 

P omp ei et al. (2002 ) administered MDMA immedi­
ate ly after training, and testing took plac e 2 hour s later 

on-drug. In thi s design, both memory consolidation and 
retri eva l could be influen ced by MDMA. Doses of 1 and 
5 mg/k g enhanced memor y consolidation/retrieval , 
while a dos e of 10 mg/kg had no effec t on memory 
consolidation/retrieval. Additionall y, Short a ll et al. 
(2013) admini stered MDMA before trainin g and con­
duct ed test ing 2 hour s lat er so both training and test ing 
occurr ed on-drug. In this case, MDMA could influence 
memory acquisition, consolidation, and retrieva l. A 
dose of 10 mg/kg impair ed memory acquisition/ 
consolidation/retrieval. 

Experiments in which memor y acquisition and test­
ing are performed completely postdrug treatment mea­
sure the persi ste nt , long-term effects of exposure to 
MDMA. Most of th e learning and memor y studies 
reviewe d here were perform ed in this mann er, a total of 
51 experiments, and all tested doses of 3 mg/kg or 
greater. Only 15 experim ents found that MDMA con­
siste ntl y produ ced postdrug impai rme nt s in learni ng 
and memory, and another 10 experiments found im­
pai rme nts under specific ta sk param eters only. Most 
of the exper iment s, a total of 36, found that MDMA 
produced no postdru g imp airm ent s in learnin g and 
memor y und er a ll/some task parameters. Th e r easo ns 
for occasional impairm ent s, how eve r , are ambiguous; 
there appears to be no clear pat tern in term s of 
experimental methods. 

Overall, the on-drug effects ofMDMA on learnin g an d 
memor y appe ar to be dose-depend ent, with lower doses 
producin g no effects or enhanc ements and high er doses 
producing impairments. Th e threshold for impair ed 
acquisition and retrieval appear s to be approximatel y 
3 mg/kg or more , which correspond s to the doses that 
ar e considered atypically hi gh in human users. The dose 
threshold for impaired consolidation appears to be 
hi gher, at about 10 or more mg/kg, and there is even 
evidence th at doses of 2.5-10 mg/kg can enh ance 
consolidation . The post drug effects of MDMA on learn­
ing and memory were negligibl e in most experim ent s, 
even given that th ese effects were assessed only at doses 
of 3 mg/kg or greater. 

D. Findings by Sp ecies, Strain , Age, and Sex 

To analyze finding s by the specie s tested in each 
experiment, we focus on the five experiments in mon­
keys , th e 19 exper im ent s in mice, and the 65 experi­
ments in rats [pigeons were only used in one stud y 
(LeSage et al., 1993), an d no cognitiv e effects were 
found]. Of th e five experim ent s in monkeys, four found 
no effects and one found imp airm ent s while on-drug but 
no post-dru g effects . Of the 19 experiments in mice, one 
found a mix of enhancements and no effects (dependin g 
on dose), eight found no effects , five found a mix of no 
effects and imp airments (dependin g on tr eatment/t ask 
parameters), and five found imp airm ent s only. Of the 
65 exper iments in rats, 3 found a mix of enhancement s 
and no effects (dependin g on treatm ent/task param eter s), 
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33 found no effects , 11 found a mix of no effects and 
impairments (depending on treatment/task parame­
ters), and 18 found impairments only. In all three species, 
the majority of experiments found that MDMA has no 
cognitive effects. About 74% of the experiments in mice, 
about 72% of the experiments in rats, and all exper­
iments in monkeys found negligible effects at some/all 
parameters. 

The studies reviewed here tested a wide variety ofrat 
and mouse strains. Except for the slight trends men­
tioned previously (in sections VI.A and VI.C), there 
appears to be no notable systematic differences in 
findings between the strains used in the present 
studies. Animal age (adolescents and/or adults ) also 
did not appear to impact the findings. Of the 23 exper­
iments that trained and/or tested adolescent rodents, 
one found a mix of enhancements and no effects, 
13 found no effects, 2 found a mix of no effects and 
impairments, and 7 found impairments. This pattern of 
findings regarding adolescent animals generally mir­
rors that of all experiments (see Fig. 9). The majority 
of experiments tested male animals, but of the five 
experiments that included female animals, four found 
no effects and one found impairments. Although this 
suggests that MDMA may have less cognitive risk in 
females than males, there are not enough mixed-sex 
studies to have any confidence in this conclusion. 

In all, there appears to be no differences in the 
cognitive effects of MD MA between rats and mice, and 
if anything, a less pronounced effect in monkeys. We 
also did not find any major differences in effects based 
on strain , age, or sex . 

VII. High Doses and Neurotoxicology of Drugs 
of Abuse 

An abundance of studies have reported neurotoxicity 
of MD MA and amphetamines, and as has been reviewed 
elsewhere, many of these studies exclusively used high 
doses (McCann and Ricaurte, 2004 ). Fundamentally, 
toxicology depends on the proper selection of doses 
relevant to those used by people, as even commonly 
consumed vitamins are readily toxic at high doses. For 
example , high doses of vitamin A are readily neurotoxic 
and cause birth defects , but we rarely hear calls that it 
be controlled or outlawed. Likewise, botulinum toxin is 
the most lethal substance known, but is used readily 
and safely at appropriate doses (Rietjens and Alink, 
2006). In neurotoxicological research on drugs of abuse, 
there is an incentive to find neurotoxicological effects; 
these kinds of findings lead to more grants and more 
publications , while a lack of effects often leads to neither 
(Edwards and Roy, 2017). It is therefore natural to use 
high doses that are more likely to yield toxic effects. 
With a drug like MOMA that has no established medical 
use and is arguably a public health menace , there may 
seem to be little cost to arguing it causes brain damage 

rather than arguing it does not. However, when a 
previously maligned drug is argued to have new medical 
value, a proper assessment of its true toxicology is 
essential. Even with these factors, we found that a 
majority of experiments did not find evidence ofMDMA­
induced cognitive deficits in animals , even at high doses 
of 3 mg/kg or greater (Fig. 11). A careful consideration 
of the overall findings suggests that the preclinical 
literature on MDMA behavioral toxicity may only be 
relevant to certain, atypical, habitual users of high 
doses, rather than the typical recreational user; those 
findings are probably even less relevant to proposed 
therapeutic uses, where the drug may be given at low 
doses and only a few times. 

VIII . Conclusions 

This systematic review highlights that doses of less 
than 3 mg/kg MDMA, which we believe are appropriate 
to model typical human MDMA consumption, do not 
seem to impair cognition in animals. At doses of3 mg/kg 
or greater, which model atypical, heavy MOMA use, the 
cognitive effects are unclear, as some findings suggest 
that these doses produce cognitive impairments while 
the slight majority suggest that they still do not influ ­
ence cognition. The on-drug effects of MDMA on cogni­
tion have been assessed across a wide range of doses and 
appear to be dose-dependent. The postdrug effects of 
doses below 3 mg/kg have not yet been studied, but 
studies on doses of 3 mg/kg or greater reveal mixed 
findings that trend toward insignificance. After analyzing 
almost 25 years of findings with respect to methodology, 
we believe that the preclinical evidence ofMDMA-induced 
cognitive deficits is relatively weak. 

Previous neurotoxicity evidence suggests that rats , 
mice, and non-human primates exhibit vast differences 
in sensitivity to MDMA, with non-human primates 
showing the highest sensitivity and mice showing the 
lowest sensitivity to MDMA-induced serotonergic defi­
cits. These differences are believed to arise from species 
differences in MOMA metabolism (Green et al., 2003 , 
2009, 2012a). Conversely, the present review suggests 
that rats and mice do not exhibit differences in sensi­
tivity to MDMA-induced cognitive impairments, and 
that non -human primates are possibly less sensitive 
than rodents to these impairments. There is also some 
evidence of MOMA-induced cognitive impairments in 
rats and mice at doses lower than those necessary to 
produce neurotoxicity (20 mg/kg in rats, 50 mg/kg in 
mice). Together, this evidence suggests that MOMA­
induced neurotoxicity and cognitive impairments may 
be unrelated, and active metabolites may not be respon­
sible for the cognitive effects of MDMA. 

Our analyses reveal that MDMA may have no effect 
on working memory or nonspatial learning and mem­
ory, but the potential to impair spatial learning and 
memory and/or fear-motivated learning and memory. 



 64 

Pantoni and Anagnostar as 

The most convincing impairment s were those induced 
by high doses (3-2 0 mg/kg ) in spatial reference memory 
and passive avoidance memor y acquisition; however, 
visuospatial short-t erm and long-term memory deficit s 
ha ve not been consistently found in h eavy MDMA users 
(Laws and Kokkali s, 2007). Our review also suggest s 
that MDMA ha s no effect on working memory in 
animals across a rang e of doses, but re t ro spec t ive 
studies have regul arly found working memory deficit s 
in MDMA users (Murphy et al., 2009, 2012; Nul sen 
et al., 2010 ). Hum an stu dies use nonrandom assign­
ment and often test extr emel y h eavy user s; these 
deficits could have been pre sent prior to MDMA use or 
ma y hav e been the re sult of very h eavy atypical use . 
Since low doses (i.e., 1 to 2 mg/kg) of pure MDMA 
produc e similar pharm acok inet ic, pharmacologi cal, and 
psychoactive effects in anim als and human s (Baumann 
et al., 2007 , 2009 ; Gre en et al., 2009 , 2012a ) and do not 
produc e cognitive impairm ent s in animals, we suspect 
that low doses of pur e MDMA a lso do not impair 
cognition in humans. 

To dat e, most evidence of MOMA-indu ced neu rotox­
icity and cognitive dysfunction has resulted from ex­
tr eme animal dosing or heav y recreat ional us e. Whil e 
we agree th at atypical heavy MDMA us e may lead to 
some neural and behavior al toxicity , th ere is insuffi­
cient evidence that typical (i.e. , low to moderate ) MDMA 
use is det rim ental to br ain stru ctur e/function . Facto r s 
such as polydru g use, adult era nts, hyperth er mia, and 
hyponatr emia can st ill incr ease the potential for ad­
verse effects and are often involved in recreational 
MDMA use (Green et al., 2003; Baum ann et al. , 2007 ). 
Nevertheless, it is unlik ely th at less th an 3 mg/kg of 
pur e MDMA poses significant danger to n eurologic a l 
health if administered infr equen tly and in a con­
trolled setting. Given that MDMA is ad minist ere d in 
this mann er during clinic al inve sti ga tion s (Mitho efer 
et al. , 2016 ), the therapeut ic value ofMDMA should not 
be dismi sse d due to pot en tial neurologi cal risks. How­
ever , it is criti cal to not e th at the margin between 
current th erap eut ic doses (1 to 2 mg/kg) and potentially 
memor y-impairin g doses (c::3 mg/kg) is narrow. There ­
fore, 3 mg/kg should be considered the absolute limit for 
th era peutic dosin g, and we recommend exploring even 
lower dos es ( < 1 mg/kg ). 

We strongly suggest t h at pr eclinical MDMA re­
searc her s become mor e concerned with the critical 
aspect of proper anim al dosing. There is considerable 
pess imi sm regar ding th e validity of allometric scalin g 
in MDMA research (Baumann et al. , 2007 , 2009; Green 
et al., 2009, 2012a ). Accordin gly, the administration of 
excessively high doses of MDMA to animal subjects is 
not appropri ate for determining potential toxic effects 
in typical MDMA users. Even at high doses, evidence of 
MDMA-induced cogni tive deficits is relatively inconsis ­
tent. Futur e studies should aim to examine the effects 
of low-dose MDMA to reliably model typical hum an 

consumption and to eva luate any potential therapeutic 
val ue. 
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Chapter 3, in full, is a reprint of the material as it appears in Cognitive effects of 

MDMA in laboratory animals: a systematic review focusing on dose. Pharmacological 

Reviews, 71, 413–449. Pantoni, M. M., and Anagnostaras, S. G. (2019). DOI: 

10.1124/pr.118.017087. Reprinted with permission of the American Society for 

Pharmacology and Experimental Therapeutics. All rights reserved. The dissertation author 

was the primary investigator and author of this paper. 
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CHAPTER 4 

MDMA and memory, addiction, and depression: dose-effect analysis
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Abstract  

±3,4-methylenedioxymethamphetamine (MDMA) is a widely abused recreational 

drug that shows substantial promise as a psychotherapeutic agent. Given its seemingly 

unique prosocial effects, MDMA has the potential to augment and enhance the 

effectiveness of psychotherapy for various psychiatric disorders or even improve social 

behavior as a stand-alone treatment. Nonetheless, the drug has considerable adverse effects 

such as amnesia and evidence is unclear as to whether or not its beneficial effects can be 

dissociated from its adverse effects, for example, by dose. We reviewed previous animal 

behavioral studies and concluded the likely dose required to produce amnesia is around 3 

mg/kg (Pantoni and Anagnostaras, 2019). In the present study, we systematically examined 

the effects of a wide range of MDMA doses (0.01–10 mg/kg, i.p.) in mice on learning and 

memory, addiction-related behaviors, and depressive-like behavior. Low doses of MDMA 

(≤ 1 mg/kg) had no effect on these behaviors, while high doses of MDMA (≥ 3 mg/kg) 

produced memory impairments, some evidence of an addictive potential, and 

antidepressant effects. These findings demonstrate that careful selection of dose is critical. 

High-dose MDMA (≥ 3 mg/kg) should likely be avoided for its amnesic effects and 

addictive potential, but low-dose MDMA, which has been administered in recent clinical 

studies (approximately 1–2 mg/kg), is unlikely to produce amnesia and addiction. MDMA 

may even have remarkable therapeutic effects and a preferable safety profile at ultra-low 

doses (i.e., microdoses) and this should be investigated in future studies. In all, we believe 

that the potential adverse effects of MDMA should be considered within the framework of 

its therapeutic application, with particular orientation to the use of low doses. 
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Introduction 

±3,4-methylenedioxymethamphetamine (MDMA) is a widely abused recreational 

drug that shows substantial promise as a psychotherapeutic agent (Sessa and Nutt, 2015; 

Feduccia et al., 2018; UNODC, 2020). MDMA targets various brain receptors and 

transporters with marked and preferential effects on the serotonergic system; it increases 

extracellular levels of serotonin (5-HT), norepinephrine (NE), and dopamine (DA) by 

reversing their transporters (SERT, NET, and DAT) and also exhibits some affinity for 5-

HT, DA, muscarinic, histamine, and adrenergic receptors (Shulgin et al., 1986; Battaglia 

et al., 1988; Rudnick and Wall, 1992; Rothman et al., 2001; Torres et al., 2003). MDMA 

is classified chemically as a methamphetamine derivative, but behaviorally it is considered 

a stimulant-psychedelic by its detractors and an empathogen-entactogen by its proponents 

(Nichols, 1986; Liechti, 2015). It is these latter behavioral effects — increased empathy, 

trust, extroversion, and sociality — that distinguish MDMA from other related drugs (e.g., 

psychostimulants, psychedelics) and are of significant interest (Nichols, 1986; Hysek et al., 

2014; Schmid et al., 2014; Kamilar-Britt and Bedi, 2015; Liechti, 2015; Bershad et al., 

2016; Dolder et al., 2018; Holze et al., 2020). Given these unique prosocial effects, MDMA 

has the potential to augment and enhance the effectiveness of psychotherapy for psychiatric 

conditions such as social anxiety and autism spectrum disorders (Danforth et al., 2018) or 

even to improve social behavior as a stand-alone treatment (Heifets and Malenka, 2016). 

Recent Phase 2 clinical studies also reveal that MDMA-assisted psychotherapy is an 

effective therapeutic for treatment-resistant post-traumatic stress disorder (Bouso et al., 

2008; Mithoefer et al., 2011, 2013, 2018; Oehen et al., 2013; Ot'alora et al., 2018) that may 
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outperform approved pharmacotherapies (i.e., paroxetine and sertraline) in terms of 

efficacy (Feduccia et al., 2019). Nevertheless, there is some concern regarding the 

behavioral toxicity of MDMA (Schenk and Newcombe, 2018), such as its potential to elicit 

memory impairments, addiction, and depressed mood, which warrants additional 

investigation. 

The effects of low and high doses of the same drug can vary dramatically. For 

example, psychostimulants (e.g., amphetamine, methylphenidate, cocaine, modafinil) are 

highly effective cognitive enhancers at ultra-low and low doses but are highly addictive 

and cognitively impairing at high doses (for review, see Wood et al., 2014). We previously 

explored the role of dose in the cognitive effects of MDMA in a systematic review of 

existing literature (Pantoni and Anagnostaras, 2019) and found no preclinical evidence that 

MDMA impairs memory at low doses (< 3 mg/kg) but mixed results regarding cognitive 

effects at high doses (≥ 3 mg/kg). There have been few attempts to explore the effects of 

MDMA across a wide range of doses within the same study and even fewer investigations 

of low-dose MDMA (≤ 1 mg/kg). The current study aims to expand the known behavioral 

profile of MDMA across a wider range of doses (0.01–10 mg/kg). This range captures 

doses from one-tenth to ten times those used in recent clinical studies (approximately 1–2 

mg/kg MDMA; Bouso et al., 2008; Mithoefer et al., 2011, 2013, 2018; Oehen et al., 2013; 

Danforth et al., 2018; Ot'alora et al., 2018). Generally, we have argued that doses should 

be scaled between animals and humans directly by body weight unless specific evidence 

(e.g., actual exposure data) justifies some specific kind of alternative scaling (see Carmack 

et al., 2014, Wood et al., 2014, and Pantoni and Anagnostaras, 2019). Low-dose MDMA 
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(about 1 to 2 mg/kg) produces equivalent increases in plasma drug concentration and 

monoamine release in humans (oral administration) and rodents (parenteral administration) 

(Baumann et al., 2007; Green et al., 2012), but time of peak drug exposure is shorter in 

rodents (10 to 45 min; Baumann et al., 2009) than in humans (about 145 min; Kolbrich et 

al., 2008). This data justifies temporal scaling but not dose scaling between rodent and 

human MDMA studies.  

Here, we examined the cognitive effects of a wide range of MDMA doses using 

Pavlovian fear conditioning, a simple and efficient tool for modeling drug effects on 

learning and memory in rodents (Anagnostaras et al., 2000, 2010; Maren, 2001; Carmack 

et al., 2014). In this task, an initially neutral conditioned stimulus (CS; e.g., a tone or a 

context) is paired with an aversive unconditioned stimulus (US; e.g., a footshock). When 

learning occurs as a result of this pairing, either CS alone will elicit a conditioned response 

(CR; e.g., fear). In rodents, fear memory is typically quantified by measuring freezing 

behavior in response to a CS. Both context and tone fear memory are amygdala-dependent 

while contextual fear memory is also hippocampus-dependent (Maren et al., 1998; 

Anagnostaras et al., 1999, 2000, 2001, 2010; Gale et al., 2004). Psychostimulants modulate 

fear learning and memory dose-dependently: they enhance long-term memory at low, 

clinically relevant doses (0.005–0.05 mg/kg d-amphetamine; 0.01 and 1 mg/kg 

methylphenidate; 0.1 mg/kg cocaine; 0.75 mg/kg modafinil) but impair long-term memory 

at high, abused doses (4 and 8 mg/kg d-amphetamine; 10 mg/kg methylphenidate; 15 

mg/kg cocaine; 75 mg/kg modafinil) (Wood et al., 2007; Shuman et al., 2009; Wood and 

Anagnostaras, 2009; Carmack et al., 2014). Citalopram, a highly selective serotonin 
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reuptake inhibitor, also impairs fear memory at high doses (10 mg/kg) but has no effect at 

low doses (0.01–1 mg/kg) (Carmack et al., 2014). Additional evidence suggests that 

psychostimulant-induced memory enhancement requires the combination of both DAT and 

NET inhibition (see Carmack et al., 2014 and Pantoni et al., 2020), but the impact of SERT 

inhibition when combined with DAT and NET inhibition is unclear.  

We also evaluated the addictive potential1 of MDMA using behavioral 

sensitization, conditioned place preference, and conditioned responding (Robinson and 

Berridge, 1993, 2003, 2008; Anagnostaras and Robinson, 1996; Anagnostaras et al., 2002; 

Carmack et al., 2017). Behavioral sensitization is a progressive increase in response 

following repeated administration of a drug and models the transition from casual drug use 

to compulsive drug taking. Conditioned place preference is the preference for a context 

that has been paired with a drug and models the rewarding effects of a drug, as well as 

instrumental drug seeking. Conditioned responding after repeated environment-drug (CS-

US) pairings is a drug-like CR to a drug-paired context and models associative learning 

thought to elicit craving. The effects of psychostimulants on these behaviors are also dose-

dependent: low, memory-enhancing doses (0.005 mg/kg d-amphetamine; 1 mg/kg 

methylphenidate; 0.15 mg/kg cocaine; 0.75 mg/kg modafinil) show no evidence of an 

addictive potential while high, memory-impairing doses (1.5 mg/kg d-amphetamine; 10 

mg/kg methylphenidate; 15 mg/kg cocaine; 75 mg/kg modafinil) show evidence of a high 

 

1 In this article, we refer to “addictive potential” rather than “abuse potential” because even acute recreational 
use of MDMA is considered abuse. The existence of an illicit market means that, at present, any amount of 
MDMA is considered abused. Rather we are referring to the potential to develop addiction. 
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addictive potential (Shuman et al., 2012; Carmack et al., 2014). The action of high-dose 

psychostimulants at DAT and the ensuing increase in extracellular DA levels are largely 

responsible for the addictive potential of psychostimulants (Volkow et al., 1999, 2002; 

Koob and Volkow, 2010). Evidence suggests that drugs with strong activity at DAT (i.e., 

high binding affinity, high dose) are likely to produce addiction but drugs with weak 

activity at DAT (i.e., low binding affinity such as bupropion, low dose such as Adderall) 

are not likely to produce addiction (Carmack et al., 2014; Pantoni et al., 2020). 

Lastly, we explored the effects of MDMA on depressive-like behavior using the 

forced swim test, one of the leading models used to screen for antidepressant drugs in 

rodents (Porsolt et al., 1977). In this test, animals are placed into a tank filled with water 

and time spent mobile (i.e., animal is active as it attempts to escape the stressful 

environment) versus immobile (i.e., “behavioral despair,” animal is passive as it loses hope 

to escape the stressful environment) is measured. Several classes of antidepressant drugs, 

including selective serotonin reuptake inhibitors (SSRIs), dopamine reuptake inhibitors 

(DRIs), norepinephrine reuptake inhibitors (NRIs), serotonin-norepinephrine reuptake 

inhibitors (SNRIs), tricyclic antidepressants (TCAs), monoamine oxidase inhibitors 

(MAO-Is), and other atypical antidepressants decrease time spent immobile, which is 

believed to reflect their efficacy in reducing depressive-like behaviors (Cryan et al., 2005a; 

Petit-Demouliere et al., 2005). The effects of many antidepressants on the forced swim test 

are also dose-dependent: high doses (15 mg/kg fluoxetine; 15 mg/kg moclobemide; 60 

mg/kg reboxetine) reveal antidepressant effects after acute or subacute administration (1–

3 days) whereas low, clinically relevant doses (2–5 mg/kg fluoxetine or desipramine; 2.5 



 76 

mg/kg moclobemide; 10 mg/kg reboxetine) require chronic administration (1–2 weeks) to 

show maximal efficacy (Detke et al., 1997; Vázquez-Palacios et al., 2004; Cryan et al., 

2005a, 2005b). As such, the effects of low, clinically relevant doses on the rodent forced 

swim test are a better reflection of the delayed onset of antidepressant effects in patients. 

In the present study, we found that MDMA modulated behavior dose-dependently. 

Low doses of MDMA (≤ 1 mg/kg) had no effect on memory, addiction-related behaviors, 

or depressive-like behavior, while high doses of MDMA (3 and 10 mg/kg) produced 

memory impairments, some evidence of an addictive potential (at 10 mg/kg only), and 

antidepressant effects. We conclude that MDMA is safest when used at low doses (< 3 

mg/kg) and that higher doses should likely be avoided. We discuss the possible 

mechanisms underlying the behavioral effects of MDMA and its potential as a 

psychotherapeutic.  

 

Methods 

Subjects. 184 hybrid C57BL/6Jx129S1/SvImJ (129B6; Jackson Laboratory, West 

Sacramento, CA, USA) male (n = 91) and female (n = 93) mice were used. Mice were 

weaned at 3 weeks of age and group housed (2–5 mice per same sex cage) with unrestricted 

access to food and water. The animal colony was maintained on a 14:10-h light/dark 

schedule and all testing occurred during the light phase. Mice were at least 10 weeks old 

and handled for 3 days (1 min/day) prior to testing. All 184 mice were used for fear 

conditioning; of these mice, 45 (24 males and 21 females) were used 6 weeks later for 

conditioned place preference and behavioral sensitization, and 79 (33 males and 46 
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females) were used 8 weeks later for the forced swim test. All animal care and experimental 

procedures were approved by the UCSD IACUC and compliant with the NRC Guide for 

the Care and Use of Laboratory Animals. 

Drugs. 3,4-MDMA HCl (CAS No. 64057-70-1; Cayman Chemical, Ann Arbor, 

MI, USA) was dissolved in 0.9 % physiological saline and given intraperitoneally (i.p.) in 

a volume of 10 mL/kg. A range of MDMA doses were selected: 0, 0.01, 0.05, 0.1, 0.5, 1, 

3, and 10 mg/kg (salt weight). 

Fear Conditioning. The VideoFreeze system (Med Associates Inc., St. Albans, 

VT, USA) and fear conditioning protocol were used as described previously (Anagnostaras 

et al., 2000, 2010; Shuman et al., 2009; Wood and Anagnostaras, 2011; Carmack et al., 

2014; Pantoni et al., 2020). Four mice were tested concurrently in individual conditioning 

chambers (32 cm × 25 cm × 25 cm) that consisted of stainless-steel sidewalls and rod floors, 

white acrylic back walls, and clear polycarbonate front and top walls. Each chamber was 

transformed across multiple sensory dimensions to create two distinct contexts: a training 

context, which was used for training and context testing, and an alternate context, which 

was used for tone testing. For the training context, chambers were cleaned and scented with 

7 % isopropanol, and illuminated with moderate (80 lx) white light and near-infrared light 

(980 nm). For the alternate context, chambers were outfitted with a black plastic, triangular 

teepee and white acrylic floors, cleaned and scented with a 5 % vinegar solution, and 

illuminated with only near-infrared light to create a dark environment. VideoFreeze 

software (Med Associates Inc.) used digital video to score freezing behavior and locomotor 

activity (Anagnostaras et al., 2010). 
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184 mice were randomly assigned to groups by dose of MDMA administered: 0 (n 

= 35), 0.01 (n = 20), 0.05 (n = 20), 0.1 (n = 30), 0.5 (n = 20), 1 (n = 20), 3 (n = 20), or 10 

(n = 19) mg/kg. Groups were counterbalanced by sex and conditioning chamber. Mice were 

given an injection of MDMA or saline 30 min before a 10-min training session. A delay of 

30 min was selected due to its temporal proximity to peak drug exposure, locomotor 

activity (from pilot work in our lab), core temperature, and behavioral effects following 

intraperitoneal MDMA in mice (Fantegrossi et al., 2008; for review, see Pantoni and 

Anagnostaras, 2019). Training began with a 3-min baseline period followed by a single 

tone-shock pairing, which consisted of a 30-s pure tone (2.8 kHz, 85 dBA) presented 

through a speaker in the chamber sidewall that co-terminated with a 2-s scrambled, AC 

constant current footshock (0.75 mA, RMS) delivered through the rod floor. Ninety 

seconds after the tone-shock pairing, mice underwent a 5-min post-shock test. Locomotor 

activity during the baseline period and during the footshock was used to measure on-drug 

baseline locomotion and shock reactivity, respectively, while freezing behavior during the 

post-shock test was used to measure on-drug short-term memory. 

Seven days after training, mice were returned to the training context, off drug, for 

a 5-min context test. Freezing behavior during the test was used to measure long-term 

context memory. One day after context testing, mice were brought to the alternate context, 

off drug, for a 5-min tone test. Tone testing consisted of a 2-min baseline period, followed 

by the presentation of 3, 30-s tones identical to the training tone each separated by 30-s. 

Freezing behavior during the tone presentations was used to measure long-term tone 

memory. 
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Conditioned Place Preference and Behavioral Sensitization. Eight mice were 

tested concurrently in individual place preference chambers (Med Associates Inc., St. 

Albans, VT, USA) as described previously (Carmack et al., 2013, 2014; Pantoni et al., 

2020). Each chamber (43 cm × 43 cm × 31 cm) consisted of two sides — a drug-paired 

side and an unpaired side — separated by a black wall with a removable insert. The two 

sides were visually and tactilely distinct as they differed by flooring (stainless steel rods or 

wire mesh) and walls (white and decorated with stickers or undecorated clear 

polycarbonate). Chambers were counterbalanced by flooring and wall combinations and 

by paired versus unpaired side assignments. Each chamber was cleaned with 10 % glass 

cleaner (Zep Inc., Atlanta, GA, USA) between trials. Activity Monitor software (Med 

Associates Inc.) used the interruption of infrared beams to identify mouse position and 

score locomotion (distance), stereotypy (counts), and verticality (counts). 

45 mice were randomly assigned to new groups by dose of MDMA administered: 

0 (n = 12), 0.1 (n = 10), 1 (n = 11), or 10 (n = 12) mg/kg. Groups were counterbalanced by 

sex and testing chamber. Mice were habituated to the testing chamber, off drug, for 30 min 

per side per day for 2 consecutive days prior to training (with the order of side placement 

counterbalanced). Four days after habituation, mice were trained for seven alternating days. 

On each training day, mice were injected with saline before being placed into the unpaired 

side for 15 min, then injected with MDMA before being placed into the paired side for 15 

min. Locomotor, stereotyped, and vertical activity on the paired side was scored and 

behavioral sensitization was calculated as the difference between average activity on Day 

7 versus Day 1. 



 80 

Twenty-four hours after the last training day, mice were tested off drug for 

conditioned place preference. The inserts that previously separated the two sides of the 

chambers were removed. Mice were placed into the entryway between the two sides of the 

chamber (with the direction of entry counterbalanced) and allowed access to both sides for 

15 min. Locomotor activity and time spent on each side was scored and place preference 

was calculated as the difference between responses on the paired side versus the unpaired 

side. 

Forty-eight hours after the last training day, mice received two back-to-back 

challenge tests: one with saline and one with a high dose of MDMA (10 mg/kg). Mice were 

injected with saline and immediately placed into the paired side for 15 min and then 

removed and injected with 10 mg/kg MDMA and immediately returned to the paired side 

for 45 min. Locomotor, stereotyped, and vertical activity was scored to evaluate the 

presence of conditioned responding to the drug-paired side (saline challenge) and/or 

sensitized responding to the high dose of 10 mg/kg MDMA (high dose challenge). One 

mouse trained with 10 mg/kg MDMA died during the high dose challenge and its data was 

excluded from that test only. 

Forced Swim Test. The forced swim test procedure was adapted from existing 

protocols (Porsolt et al., 2001; Castagné et al., 2011; Can et al., 2012; Yankelevitch-Yahav 

et al., 2015). Five mice were tested concurrently in individual cylindrical beaker-like glass 

tanks (10 cm diameter x 24 cm height) that were visually separated by white opaque 

dividers. Each tank was filled with water (24 °C ± 0.5 °C) to a depth of 15 cm. Mice were 

tested in bright light (approximately 80 lx) and immobility was measured using an HD 
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USB video camera and behavioural tracking software (ANY-Maze, Wood Dale, IL, USA; 

minimum immobility time = 2000 ms, immobility sensitivity = 75 %). 

79 mice were randomly assigned to new groups by dose of MDMA administered: 

0 (n = 14), 0.1 (n = 13), 0.5 (n = 13), 1 (n = 13), 3 (n = 13), or 10 (n = 13) mg/kg. Groups 

were counterbalanced by sex and testing tank. Mice were given an injection of MDMA or 

saline 30 min before testing. Mice were placed into the water for a 6-min test and the time 

spent immobile was scored during the last 4 minutes to evaluate potential antidepressant 

effects (reduced immobility). 

Statistical Analyses. Data were analyzed using univariate or multivariate analyses 

of variance (ANOVAs) to identify overall group differences. Post-hoc comparisons were 

performed following significant ANOVAs using Fisher’s Least Significant Difference 

(LSD) tests against the saline control group. With the exception of Figure 4.3, data from 

male and female mice were merged as we found no other statistically significant sex 

differences that meaningfully influenced these findings (p values > 0.05). 

 

Results 

Fear Conditioning. The effects of MDMA (0–10 mg/kg, i.p.) on fear learning and 

memory were examined using Pavlovian fear conditioning. Mice were trained on drug with 

a single tone-shock pairing. Freezing was scored during an on-drug post-shock test and one 

week later during an off-drug context test and an off-drug tone test to evaluate short- and 

long-term memory. MDMA weakly dose-dependently modulated locomotor activity 

during the training baseline period [F(7, 176) = 2.08, p = 0.05; Figure 4.1A, lower line]. 
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Only mice given 3 mg/kg MDMA showed significantly increased baseline locomotion 

compared to saline controls (p = 0.001; all other p values > 0.07). The shock elicited a large 

activity burst unconditioned response that did not significantly differ between groups [F(7, 

176) = 0.43, p = 0.88; Figure 4.1A, upper line]. MDMA dose-dependently modulated 

freezing during the on-drug post-shock [F(7, 176) = 5.24, p < 0.001; Figure 4.1B], off-

drug context [F(7, 176) = 7.17, p < 0.001; Figure 4.1C], and off-drug tone [F(7, 176) = 

3.98, p < 0.001; Figure 4.1D] tests. Compared to saline controls, only mice given 10 mg/kg 

MDMA exhibited reduced freezing during the post-shock test (p < 0.001; all other p values 

> 0.05), and only mice previously given 3 or 10 mg/kg MDMA exhibited reduced freezing 

during the context (p values ≤ 0.03; all other p values > 0.1) and tone (p values ≤ 0.01; all 

other p values > 0.06) tests. 

Conditioned Place Preference and Behavioral Sensitization. The effects of 

MDMA (0–10 mg/kg, i.p.) on addiction-related behaviors were examined using 

conditioned place preference and behavioral sensitization. Mice were trained for 7 days in 

a two-sided chamber; on each day, mice were injected with saline and placed into the 

unpaired side and then injected with MDMA and placed into the paired side. Locomotor, 

stereotyped, and vertical activity on the drug-paired side was measured. Significant group 

differences in activity were not observed on Day 1 [locomotion: F(3, 41) = 1.77, p = 0.17; 

stereotypy: F(3, 41) = 1.06, p = 0.38; verticality: F(3, 41) = 0.43, p = 0.74; Figures 4.2A, 

4.2D, 4.2G, left], but were observed on Day 7 [locomotion: F(3, 41) = 11.85, p < 0.001; 

stereotypy: F(3, 41) = 7.54, p < 0.001; verticality: F(3, 41) = 6.82, p < 0.001; Figures 4.2A, 

4.2D, 4.2G, right]. Compared to saline controls, only mice receiving 10 mg/kg MDMA 
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showed significantly increased locomotor (p < 0.001; all other p values > 0.7), stereotyped 

(p = 0.001; all other p values > 0.3), and vertical (p < 0.001; all other p values > 0.6) activity 

on Day 7. 

There were also significant main effects of group [locomotion: F(3, 41) = 11.23, p 

< 0.001; stereotypy: F(3, 41) = 7.21, p < 0.001; verticality: F(3, 41) = 3.64, p = 0.02] and 

group-by-day interactions [locomotion: F(18, 246) = 3.6, p < 0.001; stereotypy: F(18, 246) 

= 2.51, p < 0.001; verticality: F(18, 246) = 3.51, p < 0.001] on average daily activity across 

the seven days of training (Figures 4.2B, 4.2E, 4.2H). Compared to saline controls, only 

mice receiving 10 mg/kg MDMA showed significantly increased locomotor (p < 0.001; all 

other p values > 0.8), stereotyped (p = 0.001; all other p values > 0.5), and vertical (p = 

0.007; all other p values > 0.6) activity, and these effects were observed on the last five 

days (locomotion: p values ≤ 0.002; stereotypy: p values ≤ 0.02; verticality: p values ≤ 

0.01) but not the first two days of training (locomotion: p values > 0.07; stereotypy: p 

values > 0.09; verticality: p values > 0.1). Lastly, there were significant group differences 

in the development of sensitization as measured by the difference in average activity on 

Day 7 versus Day 1 [locomotion: F(3, 41) = 4.42, p = 0.009; stereotypy: F(3, 41) = 3.57, p 

= 0.02; verticality: F(3, 41) = 4.32, p = 0.01; Figures 4.2C, 4.2F, 4.2I]. Only mice receiving 

10 mg/kg MDMA exhibited a significant increase in locomotor (p = 0.002; all other p 

values > 0.5), stereotyped (p = 0.03; all other p values > 0.3), and vertical (p = 0.04; all 

other p values > 0.1) activity from Day 1 to Day 7 when compared to saline controls. 

We found statistically significant sex differences in the effects of MDMA on 

locomotor activity during training. There was a main effect of sex that trended towards 
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significance [F(1, 37) = 3.06, p = 0.09] and a significant group-by-sex interaction [F(3, 37) 

= 9.99, p < 0.001] on Day 1 (Figure 4.3A, left). There was also a significant main effect 

of sex [F(1, 37) = 5.76, p = 0.02] and a significant group-by-sex interaction [F(3, 37) = 

3.27, p = 0.03] on Day 7 (Figure 4.3A, right). Sex differences were observed only in mice 

receiving 10 mg/kg MDMA (Day 1: p < 0.001, all other p values > 0.2; Day 7: p < 0.001, 

all other p values > 0.3). Compared to saline controls of the same sex, female (p < 0.001) 

but not male (p = 0.17) mice receiving 10 mg/kg MDMA showed significantly increased 

locomotion on Day 1, and both female (p < 0.001) and male (p = 0.01) mice receiving 10 

mg/kg MDMA showed significantly increased locomotion on Day 7.  

There was also a significant main effect of sex [F(1, 37) = 7.61, p = 0.009] and a 

significant group-by-sex interaction [F(3, 37) = 11.8, p < 0.001] on average daily 

locomotion across the seven days of training (Figure 4.3B). Sex differences were observed 

only in mice receiving 10 mg/kg MDMA (p < 0.001; all other p values > 0.6). Compared 

to saline controls of the same sex, female (p < 0.001) but not male (p = 0.09) mice receiving 

10 mg/kg MDMA showed significantly increased locomotion across the seven days of 

training. In female mice, there was a significant main effect of group [F(3, 17) = 39.12, p 

< 0.001] and a significant group-by-day interaction [F(18, 102) = 2.07, p = 0.01]. 

Compared to female saline controls, only female mice receiving 10 mg/kg showed 

significantly increased locomotion (p < 0.001; all other p values > 0.8) and this effect was 

observed on all seven days of training (p values ≤ 0.002). In male mice, there was no 

significant main effect of group [F(3, 20) = 1.63, p = 0.21] but there was a significant 

group-by-day interaction [F(18, 120) = 2.02, p = 0.01]. Compared to male saline controls, 
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only male mice receiving 10 mg/kg showed significantly increased locomotion on the last 

three days (p values ≤ 0.04) but not the first four days (p values > 0.2) of training. Despite 

significant sex differences in the acute effects of MDMA on locomotion, no main effect of 

sex [F(1, 37) = 0.71, p = 0.41] or group-by-sex interaction [F(3, 37) = 0.19, p = 0.9] was 

observed for the development of sensitization as measured by the difference in average 

locomotion on Day 7 versus Day 1 (Figure 4.3C).  

Twenty-four hours after the last training day, mice were tested off drug for 

conditioned place preference. Mice were allowed free access to both sides and place 

preference was measured by the difference in distance traveled and time spent on the drug-

paired side versus the unpaired side. There were no significant group differences in 

distance traveled [F(3, 41) = 0.48, p = 0.7; Figure 4.4A] or time spent [F(3, 41) = 0.18, p 

= 0.91; Figure 4.4B] between sides. Additionally, none of the groups exhibited place 

preference in locomotor activity [one sample two-tailed t-test against hypothesized µ = 0; 

0 mg/kg, t(11) = 0.09, p = 0.93; 0.1 mg/kg, t(9) = 0.7, p = 0.5; 1 mg/kg, t(10) = 0.43, p = 

0.68; 10 mg/kg, t(11) = 0.81, p = 0.43] or time spent [0 mg/kg, t(11) = 0.65, p = 0.53; 0.1 

mg/kg, t(9) = 0.74, p = 0.48; 1 mg/kg, t(10)= 0.58, p = 0.57; 10 mg/kg, t(11) = 1.39, p = 

0.19]. 

Forty-eight hours after the last training day, mice were challenged with saline and 

then a high dose of MDMA (10 mg/kg) on the paired side. Locomotor, stereotyped, and 

vertical activity in response to the saline challenge and the high dose challenge was scored 

to evaluate conditioned and sensitized responding, respectively. There were significant 

group differences in locomotion following the saline [F(3, 41) = 4.31, p = 0.01; Figure 
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4.5A, left] and high dose MDMA [F(3, 40) = 13.14, p < 0.001; Figure 4.5A, right] 

challenges. Compared to saline controls, only mice trained with 10 mg/kg MDMA 

exhibited a CR as measured by increased locomotion following the saline challenge (p = 

0.008; all other p values > 0.5) or sensitization as measured by increased locomotion 

following the high dose MDMA challenge (p < 0.001; all other p values > 0.5]. The same 

pattern of effects was observed for stereotypy (group differences: p values ≤ 0.02; 10 mg/kg 

versus saline: p values ≤ 0.03) but not verticality (group differences: p values > 0.2) (data 

not depicted).  

Forced Swim Test. The effects of MDMA (0–10 mg/kg, i.p.) on depressive-like 

behavior were examined using the forced swim test. Mice underwent a 6-min on-drug test 

and time spent immobile was scored during the last 4 minutes of testing. MDMA dose-

dependently modulated immobility [F(5, 73) = 13.13, p < 0.001; Figure 4.5B]. Only mice 

given 3 or 10 mg/kg MDMA exhibited reduced immobility relative to saline controls (p 

values < 0.001; all other p values > 0.5). 

 

Discussion 

 The present study provides further evidence for the critical role of dose selection in 

the behavioral effects of MDMA. Specifically, we found that high doses of MDMA 

produced memory impairments (at 3 and 10 mg/kg), some evidence of an addictive 

potential (at 10 mg/kg), and antidepressant effects (at 3 and 10 mg/kg), while low doses of 

MDMA (≤ 1 mg/kg) did not. Frequent high-dose MDMA (≥ 3 mg/kg) should likely be 

avoided for its amnesic effects and addictive potential but low-dose MDMA, which has 
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been administered in recent clinical studies (approximately 1–2 mg/kg MDMA; for review, 

see Feduccia et al., 2018), is likely safe in terms of the behaviors analyzed herein. It appears 

that MDMA has a narrow viable therapeutic window and lowering dose should remain an 

important consideration in clinical use. 

 Our earlier systematic review (Pantoni and Anagnostaras, 2019) questioned 

concerns that therapeutic use of MDMA would cause memory problems, as there was no 

preclinical evidence that MDMA impairs cognition at low, clinically relevant doses (< 3 

mg/kg) but results regarding higher doses (≥ 3 mg/kg) were mixed. The present dose-effect 

analysis provides further evidence that 3 mg/kg MDMA appears to be the threshold for 

memory impairments. Using a Pavlovian fear conditioning paradigm, 10 mg/kg MDMA 

impaired short-term memory (on drug), 3 and 10 mg/kg MDMA impaired long-term 

context and tone memory (off drug), and 0.01 to 1 mg/kg MDMA did not impair memory. 

These memory impairments were not confounded by effects on nociception, as 

demonstrated by lack of group differences in shock reactivity, nor by effects on locomotor 

activity, as the short-term memory-impairing dose of 10 mg/kg MDMA had no effect on 

baseline locomotion and the long-term memory tests were conducted off drug. We did not 

detect any MDMA-induced fear memory enhancements even though psychostimulants 

enhance memory at low, clinically relevant doses (Wood et al., 2007; Shuman et al., 2009; 

Wood and Anagnostaras, 2009; Carmack et al., 2014) and there is only sparse evidence 

that MDMA may sometimes enhance cognition (for review, see Pantoni and Anagnostaras, 

2019). Instead, MDMA produced dose-dependent effects that were similar to that of the 

SSRI citalopram (i.e., no effects at low, clinically relevant doses; impairments at high 
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doses; Carmack et al., 2014). It is possible that MDMA does not act strongly enough at 

DAT and NET to enhance memory or that drug action at SERT interferes with memory 

enhancement. Enhanced memory reconsolidation and fear extinction has been proposed as 

a potential therapeutic mechanism of MDMA-assisted psychotherapy for post-traumatic 

stress disorder (Feduccia and Mithoefer, 2018). While we did not detect changes in fear 

learning at low, clinically relevant doses of MDMA, high-dose MDMA (7.8 mg/kg) has 

been shown to enhance fear memory extinction (Young et al., 2015, 2017), and further 

research should investigate the effects of low-dose MDMA on fear extinction. 

The addictive potential of high-dose psychostimulants is reflected in their 

propensity to elicit acute locomotor stimulation, behavioral sensitization, conditioned 

responding, and conditioned place preference (Robinson and Berridge, 1993, 2003, 2008; 

Anagnostaras and Robinson, 1996; Anagnostaras et al., 2002; Shuman et al., 2012; 

Carmack et al., 2014, 2017). We found that treatment with low, clinically relevant doses 

of 0.01 and 1 mg/kg MDMA did not lead to any addiction-related behaviors, even 

following the 10 mg/kg MDMA high dose challenge. Treatment with a high, memory-

impairing dose of 10 mg/kg MDMA did lead to behavioral sensitization and conditioned 

responding, but not acute locomotor stimulation or conditioned place preference. There 

were also interesting sex differences in the effects of 10 mg/kg MDMA on acute locomotor 

activity, as only females showed increased locomotion starting on the first day of training. 

This may be related to findings that females are more sensitive than males to the 

psychological effects of MDMA (for review, see Liechti et al., 2001 and Allott and 

Redman, 2007). However, both sexes similarly developed sensitization. Other drug-pairing 
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procedures have also been found to occasion behavioral sensitization or conditioned 

responding in the absence of conditioned place preference (Hemby et al., 1992; Brown and 

Fibiger, 1993; Rowlett et al., 1994; Seymour and Wagner, 2008; Carmack et al., 2013). 

These findings suggest that repeated use of MDMA at high (but not low) doses may lead 

to compulsive drug taking and drug-cue elicited craving, although MDMA may be less 

rewarding and less likely to provoke drug seeking than psychostimulants and other drugs 

that induce conditioned place preference (for reviews, see Tzschentke, 2007 and Carmack 

et al., 2017).  

There are opposing views regarding how MDMA modulates depressive symptoms 

— one view holds that MDMA exacerbates mood problems including depression (for 

review, see Morgan, 2000), while the other holds that MDMA has antidepressant properties 

that are implicated in its therapeutic effects (Yazar-Klosinski and Mithoefer, 2017; Thal 

and Lommen, 2018). Recent clinical studies report both depression symptom improvement 

as a secondary outcome and depressed mood as a treatment-emergent adverse event 

following MDMA-assisted psychotherapy (Mithoefer et al., 2019). Using the forced swim 

test, we detected acute MDMA-induced antidepressant effects at high, memory-impairing 

doses of 3 and 10 mg/kg but not at lower doses of 0.1, 0.5, and 1 mg/kg. Drugs that induce 

acute locomotor stimulation can lead to a false positive result in the forced swim test 

(Porsolt et al., 1978). This is a common concern with psychostimulants; however, there is 

clinical data suggesting that psychostimulants do indeed alleviate depressive symptoms 

and thus the term “false positive” may be misleading (Candy et al., 2008; Castagné et al., 

2011). It is unlikely that locomotor stimulation was responsible for decreased immobility 
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in the present study as we found little evidence that a single dose of 3 or 10 mg/kg MDMA 

acutely stimulates locomotor activity when averaged across both sexes. Since we found no 

acute antidepressant effects at low, clinically relevant doses, it is possible that low-dose 

MDMA requires chronic administration to reduce depressive-like behavior as do low-dose 

SSRI, NRI, TCA, and MAO-I antidepressants (Detke et al., 1997; Vázquez-Palacios et al., 

2004; Cryan et al., 2005a, 2005b). Low, non-amnesic doses of MDMA may also have other 

therapeutic effects, such as increased sociality or openness, that facilitate the clinical 

improvements observed following MDMA-assisted psychotherapy (Heifets and Malenka, 

2016; Wagner et al., 2017). 

There is increasing evidence that the therapeutic effects of MDMA are mediated by 

the serotonergic system whereas its memory-impairing and addiction-related effects are 

mediated by the dopaminergic system. Young et al. (2017) demonstrated that the action of 

MDMA at SERT and subsequent 5-HT2A receptor activation plays an important role in its 

enhancement of fear memory extinction. Similarly, Heifets et al. (2019) demonstrated that 

the action of MDMA at SERT and subsequent 5-HT1B receptor activation within the 

nucleus accumbens is necessary and sufficient for its prosocial effects, whereas MDMA 

binding at DAT and the consequent increase in DA release is required for its rewarding 

effects. Risbrough et al. (2006) revealed that the DA receptor subtypes have differential 

modulatory roles in MDMA-induced hyperactivity; specifically, D1 receptor activation 

modifies the type of activity (linear versus circumscribed) whereas D2 receptor activation 

contributes to repetitive circling behavior. Squire et al. (2020) found that MDMA may 

indirectly impair memory via overstimulation of D1 receptors, which challenges the 
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assumption that its acute memory effects are predominantly due to serotonergic 

mechanisms. The effects of MDMA on the serotonergic versus dopaminergic systems are 

also dose-dependent. At low doses (< 3 mg/kg), MDMA stimulates 5-HT release and little 

to no DA release, whereas at high doses (≥ 3 mg/kg), MDMA stimulates both 5-HT and 

DA release (Kankaanpää et al., 1998; Baumann et al., 2005, 2007). In accordance with 

these findings, we detected MDMA-induced memory impairments and addiction-related 

behaviors at high doses that correlate with substantial DA release. Additional evidence 

suggests that the R(-) enantiomer of MDMA retains the therapeutic effects but not the 

adverse effects of racemic MDMA because of its significantly decreased potency as a DA 

releaser (Curry et al., 2018; Pitts et al., 2018). It is plausible that low-dose racemic MDMA 

or another drug that preferentially induces 5-HT release may promote prosocial behavior 

without impairing memory or producing addiction.  

Our findings suggest that therapeutic use of MDMA below 3 mg/kg is unlikely to 

produce significant adverse cognitive effects. While psychostimulants have the potential 

for addiction and toxicity at high doses, they are effective and safe cognitive enhancers that 

are prescribed at low doses for extended periods of time (for review, see Wood et al., 2014). 

Similarly, MDMA is showing great promise as a psychotherapeutic, and low doses seem 

to pose little risk of memory impairments, addiction, or depressed mood. Since the dose 

threshold for potential memory impairments and addiction (3 mg/kg MDMA) is close to 

the doses used in recent clinical studies (approximately 1–2 mg/kg MDMA; for review, 

see Feduccia et al., 2018), future studies should consider exploring even lower doses. 

MDMA may have remarkable therapeutic effects and a preferable safety profile at ultra-
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low doses (i.e., microdoses), as do psychostimulants (e.g., Wood and Anagnostaras, 2009) 

and possibly psychedelics such as LSD and psilocybin (Kuypers et al., 2019). In all, we 

believe that the potential adverse effects of MDMA should be considered within the 

framework of its therapeutic application.
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Figure 4.1 Effects of MDMA on fear learning and memory. (A) On-drug activity during 
the 3-min training baseline period and the 2-s footshock. Mice given 3 mg/kg MDMA 
showed increased baseline locomotion relative to saline controls. There were no group 
differences in shock reactivity. (B) Short-term memory as measured by percent freezing 
during the on-drug post-shock test. Mice given 10 mg/kg MDMA showed impaired short-
term memory relative to saline controls. (C) Long-term context memory as measured by 
percent freezing during the off-drug context test, one week after training. Mice previously 
given 3 or 10 mg/kg MDMA showed impaired long-term context memory relative to saline 
controls. (D) Long-term tone memory as measured by percent freezing during the off-drug 
tone test, one day after context testing. Mice previously given 3 or 10 mg/kg MDMA 
showed impaired long-term tone memory relative to saline controls. Each point represents 
the mean ± 1 standard error. The grey bar indicates standard error range for the comparison 
saline control group. Asterisks identify significant comparisons against the saline control 
group using Fisher’s LSD (*P < 0.05, **P < 0.01, and ***P< 0.001).
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Figure 4.2 Effects of MDMA on behavioral sensitization. Mice were trained for 7 days 
and locomotion (A–C), stereotypy (D–F), and verticality (G–I) on the drug-paired side 
was measured. (A, D, G) Time course of activity on Day 1 (left) and Day 7 (right) of 
training. There were no group differences on Day 1, but on Day 7, mice receiving 10 mg/kg 
MDMA exhibited increased locomotion (A), stereotypy (D), and verticality (G) relative to 
saline controls. (B, E, H) Average activity on each of the seven days of training. Mice 
receiving 10 mg/kg MDMA exhibited increased locomotion (B), stereotypy (E), and 
verticality (H) relative to saline controls from Day 3 to Day 7. (C, F, I) Development of 
sensitization as measured by the difference in average activity on Day 7 versus Day 1. Mice 
receiving 10 mg/kg MDMA exhibited a greater increase in locomotion (C), stereotypy (F), 
and verticality (I) from Day 1 to Day 7 relative to saline controls. Asterisks identify 
significant comparisons against the saline control group at the same time point. 
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Figure 4.3 Sex differences in effects of MDMA on locomotion. Data from Figure 4.2 
divided by female (left) and male (right) mice. (A) Time course of locomotion on Day 1 
(left) and Day 7 (right) of training. Female mice receiving 10 mg/kg MDMA exhibited 
increased locomotion relative to female saline controls on Days 1 and 7. Male mice 
receiving 10 mg/kg MDMA exhibited increased locomotion relative to male saline controls 
on Day 7 only. (B) Average locomotion on each of the seven days of training. Female mice 
receiving 10 mg/kg MDMA exhibited increased locomotion relative to female saline 
controls on all seven days. Male mice receiving 10 mg/kg MDMA exhibited increased 
locomotion relative to male saline controls from Day 5 to Day 7 only. (C) Development of 
sensitization as measured by the difference in average locomotion on Day 7 versus Day 1. 
There was no main effect of sex or group-by-sex interaction. Asterisks identify significant 
comparisons against the saline control group of the same sex and at the same time point. 
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Figure 4.4 Effects of MDMA on conditioned place preference. Following 7 days of 
training, mice were tested off drug for place preference, which was measured by the 
difference in distance traveled (A) and time spent (B) on the drug-paired side versus the 
unpaired side. There were no significant group differences and none of the groups exhibited 
a significant preference for either side. 
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Figure 4.5 Effects of MDMA on conditioned and sensitized responding, and 
depressive-like behavior. (A) Following training and place preference testing, mice 
underwent saline (left) and high dose MDMA (right) challenge tests on the paired side and 
locomotion was scored to evaluate conditioned and sensitized responding, respectively. 
Mice trained with 10 mg/kg MDMA showed increased locomotion relative to saline 
controls following both challenge injections. (B) A separate cohort of mice underwent a 6-
min on-drug forced swim test and time spent immobile was measured during the last 4 
minutes of testing. Mice given 3 or 10 mg/kg MDMA exhibited reduced immobility 
relative to saline controls.  
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The startle response is an unconditiona l reflex, characterized by the rapid contraction 

of facial and skeletal muscles, to a sudden and intense startling stimulus. It is an 

especially useful tool in translational research for its consistency across species, simple 

neural circuitry, and sensitivity to a variety of experimental manipulations . The rodent 

acoustic startle response is common ly used to study fundamental properties of the 

central nervous system, including habituation, sensitization, classical conditioning, fear 

and anxiety, sensorimotor gating, and drug effects. The rodent startle response is typically 

assessed in stabilimeter chambers, and while these systems are excellent at measuring 

startle, they are designed only for this sole purpose. In the present study, we used the 

VideoFreeze system - a widely used tool for studying Pavlovian fear conditioning -t o 

assess the acoustic start le response in freely moving mice. We validated the use of this 

system to quantify startle response amplitude and prepulse inhibition of startle. This is 

the first demonstration to date of using standard video in the automated assessment of 

the acoustic startle response in rodents. We believe that researchers already using the 

VideoFreeze system will benefit from the additional ability to assess start le without the 

purchase of new equipment. 

Keywords: startle , prepulse inhibition, video, methods, rodent models, phenotyping, fear conditioning, 
neuropsychiatric disorders 

INTRODUCTION 

The startle response is an unconditional reflex, characterized by the rapid contraction of facial 
and skeletal muscles, to a sudden and intense startling stimulus, such as a noise bur st, air puff, or 
light flash (Landis and Hunt , 1939; Koch and Schnitzler, 1997; Berg and Balaban, 1999; Swerdlow 
et al., 1999). It is an especially useful tool in translational research for its consistency across 
species (Landis and Hunt , 1939; Bullock, 1984; Davis, 1984; Swerdlow et al., 1999), simple neural 
circuitry (Davis et al., 1982; Lingenhohl and Friauf, 1994; Yeomans and Frankland , 1995; Koch and 
Schni tzler, 1997), and sensitivity to a variety of experimental manipulations (Koch and Schni tzler, 
1997; Koch, 1999; Fendt and Koch, 2013). The rodent acoustic startle response is commonly used 
to study fundamental properties of the central nervous system, including habituation , sensitization, 
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classical conditioning, fear and anxiety, sensorimotor gating, and 
drug effects (Groves and Thompson, 1970; Davis, 1980, 1986, 
2006; Davis et al., 1982, 1993; Swerdlow et al., 1992; Pilz and 
Schnitzler, 1996; Koch, 1999). One important phenomenon that 
is used to model sensorimotor gating is prepulse inhibition (PPI), 
the suppression of the startle response when a weak prestimulus 
precedes the strong startling stimulus (Graham , 1975; Swerdlow 
et al., 2000; Li et al., 2009). Deficits in sensorimotor gating 
are important features of many neuropsychiatric disorders 
(e.g., schizophrenia, obsessive compulsive disorder, Huntington 's 
disease, Tourette syndrome) (see review by Kohl et al., 2013), 
and thus PPI of the rodent acoustic startle response has become 
a leading tool for studying the pathophysiology, pharmacology, 
and genetics of these disorders (Swerdlow and Geyer, 1998; 
Swerdlow et al., 2000, 2016; Geyer et al., 2001, 2002; Powell et al., 
2011; Fendt and Koch, 2013). 

Assessing the startle response in rodents can be challenging 
given its extremely brief duration. The latency of the rodent 
acoustic startle response is estimated to be between 5 and 12 ms 
among different muscle groups (e.g., neck, hindlimb) (Ison et al., 
1973; Willott et al., 1979; Davis et al., 1982; Cassella et al., 
1986; Parham and Willott, 1988; Lingenhohl and Friauf, 1994; 
Yeoman s and Frankland, 1995; Pilz and Schnitzler, 1996; Koch 
and Schnitzler, 1997; Carlson and Willott , 1998). Because of 
this challenge, the rodent startle response is typically assessed 
in small stabilimeter chambers that constrain animal movement 
(Geyer and Swerdlow, 1998; Geyer and Dulawa, 2003). This 
testing process can be stressful and unpleasant for animals 
and requires extensive habituation and calming procedures 
(Geyer and Swerdlow, 1998). Moreover, this chamber is designed 
only to measure this single behavior. Thus, the ability to 
measure rodent startle intensity using alternative methods such 
as standard video in a Skinner-type conditioning chamber could 
be exceptionally valuable. 

In the present study, we validate the use of the VideoFreeze 
system (Med-Associates Inc., Georgia, VT, USA) to assess the 
acoustic startle response and detect PPI of this response in 
freely moving mice. This system was designed for the automated 
assessment of freezing behavior and locomotor activity using 
digital video (see Anagnostaras et al., 2010). Animal movement 
within the digital video stream is quantified using a motion index, 
which is generated using a proprietary motion analysis algorithm 
that compares successive video frames while controlling for 
baseline video noise on a pixel-by-pixel basis. VideoFreeze 
is quite sensitive in scoring rodent movements of any kind, 
including ultra -fine movements such as respirat ion. VideoFreeze 
samples video at 30 Hz, and at face value, it may seem that the 
acoustic startle response is too fast to capture using standard 
digital video. However, the VideoFreeze system time locks 
stimulus presentation with the timing of video frame acquisition, 
and the exposure time per frame is relatively long. Thus , it 
is plausible that the 30 Hz video stream would capture frames 
just before, during, and immediately after the startle response, 
and then could be used to score startle intensity. Indeed, we 
found that the VideoFreeze system accurately measured the 
startle response and PPI of this response in mice. Although 
the traditional floor deflection potentiometer startle systems are 
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excellent at measuring startle responses, they are also complex, 
specialized only for startle, expensive, and take up lab space. We 
suggest this advancement could be useful for labs that already 
own VideoFreeze systems and may want to evaluate startle. 

MATERIALS AND METHODS 

Subjects 
16 (8 males, 8 females) hybrid C57BL/6Jxl29Sl/SvimJ (Jackson 
Laboratory , West Sacramento , CA, USA) mice were used. Mice 
were weaned at 3 weeks of age and group-housed (2-5 mice per 
cage) with unrestricted access to food and water. The animal 
colony was kept on a 14:10-h light/dark schedule and all testing 
occurred during the light phase. Mice were at least 10 weeks old 
and handled for 3 days (1 min/day) prior to testing. All animal 
care and experimental procedures were approved by the UCSD 
IACUC and in compliance with the NRC gth Guide for the Care 
and Use of Laboratory Animals . 

VideoFreeze System 
The VideoFreeze system (Med-Associates Inc., Georgia , VT, 
USA; see Anagnost aras et al., 2010) was used to assess acoustic 
startle. For all experiments, four mice were tested concurrently 
in individual chambers (32 x 25 x 25 cm), which consisted 
of stainless-steel side walls and rod floors, white acrylic back 
walls, and clear polycarbonate front and top walls. Testing 
chambers were illuminated with white and near -infrared light 
and were cleaned with 7% isopropyl alcohol. Each chamber 
was encased in a sound-attenuated box, and background noise 
(65 to 70 dB) was produced by internal ventilation fans. 
A broad band white noise signal generated by VideoFreeze 
was rerouted through a consumer amp lifier (SOW RMS per 
speaker; Denon DRA-395) and sent to consumer speakers (2.75-
inch woofer, 0.5-inch tweeter; Yamaha NS-AP1400S) placed 
inside each chamber. Testing sessions were video recorded 
at a rate of 30 Hz by a standard digital camera mounted in 
front of each chamber and connected to a Windows computer 
running the VideoFreeze software (Med Associates Video Freeze 
Software, RRID:SCR_Ol4574, SOF-843). VideoFreeze used this 
video stream to quantify animal movement via a motion index 
(see Motion Scoring section below). 

Input/Output Function 
A protocol adapted from Valsamis and Schmid (2011) was used 
to generate an input/output (i/o) function for our hybrid mouse 
colony, which represents the relationship between acoustic 
stimulus intensity and startle response amplitude. Mice were 
habituated to both the testing chambers and the acoustic stimuli 
twice prior to i/o function testing. The acoustic stimuli were 
200 ms white noise bursts with Oms rise times that varied in 
decibel intensities . Testing began with a 4-min baseline period, 
followed by the presentation of one noise burst every 20 s, which 
started at 75 dB and increased between each presentation by 5 dB 
until reaching 120 dB. The 75 dB noise burst was presented four 
times and all other noise bursts were presented only once. 
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High-Speed Video 
A separate observation of the startle response was conducted 
using a high-speed imaging system to observe the response 
with greater temporal resolution. A MotionBLITZ EoSens mini 
camera (Mikrotron, Munich, Germany) was used to record video 
at 1,000 Hz. Video acquisition was triggered by an output from 
VideoFreeze using a 28-volt to TTL converter (SG-231, Med 
Associates) so that the high-speed video could be correlated 
with the timing of startle stimulus presentation. The VideoFreeze 
system was running simultaneously so that the videos and data 
from the high -speed imaging system and the VideoFreeze system 
could be compared . The primary purpose of this was to ensure 
the startle response we were recording accords well with that 
recorded in standard startle chambers. 

Prepulse Inhibition 
A protocol adapted from Valsamis and Schmid (2011) was used 
to assess prepulse inhibition (PPI) of the acoustic startle response. 
Based on the i/o function (see Results section, Figure 1), the 105 
dB noise burst produced significant startle and the 75 and 85 dB 
noise bursts produced little to no startle. Accordingly, 105 dB 
white noise bursts (200 ms duration, 0 ms rise time) were used as 
pulse stimuli and 75 or 85 dB white noise bursts (4ms duration, 
0 ms rise time) were used as prepulse stimuli. 

PPI testing began with a 5-min baseline , followed by a 
habituation phase and then a PPI phase . The habituation phase 
consisted of the presentation of 30 pulses, each 20 s apart. The 
PPI phase consisted of 50 trials -p ulse-only trials (10) and 
prepulse/pulse trials ( 40)-each 20 s apart . In the prepulse/pulse 
trials, the prepulse was presented prior to the pulse at an inter­
stimulus interval (ISI) of 50 or 100 ms. The 50 trials were 
pseudorandomized into five conditions: (1) No prepulse (pulse­
only), (2) 75 dB prepulse and 50 ms ISI, (3) 85 dB prepuls e and 
50 ms ISI, (4) 75 dB prepulse and 100 ms ISI, or (5) 85 dB prepulse 
and 100 ms ISL 

An additional prepulses-only experiment was conducted to 
determine the effect of the prepulses alone on startle. This 
experiment began with a 5-min baseline , followed by 20 prepulse­
only trials, each 20 s apart, that alternated between 75 and 85 dB. 

Motion Scoring 
VideoFreeze uses a proprietary motion analysis algorithm (see 
(Anagnostaras et al., 2010) for full description) to calculate a 
motion index (in arbitrary units [au]) for each frame of video, 
which measure s the number of changed pixels between successive 
video frames while ignoring pixel changes caused by video noise 
(primarily jitter and compression artifacts). A reference video 
sample is taken before an animal is placed in the conditioning 
chamber in order to establish the amount of baseline noise 
inherent to the video signal. This approach determines the 
number of pixels in which the intensity value is changing from 
frame to frame under baseline (no animal present) conditions. 
Once the animal is placed in the chamber, the number of pixels 
in which the intensity value is changing from frame to frame is 
compared against the baseline noise reference . The motion index 
represents the number of pixels that are changing from frame to 
frame above the baseline noise level. Consequently, a frame in 
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which a large movement occurs results in a high motion index, 
and because the camera accumulates exposure across each shutter 
interval, this movement appears as blur in the video still image. 

The maximum motion index value within a specified time 
frame was used to score startle amplitude, as this measure 
captures rapid yet significant alterations in movement that 
occur in response to the onset of a noise burst. The maximum 
motion index during the time frame of interest (i.e., during 
the noise burst) was normalized to the maximum motion index 
during a baseline period (i.e., immediately prior to the noise 
burst). Despite the brevity of the mouse startle response (see 
Introduction), it is advised to measure whole-body startle over 
a relatively long interval (e.g., 100 to 200 ms) after stimulus onset 
(Cassella et al., 1986). For the i/o experiment, normalized startle 
amplitude was calculated as the maximum motion index during 
the 200 ms after the onset of the noise burst minus the maximum 
motion index during the 200 ms before the onset of the noise 
burst. For the PPI experiment, normalized startle amplitude was 
calculated as the maximum motion index during the 200 ms 
after the onset of the pulse minus the maximum motion index 
during the 200 ms before the onset of the prepulse (300 to 100 ms 
before the onset of the pulse). For the prepulses -only experiment, 
normalized startle amplitude was calculated as the maximum 
motion index during the 200 ms after the onset of the prepulse 
minus the maximum motion index during the 200 ms before the 
onset of the prepulse . 

A motion index was also calculated for each frame of the 
high-speed video stream. Here, each video frame (a region of 
interest containing the mouse) was compared to the background 
video (same sized region, but no mouse) on a pixel-by-pixel 
basis and expressed as an overall ratio, such that a motion 
index of 1 represents animal motion that is similar to the 
background level of video noise . The pseudocoloring of the 
video frame pixels in Figure 3 is scaled according to how 
much each pixel varies from the background video signal, with 
brighter colors (i.e., yellow) indicating more animal motion in 
that region. 

Statistical Analyses 
Data were analyzed using repeated measures univariate analyses 
of variance (ANOVAs) to identify overall group differences. Post­
hoc comparisons were performed following significant ANOVAs 
using Fisher's Least Significant Difference (LSD) tests against 
a control condition (75 dB noise burst in the i/o experiment; 
pulse-only, pulse/prepulse at the same intensity, and prepulse­
only at the same intensity in the PPI experiment). The level of 
significance was set at p :::: 0.05 for all analyses. 

RESULTS 

We first explored the potential to elicit and measure the acoustic 
startle response using the Video Freeze system. Mice were 
presented with white noise burst stimuli of increasing intensities 
and movement was quantified via motion index scores derived 
from the video signal. Figure I displays the i/o function for 
our hybrid mice, which established the average normalized 
startle amplitude in response to acoustic stimuli of increasing 
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FIGURE 1 I Input/o utput function. The relat ionship between acoustic stimulus 

intensity and start le response amp litude for our hybrid mice. Acoust ic stimuli 
were white noise bursts (200 ms with Oms rise time) of increasing intensities 

(four trials at 75 dB then single trials at 80- 120 dB). Normalized startle 
amp litude was significantly enhanced at the 95 , 100, 105, 110, 115, and 120 

dB noise bursts relative to the 75 dB noise burst. Each point represents the 

mean ± 1 standard error. The gray bar indicates standard error range for the 
comparison 75 dB noise burst. Data points with asterisk identify significant 
comparisons against the 75 dB noise burst using Fisher 's LSD (·P < 0.05 , .. p 
< 0.0 1, and ... P < 0.001 ). 

intensities (see Supplementary Data I for corresponding data 
sheet and Supplementary Figure I for scatterplot of individual 
animal data). ormalized startle amplitude differed significantly 
across stimulus intensities [F(3_894, SS.4l ) = 5.325, p = 0.001]. 
The 95, 100, 105, llO, ll5, and 120 dB noise bursts led to 
significantly higher normalized startle amplitudes than the 75 
dB noise burst (p-values .:'S 0.012). The 80, 85, and 90 dB 
noise bursts had no effect on normalized startle amp litude 
relative to the 75 dB noise burst (p-values :::: 0.524). To address 
concerns regarding the robustness of these measures in freely 
moving mice, we analyzed the effect of animal orientation on 
startle measurements. Animals were grouped by whether they 
were or iented forward, backward , or sideways during the 105, 
110, and 115 dB noise bursts . Normalized startle amplitude 
did not significantly differ between animal orientations at all 
three stimu lus intensities [see Supplementary Figure 2; 105 dB, 
Fez, 13) = 0.079, p = 0.925; llO dB, Fez, 13) = 0.2,p = 0.821; 115 
dB, Fez. 13) = 0.976,p = 0.403]. 

To confirm that the startle amplitude increases produced by 
the higher-intensity noise bursts in the i/o experiment accurately 
reflect the mouse startle response, we analyzed startle video 
recordings from: (1) VideoFreeze (i/o experiment), and (2) a 
high -speed camera (a separate experiment) . Figure 2 is a frame ­
by-frame exhibition of a mouse startle response to a 105 dB, 
200 ms noise burst, as recorded by VideoFreeze at 30 Hz during 
i/o testing (see Supplementary Movie 1). Each frame represents 
33.33 ms of standard digital video and the VideoFreeze motion 
index for each frame is indicated . The 200 ms before (top six 
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frames) and the 200 ms after (bottom six frames) the onset of 
the noise burst (t = 0 ms) are shown . Before the noise burst, 
baseline activity (i.e., walking) was captured by motion indexes 
of .:'S 93 au. The startle response was observed at t = 66.67 ms 
after the onset of the noise burst and was characterized by a rapid 
recoil of the head and ears, hunching of the back, and extension 
of the tail. Because the camera accumulates exposure across each 
shutter interval, this appears as a blur which is scored as a large 
movement by the VideoFreeze algorithm. Accordingly, at this 
same time point (t = 66.67 ms), there was a large spike in the 
motion index to 485 au. Nearly all of the startle response was 
captured within this 1 video frame except for some tail movement 
that was observed at t = 100 ms. In all, the startle response was 
clearly reflected by a large increase in the maximum motion index 
(485 au) relative to baseline (93 au), resulting in a normalized 
startle amplitude of 392 au. 

In a separate experiment , a high -speed camera that samp les 
video at 1,000 Hz was used alongside VideoFreeze to observe the 
start le response with greater temporal resolution. Figure 3A is a 
frame-by -frame exhibition of a mouse startle response to a 105 
dB, 200 ms noise burst , as recorded by the high-speed imaging 
system (see Supplementary Movie 2). Each frame represents 
1 ms of digital video , and every fifth frame from 20 ms before 
to 200 ms after the onset of the noise burst (t = 0 ms) is shown . 
Animal motion is represented by pseudocoloring of the pixels, 
which was scaled according to how much the pixels varied 
from the background video signal, such that brighter colors 
indicate more movement in that region. Before the noise burst , 
very little movement was observed . The startle response was 
observed from t = 5 ms to t = 105 ms and was characterized 
by the same nose, ear, back, and tail movements observed in 
Figure 2, which progressed from rostral to caudal. Figure 3B 
presents the motion index calculated from the h igh-speed video 
of every 1 ms from 100 ms before to 200 ms after the onset of 
the noise burst. Figure 3C presents the motion index calculated 
by VideoFreeze of every 33.33 ms from 100 ms before to 200 ms 
after the onset of the noise burst. Both the high-speed (Figure 3B) 
and VideoFreeze (Figure 3C) motion indexes sharply increased 
following the onset of the noise burst (t = 0 ms) and remained 
elevated throughout the duration of the 200 ms noise burst. These 
responses also coincide with the startle response observed in 
Figure 3A. In short, the high-speed (Figure 3B) and VideoFreeze 
(Figure 3C) motion indexes captured the startle response in a 
similar manner - they both rose sharp ly and remained elevated 
during the 200 ms noise burst. The motion index reported by 
VideoFreeze was relatively larger than that reported by high­
speed camera; this is likely because most of the motion that was 
resolved on a millisecond basis in individual frames in the high­
speed recording was captured as motion blur in a single frame 
in VideoFreeze . Overall, the startle response that was captured 
using high -speed video was also captured using standard video 
rates and quant ified using the VideoFreeze motion index . 

Lastly, we explored the potential to capture prepulse 
inhibition (PPI) of the startle response using the VideoFreeze 
system. Mice were presented with pulse stimuli (200 ms, 105 
dB) alone or preceded by a prepulse stim ulus (4ms, 75 
or 85 dB, 50 or 100 ms prior to the pulse) . In a separate 
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experiment, mice were presented with prepulse stimuli ( 4 ms, 
75 or 85 dB) alone. The pulse and prepulse inten sities were 
selected because the 105 dB noise burst produced significant 
startle and the 75 and 85 dB noise bursts produced little 
to no startle during i/o testing (see Figure 1). Figure 4 

Quantifying Startle Using Standard Video 

displays the average normaliz ed startle amplitude elicited 
by the pulse-only, prepul se/pulse, and prepul se-only stimuli 
(see Supplementary Data 2 for corresponding data sheet and 
Supplementary Figure 3 for scatterplot of individual animal 
data). Normalized startle amplitude differed significantly across 

FIGURE 21 The startle response as captured by VideoFreeze. Frame-by-frame video still images showing a mouse from 200 ms before to 200 ms after the onset of 
the 105 dB, 200 ms white noise burst in the i/ o experiment. Digital video was recorded at 30 Hz, so each frame represents 33.33 ms of video. Time (t) is relative to the 

onset of the noise burst (I= 0 ms). Motion represents the motion index sco re calc ulated by the VideoFreeze system . Top six frames include the 200 ms before the 
onset of the noise burst (maximum motio n index = 93 au, indicated by asterisk) and bottom six frames include the 200 ms after the onset of the noise burst (maximum 

motion index = 485 au, indicated by double-asterisk). For this example, normalized start le amplit ude (maximum motion index after minus before onset) = 392 au. 
Before the noise burst, baseline activity was captured by motion indexes of :s 93 au. At t = 66.67 ms , there was a large spike in the motion index to 485 au, and the 

startle response was observed and characterized by significant head, ear, back, and tail movements (body parts in motion appear blurry in image). At t = 100 ms, the 
motion index decreased to 73 au, as movement was observed in the tail only. The startle response concluded by I = 133.33 ms. 
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stimuli conditions [Fcs.12, 814) = 8.789, p < 0.001]. Compared 
to the pulse-only condition, the presentation of a prepul se 
immediately prior to the pulse significantly reduced norm alized 
startle amplitude (p-values :S 0.007). Within the two 75 dB 
prepulse/pul se condition s, the 100 ms ISi led to a significantly 
higher normalized startle amplitude than the 50 ms ISi (p = 
0.047). There were no significant differences between the other 
prepulse/pul se conditions (p-values :::. 0.198). Normalized startle 
amplitude was significantly higher at the 75 dB, 100 ms ISI 
(but not 50 ms ISi) prepulse/pulse condition relative to the 75 
dB prepulse -only condition (p < 0.001) and at both 85 dB 
prepulse /pulse conditions relative to the 85 dB prepuls e-only 
condition (p-values :S 0.03). Normalized startle amplitude did 
not differ between the 75 dB, 50 ms ISI prepulse /p ulse condition 
and the 75 dB prepul se-only condition (p = 0.124). 
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Quantifying Startle Using Standard Video 

DISCUSSION 

Here, we demonstrate the ability to use the VideoFreeze system 
to elicit and measure the acoustic startle response and PPI of 
this response in freely moving mice. Mice were first presented 
with 200 ms white noise bursts of increasing intensitie s and 
exhibited no startle respons es to lower-intensi ty stimuli (75 
dB to 90 dB) but significant startle responses to higher ­
intensity stimuli (95 to 120 dB) (Figure 1). We quantified 
startle amplitude using VideoFreeze's automated assessment of 
animal movement. Specifically, the maximum motion index 
during the noise bur st was normalized against the maximum 
motion index imm ediately prior to the noise bur st, which 
captured rapid yet substantial increases in movement relative 
to a moving baseline . Similar to previous reports (Valsamis 
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FIGURE 3 I The startle response as captured by a high-speed imaging system. (A) Frame-by -frame video still images showing a mouse from 20 ms before to 200 ms 
after the onse t of a 105 dB, 200 ms white noise burst. Digital video was recorded at 1,000 Hz, so each frame represents 1 ms of video . Time (t) indicated is relative to 

the onset of the noise burst (t = 0 ms). Animal mot ion is represented by pseudocoloring of the pixels, such that brighter colors indicate more movement in that region. 
The startle response was observed from t = 5 ms to t = 105 ms and was charac terized by significant nose, ear, back, and tail movements that progressed from rostral 

to caudal. (B) The motion index calculated from the high-speed video of every 1 ms from 100 ms before to 200 ms after the onset of the noise burst. Vertical dashed 

line indicates the onset of the white noise burst at t = 0 ms. Red dots represent the time points of the video frames displayed in (A). Startle amplitude showed a large 
increase between t = 0 ms and t = 200 ms. (C) The motion index calculate d by VideoFreeze of every 33 .33 ms from 100 ms before to 200 ms after the onset of the 

noise burst. Vertical dashed line indicates the onset of the white noise burst at t = 0 ms. Startle amplitude showed a large increase between t = 0 ms and t = 200 ms. 
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and Schmid, 2011), mice began to startle at 95 dB, and startle 
amplitude increased with increasing stimulus intensity until 
reaching a plateau of maximum startle amplitude at 110 dB. The 
mouse startle response was characterized by significant nose, ear, 
back, and tail movements that were observed using standard 
video of 30 Hz and captured quantitively by the normalized 
startle amplitude (Figure 2, Supplemen tary Movie 1). In the 
video still images, the startle response appears as motion 
blur because the VideoFreeze standard camera temporally 
integrates all of the motion that occurs over a single frame 
of 33.33 ms. We believe it is precisely because of this motion 
blur that VideoFreeze is able to capture and quantify the 
startle response. 

The mouse startle response was also observed using high ­
speed video of 1,000 Hz, which appeared similar to the 
response captured by standard video, yet the progression of 
movement from rostral to caudal was more evident (Figure 3A, 
Supplemen tary Movie 2). We compared motion indexes from 
the high-speed video (Figure 3B) and from VideoFreeze 
(Figure 3C), and found that despite the differences in video 
rates, both measures captured the intensity of the mouse 
startle response observed in Figure 3A. Specifically, the startle 
response was reflected by a sharp increase in the high -speed 
and VideoFreeze motion indexes during the startling stimulus. 
This comparison to high-speed video serves to reinforce that 
the signal measured in VideoFreeze is in-line with what 
one would expect based on the higher temporal resolution 
imaging signal. In addition to observing and quantifying 
the mouse startle response, we demonstrated the ability to 
capture prepulse inhibition of acoustic startle response using 
VideoFreeze . Normalized startle amplitude in response to a 
strong pulse (200 ms, 105 dB white noise burst) was significantly 
reduced when the pulse was preceded by a weak prepulse 
(4 ms, 75 dB or 85 dB white noise burst ; 50 ms or 100 ms ISI) 
(Figure 4). 

There can be unexpected variability in motion index scores 
between individual animals or between trials, however in our 
experience, a sample size of 16 mice with 1 trial per i/o 
condition and 10 trials per PPI condition was sufficient for 
averaging out this variability and detecting startle and PPI (see 
Supplemen tary Figures I, 3 for scatterplots of individual animal 
data). Future experiments with different parameters (e.g., animal 
strain, age, size) may introduce more variability and require 
larger sample sizes and/or more trials. 

While this is the first demonstration of using VideoFreeze 
to quantify the startle in mice, Kirshenbaum et al. (2019) 
validated the use ofVideoFreeze to track and quantify startle and 
modifications of startle (e.g., PPI and habituation) in zebrafish. 
Other than this, there are relatively few previous reports of using 
video to measure the startle response . High -speed video has been 
used to capture the startle response in various species of fish 
(Wieland and Eaton, 1983; Hale, 2000; Rice et al., 2011; Chicoli 
et al., 2014; Hale et al., 2016). High-speed video (Derakhshani and 
Lovelace, 2010; Bernar d et al., 2013) and standard video (Essex 
et al., 2003; Vousdoukas et al., 2012; Cosic et al., 2016) have also 
been used in the automated analysis of eye blinks in response 
to startling stimuli in humans . High -speed video has also been 
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FIGURE 41 Prepulse inhibit ion (PPI). Average normalized startle amplitude 
elicited by the pulse alone, the pulse when preceded by a prepulse, or the 

prepulse alone. The pulses were 200 ms, 105 dB white noise bursts with a 
0 ms rise t ime. The prepulses were 4 ms, 75 or 85 dB white noise bursts with a 

0 ms rise time. The inter-stimulus intervals (ISi) between the prepulse and pulse 

on prepulse/ pulse trials were either 50 or 100 ms. Normalized startle amplitude 
was significantly lower at all prepulse/ pulse co nditions relative to the pulse-only 

condition. Within the two 75 dB prepulse/ pulse conditions , normalized startle 
amp litude was significantly higher at the 1 00 ms ISi relative to the 50 ms ISi. 
Normalized startle amplitude was significantly higher at the 75 dB, 100 ms ISi 

prepulse/pulse condit ion relative to the 75 dB prepulse-on ly condition and at 

both 85 dB prepulse/pulse condit ions relative to the 85 dB prepulse-only 
condition. Starred data points identify significant comparisons against the 

pulse-only cond ition (" P < 0 .01, "' P < 0.001), the prepulse/ pulse conditio n 
at the same intensity (dB) (# P < 0.05), and the prepulse-only co ndition at the 
same intensity (dB) (AP < 0.05, and MAP < 0.001) using Fisher's LSD. 

used in conjunction with a piezoelectric startle plate to measure 
the acoustic startle response in mice (Grimsley et al., 2015), and 
standard video has been used to detect but not quantify the 
acoustic startle response in rats (Tovote et al., 2005). Thus , this is 
the first demonstration of using standard video in the automated 
assessment of the acoustic startle response in rodents. 

The VideoFreeze system is a versatile behavioral testing 
apparatus that is used extensively to study Pavlovian fear 
conditioning in rodents (Anagnostaras et al., 2010), and as 
shown here, may also be a valuable tool for studying startle 
response. In addition to the capabilities already described, the 
VideoFreeze system is equipped to present the sound, light, and 
footshock stimuli required in various startle paradigms ( e.g., fear­
potentiated startle). Dedicated equipment using stabilimeters still 
may be more precise than VideoFreeze in assessing startle, and 
may be a better option for certain experiments such as those 
requiring high temporal resolution. Nevertheless, we believe that 
researchers already using the VideoFreeze system will benefit 
from the additional ability to assess startle in a freely behaving 
animal without the purchase of new equipment . 
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CHAPTER 6 

Looking beyond the classical psychedelics,  
entactogens, and stimulants in neuropsychiatry 
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Neuropsychiatric drug development is facing an ongoing crisis that has previously 

been discussed (Paul et al., 2010; Brady and Insel, 2011; Chandler, 2013; Hyman, 2013). 

Neuropsychiatric disorders are the leading cause of disability in the U.S. and the third 

leading cause of disability worldwide (US Burden of Disease Collaborators, 2013; 

Whiteford et al., 2013). The National Institute of Mental Health estimates that the 

economic burden associated with serious mental illness is $317 billion per year (Insel, 

2008). Although one in six U.S. adults takes at least one psychotherapeutic agent (MEPS, 

2018), people suffering from neuropsychiatric disorders still face serious unmet medical 

needs due to existing treatments being inadequate, having serious adverse effects, or 

lacking entirely (Scavone et al., 2019). For example, unsuccessful treatment of bipolar 

disorder contributes to a rate of suicide that is 15 to 30 times higher than the general 

population (Bauer et al., 2018); up to 50 to 60 percent of depressed individuals do not 

achieve adequate response following antidepressant treatment (Fava, 2003); and one- to 

two-thirds of children with attention deficit hyperactivity disorder (ADHD) cannot adhere 

to psychostimulant treatment because of intolerable side effects or poor access to controlled 

medications (Charach and Gajaria, 2008). Lastly, other core symptoms remain completely 

untreated such as social deficits in autism or cognitive deficits in schizophrenia (Gray and 

Roth, 2007; Ghosh et al., 2013). Although the pharmaceutical industry has invested 

tremendous amounts of time and money into neuropsychiatric drug development, there 

have been few meaningful advances over the last three decades (Paul et al., 2010; Hyman, 

2013). As such, in recent years, most of the leading pharmaceutical companies have 

significantly or entirely cut back from this therapeutic area (Miller, 2010; Abbott, 2011; 
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Pankevich et al., 2013; Kesselheim et al., 2015). It is very troubling that neuropsychiatry’s 

skyrocketing disease burden is paralleled by plummeting drug development efforts 

(Chandler, 2013). Innovative approaches are critically needed to transform this field and 

fulfill demands for safe and effective psychotherapeutic drugs (Insel et al., 2013; Pankevich 

et al., 2013).  

 Monoaminergic-based drugs have historically been a primary focus of 

neuropsychiatric drug discovery efforts. The earliest monoaminergic psychotherapeutics 

— e.g., amphetamine (a psychostimulant), reserpine (an antidepressant), imipramine (an 

antidepressant), and chlorpromazine (an antipsychotic) — resulted from serendipitous 

clinical findings in the mid-20th century (Bradley, 1937; Kline, 1954; Lehmann and 

Hanrahan, 1954; Kuhn, 1958). These successes were followed by many “me-too” structural 

analog drugs that offered minor improvements in side effect profiles without real 

improvements in efficacy (Bokhari and Fournier, 2013; Pereira and Hiroaki-Sato, 2018; 

Aronson and Green, 2020). While this approach led to a plethora of drugs that are useful 

today, their mechanisms of action remain poorly understood (Hyman, 2012). A greater 

understanding of the mechanisms underlying the therapeutic and adverse effects of existing 

drugs could facilitate the development of new and improved drugs among a “gold mine” 

that is presumed to have run dry.  

Our lab has taken a systematic approach to better understanding the mechanisms of 

monoaminergic drugs to advance neuropsychiatric drug development. Specifically, we 

have tested a range of inhibitors and reversers of the dopamine (DAT), norepinephrine 

(NET), and serotonin (SERT) transporters at both low and high doses on various behavioral 
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outcomes in mice (Table 6.1). By comparing drugs that non-selectively target the 

monoamine transporters (e.g., the classical psychostimulants of amphetamine, 

methylphenidate, and cocaine) to more selective inhibitors of DAT, NET, and SERT (e.g., 

bupropion, atomoxetine, and citalopram, respectively), it is evident that both DAT and 

NET inhibition is likely responsible for the therapeutic, memory-enhancing effects of low-

dose psychostimulants, and that high affinity DAT inhibition is likely responsible for the 

adverse, reinforcing effects of high-dose psychostimulants (Carmack et al., 2014). Using a 

combination of bupropion and atomoxetine, we tested and confirmed our hypothesis that a 

combination of a low affinity DAT inhibitor and a high affinity NET inhibitor would 

produce long-term memory enhancement but not reinforcement (Pantoni et al., 2020; see 

Chapter 2). This is just one example of how a systematic approach can lead to novel, 

optimized leads that retain or lack specific therapeutic or adverse effects. 

One of the largest challenges in neuropsychiatric drug development has been the 

development of brand-new drugs for untreated indications. Most current 

psychotherapeutics were discovered serendipitously or through a “me-too” approach that 

utilized existing therapeutic drugs as templates (Fibiger, 2012). Yet, a long history of 

recreational drug use also provides a wealth of valuable information for developing novel 

neuropsychiatric drugs. Indeed, the border between legal, therapeutic drugs and illicit, 

recreational drugs has been fluid throughout history (Sneader, 2005). We are currently in 

the midst of one such tipping point recognized as a “psychedelic renaissance” (Sessa, 2012, 

2018; Kelly et al., 2019; Nutt, 2019). Scientific interest in the therapeutic benefits of 

psychedelics, entactogens, and other illicit compounds is booming (Rucker et al., 2018; 
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Andersen et al., 2020; Nutt and Carhart-Harris, 2020; Vollenweider and Preller, 2020; 

Inserra et al., 2021). A growing assembly of scientists, clinicians, patients, and investors 

project that these compounds may revolutionize neuropsychiatric care as we know it today 

(Pollan, 2019), although their approach to drug selection has been opportunistic rather than 

systematic.  

Psychedelics such as psilocybin, LSD (lysergic acid diethylamide), and DMT 

(N,N-dimethyltryptamine) are drugs that produce changes in perceived reality and an 

apparent expansion of consciousness (Leary et al., 1966). Theories suggest that 

psychedelics enhance neural plasticity and allow the revision of entrenched patterns of 

thought and behaviors that maintain psychopathological conditions (Carhart-Harris and 

Friston, 2019). As such, psychedelics may be especially useful for treating general 

treatment-resistance in various conditions such as major depressive disorder, addiction, and 

psychological sequelae in terminal illness (Rucker et al., 2018). Empathogen-entactogens 

such as MDMA (3,4-methylenedioxymethamphetamine) are commonly referred to as 

psychedelics, but in fact are a categorically distinct class of drugs that primarily increase 

feelings of empathy, social connectedness, and benevolence towards others (Greer and 

Tolbert, 1986; Nichols, 1986). Because of their seemingly unique prosocial effects, 

entactogens may be especially useful as an adjunct to psychotherapy or for treating 

disorders in which social behavior is impaired such as autism spectrum disorder, social 

anxiety, and certain personality disorders (Decety and Moriguchi, 2007; Heifets and 

Malenka, 2016). Together, psychedelics and entactogens have potential to tackle some of 

the most critical unmet medical needs in neuropsychiatry. 
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A few psychedelic and entactogenic compounds are currently in various stages of 

the U.S. Food and Drug Administration (FDA) drug approval process for an array of severe 

and poorly treated conditions (ClinicalTrials.gov, 2021). Psilocybin and LSD are being 

investigated as psychotherapy adjuncts or stand-alone treatments in numerous Phase 2 

clinical trials, including psilocybin for unipolar and bipolar depressive disorders, cluster 

headache, anorexia nervosa, body dysmorphic disorder, and alcohol or cocaine use 

disorders, as well as LSD for major depressive disorder, anxiety disorders, cluster 

headache, and anxiety in severe somatic diseases. MDMA is also being investigated as a 

psychotherapy adjunct in Phase 2 clinical trials for anorexia nervosa and binge-eating 

disorder, social anxiety in autistic adults, and anxiety associated with life-threatening 

illnesses including cancer, as well as in Phase 3 clinical trials for post-traumatic stress 

disorder. Other Phase 2 clinical trials include DMT (a rapid-acting psychedelic) for 

depression and ibogaine (a psychedelic with dissociative properties) for methadone 

detoxification and alcoholism. To date, the first and only psychedelic-like compound to 

have reached the psychiatric market is esketamine, a dissociative hallucinogen and S(+) 

enantiomer of ketamine (Kim et al., 2019). Esketamine (Spravato) was approved by the 

FDA for treatment-resistant depression in 2019 and for major depressive disorder with 

accompanying suicidal ideation in 2020 (Janssen Pharmaceuticals, 2020). In fact, this 

NMDA receptor antagonist was the first mechanistically novel psychiatric drug that had 

been developed in over 30 years (Potter et al., 2020).  

The “psychedelic renaissance” has primarily been focused on the following four 

drugs: psilocybin, LSD, MDMA, and ketamine. Despite these compounds demonstrating 
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improved efficacy relative to existing psychotherapeutics (e.g., Feduccia et al., 2019), they 

too pose their own challenges. LSD is extremely potent and may have a narrow range of 

safe and effective doses (Nichols, 2018). Psilocybin, while less potent, is a naturally 

occurring prodrug that is difficult and expensive to cultivate and extract in reliable 

quantities and also challenging to chemically synthesize (Milne et al., 2020). MDMA can 

produce substantial cardiac, neural, hepatic, and hyperpyrexic toxicity, even acutely 

(Kalant, 2001). Ketamine and esketamine often produce states of severe dissociation and 

adverse patient experiences (Gastaldon et al., 2019), and potentially produce diffuse brain 

damage (Wang et al., 2013). The reason why we have landed on these few drugs seems 

random but is likely because of their early identification, enthusiastic case reports of their 

therapeutic utility, and now, knowledge gained by their widespread recreational use (Sessa, 

2016). Nevertheless, there is no reason to limit our search for candidate psychotherapeutics 

to these few well-known compounds.  

Hundreds of related compounds have been discovered since the introduction of 

psilocybin, LSD, and MDMA (for examples, see Figure 6.1 and Figure 6.2). Alexander 

(Sasha) Shulgin and David Nichols have been two key leaders in the fields of psychedelic 

research and rational drug design. Shulgin is known for the discovery, synthesis, and 

personal bioassay of over 230 psychoactive drugs for their psychedelic and entactogenic 

potential. Similarly, Nichols is known for the synthesis and reporting of a number of 

important psychedelics, stimulants, and entactogens. The books PiHKAL and TiHKAL 

(“Phenethylamines and Tryptamines I Have Known And Loved”), written by Shulgin and 

his wife, systematically detail hundreds of the compounds discovered by him or the Nichols 
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lab (Shulgin and Shulgin, 1991, 1997). Together, these books provide an especially 

valuable menu of potential psychotherapeutics. Still, little is known about these compounds 

beyond what is published in Shulgin’s books, despite that many have recently become 

trending illicit “designer” drugs (Sexton et al., 2020). It is quite possible that these largely 

unexplored compounds are therapeutically valuable, and thus, they should be explored 

further.  

Most of the compounds discovered by Shulgin and Nichols are monoaminergic 

phenethylamine, tryptamine, or lysergamide derivatives with varying degrees of 

psychedelic, entactogen, and/or stimulant properties. Depending on their behavioral 

properties, they may be useful for different clinical purposes — psychedelic effects for 

treatment-resistance, entactogenic effects for social dysfunction, and stimulant effects for 

cognitive dysfunction. Indeed, many neuropsychiatric disorders are characterized by 

varying degrees of these symptoms. Figure 6.3 is a speculative model that we created to 

depict the possible clinical uses of various classical and novel monoaminergic drugs. The 

inner triangle ranks the degree to which various known drugs produce psychedelic, 

entactogen, and/or stimulant effects. The outer triangle ranks the degree to which various 

neuropsychiatric conditions produce treatment-resistance, social dysfunction, and/or 

cognitive dysfunction. Depending on the core symptoms of a given condition, patients may 

benefit from pure or mixed psychedelic, entactogen, and/or stimulant effects. Potential uses 

for pure effects may include: psychedelics for treatment-resistance in terminal illnesses or 

suicidal ideation, entactogens for social dysfunction in several personality disorders (e.g., 

schizoid, paranoid, antisocial, narcissistic) or social anxiety, and stimulants for cognitive 
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dysfunction in ADHD or learning disorders. Potential uses for mixed effects may include: 

psychedelic-entactogens for treatment-resistance and social dysfunction in emotional 

disturbance or intermittent explosive disorder, entactogen-stimulants for social and 

cognitive dysfunction in autism or conduct disorders, and stimulant-psychedelics for 

cognitive dysfunction and treatment-resistance in depression or addiction.  

Although many pure psychedelics (e.g., LSD, psilocybin) and stimulants (e.g., 

amphetamine, methylphenidate) have been investigated as therapeutics, there may be even 

safer or more effective drugs in these classes. Pure entactogens, on the other hand, have 

been studied very little. Even MDMA is not a pure entactogen, as it has some psychedelic 

and stimulant properties (Nichols, 1986). There are a range of potential entactogens with 

little to no psychedelic or stimulant properties that may target social dysfunction more 

precisely. The potential clinical applications of these alternative entactogens have already 

been reviewed (Oeri, 2020). Besides MDMA, other mixed-effect drugs have been studied 

very little, though this concept is not novel. The first Phase 1 clinical trial examining LSD 

and MDMA co-administration recently began at the University Hospital in Basel, 

Switzerland (ClinicalTrials.gov, 2021, NCT04516902). It is possible that a single drug 

with both psychedelic and entactogen properties may elicit these same desired effects but 

lack the complications that may arise from administering two drugs in combination. Some 

mixed-effect compounds that appear especially promising are a part of Shulgin’s self-rated 

most important phenethylamine compounds, the so-called “magical half dozen” (i.e., 

mescaline, DOM, 2C-B, 2C-E, 2C-T-2, 2C-T-7; Shulgin and Shulgin, 1991). It is likely 

that there are many more drugs in these broad classes that have yet to be discovered.  
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A broad effort to systematically analyze the drugs in Figure 6.3 in a similar manner 

to how we analyzed the drugs in Table 6.1 is critically needed. Such information is 

especially needed for the classical drugs (e.g., psilocybin, LSD, MDMA) that skipped the 

preclinical stage of drug development and have not been particularly well characterized in 

animals (Murnane, 2018). We have already begun to backfill this information for MDMA. 

Our systematic review of existing literature (Pantoni and Anagnostaras, 2019; see Chapter 

3) and in-house experiments (see Chapter 4) revealed that dose critically mediates the 

adverse behavioral effects of MDMA in animal models. Specifically, preclinical evidence 

suggests that high-dose MDMA (≥ 3 mg/kg) impairs cognition and may have a high 

addictive potential, while low- to moderate-dose MDMA (< 3 mg/kg), which has been 

administered in recent clinical studies (approximately 1–2 mg/kg; Feduccia et al., 2018), 

does not. A practical next step could be to identify a compound that mimics the therapeutic 

effects of low-dose MDMA but not the adverse effects of high-dose MDMA, similar to 

how we found that a combination of atomoxetine and bupropion can mimic the memory-

enhancing but not the reinforcing effects of psychostimulants (Pantoni et al., 2020; see 

Chapter 2). The R(-) enantiomer of MDMA may be one such candidate (Fantegrossi, 2008; 

Curry et al., 2018; Pitts et al., 2018).  

The systematic analysis of the classical psychedelics and entactogens should then 

be extended to the novel, largely unexplored compounds in Figure 6.3. Additional 

compounds (e.g., psychedelics, entactogens, stimulants), drug targets (e.g., serotonin, 

dopamine, and adrenergic receptors), and behavioral effects (e.g., sociality, cognitive 

flexibility) can be added as needed. Together, these efforts will facilitate an unprecedented 
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understanding of the therapeutic and adverse effects of these drugs as well as the 

pharmacological mechanisms underlying their behavioral effects. Such knowledge can 

then be used to identify therapeutic candidates or to discover novel, optimized drugs. The 

anti-migraine triptan medications resulted from a similar, mechanistic analysis of 

psychedelic-induced migraine relief. Sumatriptan (Imitrex), for example, is a derivative of 

DMT that reduces migraines by selectively binding to serotonin 5-HT1D receptors, but it 

does not produce hallucinations as it does not bind to serotonin 5-HT2A receptors (see 

Figure 6.2; Cameron and Olson, 2018; National Center for Biotechnology Information, 

2021). In all, this bottom-up approach critically mirrors the typical drug discovery and 

development process, minimizes risk, and maximizes the likelihood of successful FDA 

approval (Lipsky and Sharp, 2001). 

The novel compounds that appear to be most promising and should be prioritized 

include: Shulgin’s “magical half dozen” (mescaline, DOM, 2C-B, 2C-E, 2C-T-2; 2C-T-7 

is excluded because of reported dangerous effects), the pure entactogens (MBDB, MDEA, 

MDAI, 5-IAI, α-ET), the entactogen-stimulant cathinones (ethylone, methylone, 

butylone), a less intense LSD-like drug (LSM-775, AL-LAD, or MiPLA), as well as 6-

APB, 4-FA, and 2-FMA (see Figure 6.1 and Figure 6.2). Likewise, the neuropsychiatric 

conditions that have been most neglected and should be prioritized include: the personality 

disorders, autism, emotional disturbance, intermittent explosive disorder, 

conduct/oppositional defiant disorders, depersonalization, and suicidal ideation. The 

importance of including a wide range of doses in these studies must also be emphasized. 

Drugs that produce therapeutic effects at doses far below those that produce serious adverse 
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effects will by far have the strongest clinical potential, especially in sensitive patient 

populations. 

Overall, psychedelics, entactogens, and related compounds are showing great 

promise as therapeutics for some of the most critical unmet medical needs in 

neuropsychiatry, including treatment-resistance and social dysfunction. While the current 

“psychedelic renaissance” is focused on psilocybin, LSD, and MDMA, there are hundreds 

of largely unexplored monoaminergic drugs with psychedelic, entactogen, and/or stimulant 

properties and some may have similar or even greater therapeutic potential. As such, this 

abundant menu of compounds offers hopeful prospects amidst the current neuropsychiatric 

drug development crisis. A broad effort to systematically analyze these compounds could 

lead to a robust pipeline of new drugs for a range of untreated and poorly treated 

neuropsychiatric disorders.  
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Chapter 6, in full, is currently being prepared for submission for publication of the 

material. Pantoni, M. M., and Anagnostaras, S. G. The dissertation author was the primary 

investigator and author of this paper. 
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Table 6.1 Binding affinities and behavioral effects of monoamine transporter 
inhibitors and reversers (Revisited).  
aActions of methylphenidate, cocaine, atomoxetine, bupropion, and citalopram as 
transporter inhibitors and of d-amphetamine and MDMA as transporter reversers are 
previously reviewed (Kristensen et al., 2011). 
bPublished Ki values are shown for methylphenidate, d-amphetamine, cocaine, bupropion, 
citalopram (Richelson and Pfenning, 1984), atomoxetine (Wong et al., 1982), and MDMA 
(Rothman et al., 2001) in the rat brain. Please note low Ki values indicate high affinity. 
Binding affinities of combined atomoxetine/bupropion are represented symbolically: (+) 
low affinity, (++) high affinity, (–) negligible affinity. 
c(↑) The drug elevates locomotor activity at the specified dose; (↓) the drug decreases 
locomotor activity; (–) no effect; (?) the drug effect is not known; (†) the drug effect is 
inconclusive. 
d(↑) The drug increases addictive potential at the specified dose; (–) no known addictive 
potential; (?) the drug effect is not known; (†) the drug effect is inconclusive. 
e(↑) The drug enhances memory at the specified dose; (↓) the drug impairs memory; (–) no 
effect; (?) the drug effect is not known. 
f(↓) The drug has antidepressant efficacy at the specified dose; (?) the drug effect is not 
known. 
gMethylphenidate’s locomotor, reinforcing, and memory effects are previously published 
(Figs. 1 and 2 in Carmack et al., 2014). 
hd-Amphetamine’s locomotor, reinforcing, and memory effects are previously published 
(Figs. 1 and 3 in Wood and Anagnostaras, 2009; Fig. 4 in Carmack et al., 2014). 
iCocaine’s locomotor, reinforcing, and memory effects are previously published (Figs. 1 
and 3 in Wood et al., 2007; Fig. 4 in Carmack et al., 2014). 
jAtomoxetine’s locomotor, reinforcing, and memory effects are previously published (Figs. 
S1 and S2 in Carmack et al., 2014); its locomotor and memory effects are also depicted in 
Fig. 2.1. 
kBupropion’s locomotor and memory effects are previously published (Fig. S1 in Carmack 
et al., 2014) and also depicted in Fig. 2.1; its reinforcing and antidepressant effects are 
reported in Wellbutrin’s FDA approved labeling (GlaxoSmithKline, 2011). 
lCitalopram’s locomotor and memory effects are previously published (Fig. S1 in Carmack 
et al., 2014); its reinforcing and antidepressant effects are reported in Celexa’s FDA 
approved labeling (Forest Laboratories, 2011). 
mCombined atomoxetine/bupropion’s locomotor, reinforcing, and memory effects are 
depicted in Figs. 2.2 and 2.4.  
nMDMA’s locomotor, reinforcing, memory, and antidepressant effects are depicted in Figs. 
3.11 and 4.1–4.5. Note that high-dose MDMA elevated locomotor activity in females only 
and produced behavioral sensitization but not conditioned place preference.  
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Figure 6.1 Chemical structures of select phenethylamines. DOM, 2,5-dimethoxy-4-
methylamphetamine; MBDB, N-methyl-1,3-benzodioxolylbutanamine; MDAI, 5,6-
methylenedioxy-2-aminoindane; MDEA, 3,4-methylenedioxy-N-ethylamphetamine; 
MDMA, 3,4-methylenedioxymethamphetamine; 2-FMA, 2-fluoromethamphetamine; 2C-
B, 4-bromo-2,5-dimethoxyphenethylamine; 2C-E, 2,5-dimethoxy-4-ethylphenethylamine; 
2C-T-2, 2,5-dimethoxy-4-ethylthiophenethylamine; 4-FA, 4-fluoroamphetamine; 5-IAI, 5-
iodo-2-aminoindane. (https://pubchem.ncbi.nlm.nih.gov/, Open Source). 
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Figure 6.2 Chemical structures of select tryptamines and lysergamides. AL-LAD, N-
allyl-nor-LSD; DMT, N,N-dimethyltryptamine; LSD, lysergic acid diethylamide; LSM-
775, lysergic acid morpholide; MiPLA, methylisopropyllysergamide; α-ET; alpha-
ethyltryptamine. (https://pubchem.ncbi.nlm.nih.gov/, Open Source). 
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Figure 6.3 Speculative model depicting the possible clinical uses of classical and novel 
monoaminergic drugs. 
Inner triangle: approximate degree to which various known drugs produce psychedelic, 
entactogen, and/or stimulant effects. AL-LAD, N-allyl-nor-LSD; AMPH, amphetamine; 
DMT, N,N-dimethyltryptamine; DOB, 4-bromo-2,5-dimethoxyamphetamine; DOC, 4-
chloro-2,5-dimethoxyamphetamine; DOI, 2,5-dimethoxy-4-iodoamphetamine; DOM, 2,5-
dimethoxy-4-methylamphetamine; DPT, N,N-dipropyltryptamine; LSD, lysergic acid 
diethylamide; LSM-775, lysergic acid morpholide; MBDB, N-methyl-1,3-
benzodioxolylbutanamine; MDA, 3,4-methylenedioxyamphetamine; MDAI, 5,6-
methylenedioxy-2-aminoindane; MDEA, 3,4-methylenedioxy-N-ethylamphetamine; 
MDMA, 3,4-methylenedioxymethamphetamine; MiPLA, methylisopropyllysergamide; 
MPH, methylphenidate; NEP, N-ethyl-nor-pentedrone; PRO-LAD, 6-propyl-6-nor-LSD; 
TMA-2, 2,4,5-trimethoxyamphetamine; TMA-6, 2,4,6-trimethoxyamphetamine; 2-FMA, 
2-fluoromethamphetamine; 2C-B, 4-bromo-2,5-dimethoxyphenethylamine; 2C-B-FLY, 8-
bromo-2,3,6,7-benzo-dihydro-difuran-ethylamine; 2C-C, 4-chloro-2,5-
dimethoxyphenethylamine; 2C-D, 2,5-dimethoxy-4- methylphenethylamine; 2C-E, 2,5-
dimethoxy-4-ethylphenethylamine; 2C-I, 2,5-dimethoxy-4-iodophenethylamine; 2C-T-2, 
2,5-dimethoxy-4-ethylthiophenethylamine; 3C-E, 3,5-dimethoxy-4-ethoxyamphetamine; 
4-AcO-DMT, 4-acetoxy-DMT; 4-FA, 4-fluoroamphetamine; 4-HO-DET, 4-hydroxy-N,N-
diethyltryptamine; 4-HO-MET, 4-hydroxy-N-methyl-N-ethyltryptamine; 4-HO-MiPT, 4-
hydroxy-N-methyl-N-isopropyltryptamine; 5-APB, 5-(2-aminopropyl)benzofuran; 5-IAI, 
5-iodo-2-aminoindane; 5-MeO-DiBF, 5-methoxy-N,N-diisopropylbenzofuranethylamine; 
5-MeO-DMT, 5-methoxy-DMT; 5-MeO-MiPT, 5-methoxy-N-methyl-N-
isopropyltryptamine; 6-APB, 6-(2-aminopropyl)benzofuran; α-ET; alpha-ethyltryptamine. 
Outer triangle: approximate degree to which various neuropsychiatric conditions produce 
treatment-resistance, social dysfunction, and/or cognitive dysfunction. ADHD, attention 
deficit hyperactivity disorder; OCD, obsessive compulsive disorder; OCPD, obsessive 
compulsive personality disorder; PD, personality disorder; PTSD, post-traumatic stress 
disorder.
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