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Abstract 

Methamphetamine (MA) use is a global epidemic, causing mental, physical, and societal 

damage. Although dopamine (DA) dysregulation is the hallmark of MA-induced neurotoxicity, 

many underlying mechanisms remain unknown. The trace amine-associated receptor 1 

(TAAR1) is activated by numerous agonists, including MA and 3,4-

methylenedioxymethamphetamine (MDMA). Activation of TAAR1 inhibits DA neuronal firing and 

decreases rewarding effects of amphetamines, suggesting TAAR1 mitigates their harmful 

effects. This dissertation investigated the regulatory role of TAAR1 on transitory and sustained 

neurotoxic effects of amphetamines in a mouse model. Neurotoxicity was assessed through 

quantification of striatal biomarkers indicative of DA terminal degeneration and astrocyte 

activation. Thermal response to amphetamines was also recorded as hyperthermia exacerbates 

neurotoxicity and hypothermia can provide neuroprotection. 

In Chapter 2, I examined the neurotoxic effects of combining MDMA with substituted 

methcathinones, methylone and 3,4-methylenedioxypyrovalerone (MDPV). The combination of 

MDMA with either methcathinone abolished transitory MDMA-induced astrocyte activation. 

However, there were no sustained effects and MDMA did not decrease DA markers. As it is 

questionable whether neurotoxicity was induced, the modulatory ability of these methcathinones 

remains unclear. MDMA and methylone, transporter substrates, induced acute hypothermia, 

whereas MDPV, a transporter inhibitor, did not differ from control animals. 

In Chapter 3, I investigated the effect of TAAR1 on MDMA-induced neurotoxicity in mice 

bidirectionally selectively bred for high (MAHDR) or low (MALDR) MA consumption. MAHDR 

mice possess a non-functional TAAR1, while MALDR mice possess a functional TAAR1. 

Although there were no differences in biomarkers between lines, the results were inconclusive 

as DA levels were again unaltered by MDMA.  Interestingly, MDMA-induced hypothermia was 

absent in MAHDR and transgenic Taar1-knockout (KO) mice, indicating TAAR1 modulates 
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thermal response to MDMA. Thermal response to methylone, which lacks affinity for TAAR1, did 

not differ between lines. 

In Chapter 4, I demonstrated activation of TAAR1 diminishes MA-induced neurotoxicity.  MA 

decreased DA levels in Taar1-KO compared to wild-type (WT) mice 7 days later and astrocyte 

activation was further increased in Taar1-KO mice 2 and 7 days later. Only the lower MA doses 

elicited genotype differences indicating TAAR1 modulatory effects may be superseded at higher 

doses. Serotonin and norepinephrine levels were unaltered, indicating effects were DA specific. 

MA, like MDMA, elicited hypothermia in Taar1-WT mice only. 

In Chapter 5, I examined interactions between TAAR1 and monoamine transporters as 

potential mechanisms mediating MA-induced neurotoxicity. Using the same neurotoxic MA dose 

as in Chapter 4, vesicular monoamine transporter 2 (VMAT2) function, i.e. DA uptake, was 

impaired 24 hours in whole synaptosomes and cytosolic vesicles from Taar1-KO compared to –

WT mice, but not in membrane-associated vesicles. In vitro treatment with MA revealed 

activation of TAAR1 does not alter DA transporter (DAT) function: DA uptake or release. Using 

the Taar1 and MADR models, there were no differences between genotypes or selected lines 

for VMAT2 or DAT expression. While TAAR1 mediates intracellular VMAT2 function, there is 

little evidence of TAAR1 interaction with DAT or modulation of either transporter expression.  

Together, these experiments demonstrate TAAR1 regulates MA-induced neurotoxicity and 

thermal response. The results of this research may inform future studies on the mechanisms of 

neurotoxicity and development of pharmacotherapeutic treatments for MA use disorder. 
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Chapter 1: Introduction 

1. Methamphetamine and MDMA 

The use of amphetamine family of drugs continues unabated. Methamphetamine (MA) use 

is referred to as a “global epidemic” and is the second most commonly used illicit drug 

worldwide, exceeded only by cannabis (UNODC, 2017). The same report found annual 

amphetamine seizures doubled in quantity between 2010 and 2015 to over 190 tons, with MA 

accounting for 70%. In 2016, over 1.6 million Americans reported using MA within the past year 

and 700,000 within the past month (NSDUH, 2017). The increased use and fatal consequences 

of this drug are reflected in MA overdose deaths in the U.S, which more than doubled from 2010 

to 2014, reaching over 3,700 fatalities (Warner et al., 2016) 

 MA is ingested for its ability to increase feelings of euphoria, productivity, alertness, energy, 

and hyper-sexuality, and is accompanied by dose-dependent physiological alterations of 

increased blood pressure, heart rate, breathing rate and body temperature (Homer et al., 2008; 

Cruickshank and Dyer, 2009). These effects are due to rapid spikes in catecholamine levels and 

increases in DA levels are primarily responsible for the rewarding and addictive effects (Nutt et 

al., 2015; Volkow and Morales, 2015). Following MA binge use and DA depletion, withdrawal 

causes feelings of depression, anhedonia, aggression, anxiety and MA-craving (McGregor et 

al., 2005; Volkow et al., 2016). Repeated excessive use leads to neurotoxicity and damage 

throughout the central nervous system (CNS). The impact of neurotoxic effects of MA are 

manifold: impairing information processing, learning and memory, and increasing impulsivity 

(Jentsch et al., 2014; Bernheim et al., 2016; Zhong et al., 2016; Potvin et al., 2018), as well as 

increasing likelihood of mental illnesses, such as anxiety, depression, and psychosis (Lecomte 

et al., 2013; Glasner-Edwards and Mooney, 2014). Post-mortem analyses and imaging studies 

of MA users reveal the neurotoxic effects on the dopaminergic system: striatal DA depletion and 

down regulation of the DA transporter (DAT), DA synthesis, and DA D2-type receptors (D2R) 
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(Wilson et al., 1996; Volkow et al., 2001; McCann et al., 2008). Beyond its cognitive effects, 

chronic MA use is detrimental to physical health, increasing cardiovascular and cerebrovascular 

pathologies (Darke et al., 2008; Mooney et al., 2009). As a class of drugs, amphetamines are 

second only to opioids in terms of drug-related health disorders (mental and physical), with MA 

being the greatest contributor within the amphetamine family (UNODC, 2017). Following large 

doses, MA can cause extreme hyperthermia, seizures, cardiac arrest, cerebral hemorrhage, and 

rhabdomyolysis (breakdown of damaged skeletal muscle), with fatal consequences (Cadet et 

al., 2007; Paratz et al., 2016; Darke et al., 2017).  

 3,4-methylenedioxymethamphetamine (MDMA), commonly referred to as ecstasy, has been 

dubbed an empathogen or entactogen for its ability to produce feelings of increased well-being, 

empathy, self-esteem, and emotional openness, alongside similar physiological properties of 

amphetamines, including increases in body temperature, heart rate, and blood pressure 

(Kirkpatrick and de Wit, 2015; Vizeli and Liechti, 2017). As an amphetamine, MDMA causes a 

rapid increase in catecholamine levels, but it preferentially increases serotonin (5HT) levels, 

responsible for many of the desired subjective effects (Hasler et al., 2009). Following this acute 

increase, 5HT levels become depleted, reaching a nadir 2-3 days later, often resulting in 

feelings of depression and anxiety (Hoshi et al., 2006). Positron emission tomography (PET) 

and single photon emission computed tomography imaging studies of MDMA users reveal 5HT 

transporter (SERT) levels are diminished and 5HT 2A-type receptor (5HT2AR) binding is 

increased (associated with decreases in 5HT levels), while DAT levels were unaltered 

(Reneman et al., 2001; Urban et al., 2012). MDMA also has a greater effect than MA on the 

neuroendrocrine system due to serotonergic modulation of the hypothalamic-pituitary-adrenal 

axis leading to increases in oxytocin, cortisol, and arginine vasopressin levels (de la Torre et al., 

2000; Wolff et al., 2006). The consumption of large amounts of MDMA can have severe adverse 

effects similar to MA. The risk of extreme hyperthermia (body temperature > 40 °C) is 

exacerbated by the environment in which MDMA is commonly ingested: discos, raves, and 
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music festivals, where ambient temperature is elevated and participants engage in dancing for 

extended periods of time in a crowded setting (Capela et al., 2009). Profuse sweating, reduced 

dissipation of heat, and vasoconstriction contribute to increases in body temperature. This 

degree of hyperthermia often precedes rhabdomyolysis, intravascular coagulation, and renal 

failure, events that can be fatal (Liechti, 2014). Increased arginine vasopressin secretion in 

combination with excessive water drinking can also lead to hyponatremia (Fallon et al., 2002).  

This dissertation will focus primarily on the neurotoxic effects of the substituted 

amphetamines MA and MDMA, as modulated by TAAR1, and secondarily address the 

substituted methcathinones methylone and MDPV. All four substances share an amphetamine-

based chemical compound structure. MA is differentiated from amphetamine (AMPH) by an 

additional methyl group at the α-carbon; and MDMA from MA with the addition of a 

methylenedioxy bridge (Fig. 1). The substituted methcathinones possess an amphetamine 

chemical backbone, but is differentiated and identified by a ketone moiety attached to the ß-

carbon position. Methylone is the methcathinone analog to MDMA, the only difference being the 

ketone addition. While MDPV possesses a methylenedioxy bridge, similar to MDMA and 

methylone, additional moieties alter its structure and properties. 

 

Figure 1. Molecular structures for amphetamine related compounds. Amphetamine and 

DA, methamphetamine and substituted derivative MDMA; methcathinone and substituted 

derivatives methylone, mephedrone, and MDPV.   
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Monoamines 

The effects of MA and MDMA on the CNS are primarily mediated by their ability to increase 

intra- and extracellular levels of monoamines (DA, 5HT, and NE). The drugs are taken into axon 

terminals where they elevate cytosolic levels of monoamines by increasing secretory vesicle 

release via the vesicular monoamine transporter 2 (VMAT2) and increase extracellular levels 

through reverse transport at the plasmalemmal transporters (Fig. 2) (Sulzer et al., 2005). As 

transporter substrates, both drugs inhibit monoamine uptake and induce release (Rothman and 

Baumann, 2003). MA has greater affinity for DAT than MDMA and therefore more potent at 

inhibiting DA uptake and inducing DA release, while the inverse is true at SERT (Eshleman et 

al., 2013). Although less relevant to neurotoxicity, both drugs are more potent at releasing NE 

than DA or 5HT, a contributing factor to the stimulating effects of amphetamines (Rothman et 

al., 2001). MA and MDMA share similar affinity and potency at VMAT2 (Partilla et al., 2006). 
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Figure 2. Schematic of the actions of amphetamines at the DA terminal. Amphetamines 

(i.e. MA) cross the plasmalemmal membrane via DAT and are taken into vesicles by VMAT2 

(1). MA causes vesicles to rupture and disperse sequestered DA, increasing cytosolic DA levels 

(2). MA inhibits DA uptake by DAT, reducing clearance from the synapse (3). MA also inhibits 

DA uptake by VMAT2, reducing the packaging of DA into vesicles (4). MA reverses transport at 

DAT, increasing extracellular DA levels (5). DA is metabolized by MAO to produce DOPAC, but 

due to elevated cytosolic DA levels, an abundance of H2O2 and superoxides are produced, 

which react to form hydroxyl radicals, leading to oxidative stress (6). DA is auto-oxidized to form 

DA quinones which increase oxidative stress (7). Oxidative stress causes lipid peroxidation and 

break down of the plasma membrane (8).  
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MA causes both DA and 5HT terminal degeneration, while MDMA is selective for 5HT 

terminals (Battaglia et al., 1987; Seiden et al., 1988). However, in terms of monoaminergic 

causality, these effects are primarily attributed to increased levels of DA with a lesser role of 

5HT (Stone et al., 1988; Cubells et al., 1994; Thomas et al., 2010). Although the increase in NE 

elicits behavioral effects, it is not believed to contribute to neurotoxicity and there is no evidence 

of NE terminal degeneration following administration (Wagner et al., 1980; Battaglia et al., 

1987). As such, below is a general discussion of the mechanisms by which amphetamines 

(AMPH, MA, and MDMA) increase intra- and extracellular DA levels. Distinctions between MA- 

and MDMA-specific effects on monoamines and downstream effects will follow. 

Amphetamine-induced vesicular release is primarily attributed to the weak base properties 

of amphetamines, explained by the eponymous weak base hypothesis (Sulzer and Rayport, 

1990). As lipophilic weak bases, DAT-transported amphetamines diffuse from the cytoplasm 

into the acidic environment of vesicles. The internalized amphetamines compete for protons 

with sequestered monoamines, creating an electro-chemical concentration gradient, and 

causing the stored and uncharged neurotransmitters to diffuse out of the vesicles. The 

alkalinization of vesicles also disrupts vesicular sequestration of monoamines, increasing 

intracellular DA levels. As VMAT2 substrates, amphetamines impair VMAT2 function, inhibiting 

vesicular DA uptake and inducing release, further increasing intracellular levels of DA (Teng et 

al., 1998; Brown et al., 2000). Amphetamines also redistribute VMAT2, supported by differential 

expression of VMAT2 in subcellular fractions following administration, contributing to impaired 

function (Hogan et al., 2000; Hansen et al., 2002; Riddle et al., 2002). This cumulative elevation 

of cytosolic DA levels alters the concentration gradient, contributing to reverse transport at DAT 

and increased levels of extracellular DA (Sulzer et al., 1995). 

Amphetamines induce DA release into the extracellular space through a variety of 

mechanisms: 1) exchange diffusion, during which extracellular amphetamines at low 

concentrations are exchanged for intracellular DA, 2) reverse transport of intracellular DA at 
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higher concentrations, and 3) channel-like transference of DA (Fischer and Cho, 1979; Liang 

and Rutledge, 1982; Kahlig et al., 2005). Amphetamines also activate the protein kinase C 

(PKC) signaling cascade, which increases DA release, an effect blocked by PKC inhibitors 

(Giambalvo, 2004; Johnson et al., 2005; Fleckenstein et al., 2007). MA-induced PKC activation 

also phosphorylates DAT leading to down-regulation, although DAT internalization occurs 

independently of PKC activation (Khoshbouei et al., 2004; Cervinski et al., 2005; Boudanova et 

al., 2008). Additionally, amphetamines inhibit monoamine oxidase (MAO) and DA metabolism, 

elevating DA (Sulzer et al., 2005). 

As mentioned, MDMA has a higher affinity for SERT than MA and is more potent at 

releasing 5HT (Eshleman et al., 2013). MDMA increases extracellular 5HT levels in the striatum, 

prefrontal cortex (PFC), and hippocampus through many of the same mechanisms: disruption of 

VMAT2 sequestration, SERT reverse transport, 5HT uptake inhibition and release, and 

inhibition of MAO (Leonardi and Azmitia, 1994; Cozzi et al., 1999; Gudelsky and Yamamoto, 

2008). Additionally, MDMA causes an acute and long-term decrease in tryptophan hydroxylase 

activity, the precursor to 5HT, resulting in depletion of 5HT stores in the same brain regions 

(Schmidt and Taylor, 1988).  

2. Neurotoxicity 

Neurotoxicity is most broadly defined as neuronal damage due to a neurotoxin or injury. This 

broad definition encompasses an array of causes ranging from environmental exposure to 

pesticides to neurodegenerative diseases, such as Alzheimer’s and Parkinson’s disease, to 

traumatic brain injury (Majd et al., 2015; Dambinova et al., 2016; NINDS, 2018). Of course the 

focus here is amphetamines, acting as neurotoxins.  The spectrum of damage encompasses 

partial and complete loss of neurons, alterations in neuron structure and morphology, and 

impairment of neuronal function and behavior (Moszczynska and Callan, 2017). This damage 

can be either permanent or reversible. While factors contributing to neurotoxicity may be 

quantified in the presence of the neurotoxin, markers of neurotoxicity are typically measured in 
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the absence of the drug in order to ensure the results reflect neural damage as opposed to 

direct effects of the drug while it is present in the system. 

Although MA affects DA levels in all DA projections, the neurotoxic effects are most severe 

in the striatum (O'Callaghan and Miller, 1994; Yamamoto et al., 2010; McConnell et al., 2015). 

The mesolimbic pathway is spared and terminal degeneration is not observed in the nucleus 

accumbens (NAc) (Granado et al., 2010; Kuhn et al., 2011). Although there is some evidence of 

cell death and degeneration of cell bodies in the substantia nigra (SN) (Sonsalla et al., 1996; 

Ares-Santos et al., 2014), damage is predominantly restricted to striatal DA axon terminals 

(Harvey et al., 2000; Anderson and Itzhak, 2006). DA terminal degeneration also occurs in the 

cortex, but to a lesser degree (Fantegrossi et al., 2008; McConnell et al., 2015). While MA 

impacts the serotonergic system, causing degeneration of 5HT terminals in the striatum, PFC, 

hippocampus and amygdala, it does so with less severity than in DA terminals (Yamamoto et 

al., 2010).  

In humans, non-human primates, and rats, MDMA selectively affects 5HT terminals in 

similar areas to MA, sparing DA axon terminals (Ricaurte et al., 1988; Green et al., 2003; 

Sanchez et al., 2003). An exception is the mouse model for MDMA. For reasons that remain 

unknown, MDMA has neurotoxic specificity for DA terminals in mice and 5HT terminals are 

largely unaffected (O’Callaghan and Miller, 2002; Mueller et al., 2013). As such, many MDMA 

studies in mice have focused on DA activity and terminal degeneration based on the theory that 

MDMA neurotoxicity is due to increased levels of DA taken into 5HT terminals (Sprague et al., 

1998; Colado et al., 2001; Puerta et al., 2009). It has also been argued that mice provide a 

better animal model than rats to study the neurotoxicity of amphetamines in general. Although 

rats display monoamine and related marker deficits in reaction to amphetamines, these changes 

are not consistently accompanied by neuronal damage, as opposed to mice (Guilarte et al., 

2003; Baumann et al., 2007; O'Callaghan et al., 2008). Since all experiments in this dissertation 
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were performed using a mouse model of neurotoxicity, the literature cited refers to research 

conducted in a mouse model, unless otherwise noted. 

Neurotoxicity models and markers 

Amphetamine neurotoxicity is commonly induced using a binge-like regimen of multiple 

injections over a single day. Most paradigms consist of 3 or 4 injections, spaced 3 or 2 h apart 

(O'Callaghan and Miller, 1994; Granado et al., 2011). This allows for the assessment of a high 

dose of accumulated drug that could be lethal when administered in a single bolus or 

metabolized with longer intervals between doses. Alternatively, some researchers utilize a 

higher, but sub-lethal, single dose model or chronic models using consistent or escalating doses 

(Kobeissy et al., 2012). Again, as all neurotoxicity experiments in this dissertation were 

conducted using a single-day binge-like regimen, all cited research was performed using a 

similar paradigm, unless otherwise noted.  

MA- and MDMA-induced neurotoxicity in a mouse model is characterized by decreases in 

striatal DA biomarkers, indicative of DA terminal degeneration. Typical markers include: DA and 

its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), tyrosine 

hydroxylase (TH), the rate limiting enzyme for DA synthesis, and DAT (Krasnova and Cadet, 

2009; Moratalla et al., 2017). These markers correspond with studies in post-mortem human 

studies where DA, TH, and DAT levels were decreased in striatal tissue of chronic MA users 

compared to controls (Wilson et al., 1996). Habitual and abstinent MA users also display 

decreases in DAT expression, measured via PET imaging (Volkow et al., 2001; McCann et al., 

2008). In animals, these biomarkers are frequently measured 2-3 days post-treatment to 

capture maximal effects (Fantegrossi et al., 2008; Guillot et al., 2008; Anneken et al., 2015). 

However, decreases at this time may only represent transient neurotoxicity. Quantification of 

these markers at a later time point, such as 7, 14, or 21 days post-treatment reflects sustained 

neurotoxicity (O'Callaghan and Miller, 1994; McConnell et al., 2015). A MA dose as low as 2.5 

mg/kg (4 inj, 2 h apart) diminishes DA and DAT levels 2 days following administration (Angoa-
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Perez et al., 2013b), while low doses of MDMA (5 mg/kg, 4 inj, 2 h apart) diminishes DA, 

DOPAC, HVA, and TH levels 7 days later (Fornai et al., 2004). These markers are commonly 

used to quantify neurotoxicity as their reduction reflects a loss of structural integrity in DA 

neuron terminals. For a selected review of MA and MDMA-induced neurotoxicity, see Table 1. 

Fluoro-Jade and silver staining, as well as electron microscopy, directly examine DA fiber 

degeneration, although these methodologies are not as frequently used (Bowyer et al., 2008; 

Ares-Santos et al., 2014). Alternative measures of neurotoxicity include the quantification of 

reactive oxygen species (ROS), DA quinones, and oxidative stress (Larsen et al., 2002; 

Sanchez et al., 2003; Guillot et al., 2008). Serotonergic markers, such 5HT, its metabolite 5-

hydroxyindoleacetic acid (5HIAA), and SERT levels are also used, though not as commonly in 

mouse models (Green et al., 2003; Krasnova and Cadet, 2009).   
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Table 1. Summary of studies: MA and MDMA-induced neurotoxicity in a mouse model 

Drug Dose (mg/kg) Time points (days) Measures Notes Reference

MA 1,2,5,10 2 ↓DA ↓DA: only by 5 and 10 mg/kg Thomas et al ., 2004

2 1,3,7,14 - DA,TH,DAT; ↑GFAP McConnell et al ., 2015

4 1,3,7,14 ↓DA,TH,DAT; ↑GFAP ↓TH: 1 day only; ↓DAT: 1,3 days only

6,8 1,3,7,14 ↓DA,TH,DAT; ↑GFAP DAT: unchanged at 14 days

2.5,5,10 2 ↓DA,TH,DAT; ↑GFAP TH: unchanged by 2.5 mg/kg Anneken et al ., 2015

4a 1,7 ↓DA,TH,DAT; ↑GFAP Granado et al ., 2011

5a 7 ↓DA,TH Fornai et al ., 2005

5 3,7,14 ↓DA,DAT; ↑PK11195 ↓DAT: only measured at 14 days Ladenheim et al ., 2000

5 3 - DA,PK11195 Fantegrossi et al ., 2008

10 3 ↓DA; ↑PK11195

10 1,6 ↓DA,TH Hogan et al ., 2000

10 7 ↓TH,DAT; ↑GFAP Deng et al ., 1999

10 1,2,3,4,5,7,14,21 ↓DA,TH; ↑GFAP GFAP: unchanged at 21 days O'Callaghan and Miller, 1994

15a 2 ↓DA,DAT; -TH; ↑GFAP Guillot et al ., 2008

15 7 ↓DA,TH Bowyer et al ., 2001

Drug Dose (mg/kg) Time points (days) Measures Notes Reference

MDMA 5 7 ↓DA,TH,DAT Fornai et al ., 2004

5 3 - DA,GFAP Johnson et al ., 2002

10 3 ↓DA; ↑GFAP

15 3 ↓DA,TH; ↑GFAP Johnson et al ., 2004

15a 7 ↓DA Sanchez et al ., 2003

20 1,2,3,4,5,7,14,21 ↓DA,TH; ↑GFAP GFAP: unchanged at 21 days O'Callaghan and Miller, 1994

20 2 ↓DA,TH,DAT; ↑GFAP Anneken et al ., 2015

20a 7 ↓TH,DAT; ↑GFAP Granado et al ., 2008

30 1,3,7,30 ↓TH,DAT; ↑GFAP GFAP: unchanged at 30 days

10,20 3 - DA,PK11195 Fantegrossi et al ., 2008

30 3 ↓DA; -PK11195
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All experiments were conducted using a dose regimen of 4 inj, 2 h apart, administered in a 

normothermic environment (20-23 °C), and quantified in striatal tissue, unless noted. Arrows 

indicate significant differences between drug treated animals and saline-treated controls. ↓: 

decreased; ↑: increased; -: no difference.  a dose regimen: 3 inj, 3 h apart. 

 

Neuroinflammation 

Neuroinflammation, literally the inflammation of neuronal tissue, is caused by activation of 

glial cells and characterized by the synthesis and release of proinflammatory cytokines and 

chemokines in the CNS. Separated into the categories of astrocytes and microglia, both types of 

glial cells are activated in response to neuronal injury caused by amphetamines (Loftis and 

Janowsky, 2014). While this response initially mitigates neuronal damage through the release of 

anti-inflammatory mediators, sustained elevated activation increases neuroinflammation and 

neuronal damage through the production and release of proinflammatory cytokines and 

chemokines, including interferons, interleukins, macrophages, and chemoattractant proteins 

(Whitney et al., 2009).  Activation of astrocytes is characterized by expression of glial fibrillary 

acidic protein (GFAP) (O'Callaghan and Sriram, 2005). Astrocytes metabolize DA to form ROS 

and cause lipid peroxidation, an effect exacerbated when astrocytes are activated by MA (Lau 

et al., 2000; Vaarmann et al., 2010; O'Callaghan et al., 2014). Astrocytes are also responsible 

for glutamate (GLU) clearance and prolonged activation disrupts excitatory amino acid 

transporter 2 (EAAT2) function, leading to increased levels of extracellular GLU and 

excitotoxicity (Anderson and Swanson, 2000). Primarily responsible for immune response in the 

CNS, microglia release a wider array of cytokines and chemokines than astrocytes when 

activated. As such, there are a range of markers used to quantify microglia activation, such as 

isolectin B4 (ILB4), integrin alpha M (CD11b), macrophage-1 antigen (Mac-1), and interleukin 15 

(IL-15) (Hanisch, 2002). When activated, microglia produce superoxides, hydrogen peroxide 

(H2O2), nitric oxide, and tumor necrosis factor-α (Block et al., 2007). Production of these 
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cytotoxic factors leads to increased oxidative stress and a potential feedback loop between 

neurons and glia increasing both neuronal damage and neuroinflammation (Beardsley and 

Hauser, 2014). 

Similar to other markers of neurotoxicity, amphetamine-induced gliosis is observed in 

multiple regions of the brain, including the cortex, cerebellum, and hippocampus, but is most 

pronounced in the striatum and absent in the NAc (O'Callaghan and Miller, 1994; Escubedo et 

al., 1998; Granado et al., 2008). Among amphetamines, astrocyte and microglia activation are 

selective for those that are neurotoxic. When compared with AMPH, MA, and MDMA, the 

amphetamine fenfluramine does not induce neurotoxicity and does not activate astrocytes or 

microglia (O'Callaghan and Miller, 1994; Thomas et al., 2004a). Astrocyte and microglia are also 

more sensitive to the effects of amphetamines and their activation precedes DA terminal 

degeneration (LaVoie et al., 2004; O'Callaghan et al., 2008). A sliding dose experiment reported 

MA (2 mg/kg, 4 inj, 2 h apart) increases striatal astrocyte and microglia activation, while DA, TH, 

and DAT levels are unaltered until the dose is increased to 4 mg/kg (McConnell et al., 2015). 

However, temporal activation differs between the two types of glial cells. Astrocyte activation 

peaks 2-3 days following MA and MDMA administration and can remain elevated up to 14 days 

later, whereas microglia activation rapidly increases, peaking 24-48 h later, but returns to 

baseline by 3 days later (Thomas et al., 2004b; Granado et al., 2008; McConnell et al., 2015). 

An additional marker of gliosis, indicative of both astrocyte and microglia activation, is 

increased expression of the 18 kDa translocator protein (TSPO), previously known as the 

peripheral benzodiazepine receptor (PBR) (Papadopoulos et al., 2006). TSPO is absent in 

neurons, but expressed on glial cells and co-localizes with both astrocytes and microglia 

(Kuhlmann and Guilarte, 1999). TSPO expression can be quantified using a radioligand binding 

assay and the selective ligand PK11195 (1-(2-chlorophenyl)-N-methyl-(1-methypropyl)-3-

isoquinoline carboxamide) (Benavides et al., 2001). The majority of amphetamine-induced 

gliosis studies using [3H]PK11195 binding have been conducted using MA. Three days following 
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administration, MA (5  and 10 mg/kg, 4 inj, 2 h apart) increases [3H]PK11195 binding in the 

striatum, but not cortex (Ladenheim et al., 2000; Fantegrossi et al., 2008). A time course 

experiment, conducted in rats treated with MA (10 mg/kg, 4 inj, 2 h apart) revealed TSPO 

expression is elevated 2 days following administration, peaks at 3 days, and returns to baseline 

by 7 days (Escubedo et al., 1998). In mice treated with MDMA (25 mg/kg, 3 inj, 3 h apart), 

striatal [3H]PK11195 binding increases at an early time point of 16 h (Chipana et al., 2006). 

Clinical research, using PET imaging and radiolabeled PK11195, reveal microglia activation 

in the striatum is increased in abstinent MA users (Sekine et al., 2008). Furthermore, microglia 

activation is inversely correlated with duration of abstinence from MA. The pro-inflammatory 

cytokine IL-6 is also elevated in current MA users, associating with decreased corticostriatal 

functional connectivity (Kohno et al., 2018). However, an immunohistochemical analysis of post-

mortem tissue from MA users did not find increases in markers of reactive astrocytes (GFAP 

and S100 calcium-binding protein B) or microglia (CR3/43, the human complement receptor 3), 

although there was an in increase in a marker of resting microglia (human glucose transporter 5, 

hGLUT5) (Kitamura et al., 2010). Another study using post-mortem tissue of MA users, 

quantified protein levels of various markers of astrocytes (GFAP, vimentin, and heat shock 

protein-27, HSP-27) and microglia (hGLUT5 and CR3/4) (Tong et al., 2014). Protein 

concentrations of intact proteins were not elevated in MA users, though fragmented vimentin 

and HSP-27 proteins were increased, suggesting astrocyte damage.  

Although these studies do not provide a clear demonstration of increased gliosis in MA 

users, one possible explanation is drug tolerance as all subjects were chronic MA users. Animal 

research typically employs a single day neurotoxic regimen to naïve mice. Although fewer 

studies have been conducted using repeated or chronic exposure to MA, there is evidence that 

tolerance builds and neuroinflammation is reduced. An experiment in rats reported astrocyte 

activation (GFAP) is not elevated by a neurotoxic regimen of MA (7.5 mg/kg, 4 inj, 2 apart) when 

administered following 7 days of MA self-administration (McFadden et al., 2012). Pre-treatment 
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of mice with low levels of MA (2 mg/kg) for 7 days prior to a neurotoxic regimen of MA (5 mg/kg, 

4 inj, 2 h apart) also mitigates microglia activation (ILB4). In both studies, the glial markers were 

elevated in animals who did not receive MA pretreatment prior to the neurotoxic regimen. 

Further clinical research of gliosis is needed. 

It is important to keep in mind that while markers of astrocyte and microglia activation are 

biomarkers of amphetamine-induced neurotoxicity that are initiated by neuronal injury and often 

correspond with DA terminal degeneration; gliosis reflects neuroinflammation and does not 

measure DA terminal degeneration (Pu and Vorhees, 1993; O'Callaghan and Sriram, 2005).  

Dopamine transporter 

As described above, the origin of MA-induced neurotoxicity is primarily attributed to the 

effects of MA on the monoaminergic transporters: DAT and VMAT2. Dysregulation of the 

transporters leads to increased cytosolic levels of DA and terminal degeneration (Fleckenstein 

et al., 2007). The ability of MA to alter DAT function acutely is well documented. Radioligand 

assays of [3H]DA uptake and release are often performed using in vitro treated cells or tissue 

homogenate to report the affinity of MA and other psychostimulants for DAT and their potency at 

inhibiting uptake and inducing release (Rothman and Baumann, 2003; Eshleman et al., 2013). 

Shifts in these values following pharmacological treatments or in genetically altered mice can 

reveal the involvement of different receptors and proteins in the underlying mechanisms of 

these drugs. DA release is also measured in vivo using microdialysis collection of cerebrospinal 

fluid (Weinshenker et al., 2008; Baumann et al., 2012; Lominac et al., 2014).  

While impaired DAT function increases cytosolic levels of DA contributing to neurotoxicity, 

the expression of DAT is more complicated. In a DAT-KO mouse model, acute [3H]DA release is 

diminished and markers of striatal neurotoxicity (DA and ROS) are diminished in DAT-KO 

compared to DAT-WT mice (Fumagalli et al., 1998). Although this indicates that decreased DAT 

levels prior to MA administration is protective, DAT levels are a common biomarker of 

neurotoxicity following administration. One hour following MA administration, DAT is sometimes 
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unchanged and other times diminished (Saunders et al., 2000; German et al., 2012; Fricks-

Gleason et al., 2016). However, DAT levels are robustly diminished 24 h after MA treatment. A 

time course experiment using immunoreactivity revealed DAT protein is significantly decreased 

24 h following various doses of MA (4, 6, or 8 mg/kg, 4 inj, 2 h apart) reaching its lowest point 3 

days later, and still is diminished 7 days following administration (McConnell et al., 2015). 

Another time course experiment using autoradiography and a single bolus of MA (30 mg/kg) 

revealed DAT is not decreased 16 h following administration, but is diminished 24 h later with 

lowest expression 2 days after the last injection (Zhu et al., 2005). A study using both 

techniques, reported DAT protein levels and expression are decreased 24 h following a single 

injection of MA (40 mg/kg) (Bourque et al., 2012). These results demonstrate the decrease in 

DAT, 24 h following MA, is not solely due to down-regulation of the transporter. Diminished 

levels of DAT, 7 days or later following MA administration, are reflective of persistent terminal 

degeneration (Deng et al., 1999; Fumagalli et al., 1999; McConnell et al., 2015). 

Vesicular monoamine transporter 2 

VMAT2 is the second key modulator of MA-induced neurotoxicity. Decreased basal VMAT2 

expression increases neurotoxicity. The neurotoxic effects of MA (15 mg/kg, 4 inj, 2 h apart) are 

exacerbated in a mutant strain of mice expressing low amounts of VMAT2 in comparison to their 

wild-type counterparts, demonstrated by lower DA and TH levels alongside higher astrocyte and 

microglia activation, (Guillot et al., 2008). A similar effect occurs in a different VMAT2 model, 

using knockout mice heterozygous VMAT2 (HET), where MA (15 mg/kg, 4 inj, 2 h apart) 

decreases DA and DAT levels 2 days following administration in VMAT2-HET compared to 

VMAT2-WT mice (Fumagalli et al., 1999). While diminished levels of basal VMAT2 increase 

MA-induced neurotoxicity, increased baseline VMAT2 levels provide neuroprotection. In 

transgenic mice over-expressing VMAT2, striatal TH and DAT levels are unaltered by MA (10 

mg/kg, 4 inj, 2 h apart) two days following administration, while TH and DAT levels are 

diminished in VMAT2-WT mice (Lohr et al., 2015).  
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VMAT2 expression is often measured in separate subcellular compartments obtained by 

fractionation (Staal et al., 2000). Centrifugation is commonly used to separate striatal 

homogenate into crude synaptosomal, membrane-associated (mainly mitochondria, myelin, 

nerve-ending, and other plasmalemmal-associated membranes), and enriched vesicular 

fractions (De Robertis et al., 1962; Scherman, 1986). This process allows for examination of 

VMAT2 localized to cytosolic vesicles, separate from those found on membrane-associated 

vesicles at the plasmalemmal surface. Verification of the vesicular fraction purity has been 

confirmed by EM analysis; the predominant membrane structure in the vesicular preparation 

matches the synaptic vesicle profile: spherical or ellipsoid, ~50 nm in diameter, with less than 

1% of the fraction containing contaminating membranes (Teng et al., 1997; Staal et al., 2000). 

Quantification of VMAT2 is performed using a radioligand binding assay with the VMAT2 

selective antagonist dihydrotetrabenazine (DHTB) or immunohistochemistry to quantify whole 

protein levels (Teng et al., 1998; Eyerman and Yamamoto, 2005). Following MA administration 

(10 mg/kg, 4 inj, 2 h apart), [3H]DHTB binding is decreased in the enriched vesicular fraction 1 

and 24 h later (Hogan et al., 2000; Ugarte et al., 2003). In a study with rats, MA (10 mg/kg, 4 inj, 

2 h apart) decreases [3H]DHTB binding in the vesicular fraction at 1 h post-treatment and to the 

same degree 24 h later (Brown et al., 2000). Similar results were found utilizing the same dose 

and immunohistochemistry analysis: MA diminishes VMAT2 protein 1 h, 24 h, and 7 days 

following administration (Eyerman and Yamamoto, 2005, 2007). However, this decrease is 

limited to VMAT2 in the enriched vesicular fraction and there is no difference in VMAT2 

expression in the synaptosomal or membrane-associated fractions either 1 or 24 h later 

(Sandoval et al., 2003; Ugarte et al., 2003). VMAT2 expression is decreased in all fractions 6 

days later, attributed to DA terminal degeneration. The disparity in VMAT2 expression between 

the synaptosomal and vesicular fraction has led to the hypothesis that MA rapidly redistributes 

cytosolic vesicles, which, along with inhibition of vesicular DA sequestration, leads to increased 
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cytosolic levels of DA and increased neurotoxicity (Riddle et al., 2002; Fleckenstein et al., 

2007). 

VMAT2-mediated [3H]DA uptake in the vesicular fraction is also inhibited 1 and 24 h 

following MA administration, further contributing to increased intracellular DA levels (Brown et 

al., 2000; Hogan et al., 2000; Sandoval et al., 2003). Although research on VMAT2 function is 

primarily conducted in this fraction consisting of cytosolic vesicles, Fleckenstein and coworkers 

have examined VMAT2-mediated DA uptake in membrane-associated vesicles. This is 

performed in the membrane-associated fraction, consisting of synaptosomal membranes and 

fragments following osmotic lysis. The group first reported VMAT2 localized to membrane-

bound vesicles are able to transport greater than five times the amount of DA compared to 

VMAT2 found in the vesicular fraction, speculating plasmalemmal membrane-bound vesicles 

may serve to sequester a larger quantity of intracellular DA than cytoplasmic vesicles (Volz et 

al., 2007a). A follow-up study found MA inhibits VMAT2-mediated [3H]DA uptake 1, 24, and 72 h 

following administration in the membrane-associated fraction, similar to the vesicular fraction 

(Chu et al., 2010). These changes in VMAT2 expression and function, extending beyond the 

acute effects of MA, indicate a persistent role of VMAT2 in MA-induced neurotoxicity.  

Oxidative stress 

MA-induced neurotoxicity may begin with increased DA levels, but it is the downstream 

effects of this elevation that cause the degeneration of DA terminals. Increased cytosolic, not 

extracellular, levels of DA are primarily responsible for degeneration (Fumagalli et al., 1999; 

LaVoie and Hastings, 1999). When cytosolic DA rises, the excess is either metabolized by 

MAO-B, generating H2O2 and superoxides, or auto-oxidized to form reactive DA quinones and 

superoxides (Cubells et al., 1994; Cadet and Brannock, 1998). DA quinones reflect cytosolic-

specific oxidative stress and can be quantified by measuring cysteinyl-conjugated DA and 

DOPAC or quinoproteins (LaVoie and Hastings, 1999; Miyazaki et al., 2006). In turn, these 

reactions lead to the formation of hydroxyl radicals (Kita et al., 2009). Hydroxyl formation can be 
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measured through salicylate trapping, followed by quantification of 2,3-dihydrobenzoic acid (2,3-

DHBA) (Giovanni et al., 1995). This is commonly performed using in vivo microdialysis 

immediately following MA administration (Yamamoto and Zhu, 1998), but has also been studied 

at later time points, such as 7 days following AMPH administration (Wan et al., 2000). An 

indicator of oxidative stress, MA also increases protein carbonyl formation 2 days later, (Guillot 

et al., 2008). Compounding these effects, MA decreases anti-oxidant enzymes (Jayanthi et al., 

1998). MA also produces excitotoxicity and reactive nitrogen species (Yamamoto and 

Raudensky, 2008). MA acutely increases GLU levels in the striatum and hippocampus of rats, 

while MDMA only elicits a delayed response in the hippocampus (Nash and Yamamoto, 1992; 

Rocher and Gardier, 2001). The mechanism by which MA increases GLU levels is believed to 

be DA-mediated by activation of the DA D1-type receptor (D1R), not the GLU transporter 

(Kokoshka et al., 1998; Mark et al., 2004). Activation of the N-methyl-D-aspartate receptor 

(NMDAR) leads to the formation of nitric oxide, which reacts with superoxide to form the oxidant 

peroxynitrite. It is the MA-induced formation of the cytotoxic hydroxyl radicals and peroxynitrite 

in the striatum that leads to increased oxidative stress. This is followed by lipid peroxidation, 

protein damage, and fragmentation of the plasmalemmal membrane, all leading to DA terminal 

degeneration (McDonnell-Dowling and Kelly, 2017). 

MDMA also increases free radicals and oxidative stress. MDMA induces free radical 

formation in the hippocampus and striatum of rats and mice, indicated by increased 2,3-DHBA 

(Colado and Green, 1994; Colado et al., 2001; Camarero et al., 2002). Conversely, the 

administration of anti-oxidants and spin trap agents diminish MDMA-neurotoxicity (Cadet et al., 

1995; Colado and Green, 1995; Sanchez et al., 2003). Contributing to these cytotoxic products 

is the breakdown of monoamines by MAO-B to form H2O2, an effect blocked by the MAO 

inhibitor selegiline (Alves et al., 2007). The MDMA-induced increase in extracellular DA levels is 

implicated in 5HT terminal degeneration caused by oxidative stress. DA release is enhanced by 

5HT activation of post-synaptic 5HT2AR, amplifying extracellular DA levels (Gudelsky and 
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Yamamoto, 2008). DA is taken into 5HT terminals by SERT, where it is auto-oxidized and 

metabolized to form DA quinones and free radicals (Sprague et al., 1998; Capela et al., 2009). 

Although MDMA metabolites cause oxidative stress leading to terminal degeneration, MDMA 

itself does not. MDMA is metabolized to form harmful ortho-quinones and glutathione in the 

periphery, which cross the blood brain barrier and are taken into 5HT terminals by SERT 

(Capela et al., 2009; Barbosa et al., 2014). Perfused directly into the hippocampus of rats, 

MDMA acutely increases 5HT release, but does not cause long-term 5HT depletion, unlike 

systemic administration (Esteban et al., 2001). Perfused into the striatum of mice, MDMA 

caused neither an acute increase in DA nor depletion a week later (Escobedo et al., 2005). 

Although oxidative stress is a main cause of amphetamine-induced neurotoxicity, there are 

other contributing factors, such as metabolic compromise and mitochondrial dysfunction. As 

these factors are not directly related to dysregulation of the DA system, they will not be covered 

here (for review, see: Capela et al., 2009; Krasnova and Cadet, 2009; Yamamoto et al., 2010).  

Thermal response 

MA and MDMA-induced changes to body temperature play a significant role in neurotoxicity. 

A hyperthermic increase in core body temperature following amphetamine administration is 

strongly correlated with monoaminergic fluctuations, increased ROS, and striatal terminal 

degeneration (Docherty and Green, 2010; Bowyer and Hanig, 2014). Neurotoxicity is also 

exacerbated when drugs are administered at elevated ambient temperatures (≥ 27 C) and 

hyperthermia is increased (Carvalho et al., 2002; Miller and O'Callaghan, 2003; Raineri et al., 

2015). Conversely, neuroprotection can be provided by sustained hypothermia, induced at 

lowered ambient temperatures at (≤ 15 C) (Miller and O'Callaghan, 1995; Mueller et al., 2013), 

as well as by pharmacological blockade of hyperthermia using D2R antagonists (haloperidol, 

sulpiride), 5HT2AR antagonists (ketanserin), and other agents (Albers and Sonsalla, 1995; 

Capela et al., 2006; Docherty and Green, 2010).  
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The majority of amphetamine-induced neurotoxicity studies report hyperthermia, which 

creates a feedback loop as increased body temperature enhances neurotoxicity. This difficulty 

in parsing the specific neurotoxic effects of amphetamines from those that are temperature-

dependent. However, the relationship between body temperature and neurotoxicity is not 

always linear. MA and MDMA-induced neurotoxicity still occurs under hypothermic conditions. 

Pre-treatment with the VMAT2 inhibitor reserpine prior to MA (10 mg/kg, 4 inj, 2 h apart) causes 

severe hypothermia, but increases neurotoxicity measured 7 days later, indicated by decreases 

in DA and TH levels (Albers and Sonsalla, 1995). MDMA (20 mg/kg, 3 inj, 3 h apart) can also 

induce mild hypothermia by itself under normothermic conditions while decreasing striatal DA 

levels 7 days later (O'Shea et al., 2001). Finally, a higher dose of MA (15 mg, 4 inj, 2 h apart)  

administered at a lowered ambient temperature of 13 °C, in which animals remained 

hypothermic, still decreases striatal DA and TH levels 7 days later (Bowyer et al., 2001). These 

results demonstrate neurotoxicity can occur independently of temperature increases. 

Hyperthermia may exacerbate neurotoxicity, but it is not required. 

Amphetamines can also decrease body temperature on their own. This effect typically 

occurs in a biphasic pattern, where core body temperature decreases immediately following 

administration, reaching a nadir within the first hour followed by a subsequent increase in 

temperature. Acute hypothermia is observed following MA and MDMA administration at 

normothermic temperatures (18-23 °C) and at lower doses of MA (1-5 mg/kg) and MDMA (5-10 

mg/kg) (O'Shea et al., 2001; Johnson et al., 2002; Harkness et al., 2015). By studying MA and 

MDMA without increasing body temperature above baseline, it is possible to isolate their 

neurotoxic effects, independent of the synergistic effects of hyperthermia on neurotoxicity.   

3. Substituted Methcathinones 

The rise of new psychoactive substances (NPS) has skyrocketed over the past decade with 

over 700 new substances identified (UNODC, 2017). Although this catchall phrase includes 

synthetic cannabinoids and designer hallucinogens, perhaps none are as well-known as “Bath 
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Salts,” the infamous moniker given to substituted methcathinones. Originally sold as legal 

alternatives to MDMA, in 2011, the U.S. Drug Enforcement Administration emergency classified 

three substituted methcathinones as Schedule I controlled substances: 3,4-

methylenedioxymethcathinone (methylone), 3,4 -methylenedioxypyrovalerone (MDPV), and 4-

methyl-methylmethcathinone (mephedrone) (Fig. 1)(DEA, 2013). The prevalence of MDMA, 

methylone, and MDPV in the U.S. is an interesting case study on the interaction of the illicit drug 

market and legislation. The National Forensic Laboratory Information System (NFLIS) annually 

reports the number of drug cases submitted for forensic analysis. MDMA reports (21,553) 

peaked in 2010, the first year MDPV reports (271) were included, though methylone was not yet 

reported (NFLIS, 2010). In 2013, methylone reports (12,067) reached their zenith, while MDMA 

reports (4,798) sharply declined and MPDV reports (1,051) increased (NFLIS, 2013). The latest 

report, from 2016, shows a mild rise in MDMA reports (5,768), while methylone reports (189) 

drastically decreased and MDPV is no longer reported (NFLIS, 2018). For context, MA reports 

dwarf MDMA and methcathinones and have doubled during the same period from over 145,000 

in 2010 to more than 300,000 in 2016. The rapid decline in MDMA reports after 2010 is 

attributed to the increased international efforts to regulate traditional chemical precursors for 

MDMA manufacture, leading to a decrease in purity and availability (Mounteney et al., 2018). 

This coincided with the advent of substituted methcathinones, of which methylone is most 

similar to MDMA (Schifano et al., 2017). The drugs existed in a gray market, sold in gas 

stations, smoke shops, and online as “bath salts” or “plant food” to escape regulation by the 

Food and Drug Administration (Madras, 2017). As such, they were easily procured and readily 

substituted for MDMA. However, in 2011 a new unregulated chemical precursor began to be 

used for manufacturing MDMA, which has increased the production and purity of MDMA 

(UNODC, 2017). Thus, the combination of classifying methylone and MDPV as Schedule I 

controlled substances and the increased availability of high-purity MDMA has swung drug 

consumption back towards MDMA. User reports that MDMA has more positive effects in 
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comparison to methylone or MDPV are also a likely contributing factor to this shift (Matthews et 

al., 2017; Sutherland et al., 2017).  

While methylone and MDPV are both substituted methcathinones, their psychostimulant 

profiles differ: methylone is typically described as MDMA-like and MDPV as cocaine-like (Karila 

et al., 2015). Both have effects similar to psychostimulants: increased euphoria, energy, and 

alertness, accompanied by elevated heart rate, blood pressure and body temperature, but 

methylone also increases empathogenic feelings in a manner similar to MDMA (Gregg and 

Rawls, 2014; Karila et al., 2015). This is reflected in discrimination tasks, where rats substitute 

both methylone and MDPV for MA and cocaine, while only methylone substitutes for MDMA 

(Dal Cason et al., 1997; Gatch et al., 2013; Dolan et al., 2018). Acute “bingeing” and chronic 

use of methylone and MDPV have serious health dangers similar to MA, including seizures, 

cardiac failure, rhabdomyolysis and death (Schifano et al., 2017). The dangers of 

methcathinones are reflected in emergency department visit statistics. In 2011, near their peak 

in popularity, 22,904 methcathinone-related visits were reported, 67% involving combinations 

with other drugs, exceeding the number of visits involving MDMA that year (DAWN, 2013). 

Despite the greater number of methylone users, MDPV is disproportionately responsible for 

reports of psychosis and fatalities (Vallersnes et al., 2016; Zaami et al., 2018). This is in part 

due to the compulsive nature of MDPV use. Using an intra-venous self-administration paradigm 

in rats, the effect of MDPV on drug-reinforced behavior is more potent and efficacious than 

cocaine or MA (Aarde et al., 2013; Schindler et al., 2015). In comparisons between methylone 

and MDPV, animals self-administer both methcathinones, but acquisition of methylone self-

administration takes longer and only MDPV leads to escalation of intake following extended 

access (Watterson et al., 2012; Watterson et al., 2014). These same studies investigated the 

ability of the drugs to directly stimulate reward pathways using intra-cranial self-stimulation of 

the medial forebrain bundle. Similar differential effects occurred: MDPV reduced self-stimulation 

thresholds at low doses whereas methylone only did so at very high doses.  
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The pharmacology of methylone and MDMA supports the differential effects of the two 

drugs. Like MA and MDMA, methylone is a transporter substrate, acting as an inhibitor of 

neurotransmitter uptake at DAT, SERT, and the NE transporter (NET), while also inducing 

release of neurotransmitters via these plasmalemmal transporters (Baumann et al., 2013; 

Eshleman et al., 2013). Methylone, similar to MDMA, is more potent in releasing 5HT than DA at 

the respective transporters. Conversely, MDPV is a transporter inhibitor only, with no effect on 

release, similar to cocaine. MDPV is an incredibly potent inhibitor of DAT and NET, with affinity 

for both transporters greater than 10X cocaine, but little effect on SERT (Simmler et al., 2013a). 

A primary difference between both methcathinones and MA or MDMA is their affinity and 

potency at VMAT2. Unlike the amphetamines, methylone and MDPV are not substrates of 

VMAT2 with low affinity and potency at VMAT2 (Cozzi et al., 1999; Eshleman et al., 2013).  

Methylone and MDPV do not induce dopaminergic neurotoxicity by themselves. However, 

there are very few animal studies investigating the neurotoxicity of these drugs (Table 2). 

Methylone (10, 20, or 30 mg/kg, 4 inj, 2 h apart) does not alter striatal DA, TH, DAT levels or 

GFAP expression 2 days later (Anneken et al., 2015). Another study reported methylone (25 

mg/kg, 4 inj, 3 h apart) does not alter striatal DAT or GFAP 3 or 7 days after administration, 

although it transiently decreases DAT in the frontal cortex 3 days later (Lopez-Arnau et al., 

2014). Using a chronic paradigm of methylone (30 mg/kg, twice daily for 4 days), there is no 

depletion of DA, DOPAC, or HVA two weeks following treatment (den Hollander et al., 2013). 

There is less research on the neurotoxicity of MDPV with only one known study using a 

neurotoxic binge-like regimen. This study reported no changes in DA, TH, or GFAP expression 

two days following the final administration, despite using a very high dose of MDPV (30 mg/kg) 

(Anneken et al., 2015).  
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Table 2. Summary of studies: effects of methcathinones and combinations with amphetamines on biomarkers of 

neurotoxicity in a mouse model  

 

All experiments were conducted using a dose regimen of 4 inj, 2 h apart, administered in a normothermic environment (20-23 °C), 

and quantified in striatal tissue, unless noted. Arrows indicate significant differences between drug-treated animals and saline-treated 

controls. ↓: decreased; ↑: increased; -: no difference.  

a dose regimen: 3 inj, 3 h apart. 

Drug Dose (mg/kg)
Time points 

(days)
Measures Notes Reference

Mephedrone 20,40 2,7 - DA,TH,DAT,GFAP Only 40 mg/kg tested at 7 days Angoa-Perez et al ., 2012

Methylone 25a 3,7 - TH,DAT,GFAP Lopez-Arnau et al ., 2014

MA 2.5,5 2 ↓DA,TH,DAT TH: unchanged by 2.5 mg/kg Angoa-Perez et al ., 2013

MDMA 20 ↓DA,TH,DAT

MA+mephedrone 2.5,5+20,40 ↓↓DA,TH,DAT Mephedrone potentiated all measures

MDMA+mephedrone 20+20 ↓↓DA,TH,DAT Mephedrone potentiated all measures

Methylone 20,30 2 - DA,TH,DAT,GFAP Anneken et al ., 2015

MDPV 20,30 - DA,TH,DAT,GFAP

MA 2.5,5,10 ↓DA,TH,DAT; ↑GFAP TH: unchanged by 2.5 mg/kg

MDMA 20 ↓DA,TH,DAT; ↑GFAP

MA+methylone 2.5+20,30 ↓↓DA,TH,DAT; ↑↑GFAP Methylone potentiated all measures

MA+MDPV 2.5,5,10+20,30 - DA,TH,DAT,GFAP Unchanged at all dose combinations

MDMA+MDPV 2.5+20,30 - DA,TH,DAT,GFAP
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The Kuhn laboratory has conducted the few published studies on the combination of 

amphetamines with methcathinones. The group first reported pre-treatment with the transporter 

substrate mephedrone potentiates the neurotoxic effects of amphetamines. Pre-treatment with 

varying doses of mephedrone (10, 20, or 40 mg/kg) prior to each injection of MA (2.5 or 5 

mg/kg, 4 inj, 2 h apart) decreases striatal DA, TH, and DAT levels when compared to 

administration of MA by itself (Angoa-Perez et al., 2013b). The study also found mephedrone 

(20 mg/kg) pre-treatment has the same effect on MDMA (20 mg/kg, 4 inj, 2 h apart) and AMPH 

(5 mg/kg, 4 inj, 2 h apart). Investigating other combinations, the same group reported co-

administration of various doses of methylone (10, 20, or 30 mg/kg) with MA (2.5 mg/kg, 4 inj, 2 h 

apart) also potentiates neurotoxicity, decreasing striatal DA, TH and DAT levels, while 

increasing GFAP expression, beyond the effects of MA alone (Anneken et al., 2015). However, 

co-administration of MDPV (20 or 30 mg/kg) with MA (2.5, 5, or 10 mg/kg, 4 inj, 2 h apart) or 

MDMA (20 mg/kg, 4 inj, 2 h apart) diminishes neurotoxicity, mitigating the DA, TH, and DAT 

level decreases and GFAP expression increase that MA and MDMA elicit alone. This is 

supported by previous research on combinations of amphetamines and DAT inhibitors. Pre-

treatment with cocaine or GBR 12909 attenuates MDMA-induced neurotoxicity (decreases in 

DA levels) 7 days after administration (O'Shea et al., 2001; Peraile et al., 2013). Supporting this 

is evidence from a cellular experiment where MDPV, as well as methylphenidate and bupropion, 

diminish MA-induced [3H]DA release (Simmler et al., 2013b). 

Methylone and MDPV differentially regulate body temperature. Acute administration of 

methylone at doses of 25 or 30 mg/kg induces hyperthermia 45 min later (den Hollander et al., 

2013; Lopez-Arnau et al., 2014). Another study found methylone induces hyperthermia 30 min 

following administration, albeit using a high dose of 60 mg/kg (Yingshan et al., 2015). This 

paper also investigated the impact of SERT and DAT on thermal response to methylone using 

transgenic SERT- and DAT-KO mice. Methylone-induced hyperthermia is potentiated in SERT-

KO compared to SERT-WT mice, whereas methylone-induced changes in body temperature is 
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unaltered in DAT-KO mice, indicating 5HT may play a more significant role than DA in thermal 

response to methylone. The effects of a single bolus of MDPV have also been compared at 

different ambient temperatures (Fantegrossi et al., 2013; Gannon et al., 2018). At a 

normothermic ambient temperature of 20 °C, body temperature over a period of 10 h does not 

differ in mice receiving MDPV (1, 3, 10, or 30 mg/kg) from mice receiving saline. However, at an 

elevated ambient temperature of 28°C, MDPV dose-dependently increases body temperature, 

albeit without statistical difference due to within-group variability. The Kuhn group also reported 

thermal response to methylone and MDPV. Both methcathinones and MA induce hyperthermia 

by themselves, evidenced by an increase in body temperature of 2-3 °C (Anneken et al., 2015). 

When co-administered, methylone (30 mg/kg) potentiates MA-induced hyperthermia. However, 

MDPV (30 mg/kg) did not alter MA-induced hyperthermia indicating the neuroprotective effects 

of MDPV were temperature-independent.  

The frequent co-ingestion of MDMA and methcathinones, both intentionally and 

unknowingly, highlights the importance of studying these drug combinations (Caudevilla-Galligo 

et al., 2013; Palamar et al., 2016). Co-ingestion is attributed to the majority of MDMA users 

being poly-drug users and the content of “ecstasy” tablets and powder varying in purity and 

adulterants, which often include methcathinones (Vogels et al., 2009; Fernandez-Calderon et 

al., 2018). However, due to the complexities of studying drug interactions in a physiological 

environment, there is a paucity of research on the topic. As such, the neurotoxic effects of these 

drug combinations require additional study to better understand their concomitant dangers. 

4. TAAR1 

The trace amine-associated receptor 1 (TAAR1) is a promiscuous g-protein coupled 

receptor (GPCR) activated by endogenous trace amines, such as beta-phenethylamine (β-

PEA), tyramine, and tryptamine, as well as many exogenous amines, including the 

psychostimulant class of substituted amphetamines, such as MA and MDMA (Bunzow et al., 

2001). The TAAR family of receptors was first identified and cloned by two groups at the same 
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time, working independently (Borowsky et al., 2001; Bunzow et al., 2001). Nine mammalian 

receptors have been identified and classified into three sub groups of TAAR1-4, TAAR5, and 

TAAR6-9, found across four primary mammalian species: human, chimpanzee, rat, and mouse 

(Lindemann et al., 2005). Although located on different chromosomes and bands in different 

species, the Taar gene family is found on a single chromosome over a small single band 

ranging in size from 100 to 250 kb. Only TAAR1 and 4 respond to trace amines and TAAR4 is 

limited to activation by β-PEA and tyramine. TAAR1 is the only receptor of the TAAR family 

sensitive to amphetamines; therefore this review will be limited in scope to TAAR1.  

TAAR1 is distributed in many areas of the CNS: ventral tegmental area (VTA), striatum, SN, 

NAc, dorsal raphe nucleus, locus coeruleus, frontal cortex, hypothalamus, preoptic area, 

amygdala, nucleus of the solitary tract, parahippocampal area region, and subiculum (Borowsky 

et al., 2001; Xie et al., 2007; Lindemann et al., 2008; Espinoza et al., 2015a), as well as several 

areas in the peripheral system: pancreas, small intestine, stomach, testes, and thyroid, (Chiellini 

et al., 2012; Szumska et al., 2015; Raab et al., 2016). TAAR1 is also expressed in astrocytes 

and leukocytes, such as B, T, NK, and polymorphonuclear cells, but not in macrophages, bone 

marrow, or dendritic cells, (Nelson et al., 2007; Wasik et al., 2012; Babusyte et al., 2013; 

Cisneros and Ghorpade, 2014). Uncharacteristic of most GPCRs, TAAR1 is not located on the 

cell membrane, but is primarily expressed intracellularly, appearing as intracellular puncta 

(Bunzow et al., 2001; Xie et al., 2007). Biotinylation assays have revealed TAAR1 expression is 

associated with the total cellular membrane fraction, including cytosol, nuclear, and cytoskeleton 

compartments, but is notably lacking in expression on the cell surface membrane (Xie et al., 

2008a). 

Mechanisms of action 

TAAR1 signals through both G protein-dependent and -independent signaling pathways 

although the underlying mechanisms and effects of the receptor are still being determined. 

Figure 3 provides a general schematic of proposed TAAR1 signaling, with the caveat that some 
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effects are still debated. As a GS coupled GPCR, activation of the receptor stimulates adenylyl 

cyclase, increasing the conversion of cytosolic adenosine triphosphate (ATP) to cyclic 

adenosine monophosphate (cAMP), and leading to the initiation of the protein kinase A and C 

(PKA and PKC) signaling cascades (Borowsky et al., 2001; Bunzow et al., 2001; Xie and Miller, 

2007). Activation of the receptor is predominantly measured via quantification of cAMP levels 

(Espinoza et al., 2013; Shi et al., 2016). TAAR1 activation also generates an inwardly rectifying 

K+ current and activates Kir3 channels (Bradaia et al., 2009). Finally, TAAR1 activation 

modulates the G protein-independent ß-arrestin2-dependent protein kinase B (Akt)/glycogen 

synthase kinase-3 (GSK3ß) signaling pathway (Espinoza et al., 2015a; Harmeier et al., 2015). 

Trace amines are distributed throughout the peripheral and central nervous systems at 

concentrations several hundred-fold lower than classic monoamine neurotransmitters (Berry, 

2004). Despite their low concentrations, ß-PEA and tyramine have affinity and potency at 

TAAR1 in the nanomolar range, whereas DA, 5HT, and NE are in the micromolar range 

(Bunzow et al., 2001; Lindemann et al., 2005; Simmler et al., 2016). Activation of TAAR1 has an 

inhibitory effect on the firing of dopaminergic neurons. ß-PEA and p-tyramine and the selective 

TAAR1 agonist RO5166017 inhibit DA neuron firing in the VTA and SN, measured by 

electrophysiology recordings (Geracitano et al., 2004; Lindemann et al., 2008; Revel et al., 

2011). Conversely, application of the selective TAAR1 antagonist EPPTB (N-(3-Ethoxyphenyl)-

4-(1-pyrrolidinyl)-3-(trifluoromethyl) benzamide) increases DA firing in the VTA. Transgenic 

Taar1-KO mice also have elevated spontaneous DA firing rates indicating the blockade or 

absence of TAAR1 has an overall excitatory effect (Lindemann et al., 2008; Bradaia et al., 

2009). Measured using fast-scan cyclic voltammetry (FSCV), evoked DA release is diminished 

in brain slices from the NAc and striatum treated with the selective agonist RO5166017 and 

potentiated in slices from the NAc treated with EPPTB (Leo et al., 2014). These ligands 

modulate DA release in tissue from Taar1-WT mice only, with no effect on Taar1-KO tissue, 
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indicating their selectivity for TAAR1. These results demonstrate the inhibitory effect of TAAR1 

activation on the DA system. 

 

Figure 3. Schematic of TAAR1 signaling and related mechanisms within DA terminal. 

Activation of TAAR1 stimulates adenylyl cyclase increasing the conversion of ATP to cAMP and 

initiating the PKA and PKC signaling cascades (1). D2R activation inhibits adenylyl cyclase, 

decreasing cAMP production (2). TAAR1 translocates to the plasmalemmal membrane to form a 

heterodimer with D2R. Activation of the TAAR1-D2R heterodimer further inhibits adenylyl 

cyclase leading to less cAMP production (3). Active D2R recruits ß-Arr2, inactivating Akt 

through de-phosphorylation, leading to de-phosphorylation of GSK3ß and increased GSK3ß 

signaling (4). When TAAR1 and D2R form a heterodimer, TAAR1 recruits ß-Arr2 away from 

D2R, phosphorylating Akt, which inhibits GSK3ß signaling through phosphorylation (5). 

Activation of TAAR1 inhibits DA uptake by DAT, mediated by both the PKA and PKC signaling 
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pathways (6). Activation of TAAR1 increases DA release by DAT, mediated only by the PKC 

signaling pathway (7). Activation of TAAR1 leads to PKC-mediated internalization of DAT. 

 

While TAAR1 modulation of the DA system is complex and not fully understood, much 

attention has focused on D2R, particularly pre-synaptic D2 autoreceptors. The D2R antagonist 

sulpiride blocks ß-PEA and tyramine inhibition of DA neuron hyperpolarization in the SN and 

VTA, whereas the DAT inhibitor cocaine does not, indicating specificity for the receptor and not 

the transporter (Geracitano et al., 2004). In an FSCV experiment using NAc brain slices, 

inhibition of DA release by the D2R agonist quinpirole is potentiated when combined with the 

TAAR1 agonist RO5166017, an effect absent in Taar1-KO mice (Leo et al., 2014). The D2R 

antagonist raclopride also inhibits striatal [3H]DA uptake in Taar1-WT synaptosomes, an effect 

absent in Taar1-KO mice (Xie et al., 2008b). These results indicate not only are the inhibitory 

effects of TAAR1 D2R-dependent, but D2R autoinhibition is TAAR1-dependent. 

Not all evidence supports the findings that TAAR1 activation increases D2R-mediated 

inhibition. In brain slices from Taar1-WT mice, application of quinpirole desensitizes DA neuron 

firing in the VTA and desensitization is blocked either in neurons pre-incubated with EPPTB or 

neurons from Taar1-KO mice (Bradaia et al., 2009). Additionally, the potency of quinpirole is 

increased in slices treated with EPPTB or from Taar1-KO mice. This implies D2R inhibition of 

DA neuron firing is increased in the absence of TAAR1. The authors postulate this may be a 

homeostatic method of DA firing regulation in the absence of TAAR1, but the results are not 

supported by other in vitro or in vivo findings and should be interpreted with caution.    

In vitro cellular experiments have demonstrated a physical and functional interaction 

between TAAR1 and D2R. Although predominantly expressed intracellularly, TAAR1 and D2R 

can form a heterodimer, leading to increased cell membrane localization (Espinoza et al., 2011; 

Harmeier et al., 2015). Through Gi inhibitory signaling, activation of D2R decreases cAMP, in 

opposition to the effects of TAAR1. When TAAR1 and D2R are co-expressed, DA, ß-PEA, and 
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RO5166017 all produce less cAMP in comparison to when TAAR1 is expressed alone (Xie et 

al., 2008b; Espinoza et al., 2011; Harmeier et al., 2015). Co-application of the TAAR1 agonists 

with D2R antagonists, raclopride or sulpiride, results in equal cAMP production in TAAR1/D2R 

co-expressing and TAAR1 expressing cells, supporting Gi-dependent signaling. Besides the Gi-

dependent pathway, TAAR1 also signals through the G protein-independent ß-arrestin2-

dependent Akt/GSK3ß pathway. High levels of DA activate D2R leading to the recruitment of ß-

Arr2, which inactivates Akt, disinhibiting GSK3ß (Beaulieu et al., 2011). Activation of TAAR1 in 

the presence of D2R diminishes GSK3ß by recruiting ß-Arr2 away from D2R (Harmeier et al., 

2015).  This study reported that in cells co-expressing TAAR1/D2R, tyramine and RO5166017 

increases the recruitment of ß-Arr2 to activated TAAR1 with a concomitant decrease in 

recruitment to activated D2R. Conversely, recruitment of ß-Arr2 to TAAR1 is decreased when 

sulpiride is co-applied and in cells only expressing TAAR1, indicating recruitment is D2R-

mediated. This translocation of ß-Arr2 from activated D2R to TAAR1 increases the 

phosphorylation of Akt and GSK3ß, silencing GSK3ß signaling. These findings indicate 

activation of TAAR1 not only enhances pre-synaptic D2R autoinhibition, but also prevents 

GSK3ß activation via dimerization with D2R. Enhanced GSK3ß signaling is associated with a 

hyperdopaminergic state, psychosis and increased locomotor activity (Li and Gao, 2011). 

Whether these findings from cellular experiments occur in vivo is yet to be determined. 

An enhancement of post-synaptic D2R expression function also occurs in the absence of 

TAAR1. Basal striatal D2R levels are upregulated in Taar1-KO mice while pAkt and pGSK3ß 

levels are down-regulated (Espinoza et al., 2015a). Both of these factors enhance GSK3ß 

signaling at baseline in the absence of TAAR1. Taar1-KO mice also have an increased density 

of D2R in high-affinity states (D2RHigh), which is correlated with DA supersensitivity, similar to 

GSK3ß signaling (Seeman et al., 2005; Wolinsky et al., 2007). To investigate the functional 

impact of this difference, locomotor activity (LMA) was measured following a high dose of 

quinpirole. Quinpirole has a biphasic locomotor response, diminishing locomotor activity through 
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activation of D2 autoreceptors at lower doses and promoting LMA through activation of post-

synaptic D2R (Usiello et al., 2000; Gainetdinov et al., 2003). Quinpirole diminishes LMA in 

Taar1–WT mice and increases LMA in Taar1-KO mice (Espinoza et al., 2015a). These results 

illustrate the complex interaction between TAAR1 and D2R. While the inhibitory effects of pre-

synaptic D2 autoreceptors are increased when TAAR1 is activated, the DA system is 

supersensitive in the absence of TAAR1. This is potentially due to post-synaptic D2R 

upregulation and signaling. It should be noted that D1R does not appear to interact with TAAR1. 

D1R levels are equivalent between Taar1-WT and –KO mice; LMA is equally increased in both 

genotypes by the D1R agonist SKF-82958; and the two receptors do not form a heterodimer 

(Espinoza et al., 2011; Espinoza et al., 2015a).  

A significant body of in vitro research has investigated TAAR1 modulation of DAT, primarily 

by the Miller laboratory. The group demonstrated TAAR1 and DAT are co-expressed in a subset 

of DA neurons within the SN of both rhesus macaques and mice (Xie et al., 2007). Additionally, 

ß-PEA and tyramine release more cAMP in cells co-transfected with TAAR1 and DAT than in 

cells only transfected with TAAR1, indicating activation of the receptor is increased in the 

presence of DAT (Miller et al., 2005; Xie et al., 2007). As most TAAR1 agonists are transporter 

substrates and the receptor is predominantly expressed intracellularly, it is theorized the 

plasmalemmal transporters traffic agonists into cells, increasing TAAR1 activation. Functionality 

of DAT is also modulated by TAAR1 as application of DA inhibited [3H]DA uptake and induced 

[3H]DA release in TAAR1/DAT cells compared to cells only expressing DAT (Xie and Miller, 

2007; Xie et al., 2008b). Downstream effects of TAAR1 activation may contribute to this 

impairment of DAT function. DA-evoked [3H]DA uptake in TAAR1/DAT cells is PKA- and PKC-

dependent as both PKA and PKC antagonists (H89 and RO-320432, respectively) block uptake 

inhibition (Xie and Miller, 2007). [3H]DA release is specifically PKC-dependent as only the PKC 

inhibitor blocks release, indicating TAAR1 modulates the two DAT functions via separate 

pathways.  
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However, it has been argued the conduction of this research in vitro diminishes its validity. 

Administration of ß-PEA or the TAAR1 agonist RO5166017 diminishes hyperlocomotion in DAT-

KO mice, indicating activation of TAAR1 functions independently of DAT (Sotnikova et al., 2004; 

Revel et al., 2011). This theory is bolstered by FSCV experiments. Evoked DA release and 

uptake, measured by Tau and half-life, are the same between genotypes. DA overflow is greater 

in the NAc of Taar1-KO than –WT mice, attributed to increased basal DA levels, but DA uptake 

is still the same between genotypes (Leo et al., 2014). Similarly, the partial TAAR1 agonist 

RO5203648 diminishes cocaine-induced DA overflow in the NAc without altering DA uptake, 

also indicating a DAT-independent mechanism (Pei et al., 2014). Further research is needed to 

better elucidate the interaction between TAAR1 and DAT. 

Animal models 

In 2007, two research groups independently created transgenic Taar1-KO mice: one using a 

mixed 129Sv x C57BL/6J genetic background (Wolinsky et al., 2007) and the other a congenic 

C57BL/6N background (Lindemann et al., 2008). The transgenic Taar1-KO mouse is the 

predominant animal model used to study TAAR1, as a TAAR1 antagonist that is viable for in 

vivo use has yet to be developed.  Taar1-WT and -KO mice are equivalent on many baseline 

physiological and behavioral measures, such as body weight and temperature, viability, 

locomotor activity, elevated plus maze, and y-maze (Wolinsky et al., 2007; Lindemann et al., 

2008). Biochemically, the two genotypes are equivalent in basal extracellular monoamine levels 

(DA, 5HT, and NE) in various regions of the brain (striatum, NAc, mPFC), measured by 

conventional in vivo microdialysis (Wolinsky et al., 2007; Lindemann et al., 2008; Di Cara et al., 

2011). However, there are several baseline differences between genotypes, predominantly 

biochemical (Table 3). Using quantitative low perfusion rate (LPR) microdialysis, one study 

found basal DA levels in the NAc are elevated in Taar1-KO compared to Taar1-WT mice, 

though there are no differences in the striatum (Leo et al., 2014). Spontaneous firing of DA 

neurons in the VTA is decreased in Taar1-WT compared to –KO mice, indicating activation of 
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TAAR1 has an inhibitory effect on DA firing (Lindemann et al., 2008). Additional 

characterization, focusing on the corticolimbic DA system, found no differences between Taar1-

WT and KO mice in mRNA expression of DAT, DA D1-5 type receptors, TH, and VMAT2 in the 

NAc, dorsal striatum, SN, VTA, and frontal cortex (Di Cara et al., 2011). An autoradiography 

experiment confirmed striatal DAT expression is equivalent across genotypes (Lindemann et al., 

2008). However, another study found Taar1-KO mice have elevated D2R levels, most likely 

post-synaptic, in the striatum (Espinoza et al., 2015a). GluN1 (NMDAR subunit 1) is diminished 

in Taar1-KO compared to –WT mice in both the NAc and PFC (Espinoza et al., 2015b; 

Sukhanov et al., 2016). While there are few behavioral differences between the genotypes at 

baseline, Taar1-KO mice display a deficit in pre-pulse inhibition (PPI) accompanied by 

increased levels of D2R in a high affinity state, suggesting a potential model for positive 

symptoms of schizophrenia (Seeman et al., 2006; Wolinsky et al., 2007). However, the most 

notable difference between genotypes is that Taar1-KO mice, in comparison to their WT 

counterparts, have altered sensitive to many of the behavioral, physiological, and biochemical 

effects of amphetamines, as described in detail below. Besides Taar1-KO mice, a transgenic 

Taar1 variation has been generated to overexpress TAAR1 (Taar1-OE) on a C57BL/6J 

background (Revel et al., 2012a). Taar1-OE mice have a similar baseline physiological and 

behavioral phenotype in comparison to Taar1-WT mice. However, basal levels of DA and NE in 

the NAc are elevated in Taar1-OE compared to Taar1-WT mice. 
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Table 3. Summary of studies: baseline differences within TAAR1 models. 

 

Tissue Measure Method Taar1 -KOa Reference

NAc DA microdialysis ↑ Leo et al ., 2015

VTA Spontaneous firing of DA neurons Slice electrophysiology ↑ Lindemann et al ., 2008

Striatum D2R mRNA/[3H]spiperone saturation binding ↑ Espinoza et al ., 2015

Striatum  D2Rhigh [3H]domperidone competition binding ↑ Wolinsky et al ., 2007

- PPI Acoustic startle response ↓

Striatum GluN1 subunit of NMDA receptor Immunoblot ↓ Suhkanov et al ., 2015

PFC GluN1 subunit of NMDA receptor Immunoblot ↓ Espinoza et al ., 2015a

Tissue Measure Method Taar1 -OEa Reference

NAc DA, NE microdialysis ↑ Revel et al ., 2012

Tissue Measure Method MAHDRb Reference

NAc DA microdialysis ↓ Lominac et al ., 2014

D2R Immunoblot ↓

DAT Immunoblot ↑

5HT microdialysis ↑

SERT Immunoblot ↑

PFC DA microdialysis ↓

SERT Immunoblot ↓

NAc GLU microdialysis ↑ Szumlinsky et al ., 2017

EAAT3 Immunoblot ↓

mGlu5 Immunoblot ↑

PFC GLU microdialysis ↑ Lominac et al ., 2016

mGlu2 Immunoblot ↓

- Total fluid intake two-bottle choice ↑ Wheeler et al ., 2009
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This table reflects basal differences within TAAR1 models. All other traits measured are 

equivalent at baseline, for review, see Rutigliano et al., 2017 and Phillips et al., 2016. 

Arrows indicate significant differences between genotypes or lines, ↓: decreased, or ↑: 

increased. 

a compared to Taar1-WT mice 

b compared to MALDR mice 

 

An alternative mouse model for studying TAAR1 is comprised of mice generated through 

bidirectional selective breeding for voluntary MA consumption. This model was developed 

by the Phillips laboratory as a means to investigate genetic effects on MA-related behaviors 

in a self-driven model, as opposed to operant self-administration or experimenter-

administered models. Mice were selected from an F2 cross of C57BL/6J (B6) and DBA/2J 

(D2) mice using a two-bottle choice task to generate MA high drinking (MAHDR) and MA low 

drinking (MALDR) lines (Wheeler et al., 2009). The MA drinking (MADR) lines have been 

replicated 5 separate times with similar results (Phillips and Shabani, 2015). These replicate 

lines not only serve to avoid the increased inbreeding that occurs when a single line is 

maintained for a long period of time, but also demonstrate the robust and stable effects of 

selection for this trait. Using quantitative trait locus (QTL) mapping, a QTL was identified on 

chromosome 10 accounting for greater than 50% of the genetic variance between the 

MALDR and MAHDR lines (Belknap et al., 2013). Although the Taar1 gene is expressed 

within the QTL on chromosome 10, the gene is equally expressed in both lines and was 

initially ignored. It was later discovered that the D2 progenitor mice possess a non-

synonymous single-nucleotide polymorphism (SNP) that encodes a present, but non-

functional TAAR1. MAHDR mice are homozygous for the D2 allele, whereas MALDR mice 

are either hetero- or homozygous for the dominant B6 allele that encodes a functional 

TAAR1 (Harkness et al., 2015; Shabani et al., 2016). The polymorphism found in the D2 
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mice was determined to originate from mice obtained from The Jackson Laboratory and 

arose sometime during 2001-2003 (Reed et al., 2018). Like the Taar1 mouse model, 

MALDR and MAHDR mice have similar baseline physiological and behavioral phenotypes: 

body weight, temperature, locomotor activity, anxiety levels, and exploratory behavior, but 

with some differences (Table 3) (for review, see: Phillips and Shabani, 2015; Shabani et al., 

2016). While conventional microdialysis found no difference in basal extracellular DA or 5HT 

levels in the NAc or mPFC, LPR microdialysis revealed DA levels are diminished in MAHDR 

compared to MALDR mice in both brain areas (Lominac et al., 2014). The same study also 

reported MAHDR mice have increased total DAT protein and decreased total D2R protein in 

the NAc. LPR microdialysis also found basal extracellular GLU levels in both the NAc and 

mPFC are elevated in MAHDR compared to MALDR mice indicating a hyperglutamatergic 

state at rest (Lominac et al., 2016; Szumlinski et al., 2017). The same studies investigated 

metabotropic glutamate receptors (mGlu), revealing the mGlu5 receptor is elevated in the 

NAc of MAHDR compared to MALDR mice, whereas in the PFC, mGlu2 is diminished in 

MAHDR mice. EAAT3 is also diminished in the NAc of MAHDR mice compared to MALDR 

mice, but not in the PFC.   

The Taar1 and MADR mouse models have distinct advantages and disadvantages. 

Transgenic Taar1-WT and –KO mice are isogenic lines differing only in the expression of the 

Taar1 gene as the coding exon is either deleted or replaced in Taar1-KO mice (Wolinsky et 

al., 2007; Harkness et al., 2015). As a result, the TAAR1 protein is not expressed and the 

receptor is absent. Conversely, the selectively bred MADR mice are genetically 

heterogeneous lines developed for QTL mapping and the study of mechanisms associated 

with MA consumption and genetically associated traits. They possess greater genetic 

diversity, potentially associated with voluntary MA consumption (Belknap et al., 2013). As 

such, there are likely other genetic factors besides Taar1 that contribute to differences in MA 

and other drug responses between the MALDR and MAHDR lines. There are also several 
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differences between models at baseline (Table 4): DA release in the NAc is increased in 

Taar1-KO compared to –WT mice, whereas it is decreased in MAHDR compared to MALDR 

mice and D2R is decreased, while DAT and SERT are increased, in the NAc of MAHDR 

compared to MALDR mice, but there is no difference between genotypes (Di Cara et al., 

2011; Leo et al., 2014; Lominac et al., 2014).   

Besides inter-model differences, there is also greater intra-model genetic variability in 

the MADR model, even for Taar1. While all Taar1-WT mice are genetically identical, their 

MALDR counterparts can be homozygous for the B6-Taar1 allele or heterozygous for the 

B6- and D2-Taar1 alleles. This is due to the dominant effect of the B6-Taar1 allele on MA 

intake (Harkness et al., 2015). On the other hand, the Taar1-KO and counterpart MAHDR 

mice are all genetically identical at the Taar1 locus, with the KO possessing the mutant KO 

allele, and the MAHDR mice homozygous for the D2-Taar1 allele. However, the MADR 

model possesses greater face validity than the Taar1 transgenic model. Similar to MAHDR 

mice, the Taar1 gene is always present in humans, although some possess SNPs that 

render Taar1 sub- or non-functional on a genetically heterogeneous background (Shi et al., 

2015). This is in contrast to Taar1-KO mice where the gene and thus transporter are always 

absent. It should also be noted that while transgenic Taar1 mice are genetically different 

only at the Taar1 gene, there are several Taar1-KO mouse models in the literature that are 

generated from different backgrounds. Perhaps the most commonly used are Taar1-KO 

mice created from a 129Sv x C57BL/6J background, favored by the Miller and Gainetdinov 

labs (Wolinsky et al., 2007; Xie and Miller, 2009a; Espinoza et al., 2015a), and those 

created from a congenic C57BL/6N background used in most research by F. Hoffmann-La 

Roche (Lindemann et al., 2008; Revel et al., 2011). All experiments in this dissertation used 

Taar1-KO mice from the U.C. Davis Knockout Mouse Project (KOMP), generated from a 

C57BL/6N x BALBc background. These differences should be kept in mind when making 

comparisons with existing literature. Finally, like all models with genetic differences since 
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birth, there is the potential in both the transgenic and selected line model for developmental 

differences and compensation. 

Pharmacological agents are also used to study TAAR1 in rodent models, both mice and 

rats. Several TAAR1 selective agonists and partial agonists have been developed, primarily 

by the pharmaceutical company F. Hoffmann-La Roche. Iterative structure modifications 

were made in search of ligands expressing high affinity and selectivity for TAAR1 with low 

metabolic turnover and favorable pharmacokinetic properties using a selective optimization 

of side activities approach originating with an α2a adrenergic receptor agonist (Galley et al., 

2016). This resulted in the identification of the selective TAAR1 selective agonists 

RO5166017 and RO5256390, as well as partial agonists RO5203648 and RO5263397, all 

with high affinity for mouse, rat, monkey, and human TAAR1 in the nanomolar range (Revel 

et al., 2011; Revel et al., 2012b; Revel et al., 2013). F. Hoffmann-La Roche employed a high 

throughput screening of their compound library to find a TAAR1 selective antagonist and 

identified benzanilides as a class of potential candidates before narrowing down to the 

compound EPPTB, technically an inverse agonist as it reduces cAMP levels (Stalder et al., 

2011). While EPPTB has high affinity for the mouse TAAR1 (Ki = 0.9 nM), it has a lower 

affinity for rat TAAR1 (Ki = 0.9 µM) and weak affinity at the human TAAR1 (Ki > 5 µM). 

EPPTB is highly lipophilic with a high clearance rate. As such use of the TAAR1 antagonist 

has been predominantly limited to in vitro experiments in mouse tissue (Bradaia et al., 

2009).    

TAAR1 has been identified as a target for developing novel therapeutic agents to treat 

amphetamine abuse and addiction, as well as many other disorders. This is most evident in 

the amount of research the F. Hoffmann-La Roche has devoted to studying the receptor and 

developing TAAR1 agonists and antagonists. Scientists from F. Hoffmann-La Roche have 

collaborated with other researchers to publish over 40 TAAR1-related papers. Besides 

general characterization of the receptor, they have focused on TAAR1 interaction with 
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schizophrenia, bipolarity, depression, body weight control, pro-cognition, attention, nicotine, 

caffeine, and cocaine (Revel et al., 2011; Revel et al., 2012b; Revel et al., 2013; Pei et al., 

2015; Schwartz et al., 2017; Liu et al., 2018).  

Interaction with amphetamines 

Substituted amphetamines were identified as potent activators TAAR1 during the initial 

characterization and cloning of the receptor (Bunzow et al., 2001). AMPH and MA have EC50 

values in the nanomolar range and MDMA is in the low micromolar range (Simmler et al., 

2016). The same study reported the rank order of affinity for TAAR1 is AMPH > MA > 

MDMA (Ki = 0.09, 0.55, 2.4 µM, respectively). Conversely, other psychostimulants, such as 

cocaine and substituted methcathinones, including methylone and MDPV, lack affinity for 

TAAR1 (Ki > 10 µM). Although amphetamines were identified as TAAR1 agonists, the 

modulatory role of TAAR1 on their effects remained undiscovered for several years until in 

vitro research revealed TAAR1 altered MA-induced [3H]DA release and uptake (Xie and 

Miller, 2007; Xie et al., 2007). The advent of the Taar1-KO mouse model shortly thereafter 

reinforced the role of TAAR1 in modulating the effects of amphetamines: biochemical, 

physiological, and behavioral (Wolinsky et al., 2007; Lindemann et al., 2008). 

Biochemical 

Biochemical responses to amphetamines are altered when TAAR1 is activated (Table 

4). Amphetamines elicit greater monoamine release when TAAR1 is not activated. Using in 

vivo microdialysis, a single dose of AMPH (2.5 and 2.9 mg/kg) increases DA, 5HT, and NE 

extracellular levels in the striatum of Taar1-KO mice compared to -WT mice (Wolinsky et al., 

2007; Lindemann et al., 2008). MDMA (10 mg/kg) also increases extracellular levels of DA 

and 5HT levels in the striatum and NAc of Taar1-KO compared to –WT mice (Di Cara et al., 

2011). However, these results have not been replicated in the MADR model using MA. In 

the NAc, MA (2 mg/kg) does not increase DA or 5HT levels in MALDR and MAHDR 

(Lominac et al., 2014). This is particularly surprising for DA levels, as lower doses of MA (1 
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mg/kg) increase DA levels in the NAc of C57BL/6 mice (Shin et al., 2009; Fujita et al., 2012). 

While MA increases DA levels in MAHDR compared to MALDR mice in the mPFC, MA does 

not increase DA levels above baseline in MALDR mice.  Finally, MA does not increase NAc 

5HT levels in either line and has an opposite effect in the mPFC where 5HT levels are 

increased in MALDR compared to MAHDR mice. While many of these results are at odds 

from findings in the Taar1-WT and –KO mice, they are potentially linked to differences in the 

biochemical basal phenotypes between the two models. MAHDR mice have lower basal DA 

levels and D2R expression in the NAc, whereas Taar1-KO mice have increased DA levels 

and D2R expression (Leo et al., 2014; Lominac et al., 2014; Espinoza et al., 2015a). 

MAHDR mice also have increased DAT levels in the NAc and decreased SERT in the 

mPFC, whereas there is no difference in transporter levels between Taar1-WT and –KO 

mice (Lindemann et al., 2008; Di Cara et al., 2011). Additionally, as MADR mice are 

selectively bred for MA consumption on a heterozygous background, there may be other 

genetic mutations affecting these biochemical characteristics outside of Taar1. The 

discrepancies may also be attributed to simple experimental factors, such as differences in 

drugs, dose, and brain regions. The Taar1-OE model provides an alternative perspective. At 

baseline, Taar1-OE mice have elevated basal DA and NE levels in the NAc compared to 

Taar1-WT mice (Revel et al., 2012a). Although a hyperdopaminergic state is typically 

associated with hyperlocomotion and other behavioral abnormalities, baseline behavioral 

phenotypes between Taar1-OE and –WT mice do not differ. When administered AMPH (2.5 

mg/kg), extracellular DA or NE levels is increased in Taar1-WT mice as expected, but the 

levels are unaltered in Taar1-OE mice.  Additionally, AMPH increases LMA in Taar1-WT 

more than the Taar1-OE mice, in which there is only a slight increase. As previous results 

indicate a hypersensitivity to amphetamines when TAAR1 is absent (Wolinsky et al., 2007; 

Lindemann et al., 2008), these results indicate there is a hyposensitivity to the effects of 

amphetamines when TAAR1 is overexpressed.
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Table 4. Summary of studies: comparison within TAAR1 models of biochemical responses to amphetamines 

Model Drug
Dose 

(mg/kg)
Tissue Measure Method WT KO Reference

Taar1 -WT/KO AMPH 2.9 Striatum DA, NE microdialysis ↑ ↑↑ Wolinsky et al ., 2007

AMPH 2.5 Striatum DA, NE microdialysis ↑ ↑↑ Lindemann et al ., 2008

2.5 Striatum 5HT - ↑

MA 10-9-10-5 M Striatum DA uptake [3H]DA uptake ↓ ↓↓ Xie and Miller, 2009

10-9-10-4 M Striatum DA release [3H]DA release ↑ ↑↑

10 PFC DA ↑ ↑↑

MDMA 7.5, 10 Striatum DA, 5HT microdialysis ↑ ↑↑ Di Cara et al ., 2011

10 NAc DA, 5HT ↑ ↑↑

10 PFC DA ↑ ↑↑

Model Drug
Dose 

(mg/kg)
Tissue Measure Method WT OE Reference

Taar1 -WT/OE MA 2.5 NAc DA, NE microdialysis ↑ - Revel et al ., 2012

Model Drug
Dose 

(mg/kg)
Tissue Measure Method MALDRMAHDR Reference

MALDR/MAHDR MA 2 PFC DA microdialysis - ↑ Lominac et al ., 2014

2 PFC 5HT ↑ -

MA 2 PFC GLU microdialysis ↓ - Lominac et al ., 2016

MA 2 NAc GLU microdialysis - ↑ Szumlinski et al ., 2017

Model Drug
Dose 

(mg/kg)
Tissue Measure Method Reference

Rats MA 2 NAc DA overflow FSCV Pei et al ., 2017

RO526337

↓
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Arrows indicate significant differences between genotypes or lines. ↓: decreased; ↓↓: further 

decreased; ↑: increased; ↑↑ further increased; -: no difference. 

 

The Miller laboratory has investigated TAAR1 modulation of MA effects at the DAT, similar 

to their in vitro research on TAAR1 and DAT. Supporting an interaction between TAAR1 and 

DAT, cells co-transfected with TAAR1 and DAT have greater activation of TAAR1 by AMPH, 

MA, and MDMA than cells only expressing TAAR1 (Miller et al., 2005; Xie et al., 2007). MA-

induced [3H]DA uptake inhibition and DA release are increased in both TAAR1/DAT co-

transfected cells and Taar1-WT striatal synaptosomes in comparison to DAT transfected cells 

and Taar1-KO synaptosomes, respectively (Xie and Miller, 2007, 2009a). MA also induces DAT 

internalization in TAAR1/DAT cells and Taar1-WT mice, an effect absent in DAT cells and 

Taar1-KO mice, indicating the receptor is necessary for the trafficking of DAT from the cell 

membrane surface inward (Xie and Miller, 2009a). Acute DAT internalization following MA 

decreases [3H]DA uptake and therefore may contribute to TAAR1 modulation of [3H]DA uptake 

(Fleckenstein et al., 1997; Sandoval et al., 2001). The same study demonstrated TAAR1 

mediation of MA impairment of DAT function is PKC-dependent, similar to previous work using 

DA as the TAAR1 agonist (Xie and Miller, 2007). The PKC inhibitor RO320432 blocks MA-

induced inhibition of [3H]DA uptake, [3H]DA release, and DAT internalization. This is in 

accordance with previous research demonstrating PKC modulates these effects of MA (Zhang 

et al., 1997; Kantor and Gnegy, 1998; Boudanova et al., 2008). MA inhibition of [3H]DA uptake 

is also blocked by the PKA inhibitor H89. While these findings indicate activation of TAAR1 

modulates MA-induced impairment of DAT function, the same concerns raised above regarding 

in vitro results apply. Additionally, they suggest extracellular DA levels would increase following 

MA stimulation of TAAR1, whereas the opposite is true in microdialysis studies (Wolinsky et al., 
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2007; Lindemann et al., 2008). Additional research is needed on the complex relationship 

between TAAR1 and DAT, particularly in the context of MA-induced neurotoxicity. 

Although there is currently no published data confirming the interaction of TAAR1 with 

VMAT2, it has been speculated that TAAR1 resides on the vesicular membrane and may affect 

VMAT2 function (Bunzow et al., 2001; Xie et al., 2007; Rutigliano et al., 2017). This is 

predominantly due to the localization of TAAR1 on cytosolic membranes (Xie et al., 2008a). 

Intracellular localization of the receptor increases the likelihood of an interaction with VMAT2 

and bypasses a common criticism of a TAAR1-DAT interaction: TAAR1 is only minimally 

expressed at the plasmalemmal membrane. MA impairment of VMAT2 function also increases 

extracellular DA levels, suggesting the transporter is a likely candidate for interaction with 

TAAR1 (Sulzer et al., 1995; Eiden and Weihe, 2011). TAAR1 mediation of VMAT2 function may 

also be indirectly mediated by D2R. In rats, D2R agonists quinpirole and pramipexole acutely 

increases striatal [3H]DA uptake in the vesicular fraction and redistributes VMAT2, increasing 

immunoreactivity in the vesicular fraction without altering VMAT2 levels in the synaptosomal 

fraction (Truong et al., 2003; Truong et al., 2004). These effects were reversed when animals 

were pre-treated with the D2R antagonist eticlopride. Another potential link between TAAR1 and 

VMAT2 may occur by way of the PKC signaling cascade. MA-induced phosphorylation of PKA 

and PKC occurs in cells transfected with TAAR1, but is absent in the presence of EPPTB and in 

untransfected control cells (Panas et al., 2012). Pharmacological blockade of PKC by RO-

320432 mitigates MA-induced inhibition of [3H]DA uptake and [3H]DA release in striatal 

synaptosomes from Taar1-WT mice, but not Taar1-KO mice, demonstrating an interaction 

between PKC and TAAR1 mediation of transporter function (Xie and Miller, 2009a). 

Independent of TAAR1 research, in vitro experiments demonstrated VMAT2 is phosphorylated 

at the N-terminus, selectively by PKC, but not PKA (Yao et al., 2004; Torres and Ruoho, 2014). 

PKC-dependent phosphorylation of VMAT2 also alters functionality of the transporter. 5HT 

sequestration is increased or decreased, dependent on phosphorylation site and serine 
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substitution (Torres and Ruoho, 2014). Based on these associations and the critical role of 

VMAT2 in MA-induced neurotoxicity, TAAR1 potentially modulates this neurotoxicity via 

VMAT2-dependent mechanisms.  

Thermal response 

While TAAR1 modulation of thermal response to amphetamines has not been widely 

investigated, existing research indicates activation of TAAR1 alters temperature response and 

contributes to amphetamine-induced acute hypothermia (Table 5). Under normothermic ambient 

conditions (20–23 °C), in both Taar1-WT and MALDR mice, MA (2 mg/kg) elicits hypothermia, 

reaching a nadir 30 min after administration, followed by an increase in body temperature 

(Harkness et al., 2015). This response is absent in both Taar1-KO and MAHDR mice, indicating 

activation of the receptor is necessary for MA-induced hypothermia. The same study examined 

the MA dose-response curve in MADR mice and found the hypothermic response to be most 

pronounced at lower doses. In MALDR mice, MA doses of 1, 2, and 4 mg/kg induces acute 

hypothermia 30 min following injection, but higher doses of MA (8 and 16 mg/kg) do not. All 

doses of MA induce hyperthermia in the MAHDR mice at this time point. Similar differences 

between genotypes are found in thermal response to MDMA (Di Cara et al., 2011). Thirty 

minutes following administration, the higher doses of MDMA (10 and 20 mg/kg) elicit 

hypothermia in Taar1-WT mice, while MDMA dose-dependently induces hyperthermia in Taar1-

KO mice. MDMA (10 mg/kg) was also administered in an elevated temperature environment (27 

°C). Under these conditions both genotypes exhibited hyperthermia, although the effect was 

more pronounced in Taar1-KO mice. These studies indicate the activation of TAAR1 is 

necessary for amphetamine-induced hypothermia and the absence of TAAR1 potentiates 

amphetamine-induced increases in body temperature. However, these experiments were all 

conducted using a single administration of drug. The effects of TAAR1 on changes in body 

temperature following a binge-like regimen of amphetamines remain to be explored.  
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Table 5. Summary of studies: comparison within TAAR1 models of acute thermal 

response to amphetamines 

 
 

Arrows indicate significant differences in thermal response 30 min following first injection, 

relative to saline-treated control group. ↓: hypothermic decrease; ↑: hyperthermic increase; 

↑↑ further hypothermic increase; -: no change in body temperature. 

 
Behavior 

TAAR1 modulates a variety of amphetamine-related behaviors (Table 6). Hyperlocomotion 

in response to a single dose of amphetamines is a traditional measure of psychomotor stimulant 

effects (Wise, 2004). Mitigation or enhancement of the effect, through genetic or 

pharmacological manipulation, provides insight into anatomical and underlying cellular 

mechanisms of psychostimulants, particularly with respect to the dopaminergic system, and the 

importance of DAT, D2R, and the mesolimbic pathway (Giros et al., 1996; Ikemoto, 2002; Kelly 

et al., 2008). The effect of TAAR1 activation on psychomotor stimulation is equivocal. Some 

research has reported low doses of AMPH, MA and MDMA elicit increased LMA in Taar1-KO 

compared to –WT mice (Wolinsky et al., 2007; Lindemann et al., 2008; Di Cara et al., 2011; 

Achat-Mendes et al., 2012). While these results indicate the absence of TAAR1 increases 

sensitivity to this effect of amphetamines, other studies report no difference in LMA between 

Model Drug
Dose 

(mg/kg)

Ambient 

temp (°C)
WT KO Reference

Taar1 -WT/KO MDMA 10, 20 21 ↓ ↑ Di Cara et al ., 2011

10 27 ↑ ↑↑

MA 3 22 - ↑ Panas et al ., 2012

MDMA 25 ↑ ↑

MA 2 21 ↓ - Harkness et al ., 2015

Model Drug
Dose 

(mg/kg)

Ambient 

temp (°C)
MALDR MAHDR Reference

MALDR/MAHDR MA 1, 2, 4 21 ↓ - Harkness et al ., 2015

8, 16 21 - ↑
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Taar1-WT and –KO mice using similar doses and there are no reported differences between 

MALDR and MAHDR mice (Shabani et al., 2011; Sukhanov et al., 2016). A potential contributor 

to the discrepancies in results is the differences in backgrounds of the Taar1-KO vs. MADR 

mouse models. The lack of difference in MA effects on LMA between MALDR and MAHDR mice 

may be attributed to levels of MA-induced [3H]DA release. Although DA levels have not been 

measured in the striatum, MA (2 mg/kg) does not increase DA levels in the NAc in either line 

(Lominac et al., 2014).  

  



49 
 

Table 6. Summary of studies: comparison within TAAR1 models of behavioral responses to amphetamines 

 

Model Drug Dose (mg/kg) Measure Method WT KO Reference

Taar1 -WT/KO AMPH 1 LMA acute stimulation ↑ ↑↑ Wolinsky et al ., 2007

AMPH 1, 2.5 LMA acute stimulation ↑ ↑↑ Lindemann et al ., 2008

MDMA 10 LMA acute stimulation ↑ ↑↑ Di Cara et al ., 2011

AMPH, MA 3 LMA acute stimulation ↑ ↑↑ Achat-Mendes et al ., 2012

2, 3 LMA repeated administration dose ↑ ↑↑

MA 1 CPP acquisition sooner

1 CPP retention during extinction ↑ ↑↑

MA 2 CTA acquisition ↑ - Harkness et al ., 2015

20, 40 mg/l 2 bottle choice voluntary drinking - ↑

AMPH 2 LMA behavioral sensitization: cue-induced 

and drug-primed

↑ ↑↑ Sukhanov et al ., 2016

2 CPP reinstatement - ↑

Model Drug Dose (mg/kg) Measure Method WT OE Reference

Taar1 -WT/OE AMPH 2.5 LMA acute stimulation ↑ - Revel et al ., 2012

Model Drug Dose (mg/kg) Measure Method MALDR MAHDR Reference

MALDR/MAHDR MA 0.5 CPP acquisition - ↑ Wheeler et al ., 2009

1, 2 CTA acquisition ↑ -

20, 40 mg/l 2 bottle choice voluntary drinking - ↑

MA 0.5, 2, 4 CPP acquisition - ↑ Shabani et al ., 2011

0.5, 2, 4 CPA acquisition (test day: drug-primed) ↑ -

4 LMA behavioral sensitization - ↑

20, 40 mg/l 2 bottle choice voluntary drinking - ↑

MA 2 CPA acquisition (drug following conditioning) ↑ - Shabani et al ., 2012b

1, 2 CTA acquisition ↑ -

MA 20, 40 mg/l oral SA appetitive and consummatory behavior ↑ ↑↑ Shabani et al ., 2012a

0.1-5 ug/infusion ICV SA consummatory behavior ↑ ↑↑

MA 20, 40 mg/l 2 bottle choice voluntary drinking - ↑ Harkness et al ., 2015
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Table 6. Comparison within TAAR1 models behavioral responses to amphetamines (cont.) 

 

Arrows indicate significant differences between genotypes or lines. ↓: decreased; ↑: increased; ↑↑ further increased; -: no 

difference.  

 

Model Drug Dose (mg/kg) Measure Method Reference

Rats MA 0.75 LMA behavioral sensitization Cotter et al ., 2015

0.05 infusion SA, FR consummatory behavior

MA 0.3, 1 LMA behavioral sensitization Jing et al ., 2014

0.01, 0.03 infusion SA, FR consummatory behavior

0.05 infusion SA, FR reinstatement: cue-induced and 

drug-primed

MA 0.05 infusion SA, PR breakpoint Pei et al ., 2017

0.05 infusion SA, PR reinstatement

↓

↓

↓

RO5203648

↓

↓

RO526337

↓

↓
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Behavioral sensitization to repeated administration of amphetamines is linked to the 

sensitization of incentive motivational properties, i.e. increased drug craving, as well as 

neuroadaptive changes (Vanderschuren and Kalivas, 2000). Following seven conditioning days 

of AMPH (2 mg/kg), AMPH-induced conditioned locomotion and context-dependent 

sensitization increases in Taar1-KO mice compared to Taar1-WT mice (Sukhanov et al., 2016). 

However, there are no differences in sensitization between genotypes during any of the 7 

conditioning days. In the MADR model, where mice were administered the same dose of MA 

every other day for six trials, lower doses of MA (0.5 or 2 mg/kg) induce equal sensitization in 

both lines, while the highest dose of MA (4 mg/kg) elicits sensitization in MAHDR, but not 

MALDR mice (Shabani et al., 2011). As behavioral sensitivity to amphetamines is potentiated in 

Taar1-KO and MAHDR mice, the absence of TAAR1 activation may be correlated with 

increased drug-seeking behavior.  

Drug-induced conditioned place preference (CPP), aversion (CPA), and conditioned taste 

aversion (CTA) are established behavioral methods used to measure the rewarding and 

aversive effects of amphetamines (Bardo and Bevins, 2000). Although specific methodologies 

vary, CPP is typically comprised of several conditioning days pairing administration of the drug 

with a particular context, such as a distinct flooring texture (e.g. grid), alternating with days 

where saline is administered and paired with a different floor texture (e.g. holes)(Cunningham 

and Noble, 1992; Cunningham et al., 2006; Davis and Riley, 2010). On the test day, following 

conditioning, animals are administered saline and provided access to both floor textures. CPP is 

acquired if more time is spent in the drug-associated context than the neutral context and 

indicates the rewarding effects of the drug. CPA is induced if significantly more time is spent in 

the neutral context and is indicative of the aversive effects of a drug. CPA can also be 

strengthened by administering a drug following conditioning sessions instead of prior (Fudala 

and Iwamoto, 1990). Another test of aversion, CTA typically pairs limited access to a novel 

tastant, such as NaCl, with administration of drug immediately following access (Cunningham 
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and Noble, 1992). Conditioning days are alternated with access to water. CTA is acquired if 

consumption of the novel tastant is significantly decreased over the conditioning trials. Both 

preference and aversion have been studied in the Taar1-KO model. In one study, AMPH (2 

mg/kg) induced equal CPP in the 2 genotypes, but AMPH-induced reinstatement of CPP only 

occurred in Taar1-KO mice (Sukhanov et al., 2016). When conditioned with MA (1 mg/kg), 

Taar1-KO mice acquire MA-induced CPP earlier than Taar1–WT mice and retain MA-induced 

CPP longer during the extinction phase, although reinstatement occurrs in both genotypes 

(Achat-Mendes et al., 2012). In a CTA study, where MA was administered following a novel 

tastant, Taar1-WT mice readily acquire MA-induced CTA when conditioned with MA 2 mg/kg, 

whereas Taar1-KO mice do not exhibit MA-induced CTA and their consumption of the saline 

solution continued unabated (Harkness et al., 2015).  

The rewarding and aversive effects of MA have been extensively studied in the MADR 

mouse model with robust differences. MA-induced CPP is exhibited by MAHDR mice at 

conditioning doses of MA (0.5, 2, and 4 mg/kg), but absent at all doses in MALDR mice 

(Wheeler et al., 2009; Shabani et al., 2011). In a CPA study, where MA was administered 

following each conditioning trial, MALDR mice conditioned with MA (2 or 4 mg/kg) exhibit MA-

induced CPA, preferring the non-drug paired floor, while MA-induced CPA is only elicited by the 

higher conditioning dose of MA (4 mg/kg) in MAHDR mice (Shabani et al., 2012b). In CTA 

experiments, MALDR mice acquire MA-induced CTA when conditioned with MA (1 and 2) 

mg/kg. However, MAHDR mice fail to acquire MA-induced CTA at any conditioning dose of MA 

(1, 2, or 4 mg/kg) (Wheeler et al., 2009; Shabani et al., 2012b). These findings corroborate 

those in the Taar1 mouse model, confirming the role of TAAR1 in modulation of MA rewarding 

and aversive effects. 

Finally, true to their name, MAHDR mice orally and voluntarily consume more MA than 

MALDR mice (Wheeler et al., 2009; Shabani et al., 2011). Using a two-bottle choice task, 

MAHDR mice drink ~12x more MA than MALDR mice over an 18 h period. This disparity in MA 



53 
 

consumption has been replicated in the Taar1 model, where Taar1-KO mice consume 6x more 

MA than Taar1-WT mice (Harkness et al., 2015). While the amount of MA consumed fluctuates 

between MAHDR and Taar1-KO mice, MALDR and Taar1-WT mice both drink similarly minimal 

amounts, rarely exceeding 0.5 mg/kg/18 h. Operant self-administration experiments have also 

been used to investigate the role of TAAR1 in MA reinforcement. In the MADR mouse model, 

this has been tested using both oral and intracerebroventricular (ICV) administration (Shabani et 

al., 2012a). MAHDR mice have higher appetitive and consummatory behavior than MALDR 

mice when orally presented with MA. Additionally, MAHDR mice acquire ICV MA self-

administration, whereas MALDR mice do not, demonstrating increased sensitivity to the 

reinforcing effects of MA, while ruling out potential confounding effects of the taste of MA itself. 

As taste preference may influence oral consumption of MA, MALDR and MADR mice were also 

tested using tastant drinking tasks and there are no differences between lines for consumption 

of quinine (bitter) or saccharine (sweet) solutions (Wheeler et al., 2009). 

MA self-administration has also been tested in rats using TAAR1 partial agonists: 

RO520648 (under a fixed ratio 1 (FR1) schedule) and RO5263397 (under an FR2 schedule) 

both block intravenous (IV) MA self-administration, but not saccharin (Jing et al., 2014; Cotter et 

al., 2015).  RO526337 also reduces the break-point for MA self-administration using a 

progressive ratio schedule (Pei et al., 2017). Using multiple measures and methodologies, these 

studies demonstrate the rewarding, reinforcing, and motivational effects of amphetamines are 

potentiated when TAAR1 is not activated, while the aversive effects are diminished. This 

behavioral evidence indicates the risk of MA addiction is enhanced in the absence of TAAR1. 

The summation of TAAR1 research indicates sensitivity to the effects of amphetamines is 

altered when TAAR1 is not activated: biochemically, physiologically, and behaviorally. Many of 

these findings are replicated in both Taar1-KO mice where the receptor is absent and MAHDR 

mice in which the receptor is present, but non-functional, in comparison to their Taar1-WT and 

MALDR mice counterparts. The convergence of these results strengthens the modulatory role of 
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TAAR1 as opposed to developmental differences. While there are discrepancies between 

certain findings, the majority of results point to an inhibitory effect of TAAR1 activation on 

underlying mechanisms and overt phenotypes associated with amphetamine abuse, addiction, 

and neurotoxicity.  

However, the majority of research has examined the ability of TAAR1 to mediate the acute 

effects of amphetamines and there is no existing literature on the interaction between TAAR1 

and neurotoxicity. To address this gap in research, my dissertation investigated the extent and 

underlying mechanisms through which TAAR1 mediates amphetamine-induced neurotoxicity. 

This novel research provides insight into the ability of TAAR1 to alter the effects of 

amphetamines at the molecular level after the drug has been cleared, investigating transient 

and sustained effects following administration. The ability of TAAR1 to modulate amphetamine-

induced neurotoxicity indicates the receptor is a potential pharmacotherapeutic target for 

treatment of MA use disorder and addiction. 

5. Dissertation studies 

The overarching goal of this dissertation is to gain a better understanding of substituted 

amphetamine-induced neurotoxicity, with a focus on the TAAR1 receptor. I hypothesized 

activation of TAAR1 by amphetamines would diminish neurotoxicity. Using mouse models, I 

investigated induction of both transient and sustained neurotoxicity through quantification of 

neurotoxic biomarkers, modulation of neurotoxicity by activation of the TAAR1 receptor, and 

interactions of TAAR1 with monoaminergic transporters as potential mechanisms through which 

the receptor regulates amphetamine neurotoxicity. Finally, throughout all experiments, I 

examined the thermal response to these drugs and the effect of TAAR1 on this physiological 

measure. 

First, I investigated the neurotoxic effects of MDMA and the substituted methcathinones, 

methylone and MDPV, alone or in combination (Chapter 2). In particular, I was interested in 

whether the combination of MDMA with different substituted methcathinones modulated MDMA-
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induced neurotoxicity as these drugs are often co-ingested (Palamar et al., 2016). I chose two 

methcathinones based on their different mechanisms of action at DAT: methylone is a 

transporter substrate and MDPV is a transporter inhibitor (Eshleman et al., 2013). Previous work 

using similar drug combinations reported methcathinones that were transporter substrates 

potentiate amphetamine-induced neurotoxicity, whereas MDPV, a transporter inhibitor, 

ameliorates amphetamine-induced neurotoxicity (Angoa-Perez et al., 2013b; Anneken et al., 

2015). I hypothesized the transient and sustained neurotoxic effects of MDMA would be 

increased when combined with the transporter substrate methylone and decreased when 

combined with the transporter inhibitor MDPV. I tested this hypothesis using a binge-like 

regimen of drug administration to mimic human drug use in a mouse model. I then quantified 

striatal biomarkers of neurotoxicity indicative of DA terminal degeneration (DA and TH levels) 

and astrocyte activation (GFAP expression) at time points indicative of transient and sustained 

neurotoxicity (2 and 7 days later). These markers, at these time points, are established 

indicators of amphetamine-induced neurotoxicity (O'Callaghan and Miller, 1994; McConnell et 

al., 2015). I was also interested in isolating any potential modulation of neurotoxicity 

independent of hyperthermia, which potently exacerbates neurotoxicity (Bowyer and Hanig, 

2014). By administering the drugs in a normothermic temperature environment where 

hyperthermia was not induced, all neurotoxic effects, as well as modulation, were attributable to 

mechanisms independent of hyperthermia. 

I next investigated TAAR1 modulation of MDMA-induced neurotoxicity and thermal response 

(Chapter 3). Activation of TAAR1 has an inhibitory effect on DA neuron firing (Lindemann et al., 

2008). Additionally, sensitivity to many of the rewarding effects of amphetamines associated 

with drug use and addiction is increased when TAAR1 is not activated, such as AMPH- and 

MDMA-induced DA release, MA voluntary consumption, and MA-induced CPP (Wolinsky et al., 

2007; Wheeler et al., 2009; Di Cara et al., 2011; Harkness et al., 2015). As such, I hypothesized 

MDMA-neurotoxicity would be increased when TAAR1 was not activated. Using the same 
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binge-like regimen, I quantified striatal DA levels and GFAP expression two days later as 

indicators of transient neurotoxicity. I used MALDR and MAHDR mice to examine the effects of 

TAAR1 activation on MDMA-neurotoxicity and methylone as a control due to its lack of affinity 

for TAAR1. Although in vivo AMPH-induced striatal DA release is increased in the absence of 

TAAR1 activation, in vitro MA-induced striatal DA release increases when TAAR1 is activated 

(Lindemann et al., 2008; Xie and Miller, 2009a). To determine whether the in vitro results were 

transferable to MDMA, I compared MDMA-induced DA release in Taar1-WT to –KO mice; 

hypothesizing release would also be greater when TAAR1 is activated. Finally, although I 

continued to pursue investigation of hyperthermia-independent neurotoxicity by conducting all 

experiments in a normothermic environment, I also wanted to investigate a thermal response 

pattern observed in Chapter 2. MDMA elicited a biphasic temperature pattern characterized by 

acute hypothermia after administration followed by an increase in body temperature. One study 

found this hypothermic response to MDMA is absent in Taar1-KO mice (Di Cara et al., 2011). 

Similar effects were also observed following MA administration where the hypothermic response 

is absent in Taar1-KO and MAHDR mice (Harkness et al., 2015). These results indicated 

TAAR1 activation may be responsible for the hypothermic response to amphetamines. As these 

studies all used a single dose of drug, I examined the effect 30 min following each of the four 

injections. I hypothesized the hypothermic response to MDMA would be absent when TAAR1 

was not activated. I examined this in both the MADR and Taar1 models to compare the effects 

of when the receptor is present, but inactive (MAHDR mice) and when the receptor is absent 

(Taar1-KO mice). 

Due to difficulty inducing neurotoxicity with MDMA, the focus of my research pivoted to the 

more neurotoxic substance MA and TAAR1 modulation of its neurotoxic effects and thermal 

response (Chapter 4). MA robustly and consistently induces transient and sustained 

neurotoxicity (Angoa-Perez et al., 2013a; McConnell et al., 2015) in comparison to variable 

results with MDMA (Johnson et al., 2002; Fantegrossi et al., 2008). Similar to Chapter 3, I 
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hypothesized MA-neurotoxicity would be increased when TAAR1 was not activated. I used the 

same binge regimen with multiple doses of MA and expanded my biomarkers to include the 

monoamines and metabolites: DA, DOPA, HVA, 5HT, 5HIAA, and NE, as well as TH levels and 

GFAP expression, measuring them both 2 and 7 days later to investigate transient and 

sustained effects. I leveraged the Taar1 mouse model to test whether MA-induced neurotoxicity 

would be increased when TAAR1 was not activated and absent, as opposed to when the 

receptor was activated. I also hypothesized the hypothermic response to MA would be absent 

when TAAR1 was not activated. Again, this was conducted in a normothermic environment to 

ensure all effects were hyperthermia-independent. I recorded thermal response and compared 

body temperature changes 30 min following each administration to examine the effect of TAAR1 

activation on MA-induced acute hypothermia. 

To better understand underlying mechanisms by which TAAR1 modulates MA-induced 

neurotoxicity, I examined how activation of the receptor altered biogenic amine transporters 

(Chapter 5). VMAT2 plays a significant role in the modulation of neurotoxicity as a regulator of 

intracellular DA levels (Fleckenstein et al., 2009). Impaired function and expression of VMAT2 

increases MA-induced neurotoxicity (Fumagalli et al., 1999; Guillot et al., 2008). While there has 

been speculation of a TAAR1-VMAT2 interaction (Bunzow et al., 2001; Xie et al., 2007), there is 

currently no published data on their relationship. As a potential mechanism through which 

TAAR1 regulates MA-induced neurotoxicity, I hypothesized MA-induced impairment of VMAT2 

function would be increased when TAAR1 was not activated.  

Using the same binge-like regimen as previous chapters, I quantified VMAT2-mediated DA 

uptake in striatal tissue 24 h later in Taar1-WT and –KO mice. In vivo treatment with MA allowed 

for investigation of the interaction between TAAR1 and VMAT2 under physiological conditions 

following clearance of MA, but prior to terminal degeneration. VMAT2 experiments were 

conducted in fractionated tissue due to the heterogeneous distribution of VMAT2 across cellular 

compartments: synaptosomal, membrane-associated, and enriched vesicular fractions 
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(Scherman, 1986). VMAT2 found in whole synaptosomes can be separated into VMAT2 

localized to membrane-associated vesicles and those found on cytosolic vesicles (Volz et al., 

2007a). Transporter expression was also quantified following the same dosing regimen, using 

both TAAR1 mouse models: the transgenic Taar1 and the selected line MAHDR models. 

VMAT2 binding is differentially expressed among fractions 24 h following MA administration, 

indicating trafficking of vesicles independent of terminal degeneration (Hogan et al., 2000; 

Ugarte et al., 2003). I hypothesized VMAT2 expression would be decreased when TAAR1 is not 

activated, but only in the vesicular fraction. To test this, I quantified VMAT2 expression in all 

three subcellular fractions of striatal tissue from Taar1-WT and KO mice and MALDR and 

MAHDR mice, 24 h following MA administration.  

Not only does DAT regulate MA-induced neurotoxicity, but there is also evidence of a 

TAAR1 and DAT interaction, as the two are co-expressed in the SN (Xie et al., 2007).Several in 

vitro studies, predominantly using cellular models, indicate TAAR1 modulates DAT functionality 

as MA-induced striatal DA uptake inhibition and DA release is increased when TAAR1 is 

activated (Xie and Miller, 2007; Xie et al., 2008b; Xie and Miller, 2009b). However, these 

findings have not been replicated and other studies have reported amphetamines increase 

striatal extracellular DA release when TAAR1 is absent (Wolinsky et al., 2007; Lindemann et al., 

2008; Di Cara et al., 2011). While VMAT2 function remains impaired 24 h following 

administration of MA, DAT function returns to baseline at this timepoint (Sandoval et al., 2001; 

Ugarte et al., 2003) and research on TAAR1 and DAT has been largely conducted in vitro. As 

such, I hypothesized in vitro treatment of MA would increase the impairment of DAT function 

when TAAR1 was not activated. To test this, I measured MA-induced DA uptake inhibition and 

DA release in striatal synaptosomes and homogenate from untreatedTaar1-WT and -KO mice. I 

also quantified DAT expression in striatal synaptosomes from MA-treated Taar1-WT and –KO 

mice, as well as MALDR and MAHDR mice, using the same regimen used for VMAT2 

expression. As MA decreases DAT expression 24 following administration, a measure that 
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corresponds with MA-induced neurotoxicity (Zhu et al., 2005; Bourque et al., 2012), I 

hypothesized DAT expression would be decreased when TAAR1 was not activated.  

 Finally, I investigated thermal response to MA in the MADR model to compare with Taar1 

mice. As both Taar1 and MADR models responded similarly to MDMA in Chapter 2, and 

previous research reported similar responses in both models to a single administration of MA, I 

hypothesized I would replicate my findings from the Taar1 model in the MADR model and the 

hypothermic response to MA would be absent when TAAR1 was not activated. 
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Chapter 2: The combined effects of MDMA and selected substituted 

methcathinones on measures of neurotoxicity 

 

This chapter is adapted from the following publication: 

 

Miner, N.B., O’Callaghan, J.P., Phillips, T.J., Janowsky, A (2017). The combined effects of 3,4 

methylenedioxy-methamphetamine (MDMA) and selected substituted methcathinones on 

measures of neurotoxicity. Neurotoxicology and Teratology. 61, 74-81.  

 

Acknowledgement: the analysis of striatal tissue for TH was conducted by James P. 

O’Callaghan.  

 

1. Introduction 

Co-ingestion of MDMA and methcathinones is common, due to poly-drug use and the 

practice of “cutting” street drugs with adulterants (Karila et al., 2016; Palamar et al., 2016). 

Although concurrent use of these drugs has been firmly substantiated through self-reporting, 

pill-testing, and emergency room visits (Caudevilla-Galligo et al., 2013; DAWN, 2013; 

Fernandez-Calderon et al., 2018), there remains a lack of research on the neurochemical 

effects of combining the two classes of substances. The goal of Chapter 2 was to investigate 

the neurotoxic profiles of two different substituted methcathinones, methylone and MDPV, both 

alone and in combination with MDMA. The two methcathinones have different mechanisms of 

action: methylone is a transporter substrate, whereas MDPV is a transporter inhibitor, and most 

selective for DAT. Both are not neurotoxic by themselves, but may modulate neurotoxicity in 

combination with amphetamines (Angoa-Perez et al., 2013b; Anneken et al., 2015). Following a 

binge-like regimen of the drugs by themselves or in combination, markers of neurotoxicity were 
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measured 2 days later to assess maximal, but transitory effects, as well as 7 days later to 

assess sustained effects. As MDMA is selective for damage to DA terminals in a mouse model 

and most severe in the striatum (O'Callaghan and Miller, 1994; Mueller et al., 2013), I quantified 

DA levels and its precursor enzyme TH in the striatal tissue of C57BL/6J mice. Additional 

indicators of neurotoxicity, markers of gliosis were also quantified: GFAP expression, an 

indicator of astrocyte activation, and [3H]PK11195 binding to TSPO, an indicator of glial 

activation (O'Callaghan and Sriram, 2005; Chipana et al., 2006). [3H]PK11195 binding was 

chosen to supplement GFAP protein quantification with a binding assay and investigate 

microglia activation as TSPO is expressed on both astrocytes and microglia (Kuhlmann and 

Guilarte, 2000).  

MDMA-induced hyperthermia can confound the determination of the pharmacological effects 

of MDMA as it amplifies neurotoxicity  (O'Shea et al., 2001; Miller and O'Callaghan, 2003). As 

such, the experiments were conducted in a normothermic environment, where hyperthermia 

was not induced, to assess temperature-independent effects of MDMA and its combination with 

methcathinones. Continuous monitoring of body temperature also provided thermal response 

data to each drug alone or in combination. I hypothesized that a combination of the two 

transporter substrates (MDMA and methylone) would have an additive neurotoxic effect, 

resulting in lower DA and TH levels and greater GFAP expression and [3H]PK11195 binding, 

whereas a combination of a transporter substrate (MDMA) and a reuptake inhibitor (MDPV) 

would have a neuroprotective effect, mitigating the neurotoxic effect of MDMA.  

2. Materials and Methods 

2.1. Drugs and chemicals 

Racemic MDMA, methylone, and MDPV hydrochloride were generously provided by the 

National Institute on Drug Abuse (NIDA) Research Resources Drug Supply program. All 

chemicals and reagents used to assay DA levels, as included in the Dopamine Research ELISA 

kit, were purchased from Rocky Mountain Diagnostics, Inc. (Colorado Springs, CO).  The 



62 
 

materials used in the TH immunoassay have been described previously (Sriram et al., 2004; 

Sriram et al., 2006). All chemicals and reagents used to assay GFAP expression levels, as 

included in the GFAP ELISA kit, were purchased from EMD Millipore (Billerica, MA). 

[3H]PK11195 (specific activity 82.7 Ci/mmol) was purchased from Perkin Elmer (Waltham, MA). 

All other reagents were obtained from standard commercial sources, unless otherwise noted. 

2.2. Animal maintenance and housing 

Adult female C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, 

ME), acclimated in the animal colony for a minimum of 7 days prior to experiments, and were 

tested at 11–15 weeks of age. Of the three most common mice strains (C57BL6, BALB/c and 

DBA/2), the C57BL/6 strain is most sensitive to the neurotoxic effects of amphetamines and 

frequently used in neurotoxicity research (Kita et al., 1998; Yu and Liao, 2000). Female mice are 

also often used in neurotoxic studies in order to avoid increased aggression and fights that 

occurs in males (Sokolov et al., 2004). The choice of female C57BL/6 mice also allowed for 

direct comparison to the amphetamine and methcathinone studies, which used the same 

gender and strain (Angoa-Perez et al., 2013b; Anneken et al., 2015).  

Before experiment initiation, mice were group-housed in filtered acrylic plastic shoebox 

cages (28 cm×18 cm×13 cm; l ×w× h), fitted with wire tops. Cages were lined with either ECO-

Fresh bedding (Absorption Corporation, Ferndale, WA) or Bed-O-Cob (The Andersons, 

Maumee, OH). Mice had free access to rodent chow (5LOD, 5.0% fat content, Purina Mills, St. 

Louis, MO) and water ad libitum. The colony room was maintained at an environmental 

temperature of 21 ± 1 °C with lights on a 12:12 h light:dark schedule, beginning at 0600 h. All 

procedures were approved by the VA Portland Health Care System’s Institutional Animal Care 

and Use Committee and followed the requirements of the Guide for the Care and Use of 

Laboratory Animals. All efforts were made to minimize animal suffering, to reduce the number of 

animals used, and to use alternatives to in vivo techniques when available. All animals 

acclimated to the vivarium at least one week prior to testing.  
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2.4. Temperature recording 

Two days prior to drug administration, mice were implanted with IPTT-300 temperature 

transponders from BioMedic Data Systems (Seaford, DE) to assess body temperature via 

telemetry. Animals were anesthetized with isoflurane (5% induction, 2.5% maintenance) and 

transponders were subcutaneously injected dorsally between the shoulders. On the day of drug 

administration, animals were weighed and transferred from group to individual cages to avoid 

temperature changes associated with interaction (e.g., huddling). After a 1 h acclimation period, 

temperature recording began and was measured every 15 min for 8 h. All experiments were 

conducted between 0700 and 1700 h. Temperatures were non-invasively recorded using the 

DAS-8001 reader console and smart probe from BioMedic Data Systems. Animals were 

removed from the cage and the smart probe placed within 5 cm of the embedded transponder to 

acquire temperature readings. The environmental temperature of the testing environment was 

21 ± 1 °C. Although increased ambient temperature correlates with increased neurotoxicity, 

MDMA-induced neurotoxicity occurs at the temperature used (21 °C) (O'Shea et al., 2001; 

Peraile et al., 2013). This temperature was selected in order to differentiate neurotoxic effects of 

the drugs from those exacerbated by elevated environmental temperatures. 

2.5. Drug treatment 

Following the first temperature recording (baseline), each animal received four intra-

peritoneal (i.p.) injections (same drug and dose for a particular animal) with a 2 h interval 

between injections. Fig. 4 outlines the protocol used in this and all neurotoxicity experiments. 

The seven treatment groups were: saline 0.9%, MDMA 15 mg/kg, methylone 20 mg/kg, MDPV 1 

mg/kg, MDMA 30 mg/kg, methylone/MDMA 20/15 mg/kg combined, and MDPV/MDMA 1/15 

mg/kg combined. An MDMA dose of 15 mg/kg was chosen for combination treatment groups as 

it decreases striatal DA levels without inducing fatalities (Sanchez et al., 2003; Johnson et al., 

2004). MDMA is modestly more potent than methylone as a transporter substrate, whereas 

MDPV is 15 times more potent than MDMA as an uptake inhibitor at the DAT (Eshleman et al., 
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2013). This rank order of potencies (MDPV>>MDMA> methylone) has been demonstrated 

behaviorally in rodents (Dal Cason et al., 1997; Gatch et al., 2013) and is reflected in estimates 

of human recreational doses: MDPV = 8-15 mg; MDMA = 75-125 mg; methylone = 100-250 mg 

(Erowid, 2018). Single drug doses of methylone (20 mg/kg) and MDPV (1 mg/kg) were selected 

to approximate an equivalent dose to MDMA (15 mg/kg). Initial testing of drug doses on DA 

levels found MDMA 15 and 30 mg/kg decreased DA levels 2 days later, while methylone (20 

mg/kg) and MDPV (1 mg/kg) did not (Supp. Fig. 1). All drugs were dissolved in 0.9% saline and 

injected in a final volume of 10 ml/kg. Mice were euthanized 2 or 7 days after the final drug 

treatment by cervical dislocation, followed by decapitation. The striatum was removed using 

blunt dissection, flash-frozen, and weighed prior to being stored at -70 °C until time of assay.  

 

Figure 4. Binge-like model of neurotoxicity. Following 1 h habituation period, mice received 4 

injections of the same drug and dose each time, spaced 2 h apart. Body temperature was 

collected via radio telemetry every 15 min for 8 h, beginning immediately prior to first injection. 

Animals were euthanized either 2 or 7 days following the final injection and striatal tissue 

collected, based on experiment. 

 

2.6. Quantification of dopamine levels  

Tissue was homogenized in a 1 mM EDTA, 4 mM metabisulfite, 0.01 N HCl solution, using a 

5 mg/ml dilution, and sonicated for 30 s using a 2-mm ultra-sonification microprobe. Protein 

density was determined using the bicinchoninic acid (BCA) assay protocol (Thermo Fisher 
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Scientific, Waltham, MA). Striatal dopamine levels were quantified using a competitive enzyme-

linked immunosorbent assay (ELISA) kit according to the manufacturer’s instructions. 5 µl of 

tissue homogenate was used for DA analysis in duplicate. The amount of DA in the samples 

was calculated and expressed as nanograms DA per milligram total protein. 

2.7. Quantification of tyrosine hydroxylase levels 

Tissue was prepared as previously outlined (O'Callaghan, 2002). Striatal tissue was 

homogenized in 10 volumes of 1% hot (85-95 °C) sodium dodecyl sulfate (SDS) by sonification 

and the total protein concentration was determined by BCA assay. TH holoenzyme protein was 

assessed using a fluorescence-based ELISA developed in the laboratory (Sriram et al., 2004). 

In brief, a mouse anti-rat tyrosine hydroxylase monoclonal antibody (1:500; Sigma-Aldrich, St. 

Louis, MO) was coated on the wells of Immulon-2 microliter plates (Thermo Labsystems, 

Franklin, MA). The SDS homogenates and standards (prepared from control mouse striatum) 

were diluted in phosphate-buffered saline (pH 7.4) containing 0.5% Triton X-100. After blocking 

non-specific binding with 5% non-fat dry milk, aliquots of the homogenate and standards were 

added to the wells in duplicate and incubated. Following washes, a rabbit anti-rat TH polyclonal 

antibody (1:500; Calbiochem, San Diego, CA) was added to ‘sandwich’ the TH protein between 

the two antibodies. The amount of sandwich antibody bound to TH was then detected using a 

peroxidase-labeled antibody directed against rabbit IgG (1:3000; Artisan Technology Group, 

Champagne, IL. Peroxidase activity was detected using the fluorogenic substrate Quantablu 

(Thermo Fisher Scientific, Waltham, MA), which has excitation and emission maxima of 325 and 

420 nm, respectively (read at 320/405 nm). The amount of TH in the samples was calculated 

and expressed as micrograms TH per milligram total protein. 

2.8. Quantification of GFAP expression 

Tissue homogenate for GFAP analysis was prepared in the same manner as for TH 

analysis. Striatal GFAP levels were quantified using a sandwich ELISA kit (EMD Millipore, 

Billerica, MA) according to the manufacturer’s instructions. 100 µl of tissue homogenates, in 
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duplicate, were used for GFAP analysis against a standard curve using a GFAP standard 

provided by the manufacturer.  

2.1. [3H]PK11195 binding 

A modified version of the [3H]PK11195 saturation binding assay was conducted as 

previously described (Fantegrossi et al., 2008). Each sample consisted of pooled striata from 4 

animals of a given treatment group homogenized with 20 ml of homogenizing buffer (5 mM Tris-

HCl, 329 mM sucrose, and 1 µl/ml CalBioChem Protease Inhibitor Cocktail Set III (EMD 

Millipore), pH 7.4), using a Polytron homogenizer with a 7 mm dispersing unit, set at 1/3 

maximum speed. Following homogenization, samples were centrifuged at 15,000 x g for 30 min 

at 4 °C. The supernatant was discarded and the pellet further refined by re-suspension in fresh 

homogenizing buffer followed by 10 strokes in a glass-glass homogenizer before being 

centrifuged again at 15,000 x g for 30 min at 4 °C. The supernatant was discarded, and the 

pellet was re-suspended in 6 ml of holding buffer (50 mM Tris–Base,120 mM NaCl, and 5 mM 

KCl, pH 7.4). The protein density of each sample was determined by BCA assay, followed by 

dilution to a final concentration of 1 µg of protein/2 µl, and then frozen at -70 °C until time of 

assay. A six-point saturation binding curve was generated for each treatment group in order to 

determine the Bmax and KD values. Concentrations of [3H]PK11195 ranging from 0.1 to 9.0 nM 

were mixed in holding buffer. Specific binding was defined as the difference between binding 

observed in the presence (total binding) and absence (non-specific) of 10 µM RO5-4864 (4’-

chlorodiazepam). Preliminary investigations indicated that optimal assay conditions included 75 

µg of tissue protein and an incubation time of 2 hours (Supp. Fig. 2). In addition, a test of 

adherence of radioactivity to experimental surfaces (96 well plate, plastic Eppendorf tube, or a 

borosilicate glass test tube) over time was initially conducted using a low concentration of 

[3H]PK11195 of 0.08 nM (Supp. Fig. 3A). Radioactivity was added to the different containers 

and a 5 µl sample was withdrawn and added to a filter. Three hours later, another sample was 

removed and added similarly. Scintillation fluid was added and the filters counted.  A later test 
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was conducted in plastic Eppendorf tubes using higher concentrations of 0.25 to 6 nM using the 

same 3 h interval (Supp. Fig. 3B). 

 [3H]PK11195 binding, conducted with triplicate determinations, was characterized by at 

least three independent experiments. 50 µl of RO5-4864 were added to non-specific binding 

wells before 150 µl of protein were added to all wells and pre-incubated for 10 min. 50 µl of 

[3H]PK11195 and holding buffer were added to bring all wells to a total volume of 500 µl. 

Samples were incubated for 120 min at 4 °C. Incubation was terminated by filtration using 

FiltermatA filters (Perkin Elmer) pre-soaked in 0.05% polyethyleneimine and a Tomtec 96-well 

cell harvester (Camden, CT), washed with ice-cold holding buffer. Scintillation fluid (25 µl) was 

added to each filter spot and radioactivity remaining on the filters was determined using a 

microbeta scintillation counter (Perkin Elmer).  

2.9. Data analysis 

One-way analysis of variance (ANOVA) was used to test the significance of drug treatment 

on striatal DA, TH levels, and GFAP expression at each time point, independently. Dunnett’s 

multiple comparison test was used for follow-up mean comparisons with the saline group. Non-

linear curve-fitting analysis was used to analyze the saturation curves of [3H]PK11195 binding to 

determine the Bmax and KD values. One-way ANOVA was performed to test the significance of 

drug treatment on the Bmax and KD values of [3H]PK11195 binding, using Dunnett’s multiple 

comparison test for follow-up mean comparisons with the saline group. A two-way repeated 

measures ANOVA was performed to test the change in radioactivity counts over time with 

Bonferroni post-hoc tests. Mouse temperature data at each time point, grouped by drug 

treatment, were analyzed using a two-way repeated measures ANOVA. To follow up significant 

drug group x time interactions and examine the specific effects of each drug, data for each drug 

group were compared to the saline group data, using separate repeated measures ANOVAs, 

followed by Bonferroni’s multiple comparison test for mean comparisons at individual time 

points. Overall temperature change for comparison of drug effects was assessed by subtracting 



68 
 

the mean temperature 15 min after the first injection (selected because maximal hypothermic 

effects were elicited at this time point) from the final mean temperature at the 8 h time point for 

each treatment group and analyzed by one-way ANOVA, using Dunnett’s multiple comparison 

test for follow-up mean comparisons with the saline group. Data were analyzed for outliers using 

Dixon’s Q test at 90% confidence. All statistical analyses were performed using Prism v.6.04 

(GraphPad Software, La Jolla, CA). Differences were considered significant at p < 0.05.  

3. Results 

3.1. Dopamine levels 

A main effect of drug group on DA levels (Fig. 5) was found in the striatum 2 days after drug 

treatment (F6,48 = 4.09, p < 0.01). Post hoc analysis revealed that only the MDMA 30 mg/kg 

group had significantly decreased DA levels in comparison to the saline group. There was also 

a main effect of drug 7 days after drug treatment (F6,48 = 3.81, p < 0.01), but none of the drug 

groups differed significantly from the saline group for DA level.  

 



69 
 

Figure 5. Striatal DA levels measured 2 and 7 days following treatment. Groups of mice 

received 4 i.p. injections of the same drug/dose (saline; MDMA 15 mg/kg; methylone (MDMC) 

20 mg/kg; MDPV 1 mg/kg; MDMA 30 mg/kg; methylone (MDMC)/MDMA 20/15 mg/kg 

combined; or MDPV/MDMA 1/15 mg/kg combined), 2 h apart, and were euthanized either 2 or 7 

days later for striatal tissue collection. DA values were normalized to the amount of protein in 

each tissue sample. Data represent mean ± SEM of 7-8 mice for each of the 14 treatment 

groups. *: p < 0.05 compared to the saline group (Dunnett’s post hoc test). 

 

3.2. Tyrosine hydroxylase levels 

A main effect of drug group on TH levels (Fig. 6) was found in the striatum 2 days after drug 

treatment (F6,39 = 2.40, p < 0.05). Post hoc analysis revealed that only the MDMA 30 mg/kg 

group had significantly decreased TH levels in comparison to the saline group. There was also a 

main effect of drug 7 days after drug treatment (F6,42 = 2.56, p < 0.01), but none of the drug 

groups differed significantly from the saline group for TH level.  
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Figure 6. Striatal TH levels measured 2 and 7 days following treatment. Groups of mice 

received 4 i.p. injections of the same drug/dose (saline; MDMA 15 mg/kg; methylone (MDMC) 

20 mg/kg; MDPV 1 mg/kg; MDMA 30 mg/kg; methylone (MDMC)/MDMA 20/15 mg/kg 

combined; or MDPV/MDMA 1/15 mg/kg combined), 2 h apart, and were euthanized either 2 or 7 

days later for striatal tissue collection. TH values were normalized to the amount of protein in 

each tissue sample. Data represent mean ± SEM of 7-8 mice for each of the 14 treatment 

groups. *: p < 0.05 compared to the saline group (Dunnett’s post hoc test). 

 

3.3. GFAP expression  

A main effect of drug group on GFAP expression (Fig. 7) was found in the striatum 2 days 

after drug treatment (F6,49 = 11.78, p < 0.0001). Post hoc analysis revealed that GFAP 

expression was significantly increased only in the two drug groups that received MDMA alone, 

compared to the saline group. There was also a main effect of drug 7 days after drug treatment 

(F6,49 = 5.47, p < 0.001), but again, none of the drug groups differed significantly from the saline 

group. 
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Figure 7. Striatal GFAP expression measured 2 and 7 days following treatment. Groups of 

mice received 4 i.p. injections of the same drug/dose (saline; MDMA 15 mg/kg; methylone 

(MDMC) 20 mg/kg; MDPV 1 mg/kg; MDMA 30 mg/kg; methylone (MDMC)/MDMA 20/15 mg/kg 

combined; or MDPV/MDMA 1/15 mg/kg combined), 2 h apart, and were euthanized either 2 or 7 

days later for striatal tissue collection. GFAP values were normalized to the amount of protein 

present in each tissue sample. Data represent mean ± SEM of 8 mice for each of the 14 

treatment groups. *: p < 0.05, ****: p < 0.0001 compared to the saline group (Dunnett’s post hoc 

test). 

 

3.1. [3H]PK11195 binding  

Saturation binding analysis was conducted in each fraction to determine the Bmax and KD 

values for [3H]PK11195 binding (Fig. 8, Table 7). There was a main effect of drug group for KD 

values of [3H]PK11195 binding in the striatum 2 days following the final injection (F6,16 = 2.85, p 

< 0.05). Post hoc analysis revealed that KD values 2 days after the final injection were 

significantly increased in the MDPV 1 mg/kg group (p < 0.05) in comparison to the saline group. 

None of the other drug groups differed significantly from the saline group for KD values. There 

was no main effect of drug group for KD values 7 days following injection or for the Bmax at either 

2 or 7 days later (p > 0.05).  
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Figure 8. [3H]PK11195 saturation binding in striatal tissue. Mice received 4 i.p. injections of 

saline or drug treatment, 2 h apart, and were euthanized 2 or 7 days following the final injection. 

Striatal tissue from 4 mice was pooled and values normalized to the amount of protein in each 

sample. Experiments were conducted as described in the text. Shown is a representative 

saturation curve. Inset: Scatchard transformation of [3H]PK11195 binding data.  

 

Table 7. [3H]PK11195 binding in striatal tissue 

Drug group (mg/kg) Bmax (fmol/mg protein) ± SEM KD (nM) ± SEM 

 
2 day 7 day 2 day 7 day 

Saline 385 ± 52 487 ± 98 0.94 ± 0.02 1.38 ± 0.25 

MDMA (15) 500 ± 64 492 ± 45 1.56 ± 0.26 1.28 ± 0.22 

MDMC (20) 451 ± 25 364 ± 64 1.79 ± 0.17 1.30 ± 0.52 

MDPV (1) 501 ± 53 600 ± 69 2.79 ± 0.53a 2.86 ± 0.85 

MDMA (30) 442 ± 88 440 ± 53 1.07 ± 0.37 1.40 ± 0.28 

MDMC/MDMA (20/15) 492 ± 30 554 ± 28 2.38 ± 0.66 2.53 ± 0.73 

MDPV/MDMA (1/15) 419 ± 38 413 ± 52 1.10 ± 0.13 1.49 ± 0.18 

 

Data represent the mean ± SEM of 3-4 independent experiments. a: p < 0.05 compared to the 

saline group (Dunnett’s post hoc test). 

 

Thermal response   

Following acclimation and immediately prior to the first injection, the mean baseline 

temperature of all animals was 38.4 °C (SEM = 0.04 °C), and there was no significant between-

group difference. Temperature data (Fig. 9) analyzed using a two-way repeated measures 

ANOVA, revealed a significant drug group x time interaction (F192,1568 = 19.31, p < 0.0001). 

Examination of each drug group, in comparison to the saline group, revealed a significant drug 

group x time interaction for 5 of the 6 drug groups: MDMA 15 mg/kg (F32,448 = 42.98, p < 

0.0001), MDMA 30 mg/kg (F32,448 = 24.51, p < 0.0001), methylone 20 mg/kg (F32,448 = 32.01, p < 

0.0001), methylone/MDMA 20/15 mg/kg (F32,448 = 32.32, p < 0.0001), and MDPV/MDMA 1/15 

mg/kg (F32,448 = 39.38, p < 0.0001). These five groups displayed a biphasic temperature pattern: 
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an acute temperature decrease immediately after drug injection followed by an increase in 

temperature until the next dose was administered. To statistically investigate the data, post hoc 

comparisons were performed between each drug group and the saline group, but only at the 15 

min and 2 h time-points following each of the 4 injections (Table 8). Analyses were limited to 

these 8 time-points based on maximal temperature effects and to decrease error inflation 

associated with multiple comparisons. The MDPV 1 mg/kg group (Fig. 9E) did not display the 

temperature pattern elicited by other drug treatments (Fig. 9A-D and F), as it paralleled the 

saline group. No further analysis was conducted for this drug group, as there was no significant 

drug x time interaction.  
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Figure 9. Effects of repeated drug injections on core body temperature. Groups of mice 

received 4 i.p. injections (arrows indicate time of drug injection) of the same drug/dose: MDMA 

(15 mg/kg) (A); MDMA (30 mg/kg) (B); methylone (MDMC) (20 mg/kg) (C); Methylone 

(MDMC)/MDMA  (20/15 mg/kg combined) (D); MDPV 1 mg/kg (E); or MDPV/MDMA (1/15 mg/kg 

combined) (F), and temperature was measured every 15 min via telemetry over 8 h. Data 

represent temperature for each saline and drug group (mean ± SEM) at that given time point, n 
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= 8 mice for each group. *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001, compared to 

the saline group. Time points selected for comparison were 15 min and 2 h after each injection, 

with the 2 h measurement occurring just prior to the subsequent injection (Bonferroni post hoc 

test). 

 

Table 8. Drug-induced change in body temperature relative to saline-treated mice 

 

Data represent change in temperature (mean ± SEM) for drug- treated mice from saline controls 

at that given time point, n = 8 mice for each group. a: p < 0.05; b: p < 0.01; c: p < 0.001; d: p < 

0.00001 compared to saline treated controls. 

 

4. Discussion 

The aim of this study was to investigate the combined effects of MDMA with selected and 

frequently abused substituted methcathinones. Body temperature was recorded during the drug 

administration day and measures of transient and sustained neurotoxicity were assessed 2 and 

1st 2nd 3rd 4th

MDMA 15 -2.48 ± 0.19
d

-1.80 ± 0.17
d 0.06 ± 0.13 -0.25 ± 0.13

MDMC 20 -3.68 ± 0.27
d

-2.86 ± 0.27
d

-1.26 ± 0.34
d

-1.44 ± 0.44
d

MDPV 1 0.14 ± 0.08 0.36 ± 0.11 0.74 ± 0.13 0.46 ± 0.06

MDMA 30 -1.83 ± 0.25
d

-1.48 ± 0.37
d 0.02 ± 0.33 -0.70 ± 0.29

MDMC/MDMA 20/15 -2.43 ± 0.30
d

-2.86 ± 0.24
d -0.67 ± 0.22 -0.41 ± 0.24

MDPV/MDMA 1/15 -3.08 ± 0.21
d

-2.25 ± 0.14
d -0.17 ± 0.17 -0.15 ± 0.20

1st 2nd 3rd 4th

MDMA 15 0.01 ± 0.15 0.69 ± 0.07
a

1.15 ± 0.09
d

0.98 ± 0.09
c

MDMC 20 0.49 ± 0.06 0.71 ± 0.10 1.11 ± 0.09
d

0.99 ± 0.12
c

MDPV 1 0.63 ± 0.09 0.45 ± 0.10 0.47 ± 0.16 0.11 ± 0.14

MDMA 30 -0.07 ± 0.26 0.69 ± 0.16 1.18 ± 0.16
c

0.92 ± 0.11
a

MDMC/MDMA 20/15 -0.26 ± 0.14 0.60 ± 0.14 0.99 ± 0.10
b 0.80 ± 0.09

MDPV/MDMA 1/15 -0.42 ± 0.32 0.67 ± 0.12 0.79 ± 0.21
a

0.77 ± 0.15
a

2 hr following injection (ΔT °C ± SEM)

15 min following injection (ΔT °C ± SEM)
Drug

Dose 

(mg/kg)

Drug
Dose 

(mg/kg)
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7 days following drug treatment. Methylone and MDPV were chosen for comparison based on 

their different mechanisms of action at monoamine transporters and their reported concomitant 

use with MDMA. Methylone and MDPV failed to affect striatal DA or TH levels (Fig. 5 and 6). 

These results support previous findings that by themselves, these methcathinones do not affect 

striatal dopaminergic markers of neurotoxicity (DA, DAT or TH expression) in mice 2-3 days 

following drug administration (Lopez-Arnau et al., 2014; Anneken et al., 2015). Another study in 

mice reported no change in striatal DA levels two weeks after drug administration (2 daily 

injections of methylone 30 mg/kg for 4 consecutive days), although there was a decrease in 

striatal DA levels in rats using the same dosing regimen, reinforcing inter-species response 

variability (den Hollander et al., 2013). However, I was surprised by the lack of methcathinone-

induced changes in striatal DA and TH levels when combined with MDMA. This finding is 

discordant with similar amphetamine-methcathinone combination studies from a research group 

that found the administration of mephedrone and MDMA (4 injections of 20 mg/kg each) 

decreases striatal DA, DAT, and TH measured 2 days later as compared to effects of MDMA 

alone (Angoa-Perez et al., 2013b). The same group found the co-administration of methylone 

and MA (4 injections of 20 and 2.5 mg/kg, respectively) also decreases striatal DA, DAT, and 

TH measured 2 days later (Anneken et al., 2015). Alternatively, they found in the same study 

the combination of the transporter inhibitor MDPV and MDMA (4 injections of 30 and 20 mg/kg) 

mitigated MDMA-induced decreases in these markers. 

It is possible that my findings differed from reported effects due to the use of a lower dose of 

MDMA (15 mg/kg), which did not decrease striatal DA or TH levels by itself, either 2 or 7 days 

following drug administration. These markers were decreased at the higher dose of MDMA (30 

mg/kg), though only at 2 days following drug administration, indicating the effects were 

transient. The lower dose of MDMA was chosen as it was sufficient to elicit DA terminal 

degeneration in previous studies (Sanchez et al., 2003; Johnson et al., 2004), as well as 

decrease striatal DA levels 2 days later in the pilot study (Supp. Fig. 1), and in order to avoid a 
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potential floor effect when combined with the methcathinones. As there was no change in these 

markers when this dose of MDMA was combined with methylone and MDPV, it is possible these 

methcathinones only have modulatory effects on striatal DA and TH levels following an MDMA-

induced decrease of these markers. Additionally, although the same dose of methylone was 

used in both studies, Anneken et al. (2015) administered a dose of MDPV 30x larger than in this 

experiment. I chose a dose of 1 mg/kg based on its increased potency at DAT in relation to 

MDMA, reflected in recreational doses reported by humans, where MDMA doses are estimated 

to be 20x greater than MDPV (Simmler et al., 2013a; Erowid, 2018). This dose (1 mg/kg) is also 

sufficient to induce conditioned place preference and significantly increase locomotor activity in 

mice (Fantegrossi et al., 2013; Karlsson et al., 2014).  

MDMA increased GFAP expression 2 days following drug administration in a dose-

dependent fashion, but not 7 days later (Fig. 7). This is in agreement with previous research 

demonstrating that GFAP expression in the striatum peaks 2-3 days following MDMA 

administration, correlating with localized decreased DA, DAT, and TH levels (Granado et al., 

2008; Frau et al., 2013; O'Callaghan et al., 2014). Neither methcathinone increased GFAP 

expression 2 or 7 days following drug administration, also in accordance with previous research 

where methcathinones by themselves (methylone, MDPV, and mephedrone) do not alter striatal 

GFAP expression (Angoa-Perez et al., 2013b; Lopez-Arnau et al., 2014; Anneken et al., 2015). 

The increase in GFAP seen in response to the lower dose of MDMA was abolished when either 

methylone or MDPV were co-administered. Although Anneken et al. (2015) found the 

combination of MDMA and MDPV similarly decreases GFAP expression, they reported the 

combination of MA and methylone potentiates GFAP expression. This discrepancy in 

methylone-induced GFAP expression is potentially attributable to differences in drug 

combinations (MA vs. MDMA) or dose of MDMA (20 mg/kg vs. 15 mg/kg), though the same 

dose of methylone (20 mg/kg) was used in both studies. To further explore the effects of these 

drug combinations on reactive gliosis, other markers for astrogliosis such as activation of the 
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janus kinase 2 – signal transducer activator of transcription 3 (JAK2-STAT3) pathway, which 

precedes increased GFAP expression in models of neurotoxicity (O'Callaghan et al., 2014) 

could be characterized. Additionally, experiments could investigate microglial activation through 

quantification of microglial markers, such as CD11B, ILB4, or Mac-1. 

[3H]PK11195 binding is an indirect, yet sensitive measure of both astrocyte and microglia 

activation at axon terminals. It was hypothesized that [3H]PK11195 binding to TSPO would be 

increased at least 2 days following drug administration in the MDMA groups, corresponding with 

increased GFAP expression. However, there was no difference in [3H]PK11195 binding for any 

treatment group 2 or 7 days after drug administration (Table 8). This was particularly surprising 

for the two MDMA treatments, 2 days later, which increased GFAP expression. Since both 

assays indirectly measure astrocyte activation, an increase in GFAP expression should 

correlate with increased [3H]PK11195 binding (Kuhlmann and Guilarte, 2000). Additionally, a 

lower dose of MDMA (25 mg/kg, 3 inj, 3 h apart) elicited increased binding 16 h later (Chipana 

et al., 2006). Although this is an earlier time point, a study using MA (10 mg/kg, 4 inj, 2 h apart) 

reported TSPO expression does not peak until 3 days following administration (Escubedo et al., 

1998). While another study found no increase in [3H]PK11195 binding 3 or 7 days following a 

different MDMA regimen (20 mg/kg, 2 inj per day, 4 days), there was also no increase in GFAP 

at either time point (Pubill et al., 2003). A potential explanation for the lack of increased TSPO 

expression is that the equipment used affected results as it was discovered that 10-40% of the 

radioactive material adhered to the sides of the assay wells, generating inter-experiment 

variability (Supp. Fig. 3). 

Although DA terminal damage induces astrogliosis in neurotoxicity models, astrocyte 

activation can occur independently of terminal damage (O'Callaghan et al., 2014; McConnell et 

al., 2015). The absence of changes in DA and TH levels 2 days following the lower dose of 

MDMA (15 mg/kg dose), in contrast to the elicited increase in GFAP expression, suggests such 

a situation. The finding that both methylone and MDPV mitigated MDMA-induced astrogliosis 
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indicates the methcathinones may be competing with MDMA at the DAT, thereby preventing 

uptake of MDMA into the cell, subsequent dopaminergic damage, and the eventual induction of 

astrogliosis, whether they are transporter substrates or inhibitors. Both methcathinones have a 

higher affinity for DAT than MDMA (methylone, Ki = 5.02 µM; MDPV, Ki = 0.02 µM; MDMA, Ki = 

22.00 µM (Eshleman et al., 2013)). At higher doses of MDMA, it is possible that MDMA is more 

readily taken up into the cell by DAT than is the transporter substrate methylone. Due to 

MDPV’s substantially higher affinity for DAT and potency at inhibiting [3H]DA uptake, it is likely 

that MDPV inhibits uptake of even high doses of MDMA by the DAT. 

Another potential mechanism underlying the results is the difference between substituted 

amphetamine and substituted methcathinone effects at VMAT2. The vesicular transporter is 

recognized as a key modulator of neurotoxicity as interruption of its function leads to increased 

cytosolic DA levels, oxidative stress, and terminal degeneration (Fleckenstein et al., 2007). 

Substituted amphetamines, including MDMA, act as substrates at VMAT2 as well as DAT, 

depleting vesicular stores of monoamines and increasing cytosolic DA levels. Conversely, 

methylone and MDPV lack affinity for VMAT2 as well as potency at inhibiting monoamine 

uptake (Cozzi et al., 1999; Lopez-Arnau et al., 2012; Eshleman et al., 2013). As a DAT uptake 

inhibitor, MDPV’s action is extracellular, inhibiting the uptake of DA and MDMA into the cell. As 

DAT substrates, both methylone and MDMA are taken into the cell and contact with VMAT2. 

The difference in affinity for VMAT2 between substituted amphetamines (MDMA and METH) 

and methcathinones (methylone and mephedrone) that are transporter substrates may underlie 

the different neurotoxic profiles of the two categories of drugs, providing an explanation for why 

methcathinones do not elicit DA terminal degeneration (Pifl et al., 1995; Angoa-Perez et al., 

2013b). This may also contribute to the discrepancy between my findings and those of others 

that used differing doses of MDMA. As mentioned above, at the lower dose of MDMA, 

methylone may decrease the amount of MDMA that enters the cell, preventing MDMA-induced 

vesicular [3H]DA release and leading to less neurotoxicity as reflected here by mitigation of 
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astrogliosis. At a higher dose, more MDMA may enter the cell, increasing cytosolic DA levels, as 

well as extracellular DA levels potentiated by the DAT substrate methylone. Thus, these drugs 

are excellent tools to investigate effects of drug combinations on VMAT2 function and 

expression to better understand the potential role of VMAT2 in the underlying mechanism of 

neurotoxicity.   

None of the drugs, by themselves or in combination, elicited hyperthermia (> 40 °C) under 

these experimental conditions. Additionally, thermic response was not correlated with a drug’s 

effects on markers of neurotoxicity. With the exception of MDPV, all drug treatments elicited a 

biphasic temperature response (Fig. 9). This pattern was characterized by an initial strong 

hypothermic reaction to drug administration followed by a steady increase in temperature. 

However, the increased temperature never exceeded 1.2 °C above the temperature of the 

saline group at that time point or rose above the initial baseline temperature of 38.4 °C, and 

therefore cannot be considered hyperthermia. As hypothermic conditions provide 

neuroprotection from MDMA (Miller and O'Callaghan, 1995; Fantegrossi et al., 2003; Mueller et 

al., 2013), it is possible that the hypothermic response to these drugs blunted their neurotoxic 

effects or that the normothermic environmental temperature (21 °C) and single-housing of 

animals during drug administration diminished hyperthermic effects (Carvalho et al., 2002; 

Fantegrossi et al., 2003; Gannon et al., 2016). The transporter substrate, methylone, both alone 

and in combination with MDMA, elicited the same biphasic pattern as MDMA alone, at either 

dose. As such, the differences in measures of neurotoxicity (DA, TH, and GFAP), both dose-

dependently between MDMA doses and in comparison to methylone, must be considered 

independent of their elicited thermic responses. Although this agrees with findings that 

substituted methcathinones do not alter thermic response to MA or MDMA when combined 

(Angoa-Perez et al., 2013; Anneken et al., 2015), it should be noted that under the conditions of 

those studies, MA and MDMA administered alone elicited hyperthermia. Thus, a difference in 

findings may be driven by environmental factors, such as ambient temperatures, as even the 



81 
 

larger dose of MDMA 30 mg/kg did not elicit hyperthermia in contrast to their lower dose of 

MDMA 20 mg/kg. Further investigation of these drugs’ combinatory effects under elevated 

environmental temperatures is needed to resolve this discrepancy. 

The transporter inhibitor MDPV was the only drug that did not elicit the biphasic thermic 

pattern or produce a significant overall temperature change from the saline group. Previous 

reports indicate a similar lack of core temperature change following MDPV administration, 

despite doses up to 30 times greater than the dose used in my experiments (Aarde et al., 2013; 

Anneken et al., 2015; Gannon et al., 2016). MDPV is also a selective uptake inhibitor of DAT 

without effect on the serotonergic system, as opposed to methylone and MDMA which are non-

selective transporter substrates. This finding indicates substituted methcathinones and 

amphetamines that act as transporter substrates alter body temperature through different 

mechanisms than transporter uptake inhibitors, potentially involving SERT. Though difficult to 

untangle the underlying mechanisms, the thermal response to MDMA appear to override those 

of MDPV, as the biphasic pattern re-emerged when the two drugs were co-administered. 

The results from Chapter 2 provide new and additional insight into the neurotoxic profiles of 

methylone and MDPV. In comparison to MDMA, neither drug alone elicited changes to any of 

the measured neurotoxic markers in the striatum: DA and TH levels, or GFAP expression. They 

also did not have regulatory effects on DA or TH levels when combined with MDMA, although 

both methcathinones mitigated astrogliosis induced by MDMA, an effect previously only 

observed with MDPV. The methcathinones also modulated body temperature differentially, 

based on their mechanisms of action. While all transporter substrate treatment groups (alone or 

in combination) elicited a biphasic temperature response, only the transporter uptake inhibitor 

MDPV did not evoke this response. Though these results do not indicate a strong neurotoxic 

profile for either methylone or MDPV, caution must be exercised before drawing such 

conclusions. More research is needed on these substances both alone and in combination with 

MDMA at a higher dose in order to better determine their modulatory neurotoxic effects. 
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Stronger effects may be seen at elevated environmental temperatures, which more accurately 

reflect the environment in which these substances are often ingested. 
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Chapter 3: TAAR1 regulation of MDMA-induced neurotoxicity 

 

The data presented in this chapter are unpublished. 

 

1. Introduction 

Activation of TAAR1 alters sensitivity to effects of substituted amphetamines, including 

MDMA. Most research has focused on the TAAR1 modulation of AMPH and MA acute effects, 

using either the transgenic Taar1-KO model, lacking TAAR1, or the MAHDR mouse model 

where the receptor is present, but non-functional (for review, see: Phillips and Shabani, 2015; 

Rutigliano et al., 2017). One paper (Di Cara et al., 2011) has investigated TAAR1 modulation on 

the acute effects of MDMA, finding similar effects following drug administration: locomotor 

activity increases, extracellular DA levels in the striatum increases, and core body temperature 

is higher in Taar1-KO mice relative to Taar1-WT mice. All effects which correspond with 

increased neurotoxicity (O'Shea et al., 2001; Camarero et al., 2002; Fantegrossi et al., 2003). 

Additionally, research on the modulatory effects of TAAR1 on thermal response to MA revealed 

the acute hypothermia observed Taar1-WT and MALDR mice is absent in Taar1-KO and 

MAHDR mice (Harkness et al., 2015).  

DAT function plays a critical role in amphetamine-induced neurotoxicity. Impairment of 

[3H]DA uptake or release is correlated with increased neurotoxicity and contributes to elevated 

extracellular DA levels (Fleckenstein et al., 2007). Previous research found in vitro treatment 

increases MA release in striatal synaptosomes from Taar1-WT compared to –KO mice (Xie and 

Miller, 2009a). This finding negatively corresponds with microdialysis experiments where MDMA 

and AMPH administration increases DA release in Taar1-KO compared to -WT mice (Wolinsky 

et al., 2007; Di Cara et al., 2011). However, it is possible that activation of TAAR1 may increase 



84 
 

DA release at a cellular level, while modulating the DA system at a physiological level, leading 

to increased extracellular DA release.  

Based on these findings, I preliminarily investigated the effects of TAAR1 on MDMA-induced 

neurotoxicity. As MDMA 15 mg/kg did not significantly diminish striatal DA levels in Chapter 2, 

the dose was increased to 20 mg/kg, a common dose used to induce neurotoxicity (O'Callaghan 

and Miller, 1994; Angoa-Perez et al., 2013b). Methylone was used as a control as it is similar to 

MDMA, both in chemical structure and mechanism of action, but it lacks affinity for TAAR1 

(Simmler et al., 2013a). The same binge-like regimen (4 inj, 2 h apart) was administered to 

MALDR and MAHDR mice. The experiment was originally intended to be conducted in Taar1-

WT and –KO mice for continuity with the in vitro work and as an extension of MDMA research 

performed using the Taar1 model (Di Cara et al., 2011). However, due to a lack of available 

transgenic Taar1 mice at the time, MADR mice were used. Striatal DA levels and GFAP 

expression were measured 2 days later to capture peak effects. Temperature recordings in 

MADR mice were recorded along with a separate cohort of Taar1-WT and –KO mice for model 

comparison. MDMA-induced [3H]DA release in striatal synaptosomes from untreated Taar1-WT 

and –KO mice was also included as a measure of TAAR1 modulation of impairment of DA 

function. I hypothesized MDMA would induce greater neurotoxicity, indicated by decreased DA 

levels and increased GFAP expression, in MAHDR mice lacking a functional TAAR1, compared 

to MALDR mice where TAAR1 is activated. Additionally, I hypothesized MALDR and Taar1-WT 

mice would exhibit the same biphasic thermal response to MDMA as the C57BL/6 mice did in 

Chapter 2, whereas the acute hypothermia would be blocked in MAHDR and Taar1-WT mice. 

As methylone lacks affinity for TAAR1, I did not expect the results to differ between line or 

genotype for any of the three measures. Finally, I hypothesized MDMA would increase [3H]DA 

release in Taar1-WT compared to –KO mice. 
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2. Methods and Materials 

2.1. Drugs and chemicals 

Racemic MDMA and methylone were generously provided by the National Institute on Drug 

Abuse (NIDA) Research Resources Drug Supply program. All chemicals and reagents used to 

assay DA levels, as included in the Dopamine Research ELISA kit, were purchased from Rocky 

Mountain Diagnostics, Inc. (Colorado Springs, CO).  All chemicals and reagents used to assay 

GFAP expression levels, as included in the GFAP ELISA kit, were purchased from EMD 

Millipore (Billerica, MA). [3H]DA was purchased from Perkin Elmer (Boston, MA). All other 

reagents were obtained from standard commercial sources, unless otherwise noted. 

2.2. Methamphetamine drinking selected mouse lines 

Multiple pairs of MADR lines were consecutively, selectively bred from an F2 cross of the B6 

and D2 inbred strains based on voluntary MA consumption during a two-bottle choice test. 

Details of this process and response to selection have been previously described (Wheeler et 

al., 2009; Shabani et al., 2011). Briefly, animals were provided access to a bottle containing a 

20 mg/l MA solution for 18 h per day for 4 days, alongside continuous access to a water bottle. 

The concentration was increased to 40 mg/l MA for 4 additional days and mice were selected 

for breeding based on either high or low MA intake during this period. This breeding selection 

procedure was repeated for four generations to generate MALDR and MAHDR mice. The mice 

used in this experiment were MA-naïve offspring from second or later litters from replicates 2, 

selection generation 5, and replicate 3, selection generation 5. 

2.3. Taar1−KO mouse breeding and genotyping  

The Taar1-KO mice were obtained from the U.C. Davis Knockout Mouse Project (KOMP; 

www.komp.org) as previously described (Harkness et al., 2015). Briefly, chimeric mice were 

created using C57BL/6N ES cells in which the entire Taar1 coding region was deleted by 

homologous recombination, using the Veloci-Gene Null Allele Bac vector, and then injected into 

BALB/c blastocysts. The chimeras were bred with wild-type C57BL/6N mice and their offspring 

http://www.komp.org/
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genotyped according to the strategy recommended by KOMP using the following primers: 

ACTCTTCACCAAGAATGTGG (forward); CCAACAGCGCTCAACAGTTC (reverse, wild-type 

allele); GTCGTCCTAGCTTCCTCACTG (reverse, null allele). Male and female siblings, 

identified as heterozygous for the targeted locus, were subsequently bred to produce Taar1-WT 

and Taar1-KO littermates. 

2.4. Animal maintenance and housing 

Mice of both sexes were used in all experiments and tested at 10–20 weeks of age. Before 

experiment initiation, mice were group-housed in filtered acrylic plastic shoebox cages (28 

cm×18 cm×13 cm; l ×w× h), fitted with wire tops. Cages were lined with either ECO-Fresh 

bedding (Absorption Corporation, Ferndale, WA) or Bed-O-Cob (The Andersons, Maumee, OH). 

Mice had free access to rodent chow (5LOD, 5.0% fat content, Purina Mills, St. Louis, MO) and 

water ad libitum. The colony room was maintained at an environmental temperature of 21 ± 1 °C 

with lights on a 12:12 h light:dark schedule, beginning at 0600 h. All procedures were approved 

by the VA Portland Health Care System’s Institutional Animal Care and Use Committee and 

followed the requirements of the Guide for the Care and Use of Laboratory Animals. All efforts 

were made to minimize animal suffering, to reduce the number of animals used, and to use 

alternatives to in vivo techniques when available. All animals acclimated to the vivarium at least 

one week prior to testing.  

2.5. Temperature recording and drug treatment 

 Two days prior to drug administration, mice were implanted with IPTT-300 temperature 

transponders from BioMedic Data Systems (Seaford, DE) to assess body temperature via 

telemetry. Animals were anesthetized with isoflurane (5% induction, 2.5% maintenance) and 

transponders were subcutaneously injected dorsally between the shoulders. On the day of drug 

administration, animals were weighed and transferred from group to individual cages to avoid 

temperature changes associated with interaction (e.g., huddling). After a 1 h acclimation period, 

temperature recording began and was measured every 15 min for 8 h. All experiments were 
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conducted between 0700 and 1700 h. Temperatures were non-invasively recorded using the 

DAS-8001 reader console and smart probe from BioMedic Data Systems. Animals were 

removed from the cage and the smart probe placed within 5 cm of the embedded transponder to 

acquire temperature readings. The environmental temperature of the testing environment was 

23 ± 1 °C. This temperature was selected in order to differentiate neurotoxic effects of the drugs 

from those exacerbated by elevated environmental temperatures. 

2.6. Drug treatment 

Following the first temperature recording (baseline), MADR mice received four i.p. injections 

(2 h apart) of saline, MDMA (20 mg/kg), or methylone (25 mg/kg). As MDMA is modestly more 

potent than methylone as a transporter substrate, a higher dose of methylone (25 mg/kg) was 

selected to approximate an equivalent dose to MDMA (20 mg/kg) (Eshleman et al., 2013). 

Taar1 mice used for temperature experiments were only treated with saline or MDMA (20 

mg/kg). All drugs were dissolved in 0.9% saline and injected in a final volume of 10 ml/kg. 

MADR mice were euthanized 2 days after the final drug treatment by cervical dislocation, 

followed by decapitation. The striatum was removed using blunt dissection, flash-frozen, and 

weighed prior to being stored at -70 °C until time of assay. Striatal tissue from each animal was 

dissected and each half used for either DA or GFAP assays (counterbalanced by side of brain). 

2.7. Quantification of dopamine levels 

Tissue was homogenized in a 1 mM EDTA, 4 mM metabisulfite, 0.01 N HCl solution, using a 

5 mg/ml dilution, and sonicated for 30 s using a 2-mm ultra-sonification microprobe. Protein 

density was determined using the bicinchoninic acid (BCA) assay protocol. Striatal dopamine 

levels were quantified using a competitive enzyme-linked immunosorbent assay (ELISA) kit 

according to the manufacturer’s instructions. 5 µl of tissue homogenate was used for DA 

analysis in duplicate. The amount of DA in the samples was calculated and expressed as 

nanograms DA per milligram total protein. 

2.8. Quantification of GFAP expression 
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Tissue homogenate for GFAP analysis was prepared in the same manner as for TH 

analysis. Striatal GFAP levels were quantified using a sandwich ELISA kit (EMD Millipore, 

Billerica, MA) according to the manufacturer’s instructions. 100 µl of tissue homogenates, in 

duplicate, were used for GFAP analysis against a standard curve using a GFAP standard 

provided by the manufacturer.  

2.1. Synaptosomal preparation  

Synaptosomal fractionation was performed as previously described (Rothman et al., 2001) 

with minor modifications. Striatal tissue from 5 naïve Taar1-WT or –KO mice were pooled and 

homogenized in ice-cold sucrose (0.32 M) and the inhibitors fluoxetine (50 nM), desipramine 

(100 nM), and reserpine (1 µM) with 12 strokes of a glass/teflon homogenizer before being 

centrifuged (1000 x g, 10 min, 4°C). The supernatant was decanted and diluted in Krebs-

phosphate assay buffer (0.50 mM Na2SO4, 0.50 mM potassium tartrate, 126 mM NaCl, 2.40 mM 

KCl, 0.83 mM CaCl2x2H2O, 0.80 mM MgCl2x6H2O, 11.10 mM glucose, 1 mg/ml ascorbic acid, 

50 µM pargyline, 100 µM tropolone; pH 7.4) with 1 µM reserpine to 0.25x volume of the original 

wet tissue weight (ml/mg) resulting in 5-6 µg total protein loaded. Protein density was 

determined by BCA assay.  

2.2. [3H]DA release assay 

DA release was quantified using a similar protocol to that previously described (Rothman et 

al., 2001). In brief, synaptosomes (5 – 6 µg total protein) were incubated in [3H]DA (10 nM) and 

assay buffer for 30 min in a 25 °C water bath until reaching a steady state. Preliminary 

experiments were conducted to optimize assay conditions (Supp. Fig. 4). The release assay 

was initiated by the addition of 850 µl of the synaptosomal preparation preloaded with [3H]DA to 

150 µl of MDMA (10 nM – 100 µM) in assay buffer supplemented with 1 mg/ml bovine serum 

albumin. Specific binding was defined as the difference in binding observed in the presence or 

absence of tyramine (10 µM) and the final assay volume was 1 ml. Incubation (10 min at 25 °C) 

was terminated using 10 mM Tris-HCl in saline (0.9% NaCl). Termination was performed by 
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filtration using a TomTec 96-well harvester (Hamden, CT) through Perkin Elmer filtermat A 

filters pre-soaked in 0.05% polyethlenimine. Scintillation fluid was added and radioactivity was 

determined using a Perkin Elmer microbeta plate counter. Assay was conducted in triplicate 

and results were normalized to the amount of total protein loaded.  

2.9. Data analysis  

DA and GFAP expression were analyzed by two-way analysis of variance (ANOVA) with 

selected line and dose as between-group factors, independently. Dunnett’s multiple comparison 

test was used for follow-up mean comparisons with the saline group. Temperature data were 

analyzed using a repeated measures three-way ANOVA with time as a within-subject factor and 

selected line and dose as between-group factors. Due to the small size of animals run in this 

pilot study and lack of availability, sex was not included in the analyses. Significant two-way 

interactions were further investigated using simple main effect analyses and/or post hoc mean 

comparisons using the Newman-Keuls test, when appropriate. For temperature data, 

subsequent analyses were conducted at 30 min after each injection as, under the described 

conditions, the maximum hypothermic drop occurs 30 min following administration of MDMA 

(Harkness et al., 2015; Miner et al., 2017b). EC50 values were generated by analyzing the 

sigmoidal dose-response curves using a non-linear curve-fitting program and further analyzed 

using unpaired t-tests. Data were analyzed for outliers using Dixon’s Q-test at 90% confidence. 

All statistical analyses were performed using Statistica version 13 software (StatSoft Inc., Tulsa, 

OK). Differences were considered significant at p < 0.05.  

3. Results 

3.1. Dopamine levels and GFAP expression 

There were no significant interactions or main effects of selected line or dose 2 days 

following MDMA or methylone administration for striatal DA levels (Fig. 10A). While there was 

no significant interaction or main effect of line for striatal GFAP expression, there was a main 
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effect of drug treatment (F2,29 = 4.64, p < 0.05) (Fig. 10B). MDMA increased GFAP expression, 

regardless of line, in comparison to saline-treated controls.  

 

Figure 10. Striatal DA levels and GFAP expression measured 2 days following treatment. 

MALDR and MAHDR mice received 4 i.p. injections of saline, MDMA (20 mg/kg), or methylone 

(25 mg/kg), 2 h apart, and were euthanized two days following the final injection for striatal 

tissue collection. DA levels (A) were measured by competitive ELISA and GFAP expression (B) 

by sandwich ELISA. Values were normalized to the amount of protein in each tissue sample. 

Data represent means ± SEM of 7-9 mice per group. †: p < 0.05 for main effect of drug 

treatment; ◦: p < 0.01 compared to saline-treated controls, regardless of line. 

 

3.2. [3H]DA release 

There was no significant difference in EC50 between striatal synaptosomes from Taar1-WT 

(0.375 ± 0.024 µM) and Taar1-KO (0.521 ± 0.057 µM) mice, p > 0.05 (Fig. 11).  
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Figure 11. MDMA-induced [3H]DA release in synaptosomes. Striatal synaptosomes from 

Taar1-WT and –KO mice were pre-loaded with [3H]DA (10 nM) for 30 min before MDMA (10 nM 

– 100 µM) was added and incubated for 30 min. Values were normalized to the amount of 

protein in each sample. Data represent means ± SEM of 3 independent experiments, expressed 

as % of the Taar1-WT control group specific retention (63.9 ± 9.1 pmol/mg protein). 

 

3.3. Thermal response   

The mean baseline temperature of all Taar1 mice was 38.4°C (SEM = 0.05°C), with no 

significant between-genotype or -treatment differences. MDMA elicited genotype-dependent 

hypothermia. Hyperthermia was not observed under any condition. A three-way repeated 

measures ANOVA revealed a significant genotype x treatment x time interaction (F32,896 = 7.18, 

p < 0.0001). There was no difference in temperature between Taar1-WT and -KO mice 

receiving saline (Fig. 12A), although there was a main effect of time (F32,448 = 38.60, p < 0.0001) 

as temperatures in these control groups decreased over the 8 h period, likely attributable to 

single housing. Examination of the effects of MDMA revealed a significant genotype x time 

interaction (F32,448 = 12.07, p < 0.0001) (Fig. 12B). Analyses of genotype differences were 

conducted using simple main effect analyses at each 30 min post-injection time point to 

investigate the hypothermic drop in body temperature. The temperatures of Taar1-WT mice 
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receiving MDMA were significantly lower 30 min after each of the four MDMA injections 

compared to Taar1-KO counterparts.  

Prior to the first injection, the mean baseline temperature of all MADR mice was 38.5°C 

(SEM = 0.11°C), with no significant between-line or -treatment differences. MDMA induced 

selected line-dependent acute hypothermia in MADR mice, whereas methylone induced 

hypothermia regardless of line. Neither drug elicited hyperthermia in any mice, defined as a 

0.5°C increase in body temperature above the basal temperature. Temperature data for MADR 

mice, analyzed using a three-way repeated measures ANOVA, revealed a significant line x 

treatment x time interaction (F64,1344 = 2.22, p < 0.0001). There was no difference in temperature 

between selected lines for mice receiving saline (Fig. 12C), although there was a main effect of 

time (F32,448 = 6.60, p < 0.0001), again, as temperatures in the control groups decreased over 

the 8 h period. Examination of the effects of MDMA revealed a significant line x time interaction 

(F32,448 = 2.91, p < 0.0001) (Fig. 12D). Analyses of selected line differences were conducted 

using simple main effect analyses at each 30 min post-injection time point to investigate the 

hypothermic drop in body temperature. The temperatures of MALDR mice receiving MDMA 

were significantly lower 30 min after the first and second MDMA injection compared to MAHDR 

mice. There was no difference in temperature between selected lines for mice receiving 

methylone (Fig. 12E), although there was a main effect of time (F32,448 = 3.30, p < 0.0001). 
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Figure 12. Effects of repeated saline, MDMA, or methylone injections on core body 

temperature. Taar1-WT, Taar1-KO, MALDR, or MAHDR mice received 4 i.p. injections 

(indicated by arrows) of saline, MDMA (20 mg/kg), or methylone (25 mg/kg), 2 h apart. Body 

temperature was measured every 15 min via telemetry over 8 h in an ambient temperature of 23 

± 1°C. Data represent temperature for each selected line or genotype and treatment group 

(mean ± SEM) at specified time points, n = 8 mice per group. Time points selected for detailed 
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analysis were 30 min after each injection. *: p < 0.05, **: p < 0.001, ***: p < 0.0001 compared 

between selected lines or genotypes. 

 

Next, examination of the data for each Taar1 genotype revealed a significant treatment x 

time interaction for both genotypes: Taar1-WT (F32,448 = 24.27, p < 0.0001) and Taar1-KO 

(F32,448 = 9.86, p < 0.0001). Simple main effects analyses revealed MDMA significantly 

decreased body temperature 30 min following all four injections in Taar1-WT mice compared to 

saline-treated control mice, while MDMA decreased temperatures only after the first injection in 

Taar1-KO mice (Table 9). 

Examination of the data for each selected line revealed a significant treatment x time 

interaction for both lines: MALDR (F64,672 = 8.8, p < 0.0001) and MAHDR (F64,672 = 7.5, p < 

0.0001). Simple main effects analysis was then used to statistically investigate MDMA and 

methylone effects within each line at the 30 min post-injection time points. MDMA significantly 

decreased body temperature 30 min following the first injection in MALDR mice, but not MAHDR 

mice, while methylone decreased temperature in both lines following the first injection.  

 

Table 9. Drug-induced change in body temperature relative to saline treated mice 

 

Data represent change in temperature (mean ± SEM) for each treatment group from saline- 

treated mice at specified time point, n = 8 mice per group. a: p < 0.05; b: p < 0.01; c: p < 0.001; 

d: p < 0.0001 in analysis compared to saline-treated controls. 

1st Inj 2nd Inj 3rd Inj 4th Inj

Taar1 -WT MDMA (20) -1.88 ± 0.40c -2.45 ± 0.40d -1.05 ± 0.30b -0.82 ± 0.21a

MALDR MDMA (20) -1.69 ± 0.43b -0.79 ± 0.47 0.44 ± 0.27 0.15 ± 0.24

Methylone (25) -1.44 ± 0.37b -0.98 ± 0.49 0.29 ± 0.38 0.81 ± 0.28

Taar1 -KO MDMA (20) -0.75 ± 0.15b -0.33 ± 0.13 0.15 ± 0.12 0.20 ± 0.17

MAHDR MDMA (20) -0.50 ± 0.50 0.29 ± 0.44 0.19 ± 0.34 -0.16 ± 0.22

Methylone (25) -1.89 ± 0.30d -0.94 ± 0.40 -0.14 ± 0.34 0.06 ± 0.38

Line or 

Genotype
Drug (mg/kg)

30 min post-injection (ΔT °C ± SEM)
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4. Discussion 

The modulatory effects of TAAR1 on MDMA-induced neurotoxicity are difficult to interpret 

based on the results of these experiments. Again, MDMA (20 mg/kg) did not decrease striatal 

DA levels two days following administration, a surprising result, given the ubiquity of this MDMA 

dose in neurotoxic experiments (O'Callaghan and Miller, 1994; Thomas et al., 2004a; Angoa-

Perez et al., 2013b), although there is a report of this dose failing to elicit a decrease in DA 

three days later (Fantegrossi et al., 2008). MDMA did increase GFAP expression, which was 

expected as the lower dose of 15 mg/kg elicited an increase in Chapter 2, but there was no 

difference between selected lines. Although it could be speculated TAAR1 does not modulate 

MDMA-induced neurotoxicity, this would be premature, as without an observable decrease in 

DA levels, there is no indication neurotoxicity was actually induced under these conditions. 

While the higher dose of MDMA (30 mg/kg), used in Chapter 2, was not selected in order to 

avoid a potential floor effect, this may be a better dose to use for future experiments to induce a 

significant decrease in DA levels. 

Following MDMA administration, striatal extracellular levels are increased in Taar1-KO 

compared to –WT mice (Di Cara et al., 2011). To determine whether this is mediated by 

genotypic differences in DAT function, MDMA-induced [3H]DA release was measured in vitro in 

striatal synaptosomes from Taar1-WT and –KO mice. However, MDMA was equally potent at 

inducing [3H]DA release in synaptosomes from both genotypes. This is in contrast to similar 

research measuring MA-induced [3H]DA release which reported [3H]DA release was significantly 

increased in Taar1-WT synaptosomes, whereas release was unaffected in Taar1-KO 

synaptosomes (Xie and Miller, 2009a). With the exception of swapping MDMA for MA, 

experimental procedures were replicated as best as possible. While the discrepancy in findings 

could be potentially attributed to the use of a different drug, this is unlikely. In the current 

experiment, [3H]DA release was elicited in synaptosomes from Taar1-KO mice using the same 
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concentrations of MDMA and MA as used in the previous experiment. As MA is a more potent 

releaser of DA than MDMA, the effects should be greater in MA-treated mice when comparing 

within the Taar1-KO genotype. It remains unclear why [3H]DA release was not observed in 

Taar1-KO mice in their experiment. Further research is warranted to determine whether a 

difference would be observed under different conditions. 

 However, activation of the receptor clearly modulates MDMA-induced changes to body 

temperature. This effect was most pronounced in Taar1 mice, where MDMA decreased body 

temperatures of Taar1-WT mice 30 min after each injection significantly lower than saline and 

Taar1-KO mice. Di Cara et al. (2011) found a similar effect in Taar1-WT mice where the same 

dose of MDMA elicited a hypothermic drop 30 min following injection. However, they found body 

temperature was significantly increased in Taar1-KO mice at that time point, an effect absent in 

our Taar1–KO mice. Not as sustained, MDMA induced hyperthermia in MALDR mice following 

the first injection, but not subsequent administrations and MALDR mice differed from MAHDR 

mice only following the first and second injections. These findings indicate MDMA induces acute 

hypothermia when TAAR1 is activated, an effect mitigated when TAAR1 is either absent or 

present but non-functional. Validation of this effect in the two different mouse models of TAAR1 

indicates developmental changes due to either model are unlikely. These results also replicate 

findings using MA in both models, albeit using a single dose paradigm (Harkness et al., 2015). 

MA (4 mg/kg) induced hypothermia 30 min following administration in both MALDR and Taar1-

WT mice, an effect absent in MAHDR and Taar1-KO mice. Another paper investigating the 

effects of TAAR1 on thermal response to amphetamines found MDMA (25 mg/kg) and MA (3 

mg/kg) induced hyperthermia in both Taar1-WT and –KO mice (Panas et al., 2010). The only 

difference between genotypes was hyperthermia was reached earlier in Taar1-KO compared to 

–WT mice. It is possible that the increased dose of MDMA shifted the response to hyperthermia 

in Taar1-WT mice as hyperthermia is observed at higher doses (O'Shea et al., 2001). 
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Additionally, it may be that activation of TAAR1 modulates the hypothermic response to MDMA 

at lower doses, at higher doses, this is masked or overwhelmed. 

There was no difference in temperature response between MALDR and MAHDR mice 

administered methylone, indicating the drug’s effect on body temperature is TAAR1-

independent. While this was expected as the drug is not a TAAR1 agonist, it is intriguing that 

acute hypothermia and a biphasic temperature pattern is elicited. Taken together these findings 

indicate that for MDMA, a psychostimulant and TAAR1 agonist, to elicit acute hypothermia, 

TAAR1 activation is required, whereas for methylone, a psychostimulant that lacks affinity for 

TAAR1, activation of TAAR1 is not required to elicit acute hypothermia. Therefore, methylone-

induced hypothermia must act, at least in part, through a separate mechanism from MDMA. 

Ethanol also induces hypothermia independently of TAAR1 activation. In both the Taar1 and 

MADR model, ethanol administration (2 or 4 g/kg) induced hypothermia in both genotypes and 

lines (Harkness et al., 2015). Additional research is needed in both aspects of thermal 

response: TAAR1 modulation of amphetamine-induced changes in body temperature and the 

substituted methcathinones TAAR1-independent mechanism of action.   

Based on the lack of changes observed for these markers of neurotoxicity, the question 

arises whether MDMA is a good model to study TAAR1 effects on neurotoxicity. To determine 

whether a biochemical target is a modulator of neurotoxicity, neurotoxicity must first be induced. 

Sustained MDMA use in humans causes cognitive deficits and decreased SERT binding 

(McCann et al., 1999; Reneman et al., 2001). However, it is difficult to discern to what degree 

this is caused by MDMA itself or due to poly-drug use (Schifano et al., 1998; Mohamed et al., 

2011). The translational validity of rodent models of MDMA-induced neurotoxicity has also been 

called into question, particularly the issue of interspecies scaling of dose due to differential 

metabolism and pharmacokinetics (de la Torre and Farre, 2004; Easton and Marsden, 2006; 

Baumann et al., 2007). There is also a high degree of variability in neurotoxicity results reported 

using different doses of MDMA. In some experiments, such as the one above, a 20 mg/kg dose 
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of MDMA is insufficient to decrease DA levels 2 days later at peak effect, while in others 5 

mg/kg can cause lasting depletion 7 days later (Fornai et al., 2005; Fantegrossi et al., 2008). In 

Chapter 2, only the highest dose of MDMA (30 mg/kg) diminished striatal DA levels and 

increased GFAP expression 2 days later, while both markers returned to baseline 7 days later. 

Finally, the primary mechanisms of action for TAAR1 are dopaminergic. Although there is a 

rationale for studying DA-related MDMA neurotoxicity in a mouse model (Colado et al., 2004), 

ultimately MDMA causes degeneration of 5HT terminals in humans, but not DA terminals, 

decreasing the validity of the model (Moratalla et al., 2017). MA is both a TAAR1 agonist and a 

highly abused substance. The neurotoxicity of MA is firmly established and reliably produces 

sustained DA terminal degeneration, similar to its action in humans. Based on this, the decision 

was made to pivot my research to TAAR1 modulation of MA-induced neurotoxicity.  
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Chapter 4: TAAR1 regulation of methamphetamine-induced neurotoxicity 

 

This chapter is adapted from the following publication: 

 

Miner, N.B., Elmore, J. S., Baumann, M. H., Phillips, T.J., Janowsky, A (2017). Trace amine-

associated receptor 1 regulation of methamphetamine-induced neurotoxicity. Neurotoxicology. 

63, 57-69. 

 

Acknowledgements: the analyses of striatal tissue for monoamines and their metabolites (DA, 

DOPAC, HVA, 5HT, 5HIAA, and NE) were conducted by Josh S. Elmore and Michael H. 

Baumann. 

 

1. Introduction 

Based on the results of Chapter 3, the focus of my research turned to MA. MA has a robust 

neurotoxic profile across species. Neurotoxicity is most severe in the striatum, causing DA 

terminal degeneration. MA is taken into the cell via DAT and causes the depletion of vesicular 

stores of DA, reverse transport of DA and inhibits [3H]DA uptake, all contributing to increases of 

intra- and extracellular DA levels (Sulzer et al., 2005; Fleckenstein et al., 2007). Increased 

cytosolic levels of DA are metabolized by MAO to produce H2O2 and superoxides, leading to the 

formation of hydroxyl radicals, as well as auto-oxidized to form harmful DA quinones, increasing 

oxidative stress and DA terminal degeneration (Cubells et al., 1994; LaVoie and Hastings, 

1999). Neuroinflammation also occurs and sustained activation of astrocytes and microglia 

contribute to neurotoxicity (Loftis and Janowsky, 2014).  

The GPCR receptor TAAR1 is a known modulator of amphetamine’s effects. As discussed 

above, mice lacking the receptor (Taar1-KO) or mice possessing a non-functional TAAR1 
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(MAHDR) have altered sensitivity to the behavioral, physiological, and biochemical altering 

effects of AMPH and MA (Wolinsky et al., 2007; Wheeler et al., 2009; Achat-Mendes et al., 

2012; Harkness et al., 2015). TAAR1 appears to act as a complex modulator of the DA system 

and its mechanisms remain to be fully elucidated. However, activation of the receptor does have 

an overall inhibitory effect, diminishing DA neuron firing, an effect diminished in Taar1-KO mice 

and when the TAAR1 antagonist EPPTB is applied (Lindemann et al., 2008; Bradaia et al., 

2009). TAAR1 agonists also reduce [3H]DA release in vitro, whereas EPPTB blocks this effect 

(Leo et al., 2014).  

Increased sensitivity to certain neurochemical and behavioral effects of MA correspond with 

increased MA-induced neurotoxicity.  Increased MA-induced striatal DA release and LMA are 

two such traits (Weinshenker et al., 2008; Ren et al., 2014). As both traits are also increased in 

response to AMPH and MDMA when TAAR1 is absent (Wolinsky et al., 2007; Lindemann et al., 

2008), I hypothesized MA would induce increased neurotoxicity in Taar1-KO mice compared to 

–WT mice. The Taar1 model was chosen as the above TAAR1 studies used this model. 

Additionally, MA (2 mg/kg) does not elicit a difference between MALDR and MAHDR mice in DA 

release in the NAc or differences in LMA (Shabani et al., 2011; Lominac et al., 2014). The 

following experiments continued to use the same neurotoxic regimen (4 inj, 2 h apart) and time 

points (2 and 7 days later) to assess transient and sustained MA-induced neurotoxicity in Taar1-

WT and –KO mice.  To investigate dose-dependent effects between genotypes, three separate 

doses of MA (2.5, 5, and 10 mg/kg) were administered. Striatal DA and TH levels are rarely 

altered following a MA dose below 4 mg/kg, whereas 5 mg/kg modestly decreases levels and 10 

mg/kg robustly diminishes DA and TH (Thomas et al., 2004b; Fantegrossi et al., 2008; Angoa-

Perez et al., 2013a; McConnell et al., 2015). Striatal astrocyte activation is dose-dependently 

increased as well, but more sensitive to MA than DA and TH levels, as GFAP expression can be 

increased at lower doses in the absence of DA depletion (McConnell et al., 2015). 
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While the same markers of neurotoxicity from Chapter 2 were assessed, the methodologies 

were changed to increase sensitivity. Instead of simply measuring striatal DA levels using a DA 

ELISA kit, the monoamines and their metabolites (DA, DOPAC, HVA, 5HT, 5HIAA, and NE) 

were quantified using high performance liquid chromatography with electrochemical detection 

(HPLC-ECD), the standard method in the field (Bergquist et al., 2002). GFAP expression 

quantification remained a sandwich ELISA, but shifted away from use of a kit as well. An 

established methodology (O'Callaghan, 2002) was adapted and optimized to allow for increased 

throughput and efficiency while reducing reliance on a commercial product. Finally, while TH 

levels were quantified by an outside collaborator in Chapter 2, their methodology, a similar 

sandwich ELISA for TH (Sriram et al., 2004) was adapted and employed to diminish outside 

reliance.  

Body temperature data were collected to continue investigating the role TAAR1 plays in 

modulating amphetamine-induced body temperature using a binge-like regimen, specifically, 

acute hypothermia (see Chapter 2). In the Taar1 mouse model, a single, low dose of MA (2 

mg/kg) elicited hypothermia 30 min later in Taar1-WT mice, an effect absent in Taar1-KO mice 

(Harkness et al., 2015). The same study used a range of single MA doses in the MADR model, 

finding lower doses of MA (1, 2, and 4 mg/kg) induced acute hypothermia in MALDR, but not 

MAHDR mice. At higher doses of MA (8 and 16 mg/kg), there was no hypothermic response in 

MALDR mice, while hyperthermia was induced in MAHDR mice. Based on these results, I 

hypothesized the hypothermic effect would be dose-dependent in Taar1-WT mice, with the 

greatest decrease in temperature induced by the lowest dose of MA (2.5 mg/kg) and remain 

near baseline for Taar1-KO mice and perhaps hyperthermic at the highest dose (MA 10 mg/kg). 

The conditions of the experiment were again conducted in a normothermic environment to 

decrease the likelihood of hyperthermia and therefore investigate hyperthermic-independent 

neurotoxic effects.  
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2. Material and Methods 

2.1. Drugs and chemicals 

Racemic methamphetamine (MA) hydrochloride was generously provided by the National 

Institute on Drug Abuse (NIDA) Research Resources Drug Supply program (Bethesda, MD). 

The materials used in the TH and GFAP immunoassays have been described previously 

(O'Callaghan, 2002; Sriram et al., 2004). All other reagents were obtained from standard 

commercial sources, unless otherwise noted. 

2.2. Taar1−KO mouse breeding and genotyping  

The Taar1-KO mice were obtained from the U.C. Davis Knockout Mouse Project (KOMP; 

www.komp.org) as previously described (Harkness et al., 2015). Briefly, chimeric mice were 

created using C57BL/6N ES cells in which the entire Taar1 coding region was deleted by 

homologous recombination, using the Veloci-Gene Null Allele Bac vector, and then injected into 

BALB/c blastocysts. The chimeras were bred with wild-type C57BL/6N mice and their offspring 

genotyped according to the strategy recommended by KOMP using the following primers: 

ACTCTTCACCAAGAATGTGG (forward); CCAACAGCGCTCAACAGTTC (reverse, wild-type 

allele); GTCGTCCTAGCTTCCTCACTG (reverse, null allele). Male and female siblings, 

identified as heterozygous for the targeted locus, were subsequently bred to produce Taar1-WT 

and Taar1-KO littermates. 

2.3. Animal maintenance and housing 

Mice of both sexes were used in all experiments and tested at 10–20 weeks of age. Before 

experiment initiation, mice were group-housed in filtered acrylic plastic shoebox cages (28 

cm×18 cm×13 cm; l ×w× h), fitted with wire tops. Cages were lined with either ECO-Fresh 

bedding (Absorption Corporation, Ferndale, WA) or Bed-O-Cob (The Andersons, Maumee, OH). 

Mice had free access to rodent chow (5LOD, 5.0% fat content, Purina Mills, St. Louis, MO) and 

water ad libitum. The colony room was maintained at an environmental temperature of 21 ± 1 °C 

with lights on a 12:12 h light:dark schedule, beginning at 0600 h. All procedures were approved 

http://www.komp.org/
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by the VA Portland Health Care System’s Institutional Animal Care and Use Committee and 

followed the requirements of the Guide for the Care and Use of Laboratory Animals. All efforts 

were made to minimize animal suffering, to reduce the number of animals used, and to use 

alternatives to in vivo techniques when available. All animals acclimated to the vivarium at least 

one week prior to testing.  

2.4. Temperature recording 

 Two days prior to drug administration, mice were implanted with IPTT-300 temperature 

transponders from BioMedic Data Systems (Seaford, DE) to assess body temperature via 

telemetry. Animals were anesthetized with isoflurane (5% induction, 2.5% maintenance) and 

transponders were subcutaneously injected dorsally between the shoulders. On the day of drug 

administration, animals were weighed and transferred from group to individual cages to avoid 

temperature changes associated with interaction (e.g., huddling). After a 1 h acclimation period, 

temperature recording began and was measured every 15 min for 8 h. All experiments were 

conducted between 0700 and 1700 h. Temperatures were non-invasively recorded using the 

DAS-8001 reader console and smart probe from BioMedic Data Systems. Animals were 

removed from the cage and the smart probe placed within 5 cm of the embedded transponder to 

acquire temperature readings. The environmental temperature of the testing environment was 

23 ± 1 °C. This temperature was selected in order to differentiate neurotoxic effects of the drugs 

from those exacerbated by elevated environmental temperatures. 

2.5. Drug treatment 

Following the first temperature recording (baseline), each animal received four i.p. injections 

(2 h apart) of saline or MA (2.5, 5, or 10 mg/kg). MA was dissolved in 0.9% saline and injected 

in a final volume of 10 ml/kg. These doses were selected based on preliminary experiments 

(Supp. Fig. 5). Mice were euthanized 2 or 7 days after the final drug treatment by cervical 

dislocation, followed by decapitation. The striatum was removed using blunt dissection, flash-

frozen, and weighed prior to being stored at -70 °C until time of assay. Striatal tissue from each 
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animal was dissected and each half used for either monoamine and metabolite analyses or TH 

and GFAP assays (counterbalanced by side of brain). 

2.6. Quantification of monoamines and metabolite levels 

Striatal DA, DOPAC, HVA, 5HT, 5HIAA, and NE were quantified via high-performance liquid 

chromatography with electrochemical detection (HPLC-ECD). Tissue samples were weighed, 

homogenized in 0.1N HClO4, and centrifuged at 16,600 g for 18 min at 4oC. Concentrations of 

monoamines and their metabolites were quantified in the supernatant using HPLC-ECD. 

Aliquots were injected onto an HPLC column linked to a coulometric detector (ESA Model 

Coulochem III, Dionex, Chelmsford, MA). Mobile phase consisting of 50 mM sodium phosphate 

monobasic, 250 µM Na2EDTA, 0.03% sodium octane sulfonic acid, and 25% methanol (pH = 

2.75) was recirculated at 0.9 ml/min. Data were acquired by a Waters Empower software 

system, where peak heights of unknowns were compared with those of standards. The lower 

limit of assay sensitivity (3 x baseline noise) was 1 pg/20 µl sample. 

2.7. Quantification of tyrosine hydroxylase levels  

Tissue was prepared as previously outlined (O'Callaghan, 2002; Miller and O'Callaghan, 

2003; Granado et al., 2011). Striatal tissue was homogenized in 10 volumes of 1% hot (85-

95°C) sodium dodecyl sulfate (SDS) by sonification and total protein concentration determined 

by BCA assay. TH holoenzyme protein was assessed using a previously published ELISA with 

minor modifications (Sriram et al., 2004). In brief, an anti-TH monoclonal mouse antibody 

(1:500; Santa Cruz Biotechnology, Dallas, TX) was coated on the wells of Nunc MaxiSorp 

microplates (Thermo Fisher Scientific, Waltham, MA). The SDS homogenates and standards 

(prepared from control mouse striatum) were diluted in phosphate-buffered saline (pH = 7.4) 

containing 0.5% Triton X-100. After blocking non-specific binding with 5% non-fat dry milk, 

aliquots of the homogenate and standards were added to the wells in duplicate and incubated. 

Following washes, an anti-TH polyclonal rabbit antibody (1:500; EMD Millipore, Billerica, MA) 

was added to ‘sandwich’ the TH protein between the two antibodies, coupled with a horseradish 
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peroxidase (HRP) conjugated secondary anti-rabbit IgG antibody (1:3000; Santa Cruz 

Biotechnology, Dallas, TX). Peroxidase activity was detected using the substrate 

tetramethylbenzidine (Sigma-Aldrich, St. Louis, MO), followed by addition of a 1N sulfuric acid 

stop solution. Quantification was performed by measuring absorbance with a microplate reader 

(Bio-Rad Laboratories, Hercules, CA), at 450 nm. The amount of TH in the samples was 

calculated and expressed as TH (µg) per total protein (mg) loaded. 

2.8. Quantification of GFAP expression 

The same tissue homogenate used for TH analysis was also used for the GFAP assay. 

Striatal GFAP levels were quantified using a similar ELISA protocol (O'Callaghan, 2002) as 

described for TH quantification, with the following differences: an anti-GFAP polyclonal rabbit 

antibody (1:400; DAKO, Carpenteria, CA) was used as the capture antibody and an anti-GFAP 

monoclonal mouse antibody (1:250; EMD Millipore, Billerica, MA) was used as the detection 

antibody coupled with a secondary anti-mouse IgG-HRP antibody (1:3000; Santa Cruz 

Biotechnology, Dallas, TX). 

2.9. Data analysis 

Biochemical data were analyzed by three-way analysis of variance (ANOVA) with sex, 

genotype, and dose as between-group factors, at each time point, independently. Temperature 

data were analyzed using a repeated measures four-way ANOVA with time as a within-subject 

factor and sex, genotype, and dose as between-group factors. As there were no significant 

interactions involving sex in initial analyses, this factor was excluded from further analyses. 

Significant two-way interactions were further investigated using simple main effect analyses 

and/or post hoc mean comparisons using the Newman-Keuls test, when appropriate. For 

temperature data, subsequent analyses were conducted at 30 min after each injection as, under 

the described conditions, the maximum hypothermic drop occurs 30 min following administration 

of MA or MDMA (Harkness et al., 2015; Miner et al., 2017b). Data were analyzed for outliers 

using Dixon’s Q-test at 90% confidence. All statistical analyses were performed using Statistica 
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version 13 software (StatSoft Inc., Tulsa, OK). Differences were considered significant at p < 

0.05.  

3. Results 

3.1. Monoamines and metabolite levels 

MA dose-dependently decreased striatal levels of DA and DOPAC at both time points (2 and 

7 days following the final injection) and HVA at 2 days (Fig. 13). Seven days later, levels of DA 

were lower in Taar1-KO mice compared to Taar1-WT mice after MA 2.5 and 5 mg/kg, but not 10 

mg/kg, while DOPAC and HVA were lower in Taar1-KO mice compared to Taar1-WT mice, 

regardless of treatment. DA turnover rates (calculated by dividing DOPAC levels by DA) at both 

2 and 7 days following the final treatment were higher in Taar1-KO compared to Taar1-WT 

mice, regardless of treatment. These characterizations are supported by the following statistical 

results. At 2 days following the final administration of saline or MA, a two-way ANOVA for DA 

level data identified a main effect of genotype (F1,62 = 17.16, p < 0.001) and dose (F3,62 = 32.78, 

p < 0.0001), but no significant interaction (Fig. 13A). DA levels were lower in Taar1-KO mice 

compared to Taar1-WT mice, regardless of treatment, and all doses of MA significantly 

decreased DA levels compared to saline-treated animals, regardless of genotype. At 7 days 

after saline or MA administration, there was a significant genotype x dose interaction (F3,61 = 

3.04, p < 0.05) (Fig. 13B). Simple main effect analysis of the effect of genotype at each dose 

revealed no difference between genotypes for saline-treated animals, but Taar1-KO mice 

receiving either MA 2.5 or 5 mg/kg had significantly lower levels of striatal DA in comparison to 

Taar1-WT mice. There was no difference between genotypes at MA 10 mg/kg. Simple main 

effect analysis of the effect of dose within each genotype indicated significant dose-dependent 

effects in both Taar1-WT (p < 0.0001) and Taar1-KO (p < 0.0001) mice. In Taar1-WT mice, 

Newman-Keuls post hoc mean comparisons indicated that DA levels were significantly 

decreased by the MA 5 and 10 mg/kg doses compared to saline-treated animals, but not by MA 



107 
 

2.5 mg/kg. In Taar1-KO mice, DA levels were significantly decreased by all three MA doses 

compared to saline-treated animals. 

Two days after the final administration of saline or MA, a two-way ANOVA for DOPAC level 

data revealed only a main effect of dose (F3,62 = 12.94, p < 0.0001) (Fig. 13C). DOPAC levels 

were significantly decreased by MA 5 and 10 mg/kg, but not 2.5 mg/kg, compared to saline-

treated animals, regardless of genotype. At 7 days after MA administration, there was a main 

effect of genotype (F1,61 = 13.43, p < 0.001) and dose (F3,61 = 35.34, p < 0.0001), but no 

significant genotype x dose interaction (Fig. 13D). DOPAC levels were lower in Taar1-KO mice 

compared to Taar1-WT mice, regardless of treatment. Only the two higher doses of MA 

significantly decreased DOPAC levels compared to saline-treated animals, regardless of 

genotype.  

There were no significant effects on HVA levels 2 days following the final administration of 

MA (Fig. 13E), but 7 days later there was a main effect of genotype (F1,61 = 5.76, p < 0.05) and 

dose (F3,61 = 22.03, p < 0.0001), though no significant interaction (Fig. 13F). HVA levels were 

lower in Taar1-KO mice compared to Taar1-WT mice, regardless of treatment. HVA levels were 

significantly increased by MA 2.5 mg/kg, but decreased by MA 5 and 10 mg/kg, in comparison 

to saline-treated animals, regardless of genotype. 

At 2 days following the final injection of saline or MA, a two-way ANOVA for DA turnover 

data (expressed as a ratio of DOPAC/DA levels) identified a main effect of genotype (F1,62 = 

8.83, p < 0.01) and dose (F3,62 = 4.16, p < 0.01), but no significant interaction (Fig. 13G). DA 

turnover was higher in Taar1-KO mice compared to Taar1-WT mice, regardless of treatment, 

and only MA 2.5 mg/kg significantly increased DA turnover compared to saline-treated animals, 

regardless of genotype. Seven days after the final administration of saline or MA, a two-way 

ANOVA for DA turnover data also found a main effect of genotype (F1,61 = 12.30, p < 0.001) and 

dose (F3,61 = 20.09, p < 0.0001), but no interaction (Fig. 13H). DA turnover was again higher in 
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Taar1-KO mice compared to Taar1-WT mice, regardless of treatment, and only MA 10 mg/kg 

significantly increased DA turnover compared to saline-treated animals, regardless of genotype. 
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Figure 13. Striatal levels of DA, DOPAC, HVA and DA turnover measured 2 and 7 days 

following treatment. Taar1-WT and -KO mice received 4 i.p. injections of saline or MA (2.5, 5, 

or 10 mg/kg), 2 h apart, and were euthanized either 2 or 7 days following the final injection for 

striatal tissue collection. Values were normalized to the amount of protein in each tissue sample. 

Data represent means ± SEM of 7-11 mice per group. *: p < 0.05, **: p < 0.01, ***: p < 0.001 

compared to saline-treated controls; +: p < 0.001, ++: p < 0.0001 between genotypes; #: p < 

0.05, ##: p < 0.01, ###: p < 0.001 for main effect of genotype; †: p < 0.01, ††: p < 0.0001 for 

main effect of dose; ◦: p < 0.05, ◦◦: p < 0.01, ◦◦◦: p < 0.001,◦◦◦◦: p < 0.0001  compared to saline-

treated controls, regardless of genotype. 

 

There were no significant interactions or main effects of genotype at 2 or 7 days following 

MA administration for 5HT, 5HIAA, 5HT turnover, or NE (Fig. 14). A two-way ANOVA revealed a 

main effect of dose for 5HT levels both 2 days (F3,62 = 7.34, p < 0.001) and 7 days (F3,61 = 13.14, 

p < 0.0001) following the final treatment (Fig. 14A and B). Two days following administration, 

5HT levels were significantly decreased by MA 5 and 10 mg/kg compared to saline-treated 

animals, whereas 7 days after administration MA 2.5 mg/kg significantly increased 5HT levels 

compared to saline-treated animals, regardless of genotype. There were no significant main 

effects for 5HIAA (Fig. 14C and D) or 5HT turnover (5HIAA/5HT levels) (Fig. 14E and F). A two-

way ANOVA identified a main effect of dose for NE levels both 2 days (F3,62 = 4.06, p < 0.01) 

and 7 days (F3,61 = 4.88, p < 0.01) after the last treatment of saline or MA (Fig. 14G and H). Two 

days following administration, NE levels were significantly decreased by MA 10 mg/kg 

compared to saline-treated animals, whereas 7 days following administration, MA 5 and 10 

mg/kg significantly decreased NE levels compared to saline-treated animals, regardless of 

genotype. 
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Figure 14. Striatal levels of 5HT, 5HIAA, 5HT turnover, and NE measured 2 and 7 days 

following treatment. Taar1-WT and -KO mice received 4 i.p. injections of saline or MA (2.5, 5, 

or 10 mg/kg), 2 h apart, and were euthanized either 2 or 7 days following the final injection for 

striatal tissue collection. Values were normalized to the amount of protein in each tissue sample. 

Data represent means ± SEM of 7-11 mice per group. †: p < 0.05, ††: p < 0.01, †††: p < 0.01, 

††††: p < 0.0001 for main effect of dose; ◦: p < 0.05, ◦◦: p < 0.01, ◦◦◦: p < 0.001 compared to 

saline-treated controls, regardless of genotype. 

 

3.2. Tyrosine hydroxylase levels 

Overall, MA decreased striatal TH levels at each time point (2 and 7 days following final 

injection) and dose (2.5, 5, and 10 mg/kg). TH levels were also lower in Taar1-KO mice 

compared to Taar1-WT mice 2 days, but not 7 days, following final administration of saline or 

MA (Fig. 15). These characterizations are supported by the following statistical results. At 2 

days following the final administration of saline or MA, a two-way ANOVA revealed a main effect 

of genotype (F1,65 = 13.22, p < 0.001) and dose (F3,65 = 25.34, p < 0.0001), but no significant 

interaction (Fig. 15A). TH levels were lower in Taar1-KO mice compared to Taar1-WT mice, 

regardless of treatment, and the two higher doses of MA (5 and 10 mg/kg), but not the 2.5 

mg/kg dose, significantly decreased TH levels compared to saline-treated animals, regardless of 

genotype. At 7 days after MA administration, a two-way ANOVA revealed only a main effect of 

dose (F3,59 = 25.12, p < 0.0001) (Fig. 15B); all doses of MA decreased TH levels compared to 

levels in tissue from saline-treated controls, regardless of genotype. 



112 
 

 

Figure 15. Striatal TH levels measured 2 and 7 days following treatment. Taar1-WT and -

KO mice received 4 i.p. injections of saline or MA (2.5, 5, or 10 mg/kg), 2 h apart. Animals were 

euthanized either 2 (A) or 7 (B) days following the final injection for striatal tissue collection. TH 

values were normalized to the amount of protein in each tissue sample. Data represent means ± 

SEM of 7-11 mice per group. #: p < 0.001 for main effect of genotype, †: p < 0.0001 for main 

effect of dose; ◦: p < 0.001 compared to saline-treated controls, regardless of genotype. 

 

3.3. GFAP expression  

Overall, at both 2 and 7 days post MA administration, and at all doses (2.5, 5, or 10 mg/kg), 

MA increased striatal GFAP expression. GFAP was increased to a greater extent in striatal 

tissue from Taar1-KO compared to Taar1-WT mice by both the MA 2.5 and 5 mg/kg doses (Fig. 

16). These characterizations are supported by the following statistical results. At 2 days 

following the final administration of saline or MA, a two-way ANOVA revealed a significant 

genotype x dose interaction (F3,36 = 4.17, p < 0.01) (Fig. 16A). Simple main effect analysis of 

genotype at each dose revealed no difference between genotypes for saline-treated animals, 

but Taar1-KO mice receiving either MA 2.5 or 5 mg/kg expressed significantly higher levels of 

striatal GFAP in comparison to Taar1-WT mice (p < 0.01 for both doses). There was no 
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difference between genotypes at MA 10 mg/kg. Simple main effect analysis of the effect of dose 

within each genotype indicated significant dose-dependent effects in both Taar1-WT (p < 

0.0001) and Taar1-KO (p < 0.0001) mice. Newman-Keuls post hoc comparisons indicated all 3 

doses of MA significantly increased levels of GFAP in both Taar1-WT and Taar1-KO mice 

compared to levels in saline-treated animals. 

 Similar results were obtained for striatal GFAP assessed 7 days after treatment. A two-way 

ANOVA revealed a significant genotype x dose interaction (F3,58 = 5.38, p < 0.01) (Fig. 16B). 

Again, simple main effect analyses of genotype at each dose revealed no difference between 

saline-treated Taar1-WT and -KO animals, but Taar1-KO mice receiving MA 2.5 or 5 mg/kg 

expressed significantly higher levels of GFAP than Taar1-WT mice, whereas there was no 

difference between genotypes administered the highest dose of MA. Simple main effect analysis 

of the effect of dose within each genotype indicated significant dose-dependent effects in both 

Taar1-WT (p < 0.0001) and Taar1-KO (p < 0.0001) mice. Newman-Keuls post hoc mean 

comparisons revealed that GFAP expression in Taar1-WT mice was only significantly elevated 

in mice treated with MA 5 mg/kg and 10 mg/kg compared to saline-treated animals, but all three 

doses of MA elevated GFAP expression in Taar1-KO mice compared to saline-treated mice. 
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Figure 16. Striatal GFAP levels measured 2 and 7 days following treatment. Taar1-WT and 

-KO mice received 4 i.p. injections of saline or MA (2.5, 5, or 10 mg/kg), 2 h apart. Animals were 

euthanized either 2 (A) or 7 (B) days following the final injection for striatal tissue collection. 

GFAP values were normalized to the amount of protein in each tissue sample. Data represent 

means ± SEM of 7-11 mice per group. *: p < 0.05, **: p < 0.001 compared to saline-treated 

controls; +: p < 0.001 between genotypes. 

 

3.4. Thermal response   

Prior to the first injection, the mean baseline temperature of all animals was 38.3°C (SEM = 

0.03°C), with no significant between-genotype or -group differences. Profound genotype-

dependent MA-induced hypothermia was observed.  MA did not elicit hyperthermia, defined as 

a 0.5°C increase in body temperature above the temperature of the untreated animal, in any 

group. Temperature data (Fig. 17), analyzed using a three-way repeated measures ANOVA, 

revealed a significant genotype x dose x time interaction (F96, 4288 = 4.9, p < 0.0001). There was 

no difference in temperature between genotypes for mice receiving saline (Fig. 17A), although 

there was a main effect of time (F32, 1312 = 1.3, p < 0.0001) as temperatures in these control 

groups decreased over the 8 h period, likely attributable to single housing.  

Examination of the effects of each dose of MA revealed significant genotype x time 

interactions for all 3 doses: MA 2.5 mg/kg (F32,672 = 9.4, p < 0.0001) (Fig. 17B), MA 5 mg/kg 

(F32,1120 = 15.3, p < 0.0001) (Fig. 17C), and MA 10 mg/kg (F32,1184 = 4.0, p < 0.0001) (Fig. 17D). 

Analyses of genotype differences were conducted within each dose of MA using simple main 

effect analyses at each 30 min post-injection time point to investigate the hypothermic drop in 

body temperature. The temperatures of Taar1-WT mice receiving MA 2.5 mg/kg were 

significantly lower 30 min after each of the four MA injections compared to their Taar1-KO 

counterparts, whereas Taar1-WT mice administered either MA 5 or 10 mg/kg had significantly 

lower temperatures than Taar1-KO mice after the first three injections.  
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Figure 17. Effects of repeated saline or MA injections on core body temperature. Taar1-

WT and -KO mice received 4 i.p. injections (indicated by arrows) of saline or MA (2.5, 5, or 10 

mg/kg), 2 h apart. Body temperature was measured every 15 min via telemetry over 8 h in an 

ambient temperature of 23 ± 1°C. Data represent temperature for each genotype and treatment 

group (mean ± SEM) at specified time points, n = 11-21 mice per group. Time points selected 

for detailed analysis were 30 min after each injection. *: p < 0.05, **: p < 0.01, ***: p < 0.001, 

****: p < 0.0001 compared between genotypes. 

 

Next, examination of the data for each genotype revealed a significant dose x time 

interaction for both genotypes: Taar1-WT (F96,2208 = 10.8, p < 0.0001) and Taar1-KO (F96,2080 = 

7.5, p < 0.0001). Simple main effects analysis was then used to statistically investigate MA 

effects within each genotype at the 30 min post-injection time points. There was a significant 
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effect of dose after the first, second and third injections in Taar1-WT mice (all p < 0.0001) and 

after the first and fourth injections in Taar1-KO mice (both p < 0.001 and p < 0.01). Newman-

Keuls post hoc mean comparisons indicated that 30 min following the first and second injection 

Taar1-WT mice treated with all MA doses had lower body temperatures than Taar1-WT mice 

receiving saline (Table 10). Thirty min after the third injection, the difference was significant in 

Taar1-WT mice receiving MA 2.5 or 5 mg/kg, but not 10 mg/kg, and there were no significant 

effects of MA 30 min after the fourth injection. In Taar1-KO mice, body temperature was 

significantly reduced by MA 5 and 10 mg/kg 30 min after the first injection. There were no other 

significant hypothermic responses to MA in Taar1-KO mice, though body temperature was 

significantly increased 30 min following the fourth injection in mice receiving MA 2.5 mg/kg. 

However, this increase of 0.8°C for Taar1-KO mice at this dose and time resulted in a mean 

body temperature of 38.5°C compared to the initial basal temperature of 38.3°C, providing little 

evidence of MA-induced hyperthermia. 

Table 10. MA-induced change in body temperature relative to saline-treated mice 

Taar1 MA 

 

30 min post-injection (ΔT°C ± SEM) 

  (mg/kg) 
 

1st Inj 2nd Inj 3rd Inj 4th Inj 

WT 2.5 

 

-2.53 ± 0.37c -1.91 ± 0.36c -0.96 ± 0.19b -0.56 ± 0.26    

 

5 

 

-2.44 ± 0.27c -1.98 ± 0.36c -0.71 ± 0.17a -0.65 ± 0.22    

 

10 

 

-1.45 ± 0.17c -0.99 ± 0.20b   -0.37 ± 0.12     -0.43 ± 0.24    
       

KO 2.5 

 

-0.50 ± 0.20 0.22 ± 0.16     0.40 ± 0.11 0.78 ± 0.13b 

 

5 

 

-0.83 ± 0.22a 0.24 ± 0.21     0.01 ± 0.17 -0.44 ± 0.21     

  10 

 

-0.47 ± 0.16a 0.44 ± 0.14     0.42 ± 0.25 -0.02 ± 0.26     

 

Data represent change in temperature (mean ± SEM) for each treatment group from saline- 

treated mice at specified time point, n = 11-21 mice per group. a: p < 0.05; b: p < 0.01; c: p < 

0.001 in analysis compared to saline-treated controls. 
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4. Discussion 

In Chapter 4, I report for the first time that activation of TAAR1 by a binge-like regimen of 

MA altered thermal response and decreased markers of neurotoxicity both 2 and 7 days 

following administration. Activation of TAAR1 inhibits DA firing in the striatum, the locus of MA-

induced neurotoxicity, and mice lacking TAAR1 have altered sensitivity to the acute effects of 

amphetamines, biochemically and behaviorally (Lindemann et al., 2008; Revel et al., 2011; 

Harkness et al., 2015). Based on these findings, I administered MA to Taar1-WT and Taar1-KO 

mice and measured acute thermal response, as well as transient and sustained effects of MA 

on markers of DA terminal degeneration and astrogliosis.  

At 2 days post-treatment, DA and TH levels were dose-dependently diminished and levels 

were lower when TAAR1 was absent, regardless of treatment. However, this should not be 

interpreted as differences in basal levels as 7 days following treatment there was no significant 

difference in saline-treated animals. The findings from 7 days post-treatment indicate sustained 

MA-induced decreases in DA levels are dose-dependently diminished when TAAR1 is activated: 

the lowest dose of MA did not decrease DA levels when TAAR1 was activated, but did when 

TAAR1 was absent; the middle MA dose (5mg/kg) further decreased DA levels when TAAR1 

was not activated; and the highest dose of MA did not differentially decrease DA when the 

receptor was activated or not. However, TH levels were not differentially affected across 

genotype at this later time point, indicating activation of TAAR1 transiently altered TH levels, but 

the effects were not sustained. The difference in levels of DA and metabolites between 

genotypes coupled with equally diminished TH levels at this time point suggests the sustained 

effects of TAAR1 activation take place post-DA synthesis. Although amphetamines acutely 

increase striatal levels of 5HT and NE, measured by microdialysis, in Taar1-KO compared to 

Taar1-WT mice (Lindemann et al., 2008; Di Cara et al., 2011), here there were no significant 

differences in striatal levels of 5HT, 5HIAA, or NE between genotypes 2 or 7 days following MA 

administration. This indicates that, while TAAR1 modulates acute MA-induced release of 5HT 
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and NE, the modulatory effects of the receptor on striatal monoamine levels at later time points 

are DA specific, reflective of the selectivity of MA for DA terminal degeneration in mice 

(Krasnova and Cadet, 2009).  

Astrocyte activation, a glial reaction to neuronal injury, is an established marker of MA-

induced neurotoxicity. An increase in GFAP expression peaks 2-3 days after MA administration 

and correlates with increased neurotoxicity, inflammatory response, and ROS (O'Callaghan and 

Miller, 1994; Lau et al., 2000; McConnell et al., 2015), though it can also increase independently 

of decreases in markers such as TH and DA (Pu and Vorhees, 1993; Miner et al., 2017b). I 

report the novel finding that astrocyte activation in response to MA is increased when TAAR1 is 

not activated. At both time points, the two lower doses of MA increased GFAP expression in 

Taar1-KO compared to Taar1-WT mice (though not at the highest dose). Additionally, at 7 days 

following the last administration, the lowest dose of MA significantly increased GFAP expression 

in Taar1-KO mice compared to saline-treated mice, while there was no significant increase 

when TAAR1 was activated in Taar1-WT mice.  This corresponds with the DA data, indicating 

activation of TAAR1 is neuroprotective at lower doses, but the effect is suppressed at the 

highest dose of MA.  

When using a binge-like regimen in a mouse model, MA 10 mg/kg is a common dose based 

on its strong neurotoxic effects (O'Callaghan and Miller, 1994; Zhu et al., 2006; Fantegrossi et 

al., 2008; Grace et al., 2010). In my experiments, this dose caused the largest changes in DA, 

TH, and GFAP, but abolished differences between genotypes. Comparing the two lower doses 

of MA, decreases in DA and TH levels were less than two-fold in Taar1-WT mice, though DA 

and TH levels were decreased more than two-fold in Taar1-KO mice receiving MA 5 mg/kg, 

indicating increased neurotoxicity. At peak astrocyte activation (2 days post-administration), 

increases in GFAP expression were even larger with MA 2.5 and 5 mg/kg increasing GFAP 

expression greater than two-fold in Taar1-WT mice and three-fold in Taar1-KO mice. This 

magnitude of change is commensurate with previous research using MA doses less than 10 
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mg/kg (Thomas et al., 2004a; McConnell et al., 2015) and indicates that TAAR1 may play an 

even more significant role in astroglial activation than DA terminal degeneration. 

The temperature findings present a novel insight into the effects of TAAR1 on regulation of 

thermal response to MA and associated neurotoxicity. MA elicited hypothermia in Taar1-WT, but 

not Taar1-KO mice. In Taar1-WT mice, hypothermia was inversely dose-dependent: the largest 

change in temperature and longest persisting effects were elicited by the two lower doses of 

MA, whereas hypothermia and genotype differences were attenuated at the highest dose. In 

Taar1-KO mice, MA elicited only mild fluctuations from the initial basal temperature. These 

findings indicate the hypothermic response to MA is dependent on activation of TAAR1. Direct 

stimulation of TAAR1, using the selective agonist RO5166017, has produced differing results: in 

C57BL/6 mice, a single dose of 1 mg/kg induced hypothermia 45 min later (Revel et al., 2011), 

while in Sprague-Dawley rats, doses of 3.2 – 10 mg/kg did not alter body temperature one hour 

post-injection (Siemian et al., 2017). It is unclear whether this is a species and/or dose 

dependent effect. Although previous TAAR1 research support my finding of TAAR1-dependent 

MA-induced hypothermia (Harkness et al., 2015), Panas et al. (2010) found a single dose of MA 

(3 mg/kg) elicited an equal hyperthermic response in Taar1-WT and –KO mice. It is difficult to 

explain the disparity in these results as experimental conditions (ambient temperature and 

housing) were similar and elicited hypothermia and genotype differences using MA doses less 

and greater than their dose. However, there is always the possibility that differences in the 

backgrounds from which the Taar1-KO mice were generated may account for differential 

results. Additionally, similarly to the same discrepancy between the thermal response to MDMA 

(Chapter 3) and the findings reported in this paper, it may be that once hyperthermia is induced 

in Taar1-WT mice, the ability for TAAR1 activation to modulate body temperature is masked and 

any differences between genotypes disappears. 

However, MA did not induce hyperthermia in animals of either genotype, similar to my 

findings with MDMA. When studying MA-induced neurotoxicity, hyperthermia can confound the 
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ability to distinguish neurotoxicity attributable to the direct actions of MA versus the indirect 

effects of inducing hyperthermia, which leads to increased ROS production and permeability of 

the blood brain barrier (Kiyatkin and Sharma, 2009; Bowyer and Hanig, 2014).  As body 

temperatures only reached a maximum increase of 0.2°C from the initial baseline temperature, 

the increase in MA-induced markers of neurotoxicity in Taar1-KO mice cannot be attributed to 

hyperthermic effects. Conversely, hypothermia can confer neuroprotection against MA. 

Typically, this is induced by lowering the ambient temperature to 15 or 4 °C or by leveraging 

pharmacological agents to decrease temperature (Miller and O'Callaghan, 1994; Albers and 

Sonsalla, 1995; Ali et al., 1996; Metzger et al., 2000; Sharma et al., 2015), whereas in the 

current study all animals received the same drugs under the same conditions. Therefore, it is 

possible that the increased MA-induced neurotoxicity in Taar1-KO mice is attributable to the 

absence of MA-induced hypothermia. This theory is supported by the connection between 

temperature data and neurotoxicity with regard to dose. Significant differences between 

genotypes in DA levels and GFAP expression occurred only at the two lower doses of MA, 

corresponding with the greatest hypothermic responses.  

However, the neuroprotective effects of TAAR1 activation and its modulation of thermal 

response may occur in tandem or independently. The intent of this study was to separate the 

hyperthermic influence from drug-dependent effects to better understand the effect of TAAR1 on 

both drug-induced changes in body temperature and neurotoxicity. However, studies are 

needed to determine whether the activation of TAAR1 diminishes MA-induced neurotoxicity due 

to its hypothermic effects or other mechanisms, potentially through pharmacologically equalizing 

temperature fluctuations. Additional research is also warranted under environmental conditions 

where hyperthermia occurs to further explore TAAR1 regulation of temperature and MA-induced 

neurotoxicity.  

While the effects of TAAR1 activation on the DA system are complex and its mechanism still 

not fully understood, significant attention has been focused on D2R. Compared to Taar1-WT 
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mice, Taar1-KO mice over-express D2R,  possess increased density of D2R in high-affinity 

states for DA (D2RHigh) , and express super-sensitivity to activation of post-synaptic D2R 

(Wolinsky et al., 2007; Espinoza et al., 2015a), traits associated with increased behavioral 

sensitivity to amphetamines (Seeman et al., 2005; Shuto et al., 2008). Additionally, inhibition of 

TAAR1 increases potency of D2R agonists and reduces D2R desensitization rates (Bradaia et 

al., 2009). Finally, TAAR1 and D2R can form a heterodimer and the D2R antagonist raclopride 

increases TAAR1 activation (Espinoza et al., 2011). MA-induced neurotoxicity is D2R-mediated 

and D2R antagonists, such as raclopride and eticlopride, diminish MA-induced neurotoxicity 

(DA, TH, DAT levels, and GFAP expression) and attenuate MA-induced hyperthermia (Albers 

and Sonsalla, 1995; Broening et al., 2005; Xu et al., 2005; Hadlock et al., 2010). These markers 

of neurotoxicity are also lower in D2R-KO mice receiving MA, which exhibit MA-induced 

hypothermia as well, in comparison to D2R-WT mice (Granado et al., 2011). It is possible that 

the absence of MA-induced hypothermia and increased neurotoxicity in Taar1-KO mice can be 

attributed to increased D2R activation compared to when TAAR1 is activated in Taar1-WT mice. 

Future research on the intersection of TAAR1 and D2R effects on MA-induced neurotoxicity are 

warranted. Additionally, as neurotoxicity is primarily attributed to increased cytosolic levels of 

DA (Fleckenstein et al., 2007) and TAAR1 is predominantly localized intracellularly (Borowsky et 

al., 2001), future research of TAAR1 regulation of MA-induced neurotoxicity could investigate 

acute intracellular markers of neurotoxicity, such as impaired VMAT2 expression and function 

(Fumagalli et al., 1999; Guillot et al., 2008), and increased DA quinone and ROS production 

(Cubells et al., 1994; LaVoie and Hastings, 1999; Yamamoto and Raudensky, 2008). 

TAAR1 mediation of excitotoxicity is another potential contributor to MA-induced 

neurotoxicity. The expression and phosphorylation of the GluN1 subunit of the NMDA GLU 

receptors, in both the striatum and the prefrontal cortex (PFC), is lower in Taar1-KO mice 

compared to Taar1-WT mice (Espinoza et al., 2015b; Sukhanov et al., 2016). However, when 

amphetamine is administered, striatal expression and phosphorylation of GluN1 are increased 
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only in Taar1-KO mice. This suggests amphetamines elicit an increased GLU response when 

TAAR1 is not activated, potentially contributing to increased neurotoxicity. Supporting a GLU 

system regulatory role for TAAR1, another study, using 6-hydroxydopamine (6-OHDA) to induce 

an animal model of Parkinson’s disease, found the intrastriatal application of the selective 

TAAR1 agonist, RO5166017, blocked 6-OHDA-induced increased striatal GLU release 

(Alvarsson et al., 2015). This same study also evaluated the effects of intrastriatal administration 

of 6-OHDA on DA markers using the Taar1-KO mouse model. Surprisingly, four weeks following 

6-OHDA treatment, Taar1-WT mice had lower levels of striatal TH and DAT compared to Taar1-

KO mice. While counter to my findings that activation of TAAR1 is neuroprotective against MA-

induced neurotoxicity, it is important to note 6-OHDA lesioning destroys cell bodies in the 

substantia nigra pars compacta (SNpc) as well as terminals in the striatum (Bove and Perier, 

2012). Although there is evidence MA causes DA cell body death in the SNpc, MA primarily 

causes degeneration of striatal neuron terminals (Sonsalla et al., 1996; Ares-Santos et al., 

2014). It is plausible TAAR1 has different modulatory roles in these two models of neuronal 

injury, as they differ in underlying mechanism, time course, and severity. 

Astrocytes also decrease excitotoxicity via clearance of synaptic GLU  by the excitatory 

amino acid transporter 2 (EAAT2) (Anderson and Swanson, 2000). Cisneros and Ghorpade 

(2014) investigated TAAR1 regulation of this function using cultured astrocytes. The authors 

found that knockdown of TAAR1 using RNA interference mitigates MA-induced down-regulation 

of EAAT2 and increases GLU clearance, while overexpression of TAAR1 increases MA-induced 

EAAT2 down-regulation and decreases GLU clearance. These findings imply MA activation of 

TAAR1 increases excitotoxicity, acting as a contributing factor to neurotoxicity (Burrows and 

Meshul, 1997). It is possible that MA activation of TAAR1 impairs astrocytic GLU function in 

vitro, but this effect is overshadowed by the increase in MA-induced astrocyte activation in 

Taar1-KO mice compared to Taar1-WT mice under physiological conditions.  Additional 

research is warranted to explore TAAR1 regulation of other markers of gliosis, namely microglia. 
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MA induces neuroinflammation and microgliosis, other contributors to neurotoxicity, through the 

production of harmful cytokines and chemokines, which is also ameliorated at lower 

temperatures (LaVoie et al., 2004; Thomas et al., 2004a; O'Callaghan et al., 2014). 

While TAAR1 research has focused on the acute effects of single doses of amphetamines, 

the results presented in Chapter 4 indicate a regulatory role for TAAR1 on the effects of a binge-

like dosing regimen of MA, persisting up to 7 days later. Activation of TAAR1 elicited an acute 

hypothermic response to MA, similar to MDMA, and decreased MA-induced neurotoxicity. For 

the first time, I demonstrate MA-induced neurotoxicity is increased in animals lacking TAAR1; 

indicating activation of the receptor confers neuroprotection.  
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Chapter 5: The role of biogenic amine transporters on TAAR1 regulation of 

methamphetamine-induced neurotoxicity  

 

The data presented in this chapter are unpublished. 

 

1. Introduction 

The findings from Chapter 4 demonstrate TAAR1 modulates MA-induced neurotoxicity, but 

do not provide an explanation or mechanism through which this occurs. Although TAAR1 

modulation of the thermal response to MA may contribute, there are undoubtedly additional 

factors at play. As previously discussed, the origin of the neurotoxic effects of MA reside in its 

ability to impair striatal VMAT2 and DAT function, resulting in elevated cytosolic DA levels 

(Fleckenstein et al., 2007). DAT function is rapidly impaired by MA, reflected by decreases in 

DA uptake inhibition and release that quickly return to baseline. MA (10 mg/kg, 4 inj, 2 h apart) 

inhibits [3H]DA uptake 1 h following administration, but not 24 h later (Sandoval et al., 2000). In 

rats, a single dose of MA (15 mg/kg) decreases [3H]DA uptake 30 min later, similarly returning to 

baseline at 24 h (Fleckenstein et al., 1997). However, MA does not diminish DAT expression 

until 24 h following administration and reaches a maximal decrease 3 days later (Zhu et al., 

2005; McConnell et al., 2015). While MA decreases DAT expression and is a biomarker of 

neurotoxicity, decreased basal DAT expression also mitigates MA-induced neurotoxicity. DAT-

knockout mice are resistant to the neurotoxic effects of MA, measured by DA levels, GFAP 

expression, and free radical production (Fumagalli et al., 1998). When DAT levels are 

decreased, less DA and MA enter the terminal resulting in a smaller intracellular DA pool and 

diminished effects on vesicular DA storage.  

TAAR1 is predominantly localized in the cytoplasm, but there is evidence that TAAR1 and 

DAT co-localize in the SN (Xie et al., 2007). However, a functional connection between TAAR1 
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and DAT has been difficult to establish. In striatal synaptosomes from rats, activation of TAAR1 

by a partial agonist (RO5203648) does not alter in vitro MA-induced striatal [3H]DA uptake or 

release (Cotter et al., 2015). An alternative study reported in vitro treatment with MA increases 

[3HDA uptake inhibition and [3H]DA release in striatal synaptosomes from Taar1-WT compared 

to –KO mice (Xie and Miller, 2009a). This study, indicating activation of TAAR1 increases MA-

induced impairment of DAT function, is seemingly at odds with my results from Chapter 4, as 

well as in vivo microdialysis findings that amphetamine-induced DA release is increased in 

Taar1-KO mice (Wolinsky et al., 2007; Di Cara et al., 2011). Additional research is needed on 

the interaction between TAAR1 and DAT. 

The functionality and expression of VMAT2 are perhaps even more critical to neurotoxicity 

than DAT. While DAT transports MA into the cell, it predominantly increases extracellular DA, 

whereas VMAT2 increases intracellular DA leading to the formation of ROS and oxidative stress 

(Sulzer et al., 1995; Volz et al., 2007b). Diminished basal VMAT2 expression also increases 

MA-induced neurotoxicity. A transgenic VMAT2 knockout mouse model was developed, 

creating mice heterozygous for transporter (VMAT2-HET) with low VMAT2 expression, and 

used to study MA-induced neurotoxicity (Fumagalli et al., 1999). As to be expected, MA (15 

mg/kg, 4 inj, 2 h apart) decreases striatal DA levels 2 days following administration and DAT 

levels 7 days later in VMAT2-HET compared to VMAT2-WT mice. However, MA acutely 

increases extracellular DA levels in VMAT2-WT compared to -HET mice. This indicates the 

observed neurotoxicity is preferentially due to intracellular rather than extracellular DA, 

presumably due to the diminished ability of the VMAT2-HET mice to sequester cytosolic DA. 

Vesicular VMAT2 function is diminished at both 1 and 24 h following MA (10 mg/kg, 4 inj, 2 h 

apart) administration, corresponding with DA terminal degeneration 6 days later (Hogan et al., 

2000; Ugarte et al., 2003). While VMAT2 function is typically solely measured in this enriched 

vesicular fraction consisting of cytosolic vesicles, Fleckenstein and coworkers  examined 

VMAT2-mediated DA uptake in membrane-associated vesicles (Volz et al., 2007a). Similar to 
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the vesicular fraction, they reported MA inhibits VMAT2-mediated [3H]DA uptake in the 

membrane-associated fraction 1, 24, and 72 h following administration (Chu et al., 2010). 

VMAT2 expression is also decreased by MA at these time points, but the effect is localized to 

the purified vesicular fraction, as VMAT2 expression in the synaptosomal and membrane-

associated fractions is unchanged, indicative of vesicular trafficking (Hogan et al., 2000; Riddle 

et al., 2002; Ugarte et al., 2003). Although there is currently no published data on an interaction 

between TAAR1 and VMAT2, , their intracellular localization suggests a link. TAAR1 is 

associated with the total cellular membrane fraction, including cytosol, nuclear, and cytoskeletal 

compartments, but is notably lacking in expression on the cell surface membrane (Bunzow et 

al., 2001; Xie et al., 2008a). TAAR1 activation of the PKC signaling cascade is also a potential 

bridge as PKC phosphorylates VMAT2 and modulating the ability of the transporter to sequester 

and release monoamines (Panas et al., 2012; Torres and Ruoho, 2014). 

Based on the key roles VMAT2 and DAT play in the regulation of neurotoxicity and my 

finding that TAAR1 modulates neurotoxicity, I investigated potential interactions between 

TAAR1 and the transporters VMAT2 and DAT. In particular, the impact of TAAR1 activation on 

MA-induced dysregulation of striatal VMAT2 function and expression on membrane-associated 

and cytosolic vesicles, separately, as well as DAT function and expression in striatal 

synaptosomes. I conducted VMAT2 function and expression experiments using in vivo treated 

tissue in order to more closely resemble a physiological environment and investigate the effects 

of MA after it has been cleared from the CNS. Using the binge-like regimen of MA (5 mg/kg, 4 

inj, 2 h apart), VMAT2-mediated [3H]DA uptake was quantified 24 h following final administration 

in striatal tissue from Taar1-WT and –KO mice. The intermediary dose of MA (5 mg/kg) was 

chosen as it elicited changes in neurotoxic markers in both genotypes, as well as between 

genotypes (Chapter 4). Although both VMAT2 function and expression are diminished 1 h 

following MA administration, I chose to measure the effects 24 h later as MA concentration 



127 
 

levels in the brain return to baseline by this time (Fleckenstein et al., 1997; Hogan et al., 2000; 

Ugarte et al., 2003).  

Due to the heterogeneous expression of VMAT2 among cell compartments, I separated 

striatal homogenate into synaptosomal, membrane-associated, and vesicular fractions via 

subcellular fractionation. As VMAT2 expression is differentially trafficked between fractions, this 

is likely reflected in VMAT2 function, but has not been widely examined. Investigation in the 

other fractions would also aid in determining whether expression matches function. VMAT2 

function in all fractions was quantified by [3H]DA uptake and the VMAT2 selective inhibitor 

reserpine was used to determine non-specific binding. As reserpine does not bind to DAT, 

SERT, or NET (Pristupa et al., 1994; Rudd et al., 2005; Mandela et al., 2010), all specific uptake 

was considered VMAT2-mediated. I hypothesized [3H]DA uptake inhibition would be increased 

in Taar1-KO compared to -WT mice following MA administration, indicating VMAT2 function is 

impaired when TAAR1 is not activated. Since the ability of MA to elevate cytosolic DA levels via 

VMAT2 is primarily attributed to transporters expressed on the vesicles and MA does not alter 

VMAT2 expression in the other fractions, I hypothesized the difference would only be observed 

in the vesicular fraction. To further my investigation of DAT function from Chapter 3, I quantified 

time-dependent [3H]DA release using a superfusion apparatus and [3H]DA uptake in striatal 

tissue homogenate and synaptosomes from Taar1-WT and –KO mice. This was performed in 

vitro as DAT function returns to baseline 24 h following MA administration (Sandoval et al., 

2000). I hypothesized DA uptake inhibition and release would be increased in tissue from 

Taar1-KO compared to –WT mice, indicating TAAR1 acutely modulates DAT function. 

Besides VMAT2 function, TAAR1 modulation of VMAT2 and DAT expression was also 

quantified 24 h following MA (5 mg/kg, 4 inj, 2 h apart) administration. Quantification of 

transporter expression was performed in both the Taar1 and MADR mouse models. VMAT2 

expression was measured in whole synaptosomes, as well as isolated membrane-associated 

vesicles and cytosolic vesicles. I hypothesized MA would diminish VMAT2 expression in the 
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vesicular fraction and be decreased in Taar1-KO and MAHDR compared to Taar1-WT and 

MALDR mice, but would remain unchanged in the synaptosomal and membrane-associated 

fractions. These results would support earlier research that VMAT2 is redistributed by MA at this 

early time point, while total VMAT2 expression in synaptosomes remains the same (Hogan et 

al., 2000; Ugarte et al., 2003). A decrease in baseline VMAT2 expression in Taar1-KO and 

MAHDR mice would contribute to decreased VMAT2 functionality and indicate an interaction 

with TAAR1, potentially mediating MA-induced neurotoxicity. I hypothesized MA would decrease 

synaptosomal DAT expression in Taar1-KO and MAHDR compared to Taar1-WT and MALDR 

mice as another marker of neurotoxicity. 

Finally, to continue my investigation of TAAR1 modulation of thermal response to MA, I 

recorded body temperature in MADR and Taar1 mice for inter-model comparison. I 

hypothesized both models would produce similar results: MA would elicit acute hypothermia in 

both MALDR and Taar1-WT mice, in which TAAR1 was activated, but not in MAHDR and 

Taar1-KO mice, in which the receptor was not activated as it was either non-functional or 

absent. 

2. Material and Methods 

2.1. Drugs and chemicals 

Racemic MA hydrochloride was generously provided by the National Institute on Drug 

Abuse (NIDA) Research Resources Drug Supply program (Bethesda, MD). [3H]DA and [125I]RTI-

55 were purchased from Perkin Elmer (Boston, MA). [3H]DHTB and DHTB were purchased from 

American Radiolabeled Chemicals (St. Louis, MO). All other reagents were obtained from 

standard commercial sources, unless otherwise noted. 

2.2. Taar1−KO mouse breeding and genotyping  

The Taar1-KO mice were obtained from the U.C. Davis Knockout Mouse Project (KOMP; 

www.komp.org) as previously described (Harkness et al., 2015). Briefly, chimeric mice were 

created using C57BL/6N ES cells in which the entire Taar1 coding region was deleted by 

http://www.komp.org/
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homologous recombination, using the Veloci-Gene Null Allele Bac vector, and then injected into 

BALB/c blastocysts. The chimeras were bred with wild-type C57BL/6N mice and their offspring 

genotyped according to the strategy recommended by KOMP using the following primers: 

ACTCTTCACCAAGAATGTGG (forward); CCAACAGCGCTCAACAGTTC (reverse, wild-type 

allele); GTCGTCCTAGCTTCCTCACTG (reverse, null allele). Male and female siblings, 

identified as heterozygous for the targeted locus, were subsequently bred to produce Taar1-

WT and Taar1-KO littermates. 

2.3. Methamphetamine drinking selected mouse lines 

Multiple pairs of MADR lines were consecutively, selectively bred from an F2 cross of the B6 

and D2 inbred strains based on voluntary MA consumption during a two-bottle choice test. 

Details of this process and response to selection have been previously described (Wheeler et 

al., 2009; Shabani et al., 2011). Briefly, animals were provided access to a bottle containing a 

20 mg/l MA solution for 18 h per day for 4 days, alongside continuous access to a water bottle. 

The concentration was increased to 40 mg/l MA for 4 additional days and mice were selected 

for breeding based on either high or low MA intake during this period. This breeding selection 

procedure was repeated for four generations to generate MALDR and MAHDR mice. The mice 

used in these experiments were MA-naïve offspring from second or later litters from replicate 4, 

selection generations 3, 4, and 5, and replicate 5, selection generation 3, 4, and 5. 

2.4. Animal maintenance and housing 

Mice of both sexes were used in all experiments and tested at 10–20 weeks of age. Before 

experiment initiation, mice were group-housed in filtered acrylic plastic shoebox cages (28 

cm×18 cm×13 cm; l ×w× h), fitted with wire tops. Cages were lined with either ECO-Fresh 

bedding (Absorption Corporation, Ferndale, WA) or Bed-O-Cob (The Andersons, Maumee, 

OH). Mice had free access to rodent chow (5LOD, 5.0% fat content, Purina Mills, St. Louis, 

MO) and water ad libitum. The colony room was maintained at an environmental temperature 

of 21 ± 1 °C with lights on a 12:12 h light:dark schedule, beginning at 0600 h. All procedures 
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were approved by the VA Portland Health Care System’s Institutional Animal Care and Use 

Committee and followed the requirements of the Guide for the Care and Use of Laboratory 

Animals. All efforts were made to minimize animal suffering, to reduce the number of animals 

used, and to use alternatives to in vivo techniques when available. All animals acclimated to 

the vivarium at least one week prior to testing.  

2.5. Temperature recording 

 Two days prior to drug administration, mice were implanted with IPTT-300 temperature 

transponders from BioMedic Data Systems (Seaford, DE) to assess body temperature via 

telemetry. Animals were anesthetized with isoflurane (5% induction, 2.5% maintenance) and 

transponders were subcutaneously injected dorsally between the shoulders. On the day of drug 

administration, animals were weighed and transferred from group to individual cages to avoid 

temperature changes associated with interaction (e.g., huddling). After a 1 h acclimation period, 

temperature recording began and was measured every 15 min for 8 h. All experiments were 

conducted between 0700 and 1700 h. Temperatures were non-invasively recorded using the 

DAS-8001 reader console and smart probe from BioMedic Data Systems. Animals were 

removed from the cage and the smart probe placed within 5 cm of the embedded transponder 

to acquire temperature readings. The environmental temperature of the testing environment 

was 23 ± 1 °C. This temperature was selected in order to differentiate neurotoxic effects of the 

drugs from those exacerbated by elevated environmental temperatures. 

2.6. Drug treatment 

Following the first temperature recording (baseline), each animal received four i.p. injections 

(2 h apart) of saline or MA (5 mg/kg). This regimen and dose were selected based on ability to 

elicit differences between Taar1-WT and –KO mice on neurotoxicity measures (Miner et al., 

2017a). MA was dissolved in 0.9% saline and injected in a final volume of 10 ml/kg. MA was 

dissolved in 0.9% saline and injected in a final volume of 10 ml/kg. Mice were euthanized 24 h 

after treatment by cervical dislocation, followed by decapitation. The striatum was removed 



131 
 

using blunt dissection and either kept on ice to be immediately used for the [3H]DA uptake assay 

or flash-frozen and stored at -70°C until time of use for [3H]DHTB or [125I]RTI-55 binding. 

2.7. Subcellular fractionation of striatal tissue for VMAT2-mediated [3H]DA uptake and [3H]DHTB 

binding 

Three separate subcellular fractions (crude synaptosomal, membrane-associated, and 

enriched vesicular) were isolated as previously described (Teng et al., 1998; Hogan et al., 2000) 

with minor modifications (Fig. 18). Striata were homogenized in ice-cold sucrose (0.32 M, with 

protease inhibitors) using 12 strokes of a glass/teflon homogenizer before being centrifuged 

(800 x g, 12 min, 4°C). The supernatant (S1) was removed and centrifuged (22,000 x g, 15 min, 

4°C). The resulting pellet (P2) was osmotically shocked with ice-cold water to disrupt the 

synaptosomes and release membrane-associated structures, followed by homogenization with 

6 strokes of a glass/teflon homogenizer. Osmolarity was restored by addition of Tris (25 mM, pH 

7.4) and potassium tartrate (100 mM). A sample was removed to be used for the crude 

synaptosomal fraction and the remaining P2 fraction was centrifuged (20,000 x g, 20 min, 4°C). 

The resulting supernatant (S3) was removed and saved. The pellet (P3) was re-suspended in 

VMAT2 assay buffer (25 mM Tris, 100 mM potassium tartrate, 2 mM MgSO4, 4mM KCl, 0.5 mM 

EGTA, 0.1 mM EDTA, 1.7 mM ascorbic acid, 10 µM pargyline, and 100 µM tropolone; pH 7.4) 

and homogenized with 6 strokes of a glass/teflon homogenizer to generate the plasmalemmal 

membrane-associated fraction. MgSO4 (final: 0.9 mM) was added to the supernatant (S3) and 

centrifuged (100,000 x g, 45 min, 4°C). The supernatant was discarded and the pellet (P4) re-

suspended in assay buffer and homogenized with 6 strokes of a glass/teflon homogenizer to 

generate the enriched vesicular fraction. Protein concentrations from all three fractions were 

determined using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA).   
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Figure 18. Subcellular fractionation of striatal tissue homogenate through centrifugation. 

Striatal tissue undergoes several centrifugation spins to separate the tissue into subcellular 

fractions: synaptosomal, membrane-associated, and vesicular fractions. 

 

2.8. Tissue homogenate preparation for DAT-mediated [3H]DA uptake and release assays 

Striatal tissue from untreated mice was minced into 100 µm2 squares using a McIlwain 

tissue chopper (Mickle Laboratory Engineering, Surrey, UK) and re-suspended in 0.15X ml/mg 

wet tissue of DAT assay buffer (Krebs-HEPES buffer: 25 mM HEPES, 122 mM NaCl, 5 mM KCl, 

1.2 mM MgSO4, 2.5 mM CaCl2, 0.2% glucose, 0.02% ascorbic acid, 10 µM pargyline, 100 µM 

tropolone; pH 7.4) supplemented with inhibitors fluoxetine (1 µM), and desipramine (500 nM). 

Protein density was determined by BCA protein assay.  

2.9. Synaptosome preparation for DAT-mediated [3H]DA uptake 

Synaptosomes for DAT-mediated [3H]DA uptake were isolated as previously described 

(Janowsky et al., 2001a) with minor modifications. Striatal tissue from untreated mice was 

homogenized in ice-cold sucrose (0.32 M, with protease inhibitors) using 12 strokes of a 

glass/teflon homogenizer before being centrifuged (800 x g, 12 min, 4°C). The supernatant (S1) 

was removed and centrifuged (22,000 x g, 15 min, 4°C). The resulting pellet (P2) was re-
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suspended in 0.1X ml/mg wet tissue of DAT assay buffer supplemented with inhibitors 

fluoxetine (1 µM), and desipramine (500 nM). Protein density was determined using the BCA 

protein assay. 

2.10. Synaptosome preparation for [125I]RTI-55 binding 

Synaptosomes for [125I]RTI-55 binding were isolated as previously described (Janowsky et 

al., 2001a) with minor modifications. Striata were homogenized in ice-cold sucrose (0.32 M, with 

protease inhibitors) using 12 strokes of a glass/teflon homogenizer before being centrifuged 

(1200 x g, 10 min, 4°C). The supernatant (S1) was removed and centrifuged (33,000 x g, 20 

min, 4°C). The resulting pellet (P2) was brought up in 3 ml of ice-cold sucrose (0.32 M) and 

homogenized with 6 strokes of a glass/teflon homogenizer. Protein density was determined by 

BCA assay. 

2.11. Radioligand binding assays 

Radioligand binding assays were terminated by filtration using a Wallac 96-well harvester 

through Perkin Elmer filtermat A filters pre-soaked in 0.05% polyethlenimine (PEI), unless 

noted. Scintillation fluid was added and radioactivity was determined using a Perkin Elmer 

microbeta plate counter. Assays were conducted in duplicate or triplicate, and data from three or 

more independent experiments were analyzed. All results were normalized to the amount of 

total protein loaded. 

2.12. VMAT2: [3H]DA uptake 

The in vivo drug-treated [3H]DA uptake assay was adapted from a previously described 

protocol (Hogan et al., 2000). [3H]DA uptake was performed using pooled striatal tissue from 4-5 

Taar1-WT or –KO mice. Uptake was measured in each fraction preparation separately: 

synaptosomal (~5 µg protein), membrane-associated (~5 µg protein), and vesicular (~2.5 µg 

protein) (Supp. Fig. 8). Preparations were supplemented with MgATP (2 mM) and the assay 

initiated with the addition of [3H]DA (50 nM). Specific uptake was defined as the difference in 

uptake observed in the presence or absence of reserpine (1 µM). The final assay volume was 
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250 µl. Incubation (6 min, 30 °C) was terminated using ice-cold saline (0.9% NaCl) and 

radioactivity was measured as described above.  

2.13. VMAT2:  [3H]DHTB saturation binding 

The in vivo drug-treated [3H]DHTB binding assay was adapted from a previously described 

protocol (Teng et al., 1998). [3H]DHTB binding was performed using pooled striatal tissue from 

12-15 Taar1 mice or 9-10 MADR mice with minor differences between models. Binding was 

measured in each subcellular fraction separately: synaptosomal (~15 µg protein), membrane-

associated (~15 µg protein, Taar1; ~25 µg protein, MADR), and vesicular (~10 µg protein) 

(Supp. Fig. 9). Preliminary experiments were conducted to optimize assay conditions (Supp. 

Fig. 10 and 11). The assay was initiated with the addition of [3H]DHTB (1 – 16 nM, Taar1; 1 - 20 

nM, MADR). Specific binding was defined as the difference in binding observed in the presence 

or absence of cold tetrabenazine (10µM, Taar1) or DHTB (20 µM, MADR). The final assay 

volume was 1 mL. Incubation (60 min, 25 °C) was terminated using ice-cold Tris buffer (50 mM) 

and radioactivity remaining on the filters was measured as described above.  

2.14. DAT: in vitro MA-induced [3H]DA uptake assay 

The drug-induced [3H]DA uptake assay was adapted from a previously described protocol 

(Janowsky et al., 2001b).  Preliminary experiments were conducted to optimize assay conditions 

(Supp. Fig. 7). Striatal synaptosomes (~10 µg protein) from untreated Taar1-WT and –KO mice 

were pre-incubated with MA (1 nM – 10 µM) for 10 min at 37 °C and the uptake assay was 

initiated with the addition of [3H]DA (8 nM). Striatal tissue homogenate (~25 µg protein) from 

untreated Taar1-WT and –KO mice was pre-incubated with MA (10 nM – 10 µM) for 10 min at 

37 °C and the uptake assay was initiated with the addition of [3H]DA (20 nM). Specific binding 

was defined as the difference in binding observed in the presence or absence of mazindol (5 

µM) and the final assay volume was 500 µl. Incubation (10 min, 37 °C) was terminated using 

ice-cold saline (0.9% NaCl) and radioactivity was measured as described above. 

2.15. DAT: in vitro MA-induced [3H]DA release (homogenate) 
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The drug-induced [3H]DA superfusion release assay was adapted from a previously 

described protocol (Eshleman et al., 2013). Preliminary experiments were conducted to optimize 

assay conditions (Supp. Fig. 6). Striatal tissue homogenate (~200 µg protein) from Taar1-WT 

and –KO mice was pre-incubated with [3H]DA (120 nM) for 30 min at 37 °C and added to a 

Brandel superfusion device (Gaitherburg, MD). [3H]DA release was performed in tissue 

homogenate only. DAT assay buffer without inhibitors was perfused for 15 min as a washout 

period to establish stable efflux and then collection began for 45 min (18 fractions, 2.5 min 

each). The first 7.5 min (3 fractions) established baseline, then MA (10 nM – 100 µM) was 

perfused for 5 min (2 fractions), followed by buffer for 22.5 minutes (9 fractions), and finally 10 

minutes (4 fractions) of SDS (1%) to lyse the homogenate. Radioactivity was determined using 

a Beckman liquid scintillation counter (Fullerton, CA). Fractional release was calculated by 

dividing the amount of radioactivity in each fraction by the total radioactivity in the remaining 

fractions. 

2.16. DAT:  [125I]RTI-55 saturation binding 

The in vivo drug-treated [125I]RTI-55 binding assay was adapted from a previously described 

protocol (Eshleman et al., 1999). [125I]RTI-55 binding was performed using striatal tissue from 

Taar1 and MADR mice with minor differences between models. Preliminary experiments were 

conducted to optimize assay conditions (Supp. Fig. 12). Saturation binding was measured in 

synaptosomes only (~15 µg protein). DAT assay buffer was supplemented with fluoxetine (50 

nM) and the assay initiated with the addition of [125I]RTI-55. The specific activity of [125I]RTI-55 

was diluted with unlabeled [125I]RTI-55 ranging in concentrations from 0.02 to 20 nM (Taar1) or  

0.04 to 16.6 nM (MADR) and specific binding was defined as the difference in binding observed 

in the presence or absence of mazindol (5 µM). The final assay volume was 250 µl. Incubation 

(90 min, 25 °C) was terminated using ice-cold saline (0.9% NaCl) and radioactivity was 

measured as described above, with the exception that filters were not soaked in PEI. A 

preliminary experiment was also conducted to compare DAT expression between all three 
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fractions using pooled striatal tissue from 6 untreated Taar1-HET mice, due to availability. This 

was performed using [125I]RTI-55 (40 pM) diluted with a single concentration of unlabeled RTI-

55 (4 nM), under the same conditions outlined above. 

2.17. Data analysis 

The IC50 and EC50 values for the drug-induced uptake and release assays were calculated 

by analyzing the sigmoidal dose-response curves using a non-linear curve-fitting program and 

further analyzed using unpaired tests (Prism version 7, GraphPad Software, La Jolla, CA).. For 

the release assay, area under the curve (AUC) for fractional release over time by each drug 

concentration was generated. Saturation binding data were analyzed by non-linear regression to 

generate KD and Bmax. Radioligand data were analyzed by two-way analysis of variance 

(ANOVA) with treatment and either selected line or genotype as between-group factors. 

Temperature data were analyzed using a repeated measures four-way ANOVA with time as a 

within-subject factor and sex, genotype, and treatment as between-group factors. Significant 

two-way interactions were further investigated using post hoc mean comparisons using the 

Newman-Keuls test, when appropriate. For temperature data, subsequent analyses were 

conducted at 30 min after each injection as, under the described conditions, the maximum 

hypothermic drop occurs 30 min following administration of MA (Harkness et al., 2015; Miner et 

al., 2017a). Data were analyzed for outliers using Dixon’s Q-test at 90% confidence. Statistical 

analyses were performed using Statistica version 13 software (StatSoft Inc., Tulsa, OK) and 

Prism version 7 (GraphPad Software, La Jolla, CA). Differences were considered significant at p 

< 0.05.  

3. Results 

3.1. VMAT2: [3H]DA uptake  

VMAT2-mediated DA uptake was evaluated in Taar1 mice 24 h following MA treatment. DA 

uptake was pharmacologically limited to VMAT2 function as reserpine was to used define non-

specific binding. Specific [3H]DA uptake was assessed separately in each of the three 
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subcellular fractions. In the synaptosomal fraction, MA inhibited [3H]DA uptake compared to 

saline treatment and inhibition of uptake was increased in Taar1-KO compared to -WT mice. A 

two-way ANOVA revealed a significant genotype x treatment interaction (F1,23 = 6.26, p < 0.05) 

(Fig. 19A). Simple main effect analysis of genotype for each treatment revealed no difference 

between genotypes for saline-treated animals, but MA-induced [3H]DA uptake inhibition was 

significantly greater in Taar1-KO compared to Taar1-WT mice (p < 0.01). Simple main effect 

analysis of treatment for each genotype found MA significantly inhibited [3H]DA uptake in both 

Taar1-WT and Taar1-KO mice compared to levels in saline-treated animals (p < 0.0001). In the 

membrane-associated fraction, a two-way ANOVA for [3H]DA uptake revealed only a main effect 

of treatment (F1,19 = 164.5, p < 0.0001) (Fig. 19B). MA inhibited [3H]DA uptake compared to 

saline-treated controls, collapsed across genotype. In the vesicular fraction, a two-way ANOVA 

revealed a main effect of genotype (F1,19 = 9.14, p < 0.01) and treatment (F1,19 = 81.56, p < 

0.0001), but no significant interaction (Fig. 19C). MA inhibited [3H]DA uptake compared to 

saline-treated controls, collapsed across genotype, and [3H]DA uptake was decreased in Taar1-

KO compared to -WT mice, collapsed across treatment. 

 

Figure 19. VMAT2: MA-induced [3H]DA uptake in subcellular fractions. Taar1-WT and -KO 

mice received 4 i.p. injections of saline or MA (5 mg/kg), 2 h apart, and were euthanized 24 h 

following the final injection. Striatal tissue from 4-5 mice was pooled and values normalized to 

the amount of protein in each sample. Experiments were conducted as described in the text. 



138 
 

Data represent means ± SEM of 5-7 independent experiments, expressed as % of the Taar1-

WT control group uptake for each fraction: synaptosomal (13.4 ± 3.1 pmol/mg protein), 

membrane-associated (15.0 ± 3.1 pmol/mg protein), vesicular  (72.9 ± 21.6 pmol.mg)   *: p < 

0.0001 compared to saline-treated controls; +: p < 0.05 between genotypes; #: p < 0.0001 for 

main effect of treatment;  †: p < 0.01 for main effect of genotype. 

 

3.2. VMAT2: [3H]DHTB saturation binding 

Saturation binding analysis was conducted in both TAAR1 models (Taar1 and MADR) and 

in each of the three fractions to determine the Bmax and KD values for [3H]DHTB binding (Fig. 

20). In the Taar1 model, there were no significant interactions or main effects of genotype for 

Bmax or KD values within any of the tissue fractions (Table 11). A two-way ANOVA of Bmax 

revealed a main effect of treatment in the vesicular fraction only (F1,8 = 6.97 p < 0.05). MA 

decreased Bmax in the vesicular fraction compared to saline-treated animals, regardless of 

genotype. A two-way ANOVA of KD values also revealed a main effect of treatment in the 

vesicular fraction only (F1,8 = 9.82 p < 0.05) where KD values were decreased in MA-treated 

animals compared to saline-treated controls. Baseline [3H]DHTB binding was compared 

between fractions in saline-treated animals, collapsed across genotype. A one-way ANOVA 

revealed a significant difference in Bmax between the three fractions (F2,15 = 5.29 p < 0.05). Bmax 

was highest in the membrane-associated fraction (1.92 ± 0.25 pmol/mg protein), followed by the 

synaptosomal fraction (1.43 ± 0.13 pmol/mg protein), and vesicular fraction (1.10 ± 0.12 

pmol/mg protein). There were no significant differences in baseline KD values between the three 

fractions: synaptosomal (2.31 ± 0.27 nM), membrane-associated (2.31 ± 0.38 nM), and 

vesicular (2.79 ± 0.53 nM) fractions. 
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Figure 20. [3H]DHTB saturation binding in subcellular fractions. Taar1 and MADR mice 

received 4 i.p. injections of saline or MA (5 mg/kg), 2 h apart, and were euthanized 24 h 

following the final injection. Striatal tissue from 12-15 (Taar1) or 9-10 (MADR) mice was pooled 

and values normalized to the amount of protein in each sample. Experiments were conducted 

as described in the text. Shown are representative saturation curves from each fraction. Inset: 

Scatchard transformation of [3H]DHTB binding data.  

 

Table 11. [3H]DHTB binding in subcellular fractions 

Fraction Treatment Genotype 
Bmax (pmol/mg 
protein) ± SEM 

KD (nM) ± 
SEM 

Synaptosomal Saline Taar1-WT 1.41 ± 0.23 2.27 ± 0.45 

  
Taar1-KO 1.45 ± 0.19 2.36 ± 0.40 

 
MA Taar1-WT 1.32 ± 0.24 2.25 ± 0.41 

  
Taar1-KO 1.27 ± 0.22 2.26 ± 0.18 

Membrane-
associated 

Saline Taar1-WT 1.89 ± 0.34 2.30 ± 0.45 

 
Taar1-KO 1.96 ± 0.45 2.32 ± 0.71 

 
MA Taar1-WT 1.58 ± 0.27 2.26 ± 0.63 

  
Taar1-KO 1.54 ± 0.27 2.37 ± 0.52 

Vesicular Saline Taar1-WT 1.04 ± 0.23 2.20 ± 0.25 

  
Taar1-KO 1.17 ± 0.11 3.38 ± 1.00 

 
MA Taar1-WT 0.80 ± 0.15 1.17 ± 0.12 

    Taar1-KO 0.60 ± 0.06 1.14 ± 0.10 
     

Data represent mean ± SEM for each treatment group from three independent experiments, 

using pooled tissue from 12-15 mice per groups. a: p < 0.05 for main effect of treatment. 

 

a a 
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Similar to the Taar1 model, analysis of [3H]DHTB saturation binding in the MADR model did 

not find any significant interactions or main effects of selected line for Bmax or KD values within 

any of the tissue fractions (Table 10). A two-way ANOVA revealed a main effect of treatment, in 

the vesicular fraction only, for Bmax (F1,8 = 13.76 p < 0.01). MA decreased Bmax in the vesicular 

fraction compare to saline-treated animals, regardless of selected line (Table 12). Baseline 

[3H]DHTB binding was compared between fractions in saline-treated animals, collapsed across 

selected line. A one-way ANOVA revealed a significant difference in Bmax between the three 

fractions (F2,15 = 32.27 p < 0.0001). Bmax was highest in the membrane-associated fraction (3.61 

± 0.22 pmol/mg protein), followed by the vesicular fraction (2.75 ± 0.15 pmol/mg protein), and 

synaptosomal fraction (1.79 ± 0.08 pmol/mg protein). There were no significant differences in KD 

values between the three fractions: synaptosomal (2.94 ± 0.27 nM), membrane-associated 

(2.68 ± 0.21 nM), and vesicular (2.75 ± 0.30 nM) fractions. 

 

Table 12. [3H]DHTB binding in subcellular fractions 

Fraction Treatment Selected line 
Bmax (pmol/mg 
protein) ± SEM 

KD (nM) ± SEM 

Synaptosomal Saline MALDR 1.76 ± 0.16 3.17 ± 0.33 

  
MAHDR 1.83 ± 0.08 2.72 ± 0.45 

 
MA MALDR 1.45 ± 0.11 2.43 ± 0.23 

  
 

MAHDR 1.23 ± 0.35 2.1 ± 0.20 

Membrane-
associated 

Saline MALDR 3.53 ± 0.44 2.58 ± 0.45 

 
MAHDR 3.69 ± 0.21 2.78 ± 0.13 

 
MA MALDR 3.37 ± 0.51 2.49 ± 0.08 

  
 

MAHDR 3.42 ± 0.89 3.35 ± 0.30 

Vesicular Saline MALDR 2.55 ± 0.24 2.75 ± 0.56 

  
MAHDR 2.94 ± 0.11 2.75 ± 0.37 

 
MA MALDR 2.21 ± 0.14 2.40 ± 0.46 

  
 

MAHDR 1.60 ± 0.34 2.41 ± 0.40 

 

Data represent mean ± SEM for each treatment group from three independent experiments, 

using pooled tissue from 9-10 mice per group. a: p < 0.01 for main effect of treatment. 
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3.3. DAT: in vitro MA-induced changes in [3H]DA uptake 

[3H]DA uptake was measured in both striatal synaptosomes and minced striatal tissue 

(homogenate) from Taar1-WT and –KO mice. Following incubation with MA, there was no 

significant difference in IC50 values for DAT-mediated [3H]DA uptake between striatal 

synaptosomes from Taar1-WT (362.8 ± 54.8 nM) and Taar1-KO (416.4 ± 38.9 nM) mice, p > 

0.05 (Fig. 21A). There was also no significant difference in IC50 values for DAT-mediated [3H]DA 

uptake between striatal tissue homogenates from Taar1-WT (90.4 ± 6.9 nM) and Taar1-KO 

(102.6 ± 40.3 nM) mice, p > 0.05 (Fig. 21B).  

 

Figure 21. DAT: MA-induced [3H]DA uptake in synaptosomes and tissue homogenate. 

Striatal synaptosomes from untreated Taar1-WT and –KO mice were pre-incubated with MA (1 

nM – 10 µM) for 10 min before [3H]DA (8 nM) was added and incubated for 10 min (A). Values 

were normalized to the amount of protein in each sample. Two independent sets of each 

genotype were run per experiment. Data represent mean ± SEM for each genotype from three 

independent experiments (n = 6), expressed as % of the Taar1-WT control group specific 

uptake (39.9 ± 5.2 pmol/mg protein). Striatal tissue homogenate from Taar1-WT and –KO mice 

were pre-incubated with MA (10 nM – 10 µM) for 10 min before [3H]DA (20 nM) was added and 

incubated for 10 min (B). Values were normalized to the amount of protein in each sample. Data 
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represent means ± SEM of 3 independent experiments, expressed as % of the Taar1-WT 

control group specific uptake (27.9 ± 2.2 pmol/mg protein). 

 

3.4. DAT: in vitro MA-induced changes in [3H]DA release superfusion 

There was no significant difference in EC50 values for [3H]DA release as measured by 

superfusion between minced striatal tissue homogenate from Taar1-WT (1.29 ± 0.27 µM) and 

Taar1-KO (2.34 ± 0.49 µM) mice, p > 0.05 (Fig. 22). 

 

Figure 22. DAT: MA-induced [3H]DA release in tissue homogenate. The area under the 

curve (AUC) for each drug concentration was normalized to maximal effect of MA for that 

experiment (A). Data shown are the mean ± SEM of 3 independent experiments. 

Representative superfusion time course of % [3H]DA in each fraction: after washout and before 

lysing (B). MA was present for 5 min (2 fractions), indicated by bar. Data from each fraction are 

normalized to the total amount of [3H]DA in remaining fractions. 

 

3.5. DAT: [125I]RTI-55 binding 

Subcellular fractionation analyses of DAT expression was conducted at a single 

concentration of RTI-55 (4 nM) in untreated Taar1-HET mice and compared between fractions. 

A one-way ANOVA revealed a significant difference in binding between the three fractions (F2,15 

= 23.53 p < 0.0001). [125I]RTI-55 binding was highest in the isolated membrane-associated 
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fraction, followed by the overall synaptosomal fraction, with negligible binding in the vesicular 

fraction (Table 13). 

Table 13. [125I]RTI-55 specific binding in subcellular fractions 

Fraction 
[125I]RTI-55 binding 

(pmol/mg protein) ± SEM 

Synaptosomal 3.94 ± 0.40 

Membrane-associated 6.23 ± 0.45 

Vesicular 0.57 ± 0.14 

 

Striatal tissue was pooled from 6-8 Taar1-HET mice and values normalized to the amount of 

protein. Two independent sets of pooled tissue were run per experiment. Data represent mean 

± SEM for each subcellular fraction from three independent experiments (n = 6). 

Subsequent [125I]RTI-55 binding saturation binding analysis was conducted in the 

synaptosomal fraction of Taar1 and MADR mice to determine Bmax and KD values (Fig. 23). In 

Taar1 mice, a two-way ANOVA revealed a main effect of treatment for Bmax (F1,12 = 10.83 p < 

0.01), but no significant interaction or main effect of genotype (Table 14). MA decreased the 

Bmax in comparison to saline-treated animals, regardless of genotype. There was no significant 

interaction or main effects of treatment or genotype on KD values. In MADR mice, a two-way 

ANOVA revealed a main effect of treatment for Bmax (F1,20 = 9.98 p < 0.01), but there was no 

significant interaction or main effect of selected line (Table 15), similar to Taar1 mice. MA 

decreased the Bmax in comparison to saline-treated animals, regardless of selected line. There 

was no interaction or main effects on KD values. 
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Figure 23. MA-induced [125I]RTI-55 saturation binding in synaptosomes. Taar1 and MADR 

mice received 4 i.p. injections of saline or MA (5 mg/kg), 2 h apart, and were euthanized 24 h 

following the final injection. Values were normalized to the amount of protein in each sample. 

Experiments were conducted as described in the text. Shown is a representative saturation 

curve. Inset: Scatchard transformation of [125I]RTI-55 binding data.  

 

Table 14. [125I]RTI-55 binding in synaptosomes 

Treatment Genotype 
Bmax (pmol/mg 
protein) ± SEM 

KD (nM) ± SEM 

Saline Taar1-WT 10.34 ± 0.76 3.68 ± 0.18 

 
Taar1-KO 11.68 ± 1.25 4.28 ± 0.37 

MA Taar1-WT   8.45 ± 0.36 3.59 ± 0.35 

  Taar1-KO   7.57 ± 1.03 3.84 ± 0.72 

 

Data represent mean ± SEM for each treatment group from four independent experiments.  

a: p < 0.01 for main effect of treatment. 

 

 

  

a 
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Table 15. [125I]RTI-55 binding in synaptosomes 

Treatment Selected line 
Bmax (pmol/mg 
protein) ± SEM 

KD (nM) ± SEM 

Saline MALDR 3.33 ± 0.28 3.65 ± 0.63 

 
MAHDR 3.54 ± 0.41 3.43 ± 0.56 

MA MALDR 2.45 ± 0.26 3.23 ± 0.48 

 
MAHDR 2.29 ± 0.37 4.06 ± 0.80 

 

Two independent sets of each treatment group were run per experiment. Data represent mean 

± SEM for each treatment group from three independent experiments (n = 6).  

a: p < 0.01 for main effect of treatment. 

 

3.6. Thermal response 

Prior to the first injection, the mean baseline temperature of all MADR mice was 38.4°C 

(SEM = 0.04°C), with no significant between-line or -treatment differences. Profound selected 

line-dependent MA-induced hypothermia was observed as well as a sex effect.  MA did not elicit 

hyperthermia in any mice, defined as a 0.5°C increase in body temperature above the basal 

temperature. Temperature data (Fig. 24), analyzed using a repeated measures four-way 

ANOVA with sex, line, and treatment as between-group factors and time as a within-subject 

factor found a significant effect of sex (F32,3264 = 5.03, p < 0.0001) and thus data for each sex 

was analyzed separately.  

Temperature data for male MADR mice, analyzed using a three-way repeated measures 

ANOVA, revealed a significant line x treatment x time interaction (F32,1536 = 21.20, p < 0.0001). 

There was no difference in temperature between selected lines for male mice receiving saline 

(Fig. 24A), although there was a main effect of time (F32,768 = 45.40, p < 0.0001) as 

temperatures in these control groups decreased over the 8 h period, likely attributable to single 

housing. Examination of the effects of MA revealed a significant line x time interaction (F32,768 = 

27.24, p < 0.0001) (Fig. 24B). Analyses of selected line differences were conducted using 

simple main effect analyses at each 30 min post-injection time point to investigate the 

a 
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hypothermic drop in body temperature. The temperatures of male MALDR mice receiving MA 

were significantly lower 30 min after each of the four MA injections compared to their MAHDR 

counterparts.  

Temperature data for female MADR mice, analyzed using a three-way repeated measures 

ANOVA, also revealed a significant line x treatment x time interaction (F32,1728 = 9.18, p < 

0.0001). Again, there was no difference in temperature between selected lines for female mice 

receiving saline (Fig. 24C), although there was a main effect of time (F32,832 = 34.30, p < 

0.0001), as temperatures decreased over time. Examination of MA treatment revealed a 

significant line x time interaction (F32,896 = 10.52, p < 0.0001) (Fig. 24D). Simple main effect 

analyses at 30 min post-injection time point revealed the body temperatures of female MALDR 

mice receiving MA were significantly lower compared to their MAHDR counterparts.  

The mean baseline temperature of all Taar1 mice was 38.0°C (SEM = 0.06°C), with no 

significant between-genotype or -treatment differences. Similar to MADR mice, significant 

genotype-dependent MA-induced hypothermia was observed and MA did not elicit hyperthermia 

in any mice. Temperature data were analyzed using a repeated measures four-way ANOVA 

with time as a within-subject factor and sex, genotype, and dose as between-group factors. 

However, as there were no significant interactions involving sex in initial analyses of Taar1 

mice, this factor was excluded from further analyses. Temperature data for Taar1 mice, 

analyzed using a three-way repeated measures ANOVA, revealed a significant genotype x 

treatment x time interaction (F32,1376 = 5.15, p < 0.0001). There was no difference in temperature 

between Taar1-WT and -KO mice receiving saline (Fig. 24E), although there was a main effect 

of time (F32,704 = 30.20, p < 0.0001) similar to saline-treated MADR mice. Examination of the 

effects of MA revealed a significant genotype x time interaction (F32.672 = 7.60, p < 0.0001) (Fig. 

24F). Analyses of genotype differences were conducted using simple main effect analyses at 

each 30 min post-injection time point to investigate the hypothermic drop in body temperature. 
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The temperatures of Taar1-WT mice receiving MA were significantly lower 30 min after the first 

and second injection MA injections compared to their Taar1-KO counterparts.  

 

Figure 24. Effects of repeated saline or MA injections on core body temperature. Taar1 

and MADR mice received 4 i.p. injections (indicated by arrows) of saline or MA (5 mg/kg), 2 h 

apart. Body temperature was measured every 15 min via telemetry over 8 h in an ambient 

temperature of 23 ± 1°C. Data represent temperature for each selected line or genotype and 

treatment group (mean ± SEM) at specified time points, n = 11-15 mice per group. Time points 
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selected for detailed analysis were 30 min after each injection. *: p < 0.05, **: p < 0.01, ***: p < 

0.001, ****: p < 0.0001 compared between selected lines or genotypes. 

 

Next, the data were analyzed by selected line for each gender, revealing a significant treatment 

x time interaction for both selected lines and sexes: male MALDR (F32,768 = 31.66, p < 0.0001), 

male MAHDR (F32,768 = 1.95, p < 0.01), female MALDR (F32,896 = 14.43, p < 0.0001), and female 

MAHDR (F32,832 = 2.35, p < 0.0001). Simple main effects analysis was then used to statistically 

investigate MA effects within each selected line at 30 min post-injection. MA significantly 

decreased body temperature in male MALDR mice after all four injections, while MA significantly 

increased body temperature in male MAHDR mice compared to saline-treated controls (Table 

16). MA also significantly decreased body temperature in female MALDR mice following all four 

injections. Body temperature was significantly decreased in female MAHDR mice 30 min 

following the first injection compared to saline controls, but MA significantly increased body 

temperature following the final injection. Examination of the data for each genotype revealed a 

significant treatment x time interaction for both genotypes: Taar1-WT (F32,704 = 5.63, p < 0.0001) 

and Taar1-KO (F32,672 = 6.82, p < 0.0001). Simple main effects analyses revealed MA 

significantly decreased body temperature 30 min following the first and second injection in 

Taar1-WT mice, while MA significantly increased temperatures in Taar1-KO mice following the 

second injection, compared to saline-treated control mice. 

 

Table 16. MA-induced change in body temperature relative to saline-treated mice 

Line or  
Genotype 

Sex 
 

30 min post-injection (ΔT °C ± SEM) 

 
1st Inj 2nd Inj 3rd Inj 4th Inj 

MALDR M 
 

-3.11 ± 0.32d -4.75 ± 0.76d -1.38 ± 0.49b -0.76 ± 0.35a 

 
F 

 
-2.53 ± 0.37d -1.94 ± 0.54b -0.66 ± 0.31 -0.46 ± 0.19a 

Taar1-WT M/F 
 

-2.00 ± 0.24b -0.66 ± 0.29a -0.13 ± 0.20 -0.26 ± 0.21    
       

MAHDR M 
 

-0.03 ± 0.18 1.00 ± 0.21c 0.96 ± 0.32a 0.77 ± 0.31 

 
F 

 
-0.51 ± 0.11b 0.16 ± 0.10 0.36 ± 0.15 0.51 ± 0.13a 

Taar1-KO M/F 
 

-0.23 ± 0.16     0.47 ± 0.14a      0.26 ± 0.23 -0.21 ± 0.22 
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Data represent change in temperature (mean ± SEM) for each treatment group from saline- 

treated mice at specified time point, n = 11-15 mice per group. a: p < 0.05; b: p < 0.01; c: p < 

0.001; d: p < 0.0001 in analysis compared to saline-treated controls. 

 

4. Discussion 

This chapter investigated potential mechanisms underlying TAAR1 regulation of MA-induced 

neurotoxicity, specifically VMAT2 and DAT function and expression. As criticism of previous 

TAAR1 research has been directed at reliance on in vitro methods, my experiments were 

conducted using in vivo treated tissue, with the exception of DAT function. Twenty-four hours 

following treatment with MA (5 mg/kg, 4 inj, 2 h apart), VMAT2-mediated [3H]DA uptake was 

decreased in all three fractions: synaptosomal, membrane-associated, and vesicular. In the 

synaptosomal fraction, MA-induced [3H]DA uptake inhibition was increased in Taar1-KO 

compared to –WT mice, indicating VMAT2 function is impaired overall when TAAR1 is not 

activated. Although MA inhibited DA uptake in the membrane-associated fraction, there was no 

difference between genotypes. This is logical due to the predominantly intracellular localization 

of TAAR1 (Xie et al., 2008a). In the enriched vesicular fraction consisting of cytoplasmic 

vesicles, [3H]DA uptake was diminished in Taar1-KO compared to –WT mice, but decreased 

regardless of treatment. These findings indicate MA-induced impairment of VMAT2 function is 

increased when TAAR1 is not activated and impairment of VMAT2 function is both a biomarker 

and potential cause of increased MA-induced neurotoxicity. Additionally, TAAR1 activation does 

not modulate the function of VMAT2 located on membrane-associated vesicles, but does affect 

VMAT2 located on vesicles in the cytoplasm, as measured in the purified vesicular fraction.  

Conducted in both the transgenic Taar1 and selected line MADR mouse models, there were 

no differences in VMAT2 expression between genotypes or selected lines in any of the three 

fractions. MA did not alter [3H]DHTB binding in the synaptosomal and membrane-associated 

fractions, but diminished binding in the vesicular fraction in both models.  This differential 
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pattern of VMAT2 expression is in agreement with previous findings (Brown et al., 2000; Hogan 

et al., 2000). While TAAR1 does not appear to affect VMAT2 expression under these conditions, 

these findings, in combination with the results from the VMAT2 function experiment, have novel 

implications. It is often difficult to separate impairment in VMAT2 function from decreased 

function due to diminished expression as they typically coincide. This is true in the vesicular 

fraction where VMAT2 function is most often measured (Sandoval et al., 2003). Here, 

independent of the effects of TAAR1, MA inhibited [3H]DA uptake in both the synaptosomal and 

membrane-associated fractions where [3H]DHTB binding did not change, indicating MA 

impaired VMAT2 function independent of a change in VMAT2 expression. Although only VMAT2 

expression was quantified in the MADR model, both VMAT2 function and expression 

assessment were completed in the Taar1 model. However, without VMAT2 function data from 

MADR mice, caution should be exerted in conflating the transporter function and expression 

results as they were obtained from different TAAR1 mouse models and there are basal 

biochemical differences between Taar1 and MADR mice to consider (Table 3). In relevance to 

these transporters: DAT and VMAT2 are equally expressed in Taar1-WT and –KO mice in the 

striatum, NAc, SN, VTA, and cortex (Lindemann et al., 2008; Di Cara et al., 2011), DAT is 

elevated in the NAc of MAHDR compared to MALDR mice, (Lominac et al., 2014). DAT has yet 

to be quantified in MADR mice in the striatum, and VMAT2 levels have not been examined in 

any region.  

Previous in vitro research on TAAR1 modulation of DAT function has produced equivocal 

findings. One study reported MA-induced [3H]DA uptake inhibition and [3H]DA release is 

increased in striatal tissue from Taar1-WT compared to –KO mice (Xie and Miller, 2009a). 

Similar findings were found in cellular experiments, where MA-induced [3H]DA uptake inhibition 

and release is increased in cells co-transfected with TAAR1 and DAT compared to cells only 

transfected with DAT. While these findings indicates MA-induced impairment of DAT function is 

increased when TAAR1 is activated, the co-administration of MA and the TAAR1 partial agonist 
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RO523648 does not alter [3H]DA uptake and release in striatal synaptosomes from rats (Cotter 

et al., 2015). Using in vitro treatment with MA, similar to previous radioligand assays, I was 

unable to find differences between Taar1-WT and –KO mice in DAT function. Following 

incubation with MA, time-dependent [3H]DA release produced equivalent EC50 values in striatal 

synaptosomes from both Taar1-WT and –KO mice. Additionally, there was no difference in IC50 

values of MA to inhibit [3H]DA uptake between genotypes. Similar to VMAT2 expression, 

analysis of DAT expression 24 h following in vivo treatment with MA (5 mg/kg, 4 inj, 2 h apart) in 

Taar1 and MADR mice also revealed no differences between genotypes or selected lines. MA 

diminished [125I]RTI-55 binding in synaptosomes in both models, indicating this was not due to a 

lack of an effect of MA. Taken together, these findings indicate TAAR1 and DAT do not interact 

and DAT is an unlikely mediator of TAAR1 regulation of MA-induced neurotoxicity. The 

absences of an interaction is not altogether unsurprising, based on an FSCV experiment 

reporting activation of TAAR1 does not alter DAT function (Leo et al., 2014) and behavioral 

research demonstrating activation of TAAR1 diminishes hyperlocomotion independently of DAT 

(Revel et al., 2011; Leo et al., 2018). 

Although the overall pattern of thermal response to MA was similar between the MADR and 

Taar1 mouse models, there were some unexpected differences. A sex difference was found in 

MALDR mice treated with MA, an effect absent in MALDR mice treated with saline and MAHDR 

mice following either treatment. The hypothermic response to MA in male MALDR mice was 

exacerbated in both degree and duration, peaking 30 min after the second injection at 4.75 

degrees below saline-treated mice, more than double the peak hypothermic response of Taar1-

WT mice. There were no sex differences in Taar1-WT or –KO mice. There was no difference 

between MAHDR and Taar1-KO mice, indicating thermal response to MA is similar when 

TAAR1 is not activated, whether the receptor is non-functional or absent. The sex difference in 

thermal response to MA is surprising, given the lack of sex difference in MALDR mice in 

reaction to MDMA and the similar bi-phasic pattern observed in both MALDR and Taar1-WT 
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mice in Chapter 3. Additionally, a previous study comparing MADR and Taar1 models in 

response to a single dose of MA (2 mg/kg), found MALDR and Taar1-WT mice reacted similarly 

with no observed sex differences in 2 different replicate sets of the MADR lines (Harkness et al., 

2015). The same study also tested MADR mice with single administrations of MA at various 

doses (1, 2, 4, 8, 16 mg/kg) with no sex differences reported. These findings suggest a potential 

role for genetic variation within the MALDR mice. Selected from an F2 cross of B6 and D2 mice, 

MAHDR mice are homozygous for the D2 allele, while MALDR mice are either homozygous for 

the dominant B6 allele or heterozygous (Wheeler et al., 2009). It is possible that variations 

between homozygous and heterozygous MALDR mice may account for some of the thermal 

differences. This would also account for the stability of the MAHDR thermal response as they 

lack the genetic variation. Additionally, mice from the different experiments came from different 

replicates of the MADR mice selected lines. Those used here in Chapter 5 were obtained from 

replicates 4 and 5, whereas MADR mice from Chapter 3 were from replicates 2 and 3, the same 

replicates used in Harkness et al. (2015). Due to the large number of animals required for the 

saturation binding assays, sex differences were unable to be tested for in the transporter 

expression assays. However, as the selected lines did not differ in transporter expression, MA-

induced decreases in synaptosomal DAT and vesicular VMAT2 expression occurred 

independently of the differences in thermal response between lines.  

In conclusion, these findings demonstrate for the first time an interaction between TAAR1 

and VMAT2, as activation of TAAR1 modulated VMAT2 function, independent of expression. 

Additionally, this interaction is localized to VMAT2 on cytosolic vesicles and activation of TAAR1 

does not modulate VMAT2 function on membrane-associated vesicles. While this interaction 

may be a potential underlying mechanism by which TAAR1 regulates MA-induced neurotoxicity, 

more research is necessary to further understand and characterize this relationship. The results 

also demonstrate MA diminishes VMAT2 function in all subcellular fractions, potentially 

independent of a change in VMAT2 expression. However, there was no indication TAAR1 
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interacts with DAT, as activation of the receptor did not modulate in vitro MA-impairment of DAT 

function or alter DAT expression. Finally, the temperature data demonstrated MA elicits a similar 

thermal response to MA in MAHDR and Taar1-KO mice, an absence of the hypothermic 

response, but the degree of hypothermia induced in MALDR and Taar1-WT mice differed. 
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Chapter 6: General discussion 

 

1. Overview 

The overarching goal of this dissertation was to examine the role of TAAR1 in regulating 

substituted amphetamine-induced neurotoxicity. My research began with investigation of the 

neurotoxic effects of MDMA and substituted methcathinones, methylone and MDPV, alone and 

in combination. I measured transient and sustained neurotoxicity, as well as thermal effects of 

the drugs. As activation of TAAR1 alters sensitivity to many of amphetamine’s effects, I next 

examined the role of TAAR1 in modulating MDMA-induced neurotoxicity and thermal response, 

before shifting my focus to TAAR1 regulation of MA-induced neurotoxicity  (Tables 17 and 18). 

Finally, I examined potential mechanisms through which TAAR1 modulates MA-induced 

neurotoxicity, specifically VMAT2 and DAT function and expression (Table 19). Taken together, 

these studies aimed to determine the impact of TAAR1 on the neurotoxic effects of 

amphetamines in order to better understand underlying mechanisms of neurotoxicity. 
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Table 17. Summary of results: TAAR1 regulation of amphetamine-induced neurotoxicity 

 

All results are in comparison to saline-treated control group. No difference, decreased, and 

increased indicate similar effects across genotypes or lines, whereas arrows indicate significant 

differences between genotypes or lines. ↓: decreased; ↓↓: further decreased; ↑: increased; 

↑↑: further increased; -: no difference. For clarity, monoamine metabolites and NE levels have 

been omitted.  

 

MALDR MAHDR

Chapter Drug Dose (mg/kg) Biomarker Method

3 MDMA 20 DA ELISA

Methylone 25

MDMA 20 GFAP ELISA

Methylone 25

WT KO WT KO

Chapter Drug Dose (mg/kg) Measure Method

4 MA 2.5 DA HPLC-ECD - ↓

5 ↓ ↓↓

10

MA 2.5 5HT HPLC-ECD

5

10

MA 2.5 TH ELISA

5

10

MA 2.5 GFAP ELISA ↑ ↑↑ ↑ ↑↑

5 ↑ ↑↑ ↑ ↑↑

10

decreased decreased

decreased decreased

increased increased

decreased no difference

decreased no difference

no difference decreased

7 days

decreased

decreased

decreased decreased

no difference increased

no difference

increased

no difference

2 days

2 days

no difference
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Table 18. Summary of results: TAAR1 mediation of acute hypothermic response to 

amphetamines 

 

All results represent a decrease in body temperature, 30 min following first injection, relative to 

saline-treated control group. Decreased indicates similar effects across line, whereas arrows 

indicate significant differences between genotypes or lines. ↓: decreased; ↓↓: further 

decreased; -: no difference. 

WT KO

Chapter Drug Dose (mg/kg)

3 MDMA 20 ↓↓ ↓

MALDR MAHDR

MDMA 20 ↓ -

Methylone 25

WT KO

Chapter Drug Dose (mg/kg)

4 MA 2.5 ↓ -

5 ↓↓ ↓

10 ↓↓ ↓

MALDR MAHDR

Chapter Drug (sex) Dose (mg/kg)

5 MA (m) 5 ↓ -

MA (f) ↓↓ ↓

WT KO

MA (m/f) ↓ -

Body temperature

decreased

Body temperature

Body temperature
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Table 19. Summary of results: TAAR1 interaction with DAT and VMAT2 

 

 

All results are in comparison to saline-treated control group. No difference, increased, and decreased indicate similar effects 

across genotypes or lines, whereas arrows indicate significant differences between genotypes or lines. ↓: decreased; ↓↓: 

further decreased.

WT KO

5 VMAT2 DA uptake synaptosomal MA 5 ↓ ↓↓

membrane

vesicular ↓ ↓↓

WT/MALDR KO/MAHDR

VMAT2 expression synaptosomal MA 5

membrane

vesicular

WT KO

3 DAT DA release synaptosomal MDMA 10-8 - 10-4

5 DA uptake synaptosomal MA 10-9 - 10-5

DA uptake homogenate MA 10-8 - 10-5

DA release homogenate MA 10-8 - 10-4

WT/MALDR KO/MAHDR

DAT expression synaptosomal MA 5

Measure Fraction Drug
Dose 

(mg/kg)

decreased

decreased

24 h later

Fraction

Chapter Measure

Drug
Dose 

(mg/kg)

Transporter Fraction Drug Dose (M)

Chapter Transporter Measure

in vitro

24 h later

increased

increased

decreased

decreased

decreased

no difference

no difference



158 
 

2. Summary of major findings 

In Chapter 2, I examined the neurotoxic profiles of MDMA and the popular methcathinones, 

methylone and MDPV. As MDMA and methcathinones are frequently co-ingested (Palamar et 

al., 2016), the drugs were administered alone or in combination. This allowed for investigation of 

combining amphetamines with similar or different mechanisms as both MDMA and methylone 

are transporter substrates, while MDPV is a transporter inhibitor (Eshleman et al., 2013). I 

hypothesized MDMA-induced neurotoxicity would be increased when combined with methylone 

and decreased when combined with MDPV. All drugs were administered using a binge-like 

dosing regimen, a paradigm employed throughout the rest of my studies, and all neurotoxicity 

markers were quantified in striatal tissue where the effects of amphetamine-induced 

neurotoxicity are the greatest (Kuhn et al., 2011), as in all subsequent studies. Two days 

following administration, the highest dose of MDMA (30 mg/kg) transiently decreased DA and 

TH levels, markers of DA terminal injury, and increased GFAP expression, a marker of astrocyte 

activation and neuroinflammation. However, these markers returned to baseline 7 days 

following administration indicating the neurotoxic effects were not sustained. This finding was 

unexpected given lower doses of MDMA (20 mg/kg and greater) regularly induce long-term 

neurotoxicity (O'Callaghan and Miller, 1994; Granado et al., 2011). The lower dose of MDMA 

(15 mg/kg) did not alter striatal DA or TH at any time point, in contrast to my pilot study and 

previous research using the same or lower doses (Sanchez et al., 2003; Johnson et al., 2004). 

This dose did transiently increase GFAP expression, which can occur independently of 

decreases in DA or TH levels (McConnell et al., 2015). 

Administered alone, methylone (20 mg/kg) and MDPV (1 mg/kg) did not alter DA and TH 

levels or GFAP expression at either time point. These results confirm previous findings that 

methcathinones are not neurotoxic by themselves (Baumann et al., 2012; Anneken et al., 2015). 

While these findings might indicate the substances are benign, both substances induce higher 

levels of self-administration and escalating intake as compared to MDMA (Watterson et al., 
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2014; Schindler et al., 2015). This type of compulsive use can lead to serious peripheral health 

complications, such as cardiac arrest, hyperthermia, and rhabdomyolysis (Schifano et al., 

2017). The difference in neurotoxicity is particular striking between methylone and MDMA as 

both are transporter substrates and differ in chemical structure by only a ketone group. One 

potential cause for the weak neurotoxic profile of the methcathinones is their low affinity and 

potency at VMAT2 (Eshleman et al., 2013; Pifl et al., 2015; Anneken et al., 2018). Lacking the 

ability to disrupt vesicular sequestration of DA, it is possible that methylone by itself may not 

sufficiently elevate intracellular levels necessary to cause terminal damage. 

The co-administration of either methcathinone with MDMA returned levels of GFAP 

expression to baseline 2 days later, indicating both have a negative modulatory effect on 

astrocyte expression when combined with MDMA. A previous study reported the combination of 

MDMA and MDPV attenuates GFAP expression 2 days later (Anneken et al., 2015). Although 

they did not study the combination of MDMA and methylone, they found the combination of MA 

and methylone potentiates MDMA-induced GFAP expression. A possible explanation is they 

used a larger dose of MDMA (20 mg/kg), inducing neurotoxicity and hyperthermia. I assessed 

an additional measure of gliosis using radioligand saturation analyses of [3H]PK11195 binding to 

the glial-specific protein TSPO. However, there was no difference in TSPO expression between 

any drug treatments at either time point. This result was surprising as [3H]PK11195 binding 

correlates with astrocyte and microglial activation (Kuhlmann and Guilarte, 1999), and both 

doses of MDMA increased GFAP expression. While other studies have reported similar doses 

of MDMA do not increase TSPO expression, either GFAP expression also did not increase or it 

was not included as a measure (Pubill et al., 2003; Fantegrossi et al., 2008). This discrepancy in 

results may also be attributed to issues with the radioligand itself, discovered post-experiment.  

Core body temperature did not increase above baseline in any of the treatment groups 

indicating any changes in neurotoxicity biomarkers occurred independently of hyperthermia. As 

hyperthermia exacerbates MDMA-induced neurotoxicity, it can be difficult to discern the 
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neurotoxic effects from the synergistic effect of hyperthermia (Docherty and Green, 2010). While 

hyperthermia is a commonly reported response, it is not required for MDMA-induced 

neurotoxicity, although the resulting neurotoxicity is then not as drastic (O'Shea et al., 2001; 

Johnson et al., 2002). As such, this factor may have contributed to the absence of MDMA-

induced neurotoxicity reported. However, mechanistic differences emerged in thermal response 

to the different drugs. Administration of transporter substrates, MDMA and methylone, alone or 

in combination, elicited a similar bi-phasic pattern of acute hypothermia followed by an increase 

in temperature. In contrast, the transporter inhibitor, MDPV, did not elicit this pattern or differ 

from saline-treated control animals. These findings corroborate previous evidence of different 

thermal responses to transporter substrates and inhibitors. MDMA and methylone elicit similar 

changes in body temperatures, different from MDPV, which is similar to cocaine (Fantegrossi et 

al., 2013; Anneken et al., 2015; Wakabayashi et al., 2015).  Although MDPV alone exerted no 

change in body temperature, when it was co-administered with MDMA, the bi-phasic thermal 

response re-emerged. This is supported by previous literature demonstrating DAT inhibitors, 

such as cocaine or GBR 12909, do not affect temperature by themselves or alter the thermal 

response to transporter substrates when co-administered (O'Shea et al., 2001; Peraile et al., 

2010). 

While the results did not substantiate my hypothesis that these methcathinones would 

modulate MDMA-induced neurotoxicity, caution must be exercised before drawing conclusions 

as MDMA did not induce neurotoxicity by itself. Since these methcathinones are not neurotoxic 

by themselves, the modulatory properties of methylone and MDPV can only be assessed 

following the induction of neurotoxicity. Further research is warranted under conditions where 

MDMA produces robust neurotoxicity. 

In Chapter 3, I began to investigate the role of TAAR1 in regulating amphetamine-induced 

neurotoxicity. I hypothesized MDMA-induced neurotoxicity would be increased when TAAR1 

was not activated; DA release would be increased when TAAR1 was activated; and the acute 
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hypothermic response to MDMA was induced by TAAR1 activation. Using a similar model and 

measures as in Chapter 2, I investigated transient MDMA-induced neurotoxicity in the selected 

line MADR mouse model. I chose a larger dose of MDMA (20 mg/kg) commonly used to induce 

neurotoxicity (O'Callaghan and Miller, 1994; Angoa-Perez et al., 2013b), to avoid the lack of 

neurotoxicity in Chapter 2. Methylone was included as a control as it lacks affinity for TAAR1, 

but is similar to MDMA in chemical structure and mechanism of action (Simmler et al., 2013a). 

Although the dose was increased, results similar to Chapter 2 were obtained: GFAP expression 

increased, but DA levels remained unchanged. Additionally, there were no differences for either 

measure between MALDR and MAHDR mice. I also examined the effect of TAAR1 activation on 

MDMA-induced [3H]DA release. This was performed in striatal synaptosomes from Taar1-WT 

and –KO mice to determine if activation of the receptor modulated DAT function. Similar in vitro 

research has only been performed using MA, reporting DA release is greater in striatal 

synaptosomes from Taar1-WT compared to –KO mice (Xie and Miller, 2009a). Conversely, 

microdialysis results have shown MDMA-induced striatal DA release is greater in Taar1-KO 

than –WT mice (Di Cara et al., 2011). I found no differences in EC50 values between the two 

genotypes indicating activation of TAAR1 does not modulate in vitro MDMA-induced [3H]DA 

release.  

Although there was no evidence of TAAR1 mediation of dopaminergic effects measured, 

activation of TAAR1 modulated thermal response to MDMA. In MALDR mice, a strong biphasic 

temperature pattern emerged in response to MDMA, similar to C57BL/J mice in Chapter 2. 

However, in MAHDR mice, where TAAR1 is non-functional, the biphasic pattern was severely 

attenuated and the temperature modestly fluctuated from baseline. While it is possible that non-

TAAR1 related genetic variation in MAHDR mice contributed to the difference between lines in 

thermal response to MA, this is unlikely as the effects were replicated in the transgenic Taar1 

model where only TAAR1 is absent. MDMA elicited acute hypothermia when TAAR1 was 

activated in Taar1-WT mice whereas the effect was absent in Taar1-KO mice. Although TAAR1 
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temperature research has only been previously conducted following a single administration, the 

same dose of MDMA (20 mg/kg) elicits a similar hypothermic reaction 30 min later in Taar1-WT 

mice, although it elicits a hyperthermic response in Taar1-KO mice at that point (Di Cara et al., 

2011). While TAAR1 regulates MDMA-induced changes in body temperature, this effect did not 

correspond with astrocyte activation as GFAP expression was increased by MDMA in both 

lines, regardless of temperature changes. When administered methylone, which lacks affinity for 

TAAR1, there was no difference between MALDR and MAHDR mice in thermal response, but a 

strong biphasic response was elicited in both lines. This indicates similar psychostimulants, 

such as methcathinones, that do not signal through TAAR1 affect thermal response through 

alternate pathways. This would explain why amphetamines elicit hypothermia only when TAAR1 

is present and activated, but methylone elicits hypothermia whether TAAR1 is functional or not. 

While my hypothesis that MDMA-induced neurotoxicity would be increased in the absence 

of TAAR1 activation was not supported, I encountered the same issue as in Chapter 2: I was 

unable to induce any neurotoxicity to modulate. Therefore, the modulatory effect of TAAR1 on 

MDMA-induced neurotoxicity remains undetermined. My hypothesis that TAAR1 activation 

would increase MDMA-induced DA release was also not substantiated as there was no 

difference between genotypes. While this may simply indicate activation of TAAR1 does not 

affect DA release, there remains the potential that a difference may emerge with MA, a drug 

with increased potency at the DAT and greater efficacy as a DA releasing agonist. Finally, my 

data supported my hypothesis that the hypothermic response to MDMA was induced by TAAR1 

activation. MDMA elicited hypothermia in both MALDR and Taar1-WT mice, in which TAAR1 

was activated, and was absent in MAHDR and Taar1-KO mice, in which the receptor was not 

activated. 

I shifted my focus to TAAR1 modulation of MA-induced neurotoxicity in Chapter 4 due to the 

difficulty I experienced using MDMA to elicit neurotoxicity in Chapters 2 and 3. My hypotheses 

were similar: I hypothesized MA-induced neurotoxicity would be increased when TAAR1 was 



163 
 

not activated and the hypothermic response to MA would be induced only when TAAR1 was 

activated. Using the more potent neurotoxin MA, I was able to clearly elicit both transient and 

sustained MA-induced neurotoxicity and the effects were dose-dependent. While MA decreased 

striatal DA levels 2 days following administration, they were decreased in Taar1-KO compared 

to –WT mice regardless of treatment. Seven days following administration, the lower doses of 

MA (2.5 and 5 mg/kg) decreased DA levels in Taar1-KO compared to –WT mice. An 

interpretation of this finding is that at the peak of neurotoxic effects, the ability of TAAR1 to 

modulate these transient and maximal decreases is at least partially eclipsed. The receptor may 

exert more influence on sustained DA terminal degeneration, as evidenced 7 days later. 

Although there were no genotype differences 7 days following the highest dose of MA (10 

mg/kg), it is unlikely this is due to a floor effect as higher doses of MA (15 mg/kg) further 

decrease DA levels (Fumagalli et al., 1999; Guillot et al., 2008). It is probable that as the dose of 

MA increases, a point is reached at which TAAR1 can no longer regulate MA-induced 

neurotoxicity.  

While the difference in striatal DA levels was greatest between genotypes at the 

intermediate dose of MA, the difference observed following the lowest dose is of particular 

importance. MA does not diminish striatal DA levels at doses below 4 mg/kg, either 2 or 7 days 

following administration (Thomas et al., 2004b; McConnell et al., 2015). This lack of 

neurotoxicity was replicated here in Taar1-WT mice, but when TAAR1 was not activated, the 

lower dose of MA significantly decreased DA levels 7 days following the final injection. This 

indicates not only is MA-induced neurotoxicity potentiated when TAAR1 is not activated, but MA 

also induces neurotoxicity in the absence of TAAR1 under conditions where neurotoxicity does 

not occur. Additionally, the two lower doses of MA diminished DA levels in Taar1-KO mice to 

approximately the same degree as the next higher MA dose affected Taar1-WT mice. That is to 

say DA levels in Taar1-KO mice administered MA (2.5 mg/kg) were equivalent to DA levels in 

Taar1-WT mice that received MA (5 mg/kg) and DA levels in Taar1-KO mice administered MA 
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(5 mg/kg) were similar to Taar1-WT mice given MA (10 mg/kg). This step-wise decrease 

indicates that when TAAR1 is absent, the effects of MA (2.5 and 5 mg/kg) on striatal DA levels 

are equivalent to 2x that dose of MA when TAAR1 is activated.  

TAAR1 differentially mediated DA metabolite levels 2 and 7 days following MA. There was 

no effect of genotype on DOPAC or HVA levels 2 days later, while they were diminished in 

Taar1-KO compared to –WT mice 7 days later, regardless of treatment. This lack of a TAAR1 

effect on the metabolites at 2 days, coupled with a decrease in DA levels in Taar1-KO mice at 

the same time indicates DA metabolism was increased, as evidenced by the elevated DA 

turnover rate in Taar1-KO mice. Seven days following treatment, changes in DOPAC and HVA 

levels paralleled DA levels and all were decreased in Taar1-KO compared to –WT mice. 

Although there was still a main effect of genotype, this was predominantly driven by the group of 

Taar1-KO that received MA (10 mg/kg). When DA is metabolized to DOPAC by MAO it 

produces ROS and increases oxidative stress (Cadet and Brannock, 1998). It is possible that 

DA metabolism is transiently increased when TAAR1 is not activated, leading to increased 

oxidative stress, contributing to increased DA terminal degeneration at the later time point. 

While MA had minor effects on 5HT and NE levels, there were no differences between 

genotypes at any dose. The higher doses of MA transiently diminished 5HT levels, a common 

effect at these doses (McConnell et al., 2015). While there were transient and sustained 

decreases in NE, the levels of NE are much less than DA and 5HT in the striatum and MA does 

not damage the NE system as it does the other monoamines (Battaglia et al., 1987; 

Fleckenstein et al., 2000). This demonstrates TAAR1 selectively modulates the sustained 

effects of MA on the dopaminergic system, whereas microdialysis studies have demonstrated a 

non-selective effect of TAAR1 on acute monoamine release: AMPH increases striatal DA, 5HT, 

and NE levels in Taar1-KO compared to –WT mice and MDMA similarly increases striatal DA 

and 5HT (Wolinsky et al., 2007; Lindemann et al., 2008; Di Cara et al., 2011).  
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Striatal TH levels were diminished 2 days following MA administration. TH levels were also 

decreased in Taar1-KO compared to –WT mice, but this occurred regardless of treatment. 

While MA decreased TH levels 7 days following administration, there was no effect of genotype. 

Examination of the data revealed this was driven by the group of Taar1-WT mice that received 

MA (2.5 mg/kg) as the other groups follow the patterns of DA levels at this time. It is unclear 

why this group would have a significant drop in TH, when their DA levels are not altered. 

Additionally, MA does not decrease striatal TH levels at doses below 5 mg/kg, tested at 2, 3, or 

7 days following administration (Angoa-Perez et al., 2013a; McConnell et al., 2015). 

GFAP expression was increased both 2 and 7 days following MA administration in Taar1-KO 

compared to –WT mice. Similar to DA levels, genotype differences were only observed using 

the two lower doses of MA (2.5 and 5 mg/kg), supporting the hypothesis that TAAR1 no longer 

modulates neurotoxic effects at the highest dose of MA (10 mg/kg). While decreased DA 

markers and increased astrocyte activation serve as markers of MA-induced neurotoxicity, the 

early emergent genotype difference in MA-induced astrogliosis reinforces the separate 

trajectory of the two indicators of neuronal injury. Astrocyte activation is also more sensitive to 

MA than DA or TH levels and occurs at lower doses in the absence of changes to these DA-

related markers (O'Callaghan and Sriram, 2005; McConnell et al., 2015). TAAR1 is localized on 

astrocytes and activation by MA decreases EAAT2 and GLU clearance (Cisneros and 

Ghorpade, 2014). In cultured astrocytes, the siRNA knockdown of TAAR1 increases EAAT2 

expression and GLU uptake indicating activation of TAAR1 increases excitotoxicity. MA also 

diminishes potassium channel function in human fetal astrocytes through TAAR1-mediated PKA 

and PKC signaling pathways (Dave et al., 2018). However, based on the results of my 

experiments, other TAAR1-mediated effects in a physiological environment either overcome or 

negate the increased impairment of astrocyte function when TAAR1 is activated by MA in these 

in vitro experiments.  
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Activation of TAAR1 modulated thermal response to MA in a dose-dependent manner. In 

Taar1-WT mice, the lowest dose of MA produced the greatest degree of acute hypothermia, 

followed closely by the intermediary dose, while the highest dose produced significantly less 

hypothermia. In the absence of TAAR1 activation, there were modest MA-induced fluctuations 

in body temperature in Taar1-KO mice, but they were rarely significant and hyperthermia was 

not induced. A previous study reported a similar effect: MA induces acute hypothermia (30 min 

later) in Taar1-WT mice, but no significant change in body temperature in Taar1-KO mice 

(Harkness et al., 2015). The biphasic temperature pattern was clearly present following each 

administration of the lowest dose of MA in Taar1-WT mice. The thermal response to the middle 

dose of MA in both genotypes began to converge following the third injection, while it converged 

following the second administration of the highest dose of MA. Under these normothermic 

ambient conditions, hypothermia was only induced when TAAR1 is activated. As hyperthermia 

did not occur at any dose or in either genotype, all neurotoxicity can be deemed hyperthermia-

independent. Although the dose-dependent MA-induced neurotoxicity inversely corresponds 

with hypothermia in Taar1-WT mice, it remains to be determined whether any observed 

neuroprotective effects are hypothermia-dependent. Thirty min following the first administration 

of MA (2.5, 5, and 10 mg/kg) the body temperature of Taar1–WT mice fell 2.5, 2.4, and 1.5 C, 

respectively. This may have contributed to the neuroprotection in Taar1-WT mice at the two 

lower doses where there was a larger temperature drop. As there were no dose-dependent 

temperature changes in Taar1-KO mice; thermal response to MA did not modulate neurotoxicity 

in the absence of TAAR1.  

These findings and others support a role of TAAR1 in modulating amphetamine-induced 

hypothermia under normothermic conditions (Di Cara et al., 2011; Harkness et al., 2015). 

Administered at 27 °C, MDMA (10 mg/kg) elicits hyperthermia in both genotypes and is 

potentiated in Taar1-KO mice (Di Cara et al., 2011). This indicates not only does the activation 

of TAAR1 elicit amphetamine-induced hypothermia, but the absence of TAAR1 can increase 
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body temperature in response to amphetamines. This may be another mechanism through 

which TAAR1 mediates amphetamine-induced neurotoxicity. However, once hyperthermia is 

induced, underlying mechanisms of neurotoxicity become much more difficult to disentangle as 

diminished neurotoxicity often correlates with decreases in hyperthermia (Miller and 

O'Callaghan, 1994; Albers and Sonsalla, 1995). Additional research is needed on TAAR1 

mediation of thermal response to amphetamines and the effect this has on amphetamine-

induced neurotoxicity. 

The findings from Chapter 4 substantiated both my stated hypotheses. MA-induced 

neurotoxicity was increased when TAAR1 was not activated and the hypothermic response to 

MA was induced only when TAAR1 was activated (Fig. 25).  

 

Figure 25. Schematic of TAAR1 regulation of MA-induced neurotoxicity. MA-induced 

neurotoxicity was increased when TAAR1 was absent (1): striatal DA and TH levels decreased 

and astrogliosis increased (2). DA metabolism was increased and may contribute to 
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neurotoxicity by increasing the formation of ROS (3). MA induced neurotoxicity to a lesser 

degree when TAAR1 was activated (4): DA and TH levels were less diminished and astrogliosis 

was not as enhanced (5). Activation of TAAR1 induced acute hypothermia which may have 

neuroprotective qualities (6).  

 

In Chapter 5, I investigated interactions between TAAR1 and the monoaminergic 

transporters VMAT2 and DAT as potential mechanisms through which TAAR1 regulates MA-

induced neurotoxicity. Based on the primary role of these transporters in modulating 

neurotoxicity (Fleckenstein et al., 2007), I hypothesized the ability of MA to impair VMAT2 and 

DAT function, as well as decrease VMAT2 and DAT expression, would be exacerbated when 

TAAR1 was not activated. Transporter function was measured only in Taar1-WT and KO mice, 

while transporter expression was quantified in both the Taar1 and MADR mouse models. 

Additionally, I hypothesized I would replicate my previous effects of TAAR1 modulation of 

thermal response to MA, observed in the Taar1 model, using the MADR model: MA-induced 

hypothermia would be induced only when TAAR1 was activated.  

I was especially interested in examining the interaction of VMAT2 and TAAR1 as a potential 

mechanism of MA-induced neurotoxicity. As a regulator of cytosolic DA levels, VMAT2 is a 

critical modulator of MA-induced neurotoxicity (Hanson et al., 2004). Using subcellular 

fractionation, the effects of TAAR1 activation on VMAT2 were quantified in whole 

synaptosomes, but were also differentiated between VMAT2 localized to membrane-associated 

vesicles and transporters found on cytosolic vesicles. While [3H]DHTB binding was robust in all 

three fractions, indicating the ubiquitous presence of VMAT2, [125I]RTI-55 binding was robust 

only in the synaptosomal and membrane-associated fractions, reflecting both the purity of the 

enriched vesicular fraction and the restricted localization of DAT to plasmalemmal membranes. 

The same results have been previously reported in similar subcellular fractions using 

immunoreactivity assays of VMAT2 and DAT expression (Volz et al., 2007a). Twenty-four hours 
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following a neurotoxic regimen of MA (5 mg/kg, 4 inj, 2 h apart), VMAT2-mediated [3H]DA 

uptake was decreased in synaptosomes and both of the isolated fractions. In the synaptosomal 

fraction, MA-induced [3H]DA uptake inhibition was increased in Taar1-KO compared to –WT 

mice. MA equally inhibited [3H]DA uptake among genotypes in the membrane-associated 

fraction, while in the vesicular fraction [3H]DA uptake was diminished in Taar1-KO compared to 

–WT mice, regardless of treatment. These novel findings provide the first evidence of an 

interaction between TAAR1 and VMAT2, indicating TAAR1 activation has an overall protective 

effect against MA-induced impairment of VMAT2 function. This effect is localized to VMAT2 

found on cytosolic vesicles as TAAR1 activation does not modulate the VMAT2 function on 

membrane-associated vesicles. The absence of this effect in the membrane-associated fraction 

is presumably due to the intracellular localization of TAAR1 (Bunzow et al., 2001; Xie et al., 

2008a; Harmeier et al., 2015). As impairment of VMAT2 function is both a biomarker and 

potential cause of increased MA-induced neurotoxicity (Fleckenstein et al., 2009), this 

interaction may be responsible for the increased MA-induced neurotoxicity in Taar1-KO mice 

using the same dose and regimen, as reported in Chapter 4. MA diminishes the ability of 

VMAT2 to sequester DA, leading to elevated cytosolic DA levels, which in turn results in 

increased formation of reactive oxygen species, oxidative stress, and finally terminal 

degeneration (Kita et al., 2009). The observed further impairment of VMAT2 function, when 

TAAR1 was not activated, may increase intracellular DA levels leading to increased MA-induced 

neurotoxicity. 

To assess VMAT2 expression, [3H]DHTB binding was quantified in all three subcellular 

fractions from Taar1 and MADR mice. As diminished VMAT2 expression increases MA-induced 

neurotoxicity (Fumagalli et al., 1999; Guillot et al., 2008), we hypothesized Taar1-KO and 

MAHDR mice would express less VMAT2 than Taar1-WT and MALDR mice, a potential 

contributing factor to the increased sensitivity to the neurotoxic effects of MA when TAAR1 is 

not activated . However, there was no difference in VMAT2 expression in either model between 
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the genotypes or the selected lines in any of the fractions. This confirms previous research 

reporting equal baseline mRNA expression of VMAT2 in in the SN, striatum, VTA, and NAc of 

Taar1-WT and –KO mice (Di Cara et al., 2011). There is currently no published data on VMAT2 

in the MADR model. Although MA diminished [3H]DHTB binding 24 h later in the purified 

vesicular fraction, it did not alter binding in the synaptosomal and membrane-associated 

fractions. This differential pattern of VMAT2 expression among subcellular compartments has 

been previously reported, indicating intracellular trafficking of the transporter (Hogan et al., 

2000; Ugarte et al., 2003; Chu et al., 2008). Decreased VMAT2 function has been attributed to 

trafficking of VMAT2 out of the vesicles (Riddle et al., 2002; Sandoval et al., 2003). However, it 

is difficult to separate impairment in VMAT2 function from decreased function due to diminished 

expression when changes in both measures occur concurrently. Although TAAR1 activation did 

not alter VMAT2 expression under these conditions, examining the findings in the context of the 

VMAT2 function experiment has novel implications. Genotype differences in [3H]DA uptake 

within the vesicular fraction, but not [3H]DHTB binding, suggest that VMAT2 function is impaired 

when TAAR1 is not activated, as opposed to being decreased due to trafficking. Another study 

has also demonstrated that a decrease in vesicular VMAT2 function can occur without 

diminished expression by investigating regional differences of the effects of MA (Chu et al., 

2008). One hour following MA administration, [3H]DA uptake is diminished in the vesicular 

fraction from both the striatum and NAc, but VMAT2 immunoreactivity is decreased only in the 

striatum and remains unchanged in the NAc. Coupled with our findings, this suggests other 

effects than trafficking may be responsible for the decreased function of VMAT2 found on 

cytosolic vesicles. Additionally, independent of the effects of TAAR1 activation in the 

synaptosomal and vesicular fractions, the separation of VMAT2 function and expression was 

also observed in the membrane-associated fraction, where MA inhibited [3H]DA uptake, but did 

not alter [3H]DHTB binding. While most studies of VMAT2 function have focused on cytosolic 

vesicles, one study has reported that MA diminishes VMAT2-mediated DA uptake 24 h later in 
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membrane-associated vesicles as well (Chu et al., 2010). These results, in conjunction with 

previous research demonstrating VMAT2 expression is unchanged in membrane-associated 

vesicles following MA administration (Riddle et al., 2002; Ugarte et al., 2003), further indicate 

MA can impair VMAT2 function independently of decreasing VMAT2 expression.  

DAT function was measured in vitro due to the swift return of DAT function to baseline within 

24 h of MA administration (Sandoval et al., 2000). Incubation of striatal homogenates from 

Taar1-WT and –KO mice with MA revealed no difference in DAT-mediated [3H]DA release or 

[3H]DA uptake. This corroborated my findings from Chapter 3 using MDMA, where TAAR1 

activation also did not alter [3H]DA release. Supporting these findings, activation of TAAR1 by a 

partial TAAR1 agonist in rat striatal synaptosomes does not alter MA-induced [3H]DA release or 

uptake (Cotter et al., 2015). My results and the above study find no evidence that activation of 

TAAR1 by amphetamines directly modulates striatal DAT function, refuting the report that 

activation of TAAR1 enhances MA impairment of striatal DAT function (Xie and Miller, 2009a). 

There is also behavioral evidence of dissociation between the receptor and transporter. 

Spontaneous hyperlocomotion in DAT-KO mice and rats is diminished by TAAR1 agonists, 

indicating TAAR1 mediation of DA-dependent hyperactivity occurs independently of DAT (Revel 

et al., 2011; Leo et al., 2018).   

To determine whether TAAR1 activation alters DAT expression, I quantified [125I]RTI-55 

binding using saturation binding analyses in both the Taar1 and MADR mouse models 24 h 

following treatment with MA (5 mg/kg, 4 inj, 2 h apart). As expected, MA reduced [125I]RTI-55 

binding in striatal synaptosomes, but, similar to VMAT2 expression, there were no differences in 

DAT expression between either Taar1-WT and –KO mice or MALDR and MAHDR mice. 

Although there is no previous published data on the effects of TAAR1 on DAT following MA 

administration, my findings are in alignment with previous research in the Taar1 model 

demonstrating basal striatal DAT expression is equivalent in Taar1-WT and –KO mice 

(Lindemann et al., 2008; Di Cara et al., 2011).  Although MAHDR mice have a higher 
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expression of DAT in the NAc at baseline than MALDR mice, DAT levels have not been 

previously quantified in the striatum in the MADR model (Lominac et al., 2014). While 

decreased DAT expression at 24 h is indicative of MA-induced neurotoxicity, it is not 

representative of permanent striatal DA terminal loss until later time points, such as 7 days later 

(Granado et al., 2010; Bourque et al., 2012). As TAAR1 activation did not significantly modulate 

DA biomarkers 2 days following MA administration, but did 7 days later, it is possible a similar 

effect would emerge at that time point and DAT expression would be decreased in the Taar1-

KO or MAHDR mice.  

Finally, TAAR1 mediation of thermal response to MA was assessed in both TAAR1 models 

for direct comparison. Again, MA only induced hypothermia when TAAR1 was activated, in both 

the MALDR and Taar1-WT mice. Conversely, the effect was absent in MAHDR mice and Taar1-

KO mice demonstrating the hypothermic response to MA was TAAR1-dependent. Replication of 

thermal response to MA in the MAHDR and Taar1-KO mice indicate the effects are due to a 

lack of activation of TAAR1 versus developmental effects or compensation in MAHDR or Taar1-

KO mice. However, the thermal response to MA was markedly different in MALDR compared to 

Taar1-WT mice, although the overall pattern was similar. There was a sex difference in thermal 

response to MA among MALDR mice. MA elicited a stronger hypothermic response in male 

MALDR mice compared to female MALDR mice or Taar1-WT mice. There was no sex 

difference in thermal response to MA in MAHDR or Taar1-WT/KO mice. Additionally, 

hypothermia was sustained in MALDR mice compared to Taar1-WT mice and peaked following 

the second injection of MA, whereas hypothermia in Taar1-WT always peaked immediately 

following the first injection, here and in Chapter 4. These differences in MALDR mice were 

surprising given the lack of a sex difference in MALDR mice receiving MDMA in Chapter 3 and 

the similar response to MDMA between MALDR and Taar1-WT mice. This may be attributed to 

genetic variation within MALDR mice, heterozygous for the B6 and D2 allele, as opposed to 

MAHDR mice, homozygous for the D2 allele, and the isogenic Taar1-WT/KO mice. Another 
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possibility is variance between replicate sets of the generated selected lines, as MALDR and 

Taar1-WT mice did not differ in thermal response to MA in experiments using mice from earlier 

replicate sets (Harkness et al., 2015). 

The results from Chapter 5 substantiated my hypothesis that MA-induced impairment of 

VMAT2 function would be increased when TAAR1 was not activated, potentially contributing to 

the ability of TAAR1 to regulate MA-induced neurotoxicity. This effect was not restricted to 

cytosolic vesicles as suspected and was found in whole synaptosomes as well, but absent in 

the membrane-associated fraction. My hypothesis that MA-induced decreases in VMAT2 

expression would be exacerbated in the absence of TAAR1 activation was not substantiated, 

suggesting the receptor does not modulate transporter expression, at least under the given 

conditions. Contrary to my hypotheses, activation of TAAR1 did not alter in vitro MA-induced 

impairment of DAT function or in vivo MA-induced changes in DAT expression. These findings, 

coupled with similar in vitro results from Chapter 3 using MDMA, indicate TAAR1 does not 

directly interact with DAT. Finally, while the body temperature data supported my hypothesis 

that MA-induced hypothermia only occurs when TAAR1 is activated, the hypothermic response 

to MA varied between models. This discrepancy is most likely attributable to genetic differences 

between Taar1-WT and MALDR mice.  

Conjointly, these findings indicate for the first time that TAAR1 regulates MA-induced 

neurotoxicity. Activation of TAAR1 had a greater influence on DA markers of terminal 

degeneration 7 days following MA administration indicating TAAR1 is more potent at modulating 

the sustained neurotoxic effects of MA. TAAR1 regulation of MA-induced astrocyte activation 

was robust at both early and later time points. The results also provide strong evidence that 

activation of TAAR1 is necessary for the hypothermic response to amphetamines as this effect 

was replicated in both the transgenic Taar1 and selected line MADR mouse models using 

MDMA and MA. Finally, activation of TAAR1 protects against MA-induced impairment of VMAT2 

function, but this effect is localized to cytosolic vesicles, a potential mechanism for regulation of 
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MA-induced neurotoxicity. My negative results are also informative and fill in several gaps in the 

literature between TAAR1 models. My in vitro experiments bolster current theories that TAAR1 

does not directly mediate DAT function. The results also provide the first evidence that striatal 

DAT and VMAT2 expression are equivalent in MALDR and MAHDR mice, both at baseline and 

24 h following MA administration. Together they strengthen the case that TAAR1 does not 

interact with transporters at the plasma membrane surface. These results will hopefully inform 

future TAAR1 research.   

3. Clinical implications 

Since 2001 when TAAR1 was simultaneously cloned and identified as potently activated by 

amphetamines, TAAR1 has been an area of interest for the treatment of drug addiction (for 

review, see Grandy et al., 2016; Liu and Li, 2018a). The receptor has also been implicated in a 

variety of other disorders and afflictions, such as schizophrenia, Parkinson’s disease, 

depression, cancer, sleep disorders, and obesity (for review, see Pei et al., 2016; Berry et al., 

2017). These findings have driven the search for TAAR1 agonists and antagonists in hopes of 

identifying and developing novel pharmacological agents to treat these disorders (Stalder et al., 

2011; Galley et al., 2016). F. Hoffmann-La Roche is currently evaluating the TAAR1 partial 

agonist RG7351 in a phase I clinical trial to treat major depression and Sunovion 

Pharmaceuticals is testing SEP-363856, a dual agonist at the 5HT 1A-type receptor and 

TAAR1, for treatment of schizophrenia in phase II clinical trials (Liu and Li, 2018b). 

As activation of TAAR1 diminishes the biochemical and behavior changes associated with 

amphetamine reward, reinforcement, and craving (Lindemann et al., 2008; Shabani et al., 2011; 

Achat-Mendes et al., 2012; Shabani et al., 2012a), research has focused on mediating these 

properties of amphetamine use and addiction. Two different TAAR1 partial agonists, RO520648 

and RO5263397, have already been shown to diminish the rewarding properties of MA (Cotter 

et al., 2015; Pei et al., 2017). Hopefully, based on my research, exploration of the effects of 

TAAR1 agonists will expand to include MA-induced neurotoxicity. Future TAAR1 research could 
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lead to the development of novel pharmacological therapies with neuroprotective properties to 

ameliorate the harmful impact of MA in active or recovering addicts. This research may also 

have broader implications to other DA-related pathologies, such as Parkinson’s disease and 

schizophrenia. 

While my results imply the activation of TAAR1 is protective against the harms of MA, the 

flipside is the harmful effects of MA may be enhanced when the receptor is not activated. Just 

as MAHDR mice possess a non-synonymous SNP that encodes a non-functional TAAR1 (Reed 

et al., 2018), there are similar mutations in the human Taar1 gene that alter functionality. Over 

250 non-synonymous SNPs have been identified in hTaar1 (dbSNP database, NCBI, accessed 

July 19th, 2018). In a cellular model, several non-synonymous SNPs were substituted into 

hTaar1 and receptor response to the TAAR1 agonist ß-PEA was tested (Shi et al., 2016). SNP 

substitutions varied, resulting in a fully functional TAAR1 response, a sub-functional response, 

and a non-functional response. While the effect of SNP variants in hTaar1 has yet to be 

determined on MA-related changes and behaviors, SNP variants have other reported effects. A 

survey of SNPs in hTaar1 was conducted in a schizophrenic patient population (John et al., 

2017). Seven rare SNPs of hTaar1 were identified as protein disturbing variants, potentially 

elevating the risk for development of schizophrenia. There is precedence for this finding in 

TAAR1 animal research as Taar1-KO mice display a PPI deficit and possess an increased 

density of D2RHigh at baseline, traits that are both associated with schizophrenia (Wolinsky et al., 

2007). Another survey of hTaar1 SNPs, conducted in patients with obesity and/or impaired 

glucose regulation, identified two SNPs resulting in sub-functional and non-functional receptor 

response (Muhlhaus et al., 2017). This corresponds with an animal study reporting TAAR1 

modulates food intake and glucose homeostasis in mice (Raab et al., 2016). The study also 

found human TAAR1 co-localized with insulin in pancreatic ß-cells. Finally, TAAR1 expression 

negatively correlates with malignant breast tumor grade and TAAR1 over-expression correlates 

with longer overall survival from breast cancer (Vattai et al., 2017; Kovács et al., 2019). These 
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preliminary clinical studies reflect the positive effects of the presence of TAAR1 and deleterious 

effects when the receptor is sub- or non-functional.  

From an epidemiological standpoint, this indicates a subset of the population may be at 

greater risk of physical and cognitive harm resulting from enhanced MA-induced neurotoxicity 

due to decreased TAAR1 activation. As rewarding properties of MA are increased and aversive 

properties decreased when TAAR1 is non-functional, this same population may also be at 

greater risk for MA use disorder, exacerbating neurotoxicity through increased use.  

4. Limitations 

There are certain limitations inherent to the chosen components and specific findings of 

these experiments. In Chapter 2, the lower dose of MDMA (15 mg/kg) did not have any 

sustained effects on biomarkers of neurotoxicity and only transiently increased GFAP 

expression. As this was the MDMA dose used in combination with methylone and MDPV, I was 

unable to draw conclusions on the regulatory role of these methcathinones on MDMA-induced 

neurotoxicity, although they may affect neuroinflammation, as combination of MDMA with either 

methylone or MDPV ameliorated astrocyte activation. Investigating the interaction of TAAR1 

and MDMA neurotoxicity in Chapter 3, a higher dose of MDMA (20 mg/kg) also failed to 

diminish transient DA levels in both selected lines. This was surprising as both doses of MDMA 

(15 and 20 mg/kg) typically decrease striatal DA and TH levels when measured at 2,3, and 7 

days later (O'Callaghan and Miller, 1994; Johnson et al., 2004; Angoa-Perez et al., 2013b). 

While MDMA increased GFAP expression, the effect was equivalent in both MALDR and 

MAHDR mice. Although the lack of differences between MALDR and MAHDR mice may 

indicate TAAR1 activation does not mediate MDMA-induced changes in these markers, the 

same confound exists as from Chapter 2: neurotoxicity of a drug (MDMA) must first be 

demonstrated before the modulatory role of an agent (methcathinones or TAAR1) can be 

assessed.  
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The activation of TAAR1 in Taar1-WT mice mitigated MA-induced neurotoxicity in Chapter 4, 

as compared to Taar1-KO mice. However, interpreting the results of Chapter 5 to investigate the 

potential underlying mechanisms is more challenging due to the mixed use of TAAR1 mouse 

models. Both transporter function and expression were quantified in the Taar1-WT and –KO 

mice, allowing for extrapolation to findings in Chapter 4 using the same model. Due to animal 

availability and time constrictions, only VMAT2 expression was able to be measured in the 

selected line MADR mouse model. Quantification of VMAT2 function would not only provide a 

more holistic profile of a TAAR1/VMAT2 interaction within the MADR model, but would also 

allow for between model comparisons with transgenic Taar1 mice.   

The results from Chapters 3-5 clearly demonstrate activation of TAAR1 (in both models) 

modulates thermal response to amphetamines (MDMA and MA). However, it remains uncertain 

if the diminished MA-induced neurotoxicity in Taar1-WT mice is hypothermia-independent. As 

the dose-dependent MA-induced neurotoxicity in Taar1-WT mice inversely corresponded with 

hypothermic response this may have contributed to the increased neuroprotection in Taar1-WT 

mice. In comparison, the neurotoxicity observed in Taar1-KO mice is temperature-independent 

as MA did not elicit hyper- or hypothermia.  Additionally, there were other results that were not 

influenced by changes in temperature. In Chapter 3, MDMA elicited the same divergent 

temperature patterns in MALDR and MAHDR mice, yet equally increased GFAP expression. In 

Chapter 5, MA equally decreased DAT and VMAT2 expression in MALDR and MAHDR mice, 

while only eliciting hypothermia in MALDR mice. These findings call into question whether 

activation of TAAR1 provides neuroprotection via induction of hypothermia or if the receptor 

simply regulates thermal response to amphetamines without an effect on neurotoxicity. 

5. Future directions 

I have demonstrated TAAR1 modulates MA-induced neurotoxicity and thermal response. 

Additional research is needed to investigate the extent of TAAR1 regulation of MA-induced 

neurotoxicity. As my results indicate the TAAR1 effects on DA biomarkers do not emerge until 
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later, time course studies are necessary during the first week following administration to create 

a temporal outline of TAAR1 modulatory effects. Though resource intensive, papers that have 

studied the same biomarkers of MA neurotoxicity (monoamine, TH, and DAT levels, and GFAP 

expression) at multiple time points (1, 2, 3, 5, 7, and 14 days) have provided invaluable 

information to the field of neurotoxicity (O'Callaghan and Miller, 1994; McConnell et al., 2015). A 

study of this breadth, in either or both TAAR1 mouse models, would provide a temporal map of 

TAAR1 mediation of MA-induced neurotoxicity. While these markers are the most commonly 

quantified biomarkers of neurotoxicity, the use of direct methodologies of observation, such as 

silver staining, Fluor-Jade C labeling, and EM, would verify DA terminal degeneration, 

independent of transient fluctuations in these markers.  

Oxidative stress, the byproduct of MA-induced elevation of intracellular DA levels, is a 

primary cause of DA terminal degeneration. Cytosolic DA is metabolized by MAO to produce 

ROS: H2O2, superoxides, and hydroxyl radicals. DA is also auto-oxidized to form reactive DA 

quinones. Both ROS and DA quinones increase oxidative stress leading to lipid peroxidation 

and the breakdown of terminal proteins (Krasnova and Cadet, 2009). Although I did not 

measure any markers of oxidative stress, my finding that DA metabolism is increased in Taar1-

KO mice indicates another potential mechanism through which TAAR1 mediates MA-induced 

neurotoxicity. Due to temporal differences in turnover rate, conducting a time course of hydroxyl 

formation or protein carbonyl would provide insight into this potential mechanism. DA quinones 

reflect cytosolic-specific oxidative stress (LaVoie and Hastings, 1999; Miyazaki et al., 2006). 

Acute measurement of quinones following MA would provide additional insight into whether 

TAAR1 modulates MA-induced neurotoxicity via intra- or extracellular mechanisms. 

 My research and the proposed studies focused on the extent to which TAAR1 mediates 

neurotoxicity through comparison of one system in which TAAR1 is activated to another in 

which it is not. While this begins to provide an understanding on how TAAR1 regulates MA-

induced neurotoxicity, the logical progression is to investigate the modulatory effects of the 
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receptor within a TAAR1-intact organism. The development of full and partial TAAR1 agonists 

provides the pharmacological tools to begin this work. Testing the ability of these drugs to 

mediate MA-induced neurotoxicity in Taar1-WT or MALDR mice would allow for direct 

comparison to my dissertation research. Additionally, administration of the TAAR1 agonists to 

Taar1-KO or MAHDR mice would provide another control to ensure there are no off-target 

effects. However, these substances could also be tested in a rat model to validate cross-species 

efficacy. As amphetamines are already TAAR1 agonists, assessment of modulating TAAR1 

activation, instead of the comparison of activation versus inactivation, is necessary for the 

development of tools to ameliorate MA-induced neurotoxicity. 

6. Conclusions 

My findings demonstrate for the first time that activation of TAAR1 confers neuroprotection 

against MA-induced neurotoxicity with sustained effects one week following drug administration. 

The absence of TAAR1 not only potentiated MA-induced neurotoxicity, but also induced 

neurotoxicity at lower doses. Modulation was specific for markers of DA terminal degeneration 

as other monoamines were unaltered. MA-induced astrogliosis was particularly sensitive to 

TAAR1 regulation as both transient and sustained astrocyte activation was diminished when 

TAAR1 was activated. As MDMA failed to induce neurotoxicity under current conditions, the 

ability for TAAR1 to modulate MDMA-neurotoxicity should not be speculated. TAAR1 also 

modulated thermal response to both MDMA and MA. Acute hypothermia was induced only 

when TAAR1 was activated by the amphetamines. This effect was replicated in separate 

TAAR1 mouse models and was absent when the receptor was either knocked down in Taar1-

KO mice or non-functional in MAHDR mice. Confirming selectivity for the receptor, thermal 

response to methylone, a non-TAAR1 agonist, was equivalent when TAAR1 was activated or 

not. The regulatory effects of TAAR1 on MA-induced neurotoxicity and thermal response were 

most pronounced at lower doses. It is likely that once MA levels increase past a certain point, 

the modulatory effects of TAAR1 are overshadowed. My investigation into monoaminergic 
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transporters provides the first evidence of an interaction between TAAR1 and VMAT2. MA-

induced impairment of VMAT2 function was increased when TAAR1 was not activated, but only 

on cytosolic vesicles. I found no evidence that activation of TAAR1 alters DAT functionality 

following in vitro treatment with MA or MDMA. TAAR1 activation also did not modulate either 

VMAT2 or DAT expression. These results indicate TAAR1 does not interact with transporters 

near the plasma membrane. TAAR1 does mediate VMAT2 function localized to cytosolic 

vesicles, a potential mechanism underlying TAAR1 regulation of MA-induced neurotoxicity. 

The involvement of TAAR1 in MA-induced neurotoxicity provides a new avenue of research 

to pursue in order to better understand the complexities of the neurotoxic profiles of 

amphetamines. Additionally, it suggests the receptor is a potential target for novel 

pharmacotherapeutic agents to treat MA use disorder and addiction.  
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Appendices 

Appendix 1: additional experiments associated with Chapter 2 

A1.1. DA ELISA and drug dose 

Drug dose 

To determine the optimal drug dose to use for experiments conducted in Chapter 2, various 

concentrations of MDMA , methylone (MDMC), and MPDV were administered to C57BL/6 mice 

using a binge-like regimen (4 inj, 2 h apart) and mice were euthanized 2 days later. A one-way 

ANOVA revealed a main effect of drug dose on DA levels 2 days following drug administration 

(F10,27 = 18.77 , p < 0.0001) (Supp. Fig. 1). Post hoc analysis revealed DA levels were 

significantly decreased by the MDMA 15, 20, and 30 mg/kg treatment, but not MDMA 10 mg/kg 

or any of the methylone or MDPV treatments. MDMA 15 and 30 mg/kg were selected as drug 

doses for experiments in Chapter 2 due to their differential effects on DA depletion. As there 

was no difference between methylone doses, the higher dose (20 mg/kg) was selected as it is 

less potent a transporter substrate than MDMA (Eshleman et al., 2013). As there were no 

differences between MDPV doses, the intermediary dose (1.0 mg/kg) was selected. Due to the 

potency of MDPV, the drug elicits increased LMA at doses as low as 0.3 mg/kg, but 1.0 mg/kg is 

a commonly used dose (Fantegrossi et al., 2013; Marusich et al., 2014).  
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Supplementary Figure 1. Dose response curve for DA ELISA kit. C57BL/6 mice received 4 

i.p. injections of saline, MDMA (10, 15, 20, or 30 mg/kg), methylone (MDMA, 15 or 20 mg/kg), or 

MDPV (0.75, 1.0, or 1.5 mg/kg), 2 h apart, and were euthanized 2 days later for striatal tissue 

collection. DA values were normalized to the amount of protein in each tissue sample. Data 

represent mean ± SEM of 3-4 independent experiments. *: p < 0.05, **: p < 0.01, ***: p < 0.0001 

compared to the saline group (Dunnett’s post hoc test). 

  

A1.2. Temperature recordings 

Core body temperature reading: rectal vs. radio telemetry 

To test the accuracy of the DAS-8001 radio telemetry temperature recording device, 5 mice 

were implanted with telemetry transponders as described in Chapter 2 and temperatures were 

recorded every hour for 4 h, first using a standard rectal glycerol-lubricated probe (Sensortek, 

Clifton, NJ), immediately followed by a telemetry measurement. The mean difference in 

temperature difference between the two types of measurement, from all mice at each time point, 
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was 0.15 ± 0.03 °C. As there was no significant difference in temperature between the two 

methods, the telemetry method of body temperature was considered validated and used 

henceforth. 

A1.3. [3H]PK11195 binding to TSPO  

[3H]PK11195 optimization experiments 

To determine the optimal conditions to perform the PK11195 binding assay, a protein curve 

and a time course were conducted. First, various amounts of protein (25 – 200 µg) were loaded 

(Supp. Fig. 2A). The experiment was conducted as described in Chapter 2, using a 

[3H]PK11195 concentration of 1.5 nM and an incubation time of 2 h. Second, a time course was 

conducted at various incubation times (15 min – 3 h) using a [3H]PK11195 concentration of 1.4 

nM and 0.75 µg protein loaded (Supp. Fig. 2B). It was determined that 75 µg of protein provided 

optimal binding while remaining within the linear range, avoiding saturation. An incubation time 

of 2 h was selected as sufficient to reach equilibrium. 
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Supplementary Figure 2. [3H]PK11195 binding assay optimization. A protein curve (A) and 

incubation time course (B) were evaluated. Data shown are mean ± SEM of 3 independent 

experiments (A) or mean ± SEM from a single experiment, in triplicate (B).  

 

[3H]PK11195 adherence 

It was discovered at the end of the [3H]PK11195 binding assays that 10-40% of the 

radioactive material was adhering to the sides of the assay wells.  This only occurred at 

[3H]PK11195 concentrations 1 nM and above. Preliminary adherence tests used a low 

concentration of 0.08 nM [3H]PK11195 that did not reveal any difference in CPMs after 3 h for 

any of three surfaces (Supp. Fig. 3A). However, based on the variability in final results, a post-

experiment was conducted using higher concentrations and found CPMs were lower 3 h after 
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being added (Supp. Fig. 3B). A two-way repeated measures ANOVA for PK11195 radioactivity 

counts identified a significant interaction of concentration and time (F4,10 = 118.6, p < 0.0001) 

and a main effect of concentration (F4,10 = 467.5, p < 0.0001) and time (F1,10 = 3043, p < 

0.0001). Radioactivity counts were lower 3 h later compared to initial counts at all 

concentrations. Post-hoc analysis Bonferroni at each concentration revealed counts were 

significantly lower 3 h later at 6, 3, and 1 nM, but not 0.5 or 0.25 nM. 

 

Supplementary Figure 3. Test of radioactivity adherence over time. [3H]PK11195 (0.08 nM) 

was added to a well of a plastic 96-well plate, a plastic Eppendorf vial, and a glass test tube (A). 

[3H]PK11195 (0.25 - 6 nM) was added to a plastic Eppendorf vial (B). In both assays, 

radioactivity was spotted on a filter immediately and then 3 hours later. Data shown are mean ± 

SEM from separate, single experiments, in triplicate *: p < 0.01, **: p < 0.0001 compared 

between time points. 

 

Appendix 2: additional experiments associated with Chapter 3 

A2.1. MDMA-induced [3H]DA release optimization experiments  

[3H]DA release: time, temperature, protein 

To optimize the release assay, an incubation time curve was conducted under two different 

temperature conditions. Synaptosomes (4 µg protein) were preloaded with [3H]DA (10 nM) for 
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30 min in a 25 °C water bath. The release assay was initiated by the addition of 850 µl of the 

synaptosomal preparation preloaded with [3H]DA to 150 µl of cocaine (100 nM), MA (1 µM) or 

assay buffer as control, and incubated for 5, 10, or 30 min in either a 25 or 37 °C water bath. 

Additionally, synaptosomes of various protein concentrations, prepared using 0.25, 0.33, 0.5, 

1.0, and 2.0x dilutions of assay buffer (ml/mg wet weight of tissue), were preloaded with [3H]DA 

(10 nM) for 30 min in a 25 °C water bath until reaching a steady state. The release assay was 

initiated similarly, at 25 °C, and incubation was terminated 30 min later. Cocaine and MA were 

chosen for comparison as a DAT inhibitor and DAT substrate, respectively. 

Incubation at 25 °C elicited a greater difference in DA retention between cocaine and MA 

and was used onward (Supp. Fig. 4A and 4B). As 10 and 20 min were equally optimal in DA 

retention, a 10 min incubation period was selected. Dilution of synaptosomes by 0.25X (ml/mg 

wet weight tissue) yielded 5-6 µg of total protein and was also deemed optimal and used 

onward (Supp. Fig. 4C). 

 

Supplementary Figure 4. [3H]DA release assay optimization. An incubation time course (A 

and B) and protein curve (C) were evaluated. Data shown are mean ± SEM from a single 

experiment, in triplicate (A and B) or the mean ± SEM of 3 independent experiments (C).  
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Appendix 3: additional experiments associated with Chapter 4 

A3.1. TAAR1 modulation of DA and dose response curve pilot 

Dose pilot 

An initial pilot experiment was conducted to determine whether there was a difference in 

MA-induced decreases in striatal DA levels between Taar1-WT and –KO mice and to test 

different doses of MA. Taar1-WT and –KO mice were treated with the same binge regimen (4 

inj, 2 h apart) of saline or MA (5 or 10 mg/kg), euthanized 2 or 7 days following final injection 

and striatal tissue removed and frozen, as described in Chapter 4. Tissue was analyzed for DA 

content using the same DA ELISA kit and protocol used in Chapter 2. 

MA dose-dependently decreased striatal levels of DA at both time points (2 and 7 days 

following the final injection). Additionally, at both time points DA levels were lower in Taar1-KO 

mice compared to Taar1-WT mice after MA 5 mg/kg, but not 10 mg/kg. These characterizations 

are supported by the following statistical results. At 2 days after saline or MA administration, a 

two-way ANOVA for DA level revealed a significant genotype x dose interaction (F2,29 = 3.97, p 

< 0.05) (Supp. Fig. 5A). Simple main effect analysis of the effect of genotype at each dose 

revealed no difference between genotypes for saline-treated animals, but Taar1-KO mice 

receiving MA 5 mg/kg had significantly lower levels of striatal DA in comparison to Taar1-WT 

mice. There was no difference between genotypes at MA 10 mg/kg. Simple main effect analysis 

of the effect of dose within each genotype indicated significant dose-dependent effects in both 

Taar1-WT and -KO mice. Follow up analyses within each genotype using Newman-Keuls post 

hoc mean comparisons indicated that DA levels in Taar1-WT and –KO mice were significantly 

decreased by both doses of MA compared to saline-treated animals. Seven days following 

administration, there was also a significant genotype x dose interaction (F2,30 = 3.41, p < 0.05) 

(Supp. Fig. 5B). Further analysis revealed similar results to those at 2 days later. Simple main 

effect analysis of the effect of genotype at each dose revealed no difference between genotypes 
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for animals administered saline or MA 10 mg/kg, but Taar1-KO mice receiving either MA 5 

mg/kg had significantly lower levels of striatal DA in comparison to Taar1-WT mice. Simple main 

effect analysis of the effect of dose indicated significant dose-dependent effects in both 

genotypes. However, in Taar1-WT mice, Newman-Keuls post hoc mean comparisons indicated 

that DA levels were significantly decreased by the MA 10 mg/kg dose compared to saline-

treated animals, but not by MA 5 mg/kg. In Taar1-KO mice, DA levels were significantly 

decreased by both MA doses compared to saline-treated animals. Based on these results, both 

doses were selected for ongoing experiments based on the significant difference between 

genotypes at both time points using the MA 5 mg/kg dose. The MA 10 mg/kg dose was retained 

for comparison as it indicated a floor effect was achieved where differences between the 

genotypes disappeared. A lower dose of MA (2.5 mg/kg) was added to investigate differences 

between genotypes at an additional dose. 

 

Supplementary Figure 5. MA dose response curve for DA ELISA kit. Striatal levels of DA 

were measured 2 and 7 days following saline or MA treatment. Taar1-WT and -KO mice 

received 4 i.p. injections of saline or MA (5, or 10 mg/kg), 2 h apart, and were euthanized either 

2 or 7 days following the final injection for striatal tissue collection. Values were normalized to 

the amount of protein in each tissue sample. Data represent means ± SEM of 6 mice per group. 
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*: p < 0.05, **: p < 0.0001 compared to saline-treated controls; +: p < 0.05, ++: p < 0.01 between 

genotypes. 

 

Appendix 4: Additional experiments associated with Chapter 5 

A4.1. MA-induced [3H]DA release (superfusion) optimization experiments  

[3H]DA release: protein 

To optimize the release assay, a superfusion experiment was conducted loading various 

amounts of protein. The experiment was similar to that described in Chapter 5 with the following 

modifications. Striatal tissue was minced into 300 µm2 squares and homogenized. Samples 

containing 50, 100, or 200 µg of protein were pre-loaded with [3H]DA (120 nM) for 30 min at 37 

°C and added to the superfusion device. Assay buffer without inhibitors was perfused for 30 min 

as a washout period to establish stable efflux and then collection began for 36 min (18 fractions, 

2 min each). The first 6 min (3 fractions) established baseline, then MA (10 µM) was 

continuously perfused for 18 min (9 fractions), and finally 8 minutes (4 fractions) of SDS (1%) to 

lyse the homogenate. Although MA elicited similar % release across the different amounts of 

protein loaded, CPM values were significantly lower when 100 and 50 µg was loaded, compared 

to 200 µg (Supp. Fig. 6A). While 200 µg of protein appeared optimal, it was decided to continue 

testing 100 µg in additional experiments. 

[3H]DA release: wash time 

To optimize the release assay, the length of washout period was evaluated. The experiment 

was similar to that described in Chapter 5 with the following modifications. Striatal tissue was 

minced into 300 µm2 squares and homogenized. Samples containing 100 or 200 µg of protein 

were pre-loaded with [3H]DA (120 nM) for 30 min at 37 °C and added to the superfusion device. 

Assay buffer without inhibitors was perfused for 30 min as a washout period and 10 fractions (3 
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min each) were collected. As [3H]DA release, both % and CPM (Supp. Fig. 6B) reached a stable 

state after 15 min, it was decided to decrease the washout period to 15 min. 

[3H]DA release: drug perfusion 

To optimize the release assay, the method of drug perfusion: continuous or pulsed, was 

evaluated. The experiment was similar to that described in Chapter 5 with the following 

modifications. Striatal tissue was minced into 300 µm2 squares and homogenized. Samples 

containing 100 or 200 µg of protein were pre-loaded with [3H]DA (120 nM) for 30 min at 37 °C 

and added to the superfusion device. Assay buffer without inhibitors was perfused for 15 min as 

a washout period to establish stable efflux and then collection began for 45 min (18 fractions, 

2.5 min each). The first 7.5 min (3 fractions) established baseline. For the continuous condition: 

MA (10 µM) was perfused for 27.5 min (11 fractions), followed by 10 minutes (4 fractions) of 

SDS (1%) to lyse the homogenate. For the pulsed condition, MA (10 µM) was perfused for 5 min 

(2 fractions), followed by buffer for 22.5 minutes (9 fractions), and finally 10 minutes (4 fractions) 

of SDS (1%) to lyse the homogenate. When MA was continuously administered, [3H]DA release 

did not return to baseline by the end of the collection period, whereas when MA was 

administered for a pulse of 5 min, release returned to baseline at the end of the hour, allowing 

for better comparison (Supp. Fig. 6C). The 200 µg of protein continued to produce higher % 

release and CPMs. It was decided to conduct ongoing experiments using pulsed drug perfusion 

and loading a total amount of 200 µg of protein.  

[3H]DA release: slice thickness 

To optimize the release assay, the width of slice thickness was evaluated. The McIlwain 

tissue chopper allows for variable slice thickness. Once sliced, the plate is rotated 90 degrees to 

create minced squares instead of slices. The experiment was similar to that described in 

Chapter 5 with the following modifications. Striatal tissue was minced into either 300 or 100 µm2 

squares and homogenized. Samples containing 100 µg of protein were pre-loaded with [3H]DA 

(120 nM) for 30 min at 37 °C and added to the superfusion device. Assay buffer without 
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inhibitors was perfused for 15 min as a washout period to establish stable efflux and then 

collection began for 45 min (18 fractions, 2.5 min each). The first 7.5 min (3 fractions) 

established baseline. Mincing the tissue into 100 µm slices increased [3H]DA release (% and 

CPM) compared to 300 µm slices, most likely due to the increase in surface area (Supp. Fig. 

6D). It was decided to conduct ongoing experiments using 100 µm slices. 
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Supplementary Figure 6. [3H]DA release superfusion assay optimization. The amount of 

protein loaded (A), the washout period (B), drug perfusion method (C), and slice thickness (D) 

were evaluated for optimization. MA (10 µM) was either perfused continuously after baseline, 
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indicated by arrow, or pulsed for 5 min (2 fractions), indicated by bar. Data shown are from 

separate, single experiments. Data from each fraction are normalized to the total amount of 

[3H]DA in remaining fractions or represent the radioactivity counted in each fraction. 

 

A4.2. MA-induced [3H]DA uptake optimization experiments  

 [3H]DA uptake assay: time course 

To optimize the uptake assay, an incubation time course experiment was conducted. The 

experiment was similar to that described in Chapter 5 with the following modifications. Striatal 

tissue homogenate (~25 µg protein) was pre-incubated with in assay buffer with inhibitors for 10 

min at 37 °C.  The uptake assay was initiated with the addition of [3H]DA (10 nM). Specific 

binding was defined as the difference in binding observed in the presence or absence of 

mazindol (5 µM) and the final assay volume was 500 µl. Incubation at 37 °C was terminated at 

various time points (1, 2, 4, 5, 8, 10, 15, and 20 min) using ice-cold saline (0.9% NaCl) and 

radioactivity was measured as described above. An incubation time of 10 min was selected as 

this time point resulted in the highest specific uptake while remaining within the linear range of 

the time course (Supp. Fig. 7A). 

[3H]DA uptake assay: protein curve 

To optimize the uptake assay, a protein curve experiment was conducted. The experiment 

was similar to that described in Chapter 5 with the following modifications. Striatal tissue 

homogenates of various protein concentrations, prepared using 0.05, 0.1, 0.15 and 0.2x 

dilutions of assay buffer (ml/mg wet weight of tissue), were pre-incubated with either assay 

buffer (control) or MA (1 µM) for 10 min at 37 °C.  The uptake assay was initiated with the 

addition of [3H]DA (20 nM). Specific binding was defined as the difference in binding observed in 

the presence or absence of mazindol (5 µM) and the final assay volume was 500 µl. Incubation 

(10 min, 37 °C) was terminated using ice-cold saline (0.9% NaCl) and radioactivity was 

measured as described above. The protein curves for both buffer and MA-induced [3H]DA 
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uptake were linear, although there was indication of saturation at the highest protein 

concentration (Supp. Fig. 7B and C).  The two lower protein concentrations were also dismissed 

due to the low level of specific uptake in homogenate pre-loaded with MA. As such, the 0.15x 

dilution (equivalent to ~ 25 µg protein loaded) was selected for ongoing experiments. 
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Supplementary Figure 7. [3H]DA uptake assay optimization. An incubation time course (A) 

and protein curve in homogenate pre-loaded with assay buffer (B) or MA (1 µM) (C) were 

evaluated. Data shown are the mean ± SEM of 3 independent experiments (A) or from a single 
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experiment in triplicate (B and C). Data are normalized to the total amount of protein loaded 

(left) or are the specific radioactivity counts (right). 

 

A4.3. In vivo treated [3H]DA uptake pilot  

[3H]DA uptake pilot 

The number of animals required per [3H]DA uptake experiment is dependent on the amount 

of protein loaded from the vesicular fraction. To minimize the number of animals used (4-5 mice 

pooled), only the lowest amount of total protein cited in previous research (2.5 µg) was tested in 

the pilot (Hogan et al., 2000; Hansen et al., 2002). The experiment was similar to that described 

in Chapter 5. [3H]DA uptake was performed using pooled striatal tissue from 4-5 mice. Uptake 

was measured in each fraction preparation separately: P2 - synaptosomal (~5 µg protein), P3 - 

membrane-associated (~5 µg protein), and P4 - vesicular (~2.5 µg protein). The assay initiated 

with the addition of [3H]DA (30 nM). Specific uptake was defined as the difference in uptake 

observed in the presence or absence of reserpine (1 µM). The final assay volume was 250 µl. 

Incubation (6 min, 30 °C) was terminated using ice-cold saline (0.9% NaCl) and radioactivity 

was measured as described above. The results demonstrate the amount of 2.5 µg of protein 

from the vesicular fraction (P2) is sufficient for the assay, as is 5 µg in the synaptosomal and 

membrane-associated fractions (P2 and P3) (Supp. Fig. 8).  
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Supplementary Figure 8. [3H]DA uptake assay pilot. Uptake was measured in each fraction 

preparation separately: P2 - synaptosomal (~5 µg protein), P3 - membrane-associated (~5 µg 

protein), and P4 - vesicular (~2.5 µg protein). Data shown are the mean ± SEM of 3-4 pooled 

samples. Data are normalized to the total amount of protein loaded (left) or are the specific 

radioactivity counts (right). 

 

A4.4. In vivo treated [3H]DHTB saturation binding optimization  

[3H]DHTB binding: protein 

The number of animals required per [3H]DHTB binding experiment is again dependent on 

the amount of protein loaded from the vesicular fraction. Previous studies typically use 2.5 – 5 

µg of protein in the vesicular fraction for [3H]DHTB binding (Teng et al., 1998; Brown et al., 

2000; Staal et al., 2000). As such, 2.5 and 5 µg of protein in the vesicular fraction (P4) was 

tested along with 5 µg in the synaptosomal (P2) and 5 and 10 µg of protein in the membrane-

associated fraction (P3). The experiment was similar to that described in Chapter 5, except it 

was carried out at a single concentration of [3H]DHTB (2 nM), similar to the previously reported 

KD value (Scherman, 1986; Hogan et al., 2000). [3H]DHTB binding was performed using pooled 

striatal tissue from 4-5 untreated mice. Binding was measured in each subcellular fraction 

separately and the assay was initiated with the addition of [3H]DHTB (2 nM). Specific binding 
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was defined as the difference in binding observed in the presence or absence of [3H]DHTB (20 

µM). The final assay volume was 1 mL. Incubation (60 min, 25 °C) was terminated using ice-

cold Tris buffer (50 mM) and radioactivity was measured as described above. Based on the 

radioactivity counts, it was decided 2.5 µg of protein in the vesicular fraction did not provide 

adequate specific binding (111 ± 13 CPM) or 5 µg of protein in the synaptosomal fraction (126 ± 

11 CPM) as this was nearing a lack of binding (Supp. Fig. 9).   

 

Supplementary Figure 9. [3H]DHTB binding protein assay. Binding was measured in each 

fraction preparation separately: P2 - synaptosomal (5 µg protein), P3 - membrane-associated (5 

or 10 µg protein), and P4 - vesicular (2.5 or 5 µg protein). Data shown are the mean ± SEM of 

5-8 pooled samples. Data are normalized to the total amount of protein loaded (left) or are the 

specific binding radioactivity counts (right). 

 

[3H]DHTB binding pilot: treated tissue 

In a follow-up experiment, [3H]DHTB binding was evaluated using tissue from Taar1-WT and 

–KO mice receiving a binge-like regimen (4 inj, 2 h apart) of saline or MA (5 or 10 mg/kg) and 

euthanized 24 h later (Supp. Fig. 10). The total amount of protein loaded from the synaptosomal 

and membrane-associated fractions ranged from 8–10 µg and the vesicular fraction ranged from 

4–5 µg. [3H]DHTB binding was performed using pooled striatal tissue from 5 mice of each 
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group. Binding was measured in each subcellular fraction separately and the assay was initiated 

with the addition of [3H]DHTB (2 nM). Specific binding was defined as the difference in binding 

observed in the presence or absence of [3H]DHTB (20 µM). The final assay volume was 1 mL. 

Incubation (60 min, 25 °C) was terminated using ice-cold Tris buffer (50 mM) and radioactivity 

was measured as described above. While the pilot yielded promising results: specific binding 

was decreased in the vesicular fraction in Taar1-KO mice receiving MA 5 mg/kg compared to 

Taar1-WT mice (Supp. Fig. 10C), the low radioactivity counts in the MA treated groups were 

problematic (Supp. Fig. 10G). In the vesicular, 3 or the 4 groups receiving MA had specific 

binding radioactivity counts below 100: Taar1-KO mice receiving MA 5 mg/kg (70 ± 17 CPM), 

and both genotypes receiving MA 10 mg/kg: Taar1-WT (59 ± 2 CPM) and Taar1-KO (45 ± 4 

CPM). These counts, at the estimated KD of [3H]DHTB (2 nM) were deemed too low to 

investigate differences in genotypes following MA treatment. It was decided to increase the 

amount of protein loaded from the vesicular fraction to 10 µg. 
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Supplementary Figure 10. [3H]DHTB binding pilot in treated tissue. Binding was measured 

in each fraction preparation separately: synaptosomal (8-10 µg protein) (A and D), membrane-

associated (8-10 µg protein) (B and E), and vesicular (4-5 µg protein) (C and F). Data shown 

are from a single experiment in triplicate. Data are normalized to the total amount of protein 

loaded (A, B, C) or are the specific radioactivity counts (D, E, F). 

 

[3H]DHTB saturation binding pilot 

Due to the surfeit of membrane-associated fraction, a [3H]DHTB saturation binding pilot was 

conducted in the remaining membrane-associated fraction from the treated Taar1-WT and –KO 

mice used in the [3H]DHTB binding pilot. The experiment was similar to that described in 

Chapter 5. Binding was measured in the membrane-associated fraction only, using 4-6 µg of 
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protein. The assay was initiated with the addition of [3H]DHTB (0.5 - 22 nM). Specific binding 

was defined as the difference in binding observed in the presence or absence of [3H]DHTB (20 

µM). The final assay volume was 1 ml. Incubation (60 min, 25 °C) was terminated using ice-cold 

Tris buffer (50 mM) and radioactivity was measured as described above. There was no 

difference between genotypes or treatment groups in Bmax or KD values (Supp. Table 1), similar 

to previous research in the membrane fraction (Riddle et al., 2002). Bmax and KD values were 

within range of previously established values (Scherman, 1986; Staal et al., 2000). This 

experiment validated the [3H]DHTB saturation binding protocol and the described parameters 

were used in future experiments. 

 

 

Supplementary Figure 11. [3H]DHTB saturation binding pilot. Taar1-WT and -KO mice 

received 4 i.p. injections of saline or MA (5 or 10 mg/kg), 2 h apart, and were euthanized 24 h 

following the final injection. Striatal tissue from 4-5 mice was pooled and the membrane-

associated fraction analyzed. Experiments were conducted as described in the text. Shown is a 

representative saturation curve normalized to protein in each sample (left) and saturation curve 

of the radioactivity counts. Inset: Scatchard transformation of [3H]DHTB binding data.  
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Supplementary Table 1. [3H]DHTB binding in membrane-associated fraction 

Treatment 
(mg/kg) 

Genotype 
Bmax (pmol/mg 
protein) ± SEM 

KD (nM) ± SEM 

Saline Taar1-WT 1.8 ± 0.2 6.3 ± 1.0 

 
Taar1-KO 2.1 ± 0.3 6.6 ± 0.3 

    

MA (5) Taar1-WT 2.0 ± 0.3 4.1 ± 0.1 

 
Taar1-KO 2.1 ± 0.4 6.3 ± 0.5 

    

MA (10) Taar1-WT 2.2 ± 0.3 7.0 ± 0.9 
  Taar1-KO 2.1 ± 0.6 6.7 ± 0.8 

 

Data represent mean ± SEM for each treatment group from six independent experiments, using 

pooled tissue from 4-6 mice per group. 

 

[125I]RTI-55 saturation binding pilot 

The experiment was similar to that described in Chapter 5. [125I]RTI-55 binding was 

performed using striatal tissue from 4 untreated mice. Binding was measured in synaptosomes 

only (~20 µg protein) with one mouse per assay. Assay buffer (Krebs-HEPES buffer) was 

supplemented with fluoxetine (50 nM) and the assay initiated with the addition of [125I]RTI-55. 

The specific activity of [125I]RTI-55 was diluted with unlabeled [125I]RTI-55 ranging in 

concentrations from 0.036 to 16.6 nM and specific binding was defined as the difference in 

binding observed in the presence or absence of mazindol (5 µM). The final assay volume was 

250 µl. Incubation (90 min, 25 °C) was terminated using ice-cold saline (0.9% NaCl) and 

radioactivity was measured as described above, with the exception that filters were not soaked 

in PEI. The Bmax (4.67 ± 0.17 pmol/mg protein) and KD values (3.32 ± 0.41 nM) were similar to 

previously reported values (Eshleman et al., 2001). This experiment validated the [125I]RTI-55 

saturation binding protocol and the described parameters were used in future experiments. 
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Supplementary Figure 12. [125I]RTI-55 saturation binding pilot. Experiment was conducted 

as described in text. Shown is a representative saturation curve. Inset: Scatchard transformation 

of [125I]RTI-55 binding data.  
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