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Abstract 
 

Trace amine-associated receptor 1 (TAAR1) is a member of a distinct family of 

G-protein coupled receptors. TAAR1 is activated by endogenous trace amines (TA) 

such as β-phenylethylamine (PEA) and para-tyramine (p-TYR). Abnormal levels of 

TAs have been associated with mood disorders, but the physiological role of TAAR1 

remains unclear.  My thesis is that TAAR1 represents a novel target of amphetamine 

(AMPH) and methamphetamine (METH). The four studies described here were 

designed to test hypotheses derived from this thesis. In the first study I tested the 

hypothesis that AMPH and METH are agonists at several mammalian species of 

TAAR1. A pharmacological characterization of the activation of TAAR1 by trace 

amines, AMPH, and METH was carried out using an in vitro cAMP assay. The 

results show that PEA and p-TYR are potent agonists at TAAR1, that there is a 

significant difference in stereoselectivity with respect to isomers of AMPH and 

METH, and the stereoselectivity is species-dependent.  

In the second study I explored the determinants of species-specific TAAR1 

stereoselectivity. I hypothesized amino acids that differ between species in key 

locations of the putative ligand-binding domain for TAAR1 are responsible for the 

observed species-dependent stereoselectivity. Using site-directed mutagenesis, a 

mutation to transmembrane 6, M6.55T for the rat and T6.55M in the case of the 

mouse, caused a decrease of potency in the rat while increasing potency in the mouse 

for both the S(+) and R(-) enantiomers of AMPH and METH.  A mutation in 

transmembrane 7, N7.39Y for the rat and Y7.39N for the mouse, reversed the species 
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dependent stereoselectivity of the rat and mouse TAAR1 to enantiomers of AMPH 

and METH. 

My third study tested the hypothesis that METH and AMPH activate the wild- 

type human TAAR1 (hTAAR1). Using a cAMP-dependent reporter assay I 

demonstrated that PEA as well as both isomers of METH and AMPH activated the 

wild-type hTAAR1 in a dose-dependent manner at concentrations that are exceeded 

by users of these drugs. 

The fourth study investigated the hypothesis that the human dopamine transporter 

(hDAT) and hTAAR1 co-localize in cells. HEK-293 cells, stably expressing hDAT 

fused to green fluorescent protein (hDAT-GFP), were treated with METH resulting in 

redistribution of hDAT-GFP from the cell surface to the cytoplasm.  There was also 

some preliminary evidence of hTAAR1 and hDAT co-localization. 

In conclusion, TAAR1 is potently activated by METH in vitro at concentrations 

less than those commonly observed in drug abusers. Preliminary evidence of DAT 

co-localization with hTAAR1 and METH induced internalization of DAT suggests 

that hTAAR1 could play a role in mediating some of METH’s mental and physical 

effects. Therefore, I conclude that TAAR1 represents a novel target for potential anti-

METH medication and for improved psychotherapeutics in some mood disorders. 
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Chapter 1 Introduction 
 

Overview of Trace Amines and TAAR1 

 For more than thirty years trace amines (TAs) have been known to exist in 

mammalian brains (Durden et al., 1973; Philips et al., 1974a; Philips et al., 1974b; 

Saavedra et al., 1974b). Their role in the central nervous system (CNS) however, 

remained uncertain due to the lack of evidence for an endogenous receptor. This 

changed with the discovery of the trace amine-associated receptors (TAAR)s, a 

distinct family of G protein-coupled receptors (GPCRs) that were cloned in 2001 

(Borowsky et al., 2001; Bunzow et al., 2001).  A recent review provides a 

comprehensive survey of TAs and TAARs and includes an extensive list of references 

to provide the interested reader access to the literature in the field (Grandy, 2007). 

TAAR1, one member of this large family, is widely expressed in mammalian brains. 

It is found in the substantia nigra, nucleus accumbens, ventral tegmental area, dorsal 

raphe nucleus, and amygdala, regions associated with monoaminergic neurons 

(Borowsky et al., 2001; Miller et al., 2005; Lindemann et al., 2007; Xie et al., 2007).  

     Trace amines, and more recently the TAARs, have been implicated in drug abuse 

(Bunzow et al., 2001; Branchek and Blackburn, 2003), as well as mood disorders 

such as depression (Sandler et al., 1979; Sabelli et al., 1996), bipolar disorder (Abou 

Jamra et al., 2005; Pae et al., 2008) and schizophrenia (Vladimirov et al., 2007).  

 

Statement of Thesis 

The central thesis of this dissertation is that the human TAAR1 (hTAAR1) also 

represents a novel site of methamphetamine (METH) action. This idea grew out of 
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previous findings that METH activates the rat TAAR1 expressed in vitro (Bunzow et 

al., 2001). The goal of my work was to ascertain whether such activation was also a 

characteristic of the human and mouse TAAR1. To test this thesis, I hypothesized that 

the concentration of METH required to activate human TAAR1 in vitro would be less 

than the blood levels of the drug achieved in human METH addicts (Chapter 2); that 

key amino acids determine the species-dependent TAAR1 stereoselectivity for the 

enantiomers of amphetamine (AMPH) and METH (Chapter 3); that METH directly 

activates hTAAR1 in vitro (Chapter 4); that METH causes internalization of surface 

human dopamine transporter (hDAT) by virtue of its co-interaction with hTAAR1 

(Chapter 5).  

 The remainder of this chapter summarizes relevant evidence and the rationale for 

the approaches used to address each specific hypothesis. This is followed by general 

background information pertaining to the TAARs, the use of site-directed 

mutagenesis in the study of GPCRs, the known mechanisms by which METH elicits 

its effects, and the association of TAARs with mood disorders.  

 

Chapter 2: TAAR1 displays species-dependent stereoselectivity for amphetamines 
 

 In the 2001 paper by Bunzow et al. it is shown that rat TAAR1 (rTAAR1) 

responds to trace amines and to AMPH and METH with EC50s and efficacies that are 

enantiomer-dependent.  This observation laid the foundation for the hypothesis that 

mouse and human TAAR1s will respond to METH and AMPH in the same manner in 

vitro with an isomeric preference for both compounds, and with the same isomeric 
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preference reflected in the behavioral preference for the S(+) isomer as reported 

previously by others (Angrist et al., 1971; Segal, 1975). 

My experimental approach to testing this hypothesis was to characterize the 

concentration-dependent accumulation of cyclic adenosine monophosphate (cAMP) 

in human embryonic kidney (HEK) cells stably expressing rat TAAR1, mouse 

TAAR1, or a genetically engineered rat-human chimeric TAAR1 in vitro.  

The rationale for this experimental approach was to expand the investigation of 

this receptor using techniques that had already been successfully demonstrated and 

was based on the assumption that TAAR1 of each species would display the same 

preference for the isomers of AMPH, METH, and related compounds. The 

justification for characterizing mouse TAAR1 in addition to the human receptor is the 

mouse is often used as an experimental animal model in laboratory studies. Since 

mice completely lacking a particular gene product can be engineered, they provide a 

powerful resource for understanding novel receptors in vivo. Preliminary evidence 

suggested unexpectedly dramatic stereoselective differences in cAMP accumulation 

that was species-dependent. This generated additional interest in determining whether 

wild type human TAAR1 also displays a stereoselective preference for the 

enantiomers of AMPH and METH. We wanted to know if there was a stereoselective 

preference for AMPH isomers and  congeners such as METH and their metabolite 

para-hydroxy amphetamine (POHA). 
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Chapter 3: METH activation of TAAR1 and determination of selectivity by site-

specific mutagenesis 

 
After the first study revealed a species-dependent stereoselectivity for 

amphetamines, the goal of my next study (Chapter 3) was to test the hypothesis that 

each species’ TAAR1 preference for isomers of AMPH and its congeners depends on 

key amino acid residues that differ across species in key sites in the receptor’s 

putative ligand binding domain. We wanted to know what amino acids of the TAAR1 

transmembrane domains were involved in ligand binding. Furthermore, we wanted to 

know which amino acids accounted for the difference in stereoselectivity profiles 

displayed by the rat and the mouse as described in Chapter 2 and why the response of 

the human chimera TAAR1 was more similar to the response of the mouse than that 

of the rat.  

My experimental approach was to use site-directed mutagenesis to develop stably 

expressing cell lines with single amino acid substitutions at suspected key sites and to 

generate concentration-response curves for cell lines expressing rat or mouse wild 

type or mutant receptors. The choice of candidate sites for mutagenesis was made by 

examining amino acid sequence alignments of putative TMs of the TAAR1 receptors 

that correspond to known ligand binding sites for the human beta 2 adrenergic 

receptor (hβ2AR). Residues that differed between the species at these sites were 

identified.  

My rationale for the site-directed mutagenesis approach was based on successful 

results from prior studies of the β2AR by other laboratories that indicated that 

transmembrane (TM) domains TM3, TM5, TM6, and TM7 are involved in binding 
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catecholamines. Also, the existence of conserved residues in all seven TM domains in 

the β2AR and the TAAR1 sequences was taken into consideration.  

A proof of concept for this approach was to mutate the aspartate D3.32 in TM3 of 

the TAAR1 receptor to an alanine with the expectation of knocking down the cAMP 

response. Here the GPCR sequence numbering uses the system of Ballesteros and 

Weinstein where the first character is the single letter code for an amino acid, the first 

number represents the TM, and the second number positions the residue with 50 

representing the most conserved residue (Ballesteros, 1995). The conserved aspartate, 

D3.32, is thought to be crucial for monoamine ligand binding due to the ionic 

interaction of the positively charged amino group of the ligand and the carboxylate 

side chain of the aspartate residue of the receptor.  

Site-directed mutagenesis involving TM6 and TM7 was expected to reverse the 

TAAR1 receptor stereoselectivity since the proposed sites to be mutated have been 

shown to be exposed in the binding pocket of other receptors such as the βARs and 

the dopamine receptor 1 (DAR1). My rationale was that the proposed mutation site is 

at a position that directly interacts with the ligands of these receptors. The polar 

groups of agonists are thought to interact with residues of the receptor that have polar 

side chains (Kristiansen, 2004).  In hβ2AR the asparagine in TM6, N6.55 (N293), 

interacts with the β-OH group of norepinephrine (Wieland et al., 1996; Swaminath et 

al., 2004). Even though AMPH and METH do not have a β-OH group, at the 

corresponding site in TAAR1s the residue for the rat, M6.55 (M268), differs from the 

residue for the mouse, T6.55 (T268). The mouse residue and the aligned residue, 

T6.55 (T271), in the human sequence are the same. 
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In TM7 of the hβ2AR there is an asparagine, N7.39 (N312), that is conserved in 

all the βARs (Suryanarayana and Kobilka, 1993; Kristiansen, 2004). My rationale for 

selecting the aligned residue in TAAR1 that aligns with this asparagine was based on 

site-directed mutagenesis studies at this site that showed this asparagine is involved in 

binding aryloxyalkylamines, compounds with an ether oxygen that separates a phenol 

ring from an alkylamine side chain. This residue is responsible for species differences 

in the binding of aryloxyalkylamines (Guan et al., 1992; Suryanarayana and Kobilka, 

1993). Examination of the sequence alignments for TM7 revealed that the 

corresponding rat TAAR1 residue N7.39 (N287) is the same as the asparagine in the 

hβ2AR but the mouse TAAR1 residue Y7.39 (Y287) is different. The approach was 

to swap these residues in the rodent TAAR1s to see if the rat TAAR1 with just this 

TM7 mutation would mimic the mouse response and if the response for the mouse 

TAAR1 with just this TM7 mutation would resemble that for the rat wild type 

TAAR1. 

  A computer-generated model showing the putative seven transmembrane domains 

of the rat TAAR1 as alpha helices is shown (Figure 1). Amino acid sites that were 

mutated in TM3, TM6, and TM7 are shown as space filled (Figure 2). This model 

was described recently (Tan et al., 2008) and is based on the TAAR1 sequence 

superimposed on the recently published β2AR crystal structure (Rosenbaum et al., 

2007) . 
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Figure 1. A model of rat TAAR1. Amino acid sequences of the putative 7 TM 

domains were aligned with the β2AR crystal structure.  The model was created by Eli 

Groban in Matthew Jacobson’s laboratory at the University of California at San 

Francisco (Tan et al., 2008) and was rendered using Pymol software (DeLano, W.L. 

The PyMOL Molecular Graphics System (2002) DeLano Scientific, Palo Alto, CA, 

USA). 
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Figure 1. 
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Figure 2. A model depicting rat TAAR1 7TM domains and amino acid residues that 

were mutated. Residues targeted for mutation are shown as space filled. The model 

was created by Eli Groban in Matthew Jacobson’s laboratory at the University of 

California at San Francisco (Tan et al., 2008) and was rendered using Pymol software 

(DeLano, W.L. The PyMOL Molecular Graphics System (2002) DeLano Scientific, 

Palo Alto, CA, USA). 
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Chapter 4: hTAAR1 activation by METH demonstrated by a CRE reporter assay 
 

In addition to characterizing wild type rat and mouse TAAR1 my original study 

(Reese et al., 2007) included a human-rat chimera.  This artificial construct was 

needed due to difficulty stably expressing the wild type human sequence. Although 

the chimera couples to cAMP production it remained to be demonstrated that it 

accurately represents the wild type human receptor.  The chimera consists of the 

human sequence for all the TM domains and all the connecting loops, with the 

exception of intracellular loop 3, and the N- and C-termini that are rat (Lindemann et 

al., 2005). I wanted to know if the wild type human TAAR1 receptor (hTAAR1) is 

activated by methamphetamine since the rat, mouse, and human-rat chimera receptors 

are activated by it (Bunzow et al., 2001; Reese et al., 2007). The Miller laboratory 

reported that methamphetamine activates the rhesus monkey TAAR1 (rhTAAR1) 

(Xie et al., 2007), a protein that is 97% homologous with the hTAAR1 sequence 

(Miller et al., 2005). 

 The experimental approach was to transiently express wild type hTAAR1 along 

with a luciferase reporter gene with a CRE-driven promoter in HEK293 cells. These 

transfected cells were then treated with TAAR1 agonists, and chemiluminescence due 

to CRE-driven luciferase expression was quantified. The rationale for taking this 

approach was that we had experienced difficulty stably expressing hTAAR1 in any 

cell line and that a cAMP-dependent, CRE-promoter driven reporter would be a down 

stream indicator of induced cAMP accumulation.  Furthermore, it was expected that 

the CRELuc reporter gene would respond proportionately to cAMP levels that should 

be proportional to concentrations of applied agonists. 
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Chapter 5: DAT TAAR1 co-localization 
 
 An excellent and thorough review by David Sulzer et al. on the mechanisms of 

neurotransmitter release by AMPH and related compounds such as METH was 

recently published (Sulzer et al., 2005). A report documenting dopamine transporter 

enhancement of the rhesus monkey TAAR1-coupled cAMP production in response to 

trace amines, monoamine neurotransmitters and amphetamines by Xie et al. suggests 

a functional interaction between the monoamine transporters and TAAR1 (Xie et al., 

2007). If TAAR1 is a modulator of DAT then the proteins are likely to be in close 

proximity, at least during the time they interact. I wanted to know if co-expressed 

hTAAR1 and hDAT would co-localize. In addition I wanted to determine whether  

treatment with AMPH or METH would cause the independent or coincident 

relocation of DAT and TAAR1.  

 My experimental approach was to use immunofluorescence microscopy to 

document the cellular location of wild type hTAAR1 and hDAT in HEK293 cells. I 

established a stably expressing HEK293 cell line for this study using a previously 

engineered plasmid designed to express hDAT protein fused to Green Fluorescent 

Protein (hDAT-GFP). The approach further included the transient co-transfection of 

these cells with a wild type hTAAR1 construct. The rationale for this approach was to 

utilize confocal microscopy to detect the green hDAT-GFP construct and 

immunoreactivity associated with hTAAR1 protein labeled with a second antibody, 

Fab-Cy3, that fluoresces  red. Upon merging these separate green and red images, if 

areas of yellow resulted then this could be interpreted as evidence of co-localization 

of the two proteins. 
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Background - Trace Amine-Associated Receptors (TAARs) 
 
 TAARs are GPCRs that make up a phylogenetically distinct family of receptors 

separate from other related biogenic amine receptor families such as the 5HT family 

(Borowsky et al., 2001) (Lindemann et al., 2005). Until 2001, the existence of 

receptors for TAs in mammals had been suspected but none had been identified. In 

2001 Borowsky et al. reported the cloning of a family of receptors, two of which bind 

to, and are activated by, trace amines. A short time later Bunzow et al. reported the 

characterization of a rat TAAR1 (rTAAR1) they had independently discovered 

(Bunzow et al., 2001). Agonist stimulated, heterologously expressed rTAAR1 

couples to the activation of cAMP production in vitro by the trace amines β-

phenylethylamine (PEA), para- tyramine (p-TYR), tryptamine (TRP), and 

octopamine (OCT), as well as psychostimulants including AMPH, METH, 3,4-

methylenedioxymethamphetamine (MDMA), and lysergic acid diethylamide (LSD) 

(Bunzow et al., 2001; Wainscott et al., 2006).   

 The rat TAAR1 is activated to a lesser degree, by the neurotransmitters dopamine 

(DA) and norepinephrine (NE). Possible endogenous ligands for hTAAR1 include p-

TYR, PEA, OCT and DA while for hTAAR4 p-TYR and PEA are the likely 

candidates. It has also been shown that 3-iodothyronamine (T1AM), a natural 

derivative of the thyroid hormone thyroxine and discovered in the Grandy laboratory, 

is a full and potent TAAR1 agonist in vitro with profound physiological effects in 

vivo (Scanlan et al., 2004). These observations led Grandy and Scanlan to speculate 

that TAAR1 plays a role in metabolism and mood. 
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 TAARs have been found in every species examined including the rat, mouse, 

guinea pig, human, chimpanzee, rhesus monkey, and zebrafish (Grandy, 2007). 

Lindemann et al. determined that there are three subfamilies of TAARs: TAAR1-4, 

TAAR5, and TAAR6-9, based on phylogenetic considerations and consensus 

sequences thought to constitute the ligand binding pocket (Kratochwil et al., 2005; 

Lindemann et al., 2005). There are different numbers of functional genes in each 

species. The rat genome contains 19 TAARs, of which 17 are predicted to be 

functional and two are likely to be pseudogenes.  The mouse has 15 functional and 

one pseudogene. Both the human and chimp genomes  contain nine TAARs but it 

appears humans express six functional TAAR subtypes compared to three in the 

chimp  (Lindemann et al., 2005).  

      A pseudogene is a gene that does not code for a functional protein. The most 

common causes of non-functionality in pseudogenes are the insertion of a stop codon 

or frameshifts due to the insertion or deletion of nucleotide bases that prevent 

translation of a functional protein. For example, the human TAAR4 is a pseudogene 

because it contains a stop codon following the sequence that codes for transmembrane 

3 as well as two single nucleotide insertions between TM5 and TM6 that alter the 

reading frame. Only three of the chimpanzee TAAR genes contain intact open 

reading frames. 

     Homologies for TAAR1 are fairly high for the mammalian species. The human 

and rat TAAR1 have a 79% sequence identity, human and mouse, 76%, mouse and 

rat, 87%, and the human and chimp are 99%. The sequence homology between the 

rhesus monkey and the human TAAR1 is 97%. 
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 All the TAARs except for TAAR2 are coded by a single-exon gene of about 1 

kilobase-pair (kb) length. In each species the TAARs all map to a compact region of a 

single chromosome. The human TAARs span about 109kb and are located on 

chromosome 6q23.1. 

 In vitro TAAR1 immunoreactivity appears to be primarily localized in the 

cytoplasm of neurons (Borowsky et al., 2001) and cells heterologously expressing the 

receptor  (Bunzow et al., 2001). Most GPCRs appear to traffic primarily to the cell 

surface.  Interestingly, a recent study in rats found a predominantly intracellular 

distribution of the 5-HT(2A) immnoreactivity with 80 to 90% cytoplasmic 

distribution and 10 – 20% expression in the cell membrane (Cornea-Hebert et al., 

2002).  

 The topic of comparing the activity of PEA-occupied TAAR1 receptors to that of 

other GPCRs was raised by my thesis advisory committee. This question was not 

addressed in these studies and a review of the TAAR1 literature also found no 

comparison of TAAR1 activity with other receptor types. In their 2001 report, 

Bunzow et al. reported that DA but not PEA, p-TYR, or AMPH induces a response in 

HEK293 cells transfected with the hD1 receptor. However, they did not report the 

cAMP levels so no direct comparison can be made.  

 
Site-directed mutagenesis of GPCRs 
 
 GPCRs represent important targets for pharmaceutical therapeutics since over 

25% of all approved drugs target this class of receptor (Hopkins and Groom, 2002). 

Ligand binding research has been aided by the publication of a low resolution crystal 

structure of rhodopsin which identifies features including seven transmembrane alpha 
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helices connected by three external and three intracellular loops and with N-terminal 

and C-terminal tails (Palczewski et al., 2000). Recently, the crystal structure for the 

hβ2AR was determined which has a high degree of similarity to the rhodopsin 

structure (Rasmussen et al., 2007).   

 The β2AR receptor has been extensively studied using site-directed mutagenesis 

to determine ligand binding sites (Strader et al., 1989; Suryanarayana and Kobilka, 

1993; Wieland et al., 1996). These studies have led to the identification of important 

amino acids with side chains associated with binding to aminergic ligands. One of 

these sites is D3.32 (D113), which is conserved across all aminergic GPCRs 

(Ballesteros, 1995). This aspartate is involved in hydrogen bonding with the amine 

group of the ligands.  

 

GPCR endocytosis and membrane trafficking 

 GPCRs can become desensitized following sustained stimulation. 

Phosphorylation of GPCRs by protein kinase A (PKA) as well as GPCR kinases 

(GRKS) causes decoupling of the receptor from the G protein subunits and promotes 

binding of β-arrestin to the GPCR. β-arrestin in turn recruits clathrin and the clathrin 

adaptor protein 2 (AP-2) complexes that lead to endocytosis in clathrin-coated 

vesicles. Endocytosed GPCRs may be either recycled to the plasma membrane or 

targeted to lysosomes for degradation. Recycling of the β2AR is dependent on a C-

terminal amino acid sequence and a Na+/H+ exchanger regulatory factor (NHERF) 

protein that interacts with the recycling sequence (Hanyaloglu and von Zastrow, 

2008). 
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A less familiar function of GPCRs is the involvement of sequence motifs in 

receptor protein trafficking and cellular localization.  A retention motif, RXR(R) 

present in the C-terminal tail of the gamma-aminobutyric acid (GABA) B receptor, 

led to the finding that GABAB receptor is a heterodimer (Marshall et al., 1999). 

Dimerization in the ER of the two GPCRs, GABAB1a and GABAB2, masks the 

retention motif which allows release of the dimer from the ER and trafficking to the 

cell surface. Reading about this retention motif led me to search the literature for 

export motifs. Two ER exit motifs in the C-terminus are FXXXFXXXF (Bermak et 

al., 2001) and F(X)6LL (Duvernay et al., 2004). The later motif is present in the β2AR 

and GABAB1. Both of these exit motifs are present on the dopamine D1 and D2 

receptors.  A close inspection of TAAR1 TM7 and adjacent C-terminal sequences 

revealed modified ER exit motifs that may account, in part, for the observation that 

these receptors appear to remain stuck in the cytoplasm.  In Chapter 5 I present my 

experimental results and discuss possible interpretations including co-localization of 

hTAAR1 with hDAT and the effects of amphetamine treatments on the localization of 

both proteins. 

 
Trace Amines, noncatecholic biogenic amines: monoamine catabolites or 
neuromodulators? 
 
 Trace amines (TA), also referred to in the the early literature as noncatecholic 

phenylethylamines, are endogenous compounds that occur in the central and 

peripheral nervous systems of mammals and invertebrates (Saavedra et al., 1974a; 

Boulton, 1976; Roeder, 1999). TAs contain the core chemical structure of the 

biogenic amine neurotransmitters (figure 3). 
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Figure 3. Chemical structure of trace amines and monoamine neurotransmitters. 
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Figure 3. 
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TAs are produced from their precursor amino acids. PEA is synthesized directly by 

decarboxylation of the amino acid L-phenylalanine by the enzyme aromatic acid 

decarboxylase (AADC) as shown in Figure 4 (Young et al., 1982; Berry, 2004). 

Tryptamine is similarly produced from the amino acid tryptophan. In contrast, the TA 

octopamine (OCT) is synthesized from p-TYR by the sequentioal addition of a beta 

hydroxyl group. Synephrine is produced from OCT by methylation of the primary 

amine. OCT has been shown to function as a bona fide neurotransmitter in 

invertebrates (Roeder, 1999; Grohmann et al., 2003) but their function in mammals is 

unclear (see below). They may be involved in antidepressant effects (Sabelli et al., 

1996).  

      TA content in rat brain is about two orders of magnitude lower than levels of the 

classical monoamine neurotransmitters DA, NE, and serotonin (5HT) (Durden and 

Davis, 1993; Berry, 2004). Since the TAs have a similar structure to these 

neurotransmitters they were once thought to be by-products of catecholamine 

biosynthesis (Premont et al., 2001). Although the TAs are chemically and structurally 

close relatives of DA, NE, and 5HT, these classic monoamine neurotransmitters are 

much less potent than the TAs or amphetamine-like psychostimulants with respect to  

stimulating TAAR1 heterologously expressed in vitro. 
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Figure 4. Biosynthesis of Trace Amines from Amino Acid Precursors. 
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Figure 4. 
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     Amine metabolism occurs primarily by monoamine oxidases A and B (MAO-A, 

MAO-B). PEA is selectively acted upon by MAO-B while NE and 5-HT are 

substrates for MAO-A and DA is a substrate at both (Yang and Neff, 1974). Levels of 

TAs are increased subsequent to the inhibition of MAO or in knockout mice lacking 

MAO (Holschneider et al., 2001).  

     It has been proposed that the TAs may serve as endogenous antidepressant agents 

(Sabelli et al., 1996) contributing to alertness and behavioral activity. Others have 

suggested their dysregulation might contribute to the etiology of depression and 

mania. PEA closely resembles AMPH and in animals does produce AMPH-like 

effects by inducing the neuronal release of DA in the midbrain (Sandler and 

Reynolds, 1976; Baud et al., 1985; Janssen et al., 1999; Ballesteros et al., 2001). The 

TAs PEA and p-TYR are considered to be “amphetamine-like substances” since they 

both can increase extracellular levels of DA by an exchange mechanism mediated by 

the dopamine transporter (DAT) (see below) (Geracitano et al., 2006). However, it 

requires much less AMPH to produce behavioral effects similar to those due to high 

doses of PEA and p-TYR. The basis for this discrepancy has been shown to be the 

alpha methyl group, characteristic of the AMPHs, that renders these compounds poor 

MAO substrates (Sabelli, 2002)  

 

Drugs of abuse: METH and AMPH, and known mechanisms of action 

Normal controls given AMPH can develop psychotic behavior indistinguishable 

from that of paranoid schizophrenics (Griffith et al., 1972). METH and AMPH elicit 

their effects by causing the release of DA, NE, and 5HT from neurons into midbrain 
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and cortical synapses. There are three pathways by which AMPH and METH are 

known to stimulate the release of DA: reverse transport via the dopamine transporter, 

reverse transport via the vesicular monoamine transporter (VMAT), and competitive 

inhibition of MAO-A and MAO-B. These routes to increased DA tone are indirect.  

At the dopamine transporter AMPH acts is a substrate that is more preferentially 

bound than DA thus inhibiting DA reuptake. AMPH is transported into the cell and 

reverses the direction of neurotransmitter transport, causing DA to flow from the 

cytoplasmic side of the cell (Rutledge, 1970; Parker and Cubeddu, 1988; Schmitz et 

al., 2001). This mechanism is referred to as “accelerated exchange diffusion” but the 

exact details at the molecular level are not yet fully understood (Liang and Rutledge, 

1982). Another effect of AMPH on DAT is to promote its cellular internalization 

(Kahlig et al., 2004).   

AMPH also acts at synaptic vesicles that store DA and NE causing these 

molecules to leak into the cytoplasm (Sulzer et al., 1995). The proposed mechanism 

for this redistribution is thought to be the collapse of the proton gradient that 

maintains the concentration of neurotransmitters in the vesicles (Smith and Davis, 

1977).  

Finally, AMPH is known to inhibit MAO-A and MAO-B resulting in decreased 

breakdown of the catecholamine neurotransmitters and hence higher cytoplasmic 

concentrations (Leitz and Stefano, 1971).  

 
Association of TAARs with mood disorders 
   

Recent studies have reported an association of the human TAAR6 gene with 

susceptibility to schizophrenia and bipolar disorder (Duan et al., 2004; Abou Jamra et 
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al., 2005; Pae et al., 2008) . This association is somewhat controversial because 

another study involving a Swedish population found no association between TAAR6 

and bipolar disorder (Venken et al., 2005). This discrepancy may be due to genetic 

isolation in the populations sampled. 

 Initial mRNA evidence in the human CNS indicates that TAAR1 message is 

detectabe in the amygdala and in trace amounts in the dorsal root ganglia, 

hippocampus, hypothalamus, and the pituitary (Borowsky et al., 2001). More recent 

work involving rhesus monkey brain has provided evidence that TAAR1 mRNA and 

protein are expressed in the substantia nigra, nucleus accumbens, raphe nucleus, locus 

coeruleus, and amygdala (Xie et al., 2007). 

 TAs and TAARs may be involved in the etiology of some depression (Davis and 

Boulton, 1994) attention deficit hyperactivity disorder (ADHD) (Seeman and Madras, 

1998; Kusaga, 2002; Kusaga et al., 2002), migraine headaches (Merikangas et al., 

1995; Millichap and Yee, 2003), bipolar disorder (Pae et al., 2008), and Parkinsons 

Disease (Zhou et al., 1997; Zhou et al., 2001). Decreased levels of PEA in the brain 

have been proposed to be a contributing factor to the development and maintenance 

of depression (Sabelli and Mosnaim, 1974). In some early studies it was reported that 

urinary excretion of PEA is lower for depressed patients compared to control 

subjects. Interestingly, elevated urinary excretion of PEA was reported in 

schizophrenics (Shirkande et al., 1995). Urinary PEA and plasma levels of p-TYR 

were lower in children with ADHD compared to a control group (Baker et al., 1991). 

Plasma levels of TYR, OCT, and synephrine were higher in subjects with headaches 

compared to controls (D'Andrea et al., 2004). Plasma PEA concentrations in 
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Parkinson’s Disease patients were significantly lower compared to those of a control 

group (Zhou et al., 2001). 

 

Stereoselectivity of Methamphetamine and Amphetamine 

AMPH and METH exist as two stereoisomers and at both the behavioral and 

molecular levels a preference for one over the other is seen in animal and human 

subjects. In humans S(+) amphetamine is the more potent psychostimulant with 

greater abuse potential than R(-) amphetamine (Bunney et al., 1975; Cho AK, 1994).  

In separate human studies involving depressed patients and normal subjects 

S(+)AMPH is more than twice as effective in producing activation and antidepressant 

effects (Van Kammen and Murphy, 1975; Smith and Davis, 1977). Studies in rat 

caudate synaptosomes as well as in cell lines heterologously expressing DAT show 

that the S(+) isomers of METH and AMPH are more potent than the R(-) isomers at 

inhibiting neurotransmitter uptake by DAT (Giros et al., 1994; Eshleman et al., 1999; 

Rothman et al., 2001).  

A recently published study reported the pharmacokinetics of AMPH and METH 

stereoisomers in humans (Mendelson et al., 2006). They found following 

intravenously applied S(+) or R(-)AMPH the mean plasma concentration vs. time for 

S(+) AMPH is greater than for R(-)AMPH. However, for METH’s two enantiomers 

there was no significant difference in the drug concentration over time. 

 If TAAR1 is indeed an important site of action for AMPH and METH we predict 

the stereoselectivity of TAAR1 to match the behavioral and molecular 

stereospecificity of amphetamines.  My results presented in Chapters 2 and 4 
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demonstrate that hTAAR1 does in fact display a preference for the S(+)enantiomer  

of  AMPH and METH. 

In summary, my data supports the interpretation that hTAAR1 is likely to be 

activated by AMPH-like substances in vivo and may play a vital role in the 

development and maintenance of psychostimulant drug use. In addition TARR1 may 

contribute to the etiology of some psychiatric disorders. This likelihood is 

underscored given that the receptor is potently activated by AMPH and METH, it 

appears to be located in regions of the brain thought to be involved in these disorders, 

and that TAs produce amphetamine-like effects on DAT. Therefore, taken together, 

these observations suggest that TAAR1 is a promising target for developing novel 

anit-METH agents and potentially for novel therapeutics to improve treatments for 

some mental disorders. 
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Abstract     
 
     The synthetic amines methamphetamine (METH), amphetamine (AMPH), and 

their metabolite para-hydroxyamphetamine (POHA) are chemically and structurally 

related to the catecholamine neurotransmitters and a small group of endogenous 

biogenic amines collectively referred to as the trace amines (TAs). Recently it was 

reported that METH, AMPH, POHA, and the TAs para-tyramine (TYR) and β-

phenylethylamine (PEA) concentration-dependently stimulate cAMP production at 

rat trace amine-associated receptor 1 (rTAAR1) heterologously expressed in human 

embryonic kidney (HEK-293) cells expressing rat Trace Amine-Associated Receptor 

1 (rTAAR1).  The discovery that METH and AMPH activate the rTAAR1 motivated 

us to study the effect of these drugs on the mouse TAAR1 (mTAAR1) and a human-

rat chimera (h-rChTAAR1). Furthermore, since S(+) isomers of METH and AMPH 

are reported to be more potent and efficacious in vivo than R(-), we  determined the 

enantiomeric selectivity for these drugs at of all three species of TAAR1. In response 

to METH, AMPH, or POHA exposure, the accumulation of cAMP by HEK-293 cells 

that  stably heterologously expressinged different species of TAAR1 was 

concentration- and isomer-dependent. EC50s for S(+)-  METH were 0.89 μM, 0.92 

μM, and 4.44 μM for rTAAR1, mTAAR1, and h-rChTAAR1, respectively. PEA was 

a potent and full agonist at each species of TAAR1 while TYR was a full agonist for 

the rodent TAAR1s but was a partial agonist at h-rChTAAR1. Interestingly, both 

isomers of METH were full agonists at mTAAR1 and h-rChTAAR1 while both were 

partial agonists at rTAAR1. Taken together these in vitro results suggest indicate that, 

in vivtro, rTAAR1 1, mTAAR1, and h-rChTAAR1 are cstereoselectively activated by 
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METH, AMPH, and POHA suggesting TAARs ould represent be a novelther  

mediator of system through which these drugs’ effects are mediated.  

 
 

Introduction   

     Methamphetamine (METH) and its congener amphetamine (AMPH) are potent 

psychostimulants that can lead to abuse and often to addiction. METH, AMPH, and 

the monoamine neurotransmitters dopamine (DA) and norepinephrine (NE) share a 

similar chemical structure with the endogenous trace amines (TAs) β-

phenylethylamine (PEA) and para-tyramine (TYR).  In invertebrates the trace amines 

TAs octopamine (OCT) and TYR are bona fide neurotransmitters that act to modulate 

metabolism and skeletal muscles (Axelrod and Saavedra, 1977; Roeder, 2005) but the 

role of trace amines TAs in mammalian physiology is unclear. Some evidence 

suggests that decreased levels of TYR, OCT, and PEA are found in patients with 

clinical depression and elevated levels of PEA exist in patients with schizophrenia 

(Sandler et al., 1979; Davis and Boulton, 1994). 

     In the early 1930’s AMPH was marketed as both a decongestant and a bronchial 

dilator. However, its ability to promote wakefulness and vigilance was utilized to 

treat narcolepsy (Prinzmetal, 1935).  Soon thereafter a study demonstrated that 

administration of Benzedrine (racemic dl-AMPH) could improve the academic 

performance of children with behavior disorders (Bradley, 1937). This laid the 

foundation for the use of psychostimulants in the treatment of attention-deficit 

hyperactivity disorder (ADHD). Clinically both AMPH and METH (Anglin et al., 

2000)  have been used as anorectic agents for controlling obesity. 
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     The few medically recognized therapeutic benefits of METH or AMPH 

consumption are derived from low dose exposure over time.  In contrast, rapidly 

administered high doses of either drug produce short-lived feelings of intense elation 

or euphoria, stimulated libido, enhanced self-confidence, heightened motivation, and 

increased initiative resulting in a significant potential for abuse. Due to the 

development of tolerance, long-term users of METH and AMPH can eventually resort 

to taking gram quantities per day (Derlet et al., 1989). Due to the high bioavailability 

and low protein binding characteristics of METH and AMPH (Drummer, 2001) peak 

free drug in human blood can reach high micromolar to low millimolar concentrations 

(Logan et al., 1998) often resulting in death from hyperthermia or stroke. Other 

adverse health consequences include violent mood swings, aggressive behavior, 

anxiety, confusion, psychotic ideation, paranoia, delusions, hallucinations, and 

convulsions. In rodents a single high dose of METH or AMPH is reported to cause 

neurotoxic effects on DA and serotonin (5HT) producing neurons (Metzger et al., 

2000; Jeng, 2006). Presently there is no known antidote for METH or AMPH 

overdose or pharmacotherapy for dependence. 

     Currently the molecular mechanisms by which METH and AMPH are thought to 

alter the distribution of DA, NE, and 5HT levels in the central nervous system (CNS) 

include interfering with reuptake by monoamine transporters reuptake, vesicular 

storage, and inhibition of deamination by monoamine oxidase (MAO) (Sulzer et al., 

2005; Partilla et al., 2006). 

     Discovery of the novel rat G protein-coupled receptor (GPCR) (Borowsky et al., 

2001; Bunzow et al., 2001), now referred to as rat Trace Amine-Associated Receptor 
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1 (rTAAR1) (Lindemann et al., 2005), and the demonstration that it is functionally 

activated by PEA and TYR led Bunzow et al. (Bunzow et al., 2001) to test synthetic 

amines structurally related to PEA and TYR, such as METH, AMPH, and their 

metabolite para-hydroxyamphetamine (POHA), and METHpara-

hydroxyamphetamine (POHA). Human embryonic kidney (HEK) cells stably 

expressing rTAAR1 and exposed to AMPH or METH responded by elevating their 

cAMP content in a concentration-dependent and saturable manner.  EC50, the 

effective concentration of an agonist that produces half the maximum effect, is often 

used as a measure of potency. Although the R(-) and S(+) enantiomers of AMPH 

have approximately equivalent potencies with respect to stimulating cAMP 

production (EC50s in the 300-800 nM range) in HEK-293 cells expressing rTAAR1, 

R(-)-AMPH is 30% less efficacious. (Bunzow et al., 2001).  

     Forensic pharmacokinetic data for METH and AMPH indicate that human METH 

abusers addicts taking grams of drug per day can achieve and survive steady state 

blood levels exceeding 10 several mg/L (e.g. 2 mg/L = 13 μM;) (Baselt, 2002; Peters 

et al., 2003). Here we report lower concentrations evoke responses of HEK-293 cells 

heterologously expressing recombinant rat, mouse, or the chimeric human TAAR1 

(see Methods) to the stereoisomers of METH, AMPH, and POHAMETH. Moreover, 

we used the in vitro functional assay of cAMP accumulation to establish the 

steroselectivity of these drugs for all three species of TAAR1 from each species for 

these compounds in terms of potency and efficacy. While there is as yet no 

publication documenting in vivo TAAR1 activation, the results of this study 

unequivocally demonstrate that amphetamines are sufficiently potent to activate 
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TAAR1s in vitro and raise the possibility that TAAR1 may be activated in chronic 

abusers of amphetamines. 

 

 
 
 
 

Methods 

 
Cloning and Plasmids for rat, mouse, and human chimeric TAAR1 
 
Cloning of the rat TAAR1 was described previously (Bunzow et al., 2001). Due to 

difficulties associated with stably expressing the wild-type human TAAR1 in a cell 

line, modifications were made to the hTAAR1 sequence (Lindemann et al., 2005) that 

replaced short, selected regions with rat TAAR1 sequences. Briefly, stretches of 

nucleotide sequence coding for the N-terminus (residues 1-20), C-terminus (residues 

305-340), and third intracellular loop (residues 204-258) of the human TAAR1 were 

replaced with the corresponding rat sequences while retaining all of the 

transmembrane domains from the human TAAR1. In addition, the hemaglutinin virus 

sequence immediately followed by an M1 FLAG epitope was added to the N-

terminus of this chimeric sequence as previously described (Lindemann et al., 2005). 

The human-rat TAAR1 chimera (h-rChTAAR1) expression vector was constructed 

by inserting the chimeric TAAR1 coding sequence into the expression vector 

pcDNA3.1/V5/His-TOPO Invitrogen (Carlsbad, CA). The resulting chimera was then 

stably expressed in HEK-293 cells.  A line of HEK-293 cells stably expressing the 

human-rat chimera receptor was established by picking colonies from cells grown 

under G418 sulfate (geneticin), Gibco-Invitrogen (Grand Island, NY) selection. 
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Plasmids containing the TAAR1 genes for the wild-type rat or mouse were 

constructed using the same expression vector. The mouse and human TAAR1 were 

cloned from genomic DNA. The receptor sequences are reported in Acc. No. 

AY702315 and AF380186 for rTAAR1; Acc. No. AF380187 for mTAAR1; and Acc. 

No. AF200627 and AF380185 for hTAAR1. As a control for endogenous receptor 

expression and possible expression vector-specific effects the response of G418 

(Ggeneticin)-resistant HEK-293 cells harboring the empty expression vector to each 

drug treatment was monitored in parallel with receptor-expressing cells. Cells stably 

expressing just the empty vector produced no cAMP accumulation in response to any 

drug treatments above the endogenous background level.   

 
Tissue culture and cAMP binding assay  
 
Stably-transfected HEK-293 cells were grown and maintained in Dulbecco’s 

Modified Eagle Medium (DMEM) GIBCO-Invitrogen (Grand Island, NY) plus 10% 

fetal bovine serum media at 37oC with 5.1% CO2. Cells were grown to approximately 

80% confluence, rinsed, and harvested in Krebs-Ringer-HEPES buffer (KRH) which 

consisted of  freshly mixed NaCl (140mM), KCl (5mM), CaCl2 (2mM), MgSO4 

(1.2mM), KH2PO4 (1.2mM) glucose (6mM) HEPES (25mM) at pH7.4. Cells were 

pre-treated with 200 μM 3-isobutyl-1-methyl-xanthine (IBMX), an inhibitor of 

phosphodiesterase. KRH buffer (200 μL) to which was added 4μL of drug compound 

at 100x final concentration or forskolin at 10μM was then combined with 200 μL of 

the IBMX-treated cell suspension. Cells were incubated for 1 hr at 37oC in a water 

bath, then lysed by adding 400 μL of 0.5 mM Na acetate, briefly vortexed, and 

incubated at 100oC for 20 minutes. Cell lysate debris was pelleted by centrifugation 
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and 200 μL of supernatant were transferred to labeled tubes. To each sample was 

added 200 μL of ice cold Tris ethylenediaminetetraacetic acid (EDTA) followed by 

100 μL of  [3H] cAMP and 100 μL of  DPC’s (Diagnostic Products Corp., Los 

Angeles, CA) cAMP binding protein.  After brief mixing, tubes were incubated at 0oC 

for at least 90 minutes when 500 μL of freshly prepared charcoal dextran was then 

added to all tubes. These tubes were vortexed and incubated for 10 minutes at 0oC, 

centrifuged for another 10 minutes at 4oC, and then 800 μl of supernatant from each 

tube was added to vials containing ScintiSafe 30% liquid scintillation fluid (Fisher 

Scientific, Fair Lawn, NJ), shaken and counted for 5 minutes.  Data were normalized 

according to protein content which was determined using a Bradford Protein Assay 

reagent (Bio-Rad Laboratories, Inc. Hercules, CA).  Concentration response values 

were calculated using Excel (Microsoft, Redmond, WA). Non-linear sigmoidal 

concentration-response curves were fitted to the data and plotted and EC50 values 

were calculated using Prism software (GraphPad, San Diego, CA). 

     PEA, TYR, or the S(+)- or R(-)-enantiomers of AMPH, POHA, or METH were 

applied to HEK-293 cells stably expressing rTAAR1 and the induced cAMP level 

was measured. Identical experiments were conducted using the mouse TAAR1 

(mTAAR1) and the human-rat TAAR1 chimera (h-rChTAAR1). For any given 

experiment all cells were harvested from the same tissue culture and the reactions 

were carried out employing the same freshly made KRH buffer for all drugs used in a 

given experiment.  Experiments were repeated n times (n = 3 to 8). The average and 

standard error of the mean (SEM) of the induced cAMP production by test 

compounds were normalized to the maximum level produced in response to PEA in 
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the same experiment. At each concentration of applied drug the average and SEM of 

cAMP accumulation from n experiments was calculated. These average and SEM 

values from multiple experiments were plotted as a function of the concentration of 

the drug applied and a non-linear sigmoidal curve was fit to the averages using 

GraphPad PRISM software. While the Hill coefficient was allowed to be variable 

rather than fixed, the fitted coefficients did not differ significantly from 1. The 

goodness of fit, as measured by R2, was typically 0.98 to 0.99 or greater. 

 
Flow Cytometry  

HEK-293 cells heterologously and stably expressing the rTAAR1, mTAAR1, h-

rChTAAR1, or empty expression vector, were grown to 80% confluence and then 

harvested by gentle scraping from the plate in Krebs Ringer physiological buffer 

(KRH). The cells were washed twice in KRH buffer and then pre-hybridized in KRH 

buffer plus 1% BSA for 30 min at 37 oC.  The cells were then exposed to different 

dilutions of the anti-FLAG M1 monoclonal antibody that had been conjugated to the 

fluorescent dye Alexa 488 (0.2 ug/ml) for 1 hour at 4oC.  The cells were then washed 

three times and re-suspended in KRH + 1% BSA. Propidium iodide was added to 

stain dead cells which were then gated out when analysed on a Becton-Dickinson 

Flow Cytometer.  The live cell fraction was analyzed and the geometric mean of 

fluorescence intensity for 10,000 cells, adjusted for controls,  was then used to 

quantify the relative number of receptors expressed on the TAAR cell surface. 

 
Drug Compounds 
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The S(+)- and R(-)-POHA-HBr were kindly provided by the National Institute on 

Drug Abuse Drug Supply System (Bethesda, MD). The S(+)- and R(-)-AMPH-sulfate 

and the S(+)- and R(-)-METH-HCl and all other compounds were purchased from 

(Sigma-Aldrich Corp. St. Louis, MO).  While S and R refer to the absolute 

configurations of the enantiomers, (+) and (-) respectively denote the clockwise 

(dextro, d) and counterclockwise (levo, l) rotation of polarized light through a 

solution of the compound. Drugs were dissolved in water, diluted to 100x final 

concentration, stored at -20OC, and prior to each experiment thawed and vortexed. 

 

Statistical analysis 

Calculated values of cAMP production were performed using Excel (Microsoft Corp. 

Redmond, WA) based on standard curves generated from known concentrations of 

cAMP supplied with the kit purchased from DPC (Diagnostic Products Corp., Los 

Angeles, CA) and processed according to the manufacturer’s instructions. Absolute 

values of cAMP accumulation per mg of protein for each experiment were also 

normalized to the maximum level of cAMP produced in response to PEA for that 

experiment. The means and the standard error of the mean (SEM) for each 

concentration of all the applied agonists were calculated using Excel. Tables of 

cAMP mean and SEM values and concentrations of applied agonists were copied into 

the PRISM4 graphics and statistics software program (GraphPad Software Inc., San 

Diego, CA).  The means and SEMs were graphed using PRISM and sigmoidal curves 

were generated that fit the data.  EC50 values and 95% confidence levels were 

calculated.   Differences between two treatments were tested for significance using 



 38

the two-tailed t-test. Differences between three treatments were tested by ANOVA 

with a Tukey’s post test for significance. Differences were considered significant 

when * p <  0.05, ** p <  0.01, and  *** p <  0.001. 

 
 
 

Results 

 
     The synthetic psychostimulants METH and AMPH and METH share the 

phenylethylamine structure with the TAs PEA, TYR, and OCT, as well as with the 

catecholamine neurotransmitters DA, NE, and epinephrine (Fig. 1). The alpha carbon 

of AMPH METH and METH AMPH is methylated thus making possible the 

existence of two stereoisomers.   

     Consistent with the observation of Bunzow et al. (Bunzow et al., 2001), G418-

resistant HEK-293 cells transfected with the empty expression vector did not produce 

cAMP above background levels when treated with PEA, TYR, AMPH, METH or 

POHA (data not shown). However, exposing cells stably expressing recombinant 

rTAAR1 to PEA or TYR over a range of concentrations, from 3.3 nM to 1 mM, 

resulted in concentration-dependent increases in cAMP accumulation that saturated 

between 10-5M to 10-3M. PEA and TYR also concentration-dependently stimulated 

cAMP accumulation in cells stably expressing recombinant mTAAR1 or h-

rChTAAR1 (Table 1). Plotted together, the concentration-response curves for PEA of 

all three species of TAAR1 overlap with EC50 values between 0.4 μM - 0.6 μM; Fig. 

2A and Table 1). In contrast, each species of TAAR1 displayed a unique TYR 

concentration-response profile (Fig. 2B; Table 1). TYR was as efficacious (~99% 
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PEAmax) but more potent (EC50 = 80 nM) than PEA (EC50 = 380 nM) in stimulating 

cAMP accumulation by cells stably expressing rTAAR1 (Fig. 2B; Table 2). In cells 

expressing either the mouse or chimeric TAAR1 TYR was able to achieve ~90% of 

PEA’s maximal effect (Fig. 2B; Table 2) with EC50s that were 690 nM and 2.26 μM, 

respectively (Table 1).  

     Although some reports show normalization of concentration-response data to 

forskolin, a direct stimulator of adenylyl cyclase, we chose to normalize all 

subsequent drug-response data to PEA’s maximum effect (PEAmax) since it acts as a 

full and equipotent agonist at all three species of heterologously expressed TAAR1s, 

stimulating cAMP accumulation concentration-dependently and in a saturable 

manner. 

     Many GPCRs, such as opioid receptors, display stereoselectivity for their cognate 

ligands.  Furthermore, some of the behavioral literature indicates that the S(+) -isomer 

of AMPH is more potent and efficacious than the R(-) in eliciting locomotor 

activation in rodents (Angrist et al., 1971) and in producing activation and 

antidepressant effects in humans (Smith and Davis, 1977). Consequently, it was of 

interest to determine whether the different species of TAAR1 display preferences for 

either isomer of METH, AMPH, or POHA.  

     In agreement with Bunzow et al. (Bunzow et al., 2001) the EC50 of the R(-) isomer 

of AMPH appeared to be slightly lower, and statistically different (p=0.0152) than the 

EC50 of the S(+) isomer at stimulating cAMP in cells stably expressing rTAAR1 

(Table 1). However, relative to PEA the S(+)-AMPH isomer was a full agonist while 

the R(-) AMPH was a 30% less efficacious partial agonist (Fig. 3A; Table 2). When 
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HEK-293 cells stably expressing mTAAR1 were exposed to AMPH both isomers 

were found to be nearly full agonists (~895% PEAmax; Table 2) but displayed an order 

of magnitude difference in potencies (p<0.0001) as measured by EC50: S(+)-AMPH 

displayed an average EC50 of 210 nM compared to 4.96 μM for R(-)-AMPH (Fig. 3B; 

Table 1). In cells stably expressing the h-rChTAAR S(+)-AMPH was not only 

significantly more potent than R(-)-AMPH (EC50=1.12 μM vs. 3.09 μM with 

p<0.0001) with respect to stimulating the accumulation of cAMP (Fig. 3C; Table 1) 

but it was also a full agonist (Table 2).  

     An identical analysis was performed using the S(+) and R(-)- isomers of METH. 

When either S(+)-METH or R(-)-METH was applied to cells in culture expressing the 

recombinant rTAAR1 both isomers concentration-dependently stimulated cAMP 

production until a maximum accumulation was reached at drug concentrations of 10-4 

M and higher (Fig. 3D). Both isomers of METH had similar EC50s (~890 nM to 

1.19uM; Table 1) but different efficacies with S(+)-METH appearing more 

efficacious than R(-)-METH (~86% PEAmax vs. ~75% but with a non-significant p-

value of 0.1191). Plotting the cAMP accumulation data collected from mTAAR1-

expressing cells following treatment with either S(+)- or R(-)-METH (Fig. 3E) 

revealed that, as with AMPH, the S(+)  and R(-) isomers were equally efficacious full 

agonists achieving ~92% and 91% of PEAmax, respectively (Table 2) but that the S(+) 

isomer was significantly more potent (EC50 of S(+)-METH = 920 nM vs. 2.44 μM for 

R(-)-METH, p<0.0001, Table 1). When the cAMP accumulation following incubation 

with a range of METH concentrations was determined and plotted for cells stably 

expressing the h-rCh TAAR1, both S(+)-METH and (R-)-METH were full agonists 
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with S(+)-METH about twice as potent as its R(-)-enantiomer (Fig. 3F) with an EC50 

value 4.44 μM compared to 9.83 μM (p=0.002, Table 1). Of the compounds 

evaluated in this study, both isomers of METH and PEA appeared to be the most 

efficacious in terms of activating h-rChTAAR1, (Table 2). 

     The para-hydroxylated form of AMPH (POHA), also known as 4-

hydroxyamphetamine, is a major metabolite of both AMPH and METH (Law and 

Moody, 2000; Kanamori et al., 2005). Produced by the cytochrome P450 

detoxification system, POHA is reported to have biological effects of its own 

(Kaminskas et al., 2002). Following up on the observation reported by Bunzow et al. 

(Bunzow et al., 2001) that a racemic mix of POHA concentration-dependently 

stimulates cAMP production in cells expressing rTAAR1, the present study examined 

the ability of each isomer to stimulate cAMP accumulation in each of the three 

TAAR1-expressing cell lines. Over the concentration range examined, unfortunately 

limited due to unavailability of both POHA enantiomers, rTAAR1-expressing HEK-

293 cells responded to both isoforms (Fig. 3G), however, R(-)-POHA displayed a 

higher, but not significant (p=0.1105), potency than S(+)-POHA (EC50 of 60 nM vs. 

190 nM; Table 1).  In spite of R(-)-POHA’s greater potency the S(+) enantiomer 

stimulated ~20% more cAMP accumulation than PEA (119% vs. 100%, Table 2) and 

almost 30% more of an effect than R(-)-POHA (p = 0.0251; Table 2). Although cells 

expressing mTAAR1 also responded concentration-dependently to both isomers of 

POHA with an increase in cAMP accumulation (Fig. 3H), S(+)-POHA, with an EC50 

value of 280 nM (Table 1), appeared to be over an order of magnitude more potent 

than the R(-)isomer. Since the effect of R(-)-POHA did not saturate at the highest 
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drug concentration attainable, an approximate EC50 value of 5.65 μM was calculated 

(Table 1). By comparison, the response of cells expressing the h-rChTAAR1 revealed 

both isomers of POHA to be weak agonists (Fig. 3I) and S(+)-POHA appeared to be 

more potent than R(-)-POHA.  

     To facilitate the visualization of all 3 species of receptor in terms of their 

stereoselectivity, the data presented in Fig. 3 was re-plotted so that the accumulation 

of cAMP could be easily viewed as a function of isomer and species of TAAR1 (Fig. 

4).  From this representation of the data several observations can be made. First, in 

general the 3 receptors responded in similar ways to the S(+)- and R(-)-isomers of all 

compounds tested with the exception of POHA (Fig. 4C & F).  Over the limited range 

of POHA concentrations evaluated, each species of TAAR1 responded in a unique 

and characteristic way. Cells that expressed either of the rodent TAAR1s responded 

to low nM concentrations (EC50 rTAAR1=190 nM; EC50 mTAAR1=280 nM) of POHA’s 

S(+)-isomer. This isomer also exhibited full agonism at rTAAR1 (~119% PEAmax) 

compared to mTAAR1 (~87% PEAmax), as previously noted (Fig.3G and Fig. 4C). In 

contrast, cells expressing the h-rChTAAR1 only responded at much higher 

concentrations of S(+)-POHA. Interestingly, cells expressing mTAAR1 appeared 

relatively insensitive to R(-)-POHA responding in a manner similar to cells harboring 

h-rChTAAR1. In contrast cells expressing rTAAR1 responded to R(-)-POHA by 

achieving ~91% PEAmax with the lowest EC50 of any compound studied (EC50 

rTAAR1=60 nM).  

     This display of the data also revealed that the S(+)-AMPH (Fig. 4A) appeared 

more potent in stimulating cAMP accumulation in HEK-293 cells expressing 
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mTAAR1 (EC50 mTAAR1=210 nM) than either rTAAR1- (EC50 rTAAR1=810 nm) or h-

rChTAAR1-expressing cells (EC50 h-rChTAAR1=1.12 μM) but appeared less efficacious 

(~89% PEAmax) in producing cAMP than in cells expressing rTAAR1 (~105% 

PEAmax). Cells expressing either rodent TAAR1 also appeared more sensitive to the 

stimulating effects of (+)-METH (Fig. 4B; avg. EC50 rodentTAAR1= ~905 nM) than cells 

expressing the h-rChTAAR1 (EC50h-rChTAAR1=4.44 μM). Interestingly, while R(-)-

AMPH (Fig. 4D) appeared significantly more potent in stimulating rTAAR1-

expressing HEK-293 cells than cells expressing either mTAAR1 or h-rChTAAR1 

(EC50=290 nM vs. 4.96 μM and 3.09 μM, respectively), the difference in efficacy 

appeared less (~68% of PEAmax) compared to h-rChTAAR1 (~78% PEAmax) or 

mTAAR1 (~91% PEAmax). R(-)-METH (Fig. 4E) was least potent at h-rTAAR1 

(EC50=9.83 μM) compared to either rodent TAAR1 (EC50 mTAAR1=2.44 μM vs. EC50 

rTAAR1= 1.19 uM) but was a full agonist and as efficacious in stimulating h-

rChTAAR1 (~91% PEAmax) as mTAAR1 (~91% PEAmax) compared to rTAAR1 

(~75% PEAmax). 

     Since it has been shown that the level of receptor and G-protein expression can 

influence potency and efficacy, a saturation-binding assay would have been useful to 

experimentally determine the total number of receptors per mg of protein per cell line. 

Unfortunately, a viable binding assay is not currently available due to the lack of a 

labeled ligand with high affinity for the TAAR1 receptor and low non-specific 

binding. Consequently, the relative amounts of cell surface TAAR1 receptor protein 

expression levels in the three different cell lines were estimated by flow cytometry. 

Fluorescence measurements were taken of samples containing samples containing 
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HEK- 293 cells that expressed vector alone or epitope-tagged and fluorescent anti-

FLAG M1 antibody- labeled mTAAR1, rTAAR1, or h-rChTAAR1. Analysis of the 

fluorescence corresponding to rmTAAR1 and mrTAAR1 normalized to the 

fluorescence of h-rChh-rChTAAR1, which had the least number of receptors, gave 

relative cell surface receptor expression levels of approximately 2.8 : 1.25: 1, 125% 

and 284% (data not shown).  

     Since surface receptor densities and possibly G-protein densities may be different 

for cell lines expressing different species of the TAAR1, the above comparisons need 

to be considered cautiously.  
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Figures and figure legends 

Figure 1. Chemical structures of the trace amines β-phenylethylamine, para-tyramine, 

and octopamine as well as amphetamine compounds S(+)- and R(-)-Amphetamine, 

S(+)- and R(-)-para-OH-Amphetamine, and S(+)- and R(-)-Methamphetamine and 

the neurotransmitters dopamine, norepinephrine, and epinephrine. 
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Figure 2.  Normalized cAMP response to PEA. Data shown are the increases of 

cAMP production in response to drug treatments compared with the baseline response 

to treatment by vehicle alone. Data are the percentage of the response at each 

concentration normalized to the maximum level of cAMP induced by PEA. (A) 

superimposed concentration-dependent responses of rat( ), mouse( ), and human-

rat chimera TAAR1 ( ) to PEA. (B) concentration-response curves for rat( ), 

mouse( ), and human-rat chimera TAAR1 ( ) expressing HEK-293 cells for 

stimulation by TYR. Concentrations of applied drug compounds along the X-axis are 

given in units of log M where M is molarity. Cells stably expressing the empty 

expression vector and selected by G418 produced no cAMP accumulation in response 

to drug treatments beyond the endogenous background level.   
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Figure 2. 

 

 

 



 49

Figure 3.  Concentration-dependent stimulation of cAMP accumulation in response to 

both isomers of AMPH or METH, or POHA in HEK-293 cells stably expressing 

recombinant rat-, mouse-, or the human-rat chimera h-rCh-TAAR1.  cAMP response 

of HEK-293 cells stably expressing (A) rTAAR1 treated by  S(+)-AMPH ( ) and  

R(-)-AMPH (Ο), (B) mTAAR1 treated by S(+)-AMPH ( ) and R(-)-AMPH ( ), 

(C) h-rChTAAR1 treated by S(+)-AMPH ( ) and R(-)-AMPH ( ), (D) rTAAR1 

treated by S(+)-METH ( ) and R(-)-METH (Ο), (E) mTAAR1 treated by  S(+)-

METH ( ) and  R(-)- METH( ),  (F) h-rChTAAR1 treated by S(+)-METH ( ) and 

R(-)-METH ( ), (G) rTAAR1 treated by S(+)-POHA ( ) and R(-)-POHA (Ο), (H) 

mTAAR1 treated by S(+)-POHA ( ) and R(-)-POHA ( ), and (I) h-rChTAAR1 

treated by S(+)-POHA ( ) and R(-)-POHA ( ). Data are presented as a percentage 

of the maximal cAMP produced in response to PEA. Data shown are the mean ± 

S.E.M. from at least three experiments performed in duplicate.  Concentrations of 

applied drug compounds along the X- axis are given in units of log M where M is 

molarity. Statistical significance is indicated as * p < 0.05; ** p < 0.01; and *** p < 

0.001. Cells stably expressing the empty expression vector and selected by G418 

produced no cAMP accumulation in response to drug treatments beyond the 

endogenous background level.    
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Figure 3.  
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Figure 4.  Species-dependent comparison of the concentration-response cAMP 

accumulation in HEK-293 cells stably expressing recombinant r-, m-, and h-rCh-

TAAR1 in response to isomers of AMPH, METH, and POHA. Response in rat- ( ),  

mouse- ( ) and human-rat chimera-  ( ) expressing TAAR1 cells to (A)  S(+)- a.k.a. 

d-AMPH, (B) S(+)- METH,  and (C) S(+)- POHA. Response in rat- (Ο),  mouse- ( ) 

and human-rat chimera- ( ) expressing TAAR1 cells (D) to R(-) a.k.a. l-AMPH, (E) 

R(-)- METH, and (F) R(-)- POHA.  Data are presented as a percentage of the 

maximal cAMP produced in response to PEA. Data shown are the mean ± S.E.M. 

from at least three experiments performed in duplicate.  Concentrations of applied 

drug compounds along the X-axis are given in units of log M where M is molarity. 

Statistical significance is indicated as * p < 0.05; ** p < 0.01; and *** p < 0.001. 

Cells stably expressing the empty expression vector and selected by G418 produced 

no cAMP accumulation in response to drug treatments beyond the endogenous 

background level.   
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Figure 4. 
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Table 1.  Rank order of average EC50 
a values for cAMP accumulation in HEK-293 

cells stably expressing rTAAR1, mTAAR1, or the h-rChTAAR1 and exposed to the 

indicated compounds. 

 

a The EC50 is calculated from concentration-response curves and is the 

concentration of the applied compound that results in a response equal to half of the 

maximum response. 

b Statistical significance of the difference in EC50 values between two isomers is 

indicated by the p-value calculated from a two-tailed t-test. p-values relate to the 

comparison of EC50 values for enantiomeric pairs. 
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Table 1. 

 

  Rat     Mouse     
human-rat 

chimera     
Treatment EC50(95%CI) pb Rank EC50(95%CI) p Rank EC50(95%CI) p Rank

  (μM) value order (μM) value order (μM) value order
PEA 0.38(.18,.82)    5  0.56(.47,.67)   3 0.38(.31,.49)    1 
TYR 0.08(.06,.12)    2 0.69(.54,.88)    4  2.26(1.86,2.50)   3 

                 
S(+)AMPH 0.81(.41,1.64) 0.0152 6 0.21(.16,.28) <0.0001 1 1.12(.85,1.48) <0.0001 2 
R(-)AMPH 0.29(.18,.49)    4  4.96(4.32,5.69)   7  3.09(2.82,3.37)   4 

                 
S(+)METH 0.89(.69,1.14)  0.2347 7 0.92(.73,1.16) 0.0001 5 4.44(3.47,5.69)  0.002 5 
R(-)METH 1.19(.72,1.96)    8 2.44(1.77,3.36)   6 9.83(6.60,14.62)    8 

                 
S(+)POHA 0.19(.08,.43)  0.1105 3 0.28(.22,.35)  na  2  >5.42 not sat na  6 
R(-)POHA 0.06(.02,.26)    1 >5.65 not sat    8 >8.54 not sat    7 
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Table 2.  Efficacy ab of trace amines and isomers of amphetamine, 

methamphetamine, and para-hydroxy amphetamine. 

 

ab Efficacy is the maximum level of cAMP produced as a percentage of the 

maximum response to PEA (PEAmax). Table entries are calculated best-fit values of 

the top of the nonlinear sigmoidal curve used to model the concentration-response 

data. Statistical significance of the difference in efficacy between two isomers is 

indicated by the p-value calculated from a two-tailed t-test. 

bp-values relate to the comparison of values for enantiomeric pairs. Statistical 

significance is indicated as * p < 0.05; ** p < 0.01; and *** p < 0.001. 
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Table 2. 

  Rat   Mouse   
human-rat 

chimera   

Treatment %PEAmax (95% CI) p-valueb %PEAmax (95% CI) p-value %PEAmax (95% CI) p-value 
              

PEA 97.88 (86.54,109.2)   97.29 (94.23,100.4)   97.44 (93.51,101.4)   
TYR 98.71 (91.11,106.3)   90.67 (85.28,96.07)   87.88 (84.89,90.87)   

              
S(+)AMPH 105.5 (93.57,117.3) 0.0001 89.35 (85.92,92.78) 0.9890 90.95 (85.92,95.98) 0.2937 
R(-)AMPH 68.36 (62.8,73.93) *** 90.58 (87.68,93.47)   77.72 (76.11,79.34)   

              
S(+)METH 86.20 (81.99,90.41) 0.1191 91.76 (87.48,96.03) 0.9751 96.71 (91.16,102.3) 0.2034 
R(-)METH 75.05 (67.83,82.27)   91.33 (85.42,97.23)   91.55 (83.25,99.84)   

              
S(+)POHA 119 (94.12,143.8) 0.0251 87.42 (81.93,92.90) na 76.01 not sat na 
R(-)POHA 91.04 (70.73,111.3) * 74.79 not sat   43.20 not sat   
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Discussion   

     Here we have characterized the potency and efficacy of AMPH, METH, and 

POHA to stimulate the accumulation of cAMP in HEK-293 cells stably expressing 

recombinant TAAR1 sequences cloned from mouse and human sources, in addition to 

the previously described rTAAR1 (Bunzow et al., 2001). The chimeric receptor (h-

rChTAAR1) was engineered to overcome difficulties associated with stable in vitro 

expression of functional human TAAR1.  

In this study we normalized cAMP results to the maximum cAMP level 

produced in response to PEA, a convention also adopted by Wainscott et al. 

(Wainscott et al., 2006), since PEA is a full agonist for each species of TAAR1. The 

normalized concentration-response curves for PEA for each species were virtually 

coincident across all the applied concentrations.  

However,  

     rReceptor density and G-protein abundance density can both affect apparent 

agonist potency and efficacy in an in vitro assay (Kenakin and Morgan, 1989). Using 

a mathematical model it was shown that increasing concentrations of receptors cause 

an increase in both potency and efficacy (Kenakin and Morgan, 1989).  

Consequently, caution should needs to be observed whenever interpreting comparing 

results from comparisons obtained from two or more cell lines heterologously 

expressing different species of GPCRreceptor, that in all probability have different 

receptor densities, as in the present study where flow cytometry revealed that the 

rTAAR1-expressing HEK-293 cells expressed on average two to three times as many 

receptors on their surface as either the mTAAR1 or h-rChTAAR1. .      In this study 
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we normalized cAMP results to the maximum cAMP level produced in response to 

PEA, a convention also adopted by Wainscott et al. (Wainscott et al., 2006), since 

PEA is a full agonist for each species of TAAR1. The normalized concentration-

response curves for PEA for each species were virtually coincident across all the 

applied concentrations.  

      

     With the above caveat in mind our results demonstrated a species-specific 

response to the compounds tested. The TAs PEA and TYR concentration-dependently 

stimulated each species of TAAR1 stably and heterologously expressed in HEK-293 

cells (Fig. 2). In cells expressing the h-rChTAAR1 chimera, the most sensitive 

compound was PEA had the lowest rank order of potency and was a full agonist, 

which finding suggests that PEA it could be an endogenous ligand for TAAR1 ligand 

in humans.  

More than 30 years ago it was shown that an animal’s physiological and 

behavioral responses to S(+) isomers of AMPH and METH are more potent and 

efficacious than their optical antipodes at inducing motor hyperactivity (Angrist et al., 

1971; Segal, 1975). Although both isomers were full agonists at mTAAR1 and h-

rChTAAR1 (Table 2) the potencies potency of the S(+) isomers of METH and 

AMPH were significantly greater than the potenciesy of the R(-)-isomers (Table 1). 

In cells expressing rTAAR1 both enantiomers of METH were more approximately 

equipotent but only partial agonists in stimulating cAMP accumulation (Fig. 3).  

The stereoselectivity of mTAAR1 was especially apparent for the isomers of 

POHA. S(+)-POHA was apparently the more apparently potent of the two isomers 
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(Fig. 3H) given that the      R(-)POHA response did not reach a saturated 

maximumsaturate. For rTAAR1 expressing cells, the R(-)-isomers of AMPH and 

POHA showed significantly (p=0.0001 and 0.025 respectively) lower efficacy than 

than the S(+) forms in terms of stimulating cAMP accumulation (Fig. 3A, 3G). At the 

concentrations tested tThe h-rChTAAR1 was less responsive to POHA than either of 

the rodent receptors.  

The physiological and behavioral effects of AMPH and METH are generally 

accepted to be mediated by their actions as substrates for the dopamine, 

norepinephrine, and vesicular monoamine transporters. The main mechanism for the 

termination of monoamine neurotransmitter signaling is by reuptake of DA, NE, and 

5HT via the pre-synaptic plasma membrane transporters DAT, NET, and SERT. Once 

in the cytoplasm these neurotransmitters are either sequestered for reuse in storage 

vesicles via the vesicular monoamine transporter (VMAT2) or are inactivated by 

deamination by monoamine oxidase (MAO). This reuptake process is interfered with 

by compounds such as AMPH and METH that act as “substrate-type releasers” 

(Rothman and Baumann, 2006), which promote neurotransmitter release from 

synaptic storage vesicles into the cytoplasm and by reversing the direction of 

neurotransmitter flow through the transporter (Partilla et al., 2006).  

     Pharmacological data characterizing the inhibition of monoamine uptake and 

increased neurotransmitter release by various AMPHs was reported recently 

(Rothman et al., 2001). The EC50 of (+)- AMPH to release DA via DAT iwas 25nM, 

with Ki
uptake values in rat synaptosomes for this neurotransmitter of 34nM at the DAT, 
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concentrations approximately 20-3100 fold lower than the EC50 values we calculated 

for eliciting an in vitro functional response from rTAAR1 (0.8 υΜμM).  

Chronic psychostimulant METH abusers can typically consume gram quantities 

of AMPH or METH drug per day (Kramer et al., 1967).  

     Given its high bioavailability, low protein binding, and long half life, 

plasma concentrations of both drugs can reach into the high micromolar range 

(Baselt, 2002; Peters et al., 2003). Although tThe extracellular free concentration of 

METH around relevant human dopaminergic synapses presumably involved in 

producing desirable CNS effects is not known with certainty,relevant concentration 

for human CNS effects, the extracellular free concentration of AMPH or METH in 

the vicinity of dopaminergic synapses, is not known. iIn rats, however, rats the 

METH serum levels are typically one tenth what is found in brain concentration of 

METH in the brain is about an order of magnitude greater than in serum (Riviere et 

al., 2000).  

 If the in vivo response for TAAR1 to amphetamines is similar to our in vitro 

pharmacological data then for plasma concentrations of AMPH and Forensic 

evidence indicates that METH that cause intoxication in experienced METH users 

can typically achieve peak blood concentrations of 100 μM  (Baselt, 2002; Peters et 

al., 2003)., Both isomers of METH were full agonists of h-rChTAAR1 over a range 

of EC50s from 3.5 to ~15υΜμM, concentrations that can be often exceeded in the 

blood of human METH addicts (Derlet et al., 1989). If TAAR1s, whether expressed 

in the CNS or periphery, are exposed to such concentrations it is possible TAAR1 

receptors they could become functionally activated. 
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    The existence of receptors specific for TAs has revived interest in the possibility 

that the TAAR gene family could contribute importantly to human mental health, 

including an individual’s response to the psychostimulants METH and AMPH. 

However, in spite of considerable evidence collected over the years that is consistent 

with the involvement of TAs in the etiology of several adverse human health 

conditions including hypertension (Borowsky et al., 2001), migraine headache 

(D'Andrea G, 2006) schizophrenia (Yoshimoto et al., 1987), ADHD (Madras et al., 

2005), depression (Carter et al., 1980),  bipolar disorder (Abou Jamra et al., 2005) and 

stress (Paulos and Tessel, 1982), the biological functions of TAs in vertebrates have 

been difficult to demonstrate with any certainty. This is due in large measure to the 

difficulties associated with routinely achieving heterologous stable expression of 

functionally coupled members of this receptor family in tissue culture. A recent report 

using transient expression claims to have overcome this impediment (Liberles and 

Buck, 2006) and suggests that several members of the mTAAR receptor family, but 

not TAAR1, are expressed in mouse nasal epithelia where they respond to volatile 

amines present in mouse urine that may serve as social cues.  Studies involving 

TAAR1 knockout mice could aid efforts to identify physiological and behavioral 

effects of METH and AMPH that are TAAR1-mediated. 

The EC50 values calculated for the compounds examined in the present study 

(Table 1) are similar to those reported elsewhere (Bunzow et al., 2001; Lindemann et 

al., 2005; Miller et al., 2005; Lewin, 2006; Wainscott et al., 2006). For cells 

expressing rodent TAAR1s rTAAR1, both TYR and PEA were potent and full 

agonists the AMPH metabolite R(-)POHA had the highest potencies of the 
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compounds tested, supporting the interpretation that either one TYR is could be an 

potentially an endogenous TAAR1 ligand in rats.  

     The present study also revealed that different chemical and structural features of 

AMPH, METH, and POHA are important depending on the species of TAAR1.  The 

para-hydroxyl group on the benzene ring is a functional group that is important for 

activating rTAAR1 since compounds that contain it, TYR and POHA, displayed the 

highest potency and efficacy of the compounds tested (Table 1, Table 2).  For POHA, 

rTAAR1 had a strong concentration-response to both isomers, while for          

h-rChTAAR1 both isomers were weak stimulants, results similar to recent findings by 

Wainscott et al. who reported higher potency for para-substituted compounds at 

rTAAR1 compared to the hTAAR1 (Wainscott et al., 2006).  At mTAAR1 the 

orientation of the ligand’s α-methyl group emerged as the most important structural 

feature of AMPH, METH, and POHA with respect to potency but was of no 

consequence in terms of efficacy. Future investigations involving site-directed 

mutagenesis of the putative ligand binding pockets of these receptors should help 

clarify the structural basis for their stereoselectivites.  

     In summary, we have established that AMPH, METH, and POHA can be potent 

and efficacious agonists of TAAR1s heterologously expressed in vitro and that they 

display concentration-dependent and species-dependent stereospecific 

pharmacological profiles. Given that the eir EC50s for METH and AMPH activation 

at of the h-rChTAAR1 in vitro are well below their concentrations frequently found 

in addicts, we suggest that TAAR1 might be a potential mediator of some of the 

effects of AMPH and METH in humans, including hyperthermia and stroke. In 
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additionConsequently, the possibility should be explored that genetic variants in 

hTAAR1, or other TAAR genes, may be important to several conditions thought to 

involve TAs including ADHD, depression, mania, psychosis, and addiction. If 

TAAR1 is confirmed as a target of amphetamines METH and AMPH in vivo then 

developing understanding its interactions with novel TAAR1-selective agonists and 

antagonists compounds could ultimately lead to successful pharmacotherapies for 

METH and AMPH addiction and overdose as well as contribute to a better 

understanding of the etiology of several mental disorders. 
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     Methamphetamine and amphetamine are abused psychostimulants that potently 

activate the TAAR1 receptor in vitro. In an effort to reveal the ligand and receptor 

molecular basis for the species-dependent stereo-selective activation of TAAR1 by 

amphetamine and methamphetamine, I investigated in vitro cAMP production 

mediated by the mouse and rat TAAR1 in response to both isomers of 

methamphetamine and amphetamine using site-directed mutagenesis. Molecular 

modeling and mutagenesis results for the β2AR that previously had identified amino 

acid residues responsible for specific interactions with agonists and antagonists were 

used to select TAAR1 residues to be mutated. Concentration response curves of 

cAMP produced in response to amphetamine and methamphetamine were generated 

for mutant and wild type receptors of rat and mouse TAAR1 stably expressed in 

HEK293 cells. The concentration-response curves and the EC50 for PEA, S(+) and 

R(-)AMPH, and S(+) and R(-)METH were all shifted to the right for the rat TM6 

mutation, M6.55T, compared to the rWT TAAR1 curves. In contrast, for the mouse 

TM6 mutation, T6.55M, the concentration-response curves and the EC50s for these 

compounds were all shifted to the left compared to the mWT TAAR1 curves. The rat 

trans-membrane domain 7 (TM7) mutant, N7.39Y (N287Y), had an order of 

magnitude lower EC50 for the S(+) isomer of amphetamine compared to the R(-) 

isomer, similar to the responses to these isomers by the mouse wild type receptor.  

The mouse TM7 mutant, Y7.39N (Y287N), had an EC50 for the R(-) isomer of 

amphetamine less than or equal to that for the S(+) isomer which was similar to the 

responses of the rat wild type receptor. Activation of cAMP by methamphetamine 

and amphetamine mediated by the mutant rat and mouse TAAR1 receptors 
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demonstrated that a single amino acid difference in TM7 was responsible for the 

reversed stereo-selectivity for the two species.  

 
 

Introduction       
 
  The S(+)isomers of amphetamine and methamphetamine that are responsible for 

the greater in vivo psychostimulant effects in humans and increased locomotor effects 

in other mammals are the same isomers that more potently activate cAMP responses 

in vitro by the trace amine-associated receptor 1 (TAAR1). These in vitro responses 

are species-dependent. 

 Prior pharmacological studies of the TAAR1 receptor revealed a species 

dependent stereoselectivity to S(+) isomers of amphetamine (Wainscott et al., 2006) 

and methamphetamine (Reese et al., 2007) but the physicochemical properties of the 

receptor and the receptor-ligand interaction responsible for this stereoselectivity are 

unknown.  

     Trace amines (TAs) are endogenous monoamines found in mammalian CNS and 

include p-tyramine (TYR), β-phenylethylamine (PEA), tryptamine (TRP), and 

octopamine (OCT). Due to their structural similarity to monoamine neurotransmitters, 

the TAs were once thought to be metabolic derivatives of the neurotransmitters 

dopamine, norepinephrine, and serotonin.  Concentrations of trace amines in the brain 

are about 1000 times lower than that of these neurotransmitters. In 2001, a family of 

GPCR receptors, some members of which are activated by trace amines, was 

discovered independently by two groups (Borowsky et al., 2001; Bunzow et al., 

2001). TAAR1, a member of that family, mediates an increase in cAMP 
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accumulation in cells heterologously expressing the receptors in response to the 

application of trace amines.  

     TAAR1 is found in regions of the brain associated with monoaminergic neurons 

such as the substantia nigra, nucleus accumbens, ventral tegmental area, dorsal raphe 

nucleus, and amygdala (Borowsky et al., 2001; Lindemann et al., 2007; Xie et al., 

2007). Trace amine receptors were found in the mouse epithelial tissue which 

suggested a possible role as odorant sensors for members of the family of receptors 

other than TAAR1 (Liberles and Buck, 2006). One hypothesis for their function is 

that they act as neuromodulators by increasing the sensitivity of monoamine 

neurotransmitter signaling (Berry, 2004; Xie et al., 2007). 

     Rat-, mouse-, and a human chimera-TAAR1 have been stably expressed but in our 

experience the TAAR1 location is mainly in the cytoplasm. A recent report described 

the establishment of stable cell lines expressing the wild type (WT) human- as well as 

rat- TAAR1 (Wainscott et al., 2006). 

     For small biogenic amine neurotransmitters such as dopamine and norepinephrine 

the ligand binds to the receptor in a ligand-binding pocket that is formed in the TM 

domain region beneath the surface of the plasma membrane. An example of this is the 

binding of norepinephrine to the well-studied β2AR (Strader et al., 1987; Swaminath 

et al., 2004).    

     An example of stereoselectivity by GPCRs is 8-hydroxy-2-(di-n-propylamino) 

tetrain (8-OH-DPAT), a 5HT1A agonist (Dabrowska and Brylinski, 2006). The R 

isomer acts as a full and potent agonist at 5-HT1A receptors but the S isomer acts as a 

partial agonist, while both have similar binding affinities. In this study I investigated 
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what TAAR1 amino acid residues are responsible for the species-dependent 

stereoselectivity of AMPH and METH using site-directed mutagenesis.  

     To characterize cAMP production, the trace amine PEA and both enantiomers of 

amphetamine and methamphetamine were applied in a range of concentrations to 

mouse and rat TAAR1 receptors stably expressed in HEK293 cells. TAAR1 mutants 

to TM6 and TM7 residues thought to play a role in ligand-receptor binding were also 

stably expressed in HEK293 cells and characterized for cAMP production in response 

to PEA, AMPH and METH. 

 Studies of the β2AR have shown that catecholamine ligand binding occurs in the 

plasma membrane region of the transmembrane domains in a pocket involving TM3, 

TM5, TM6, and TM7 of the receptor (Suryanarayana and Kobilka, 1993; Freddolino 

et al., 2004) . 

     The aspartate D3.32 (D102) in TM3 of the rat and mouse TAAR1 is conserved in 

biogenic and trace amine receptors. Site-directed mutagenesis of the β2AR showed 

that this conserved residue, aspartate D3.32 (D113) in the β2AR,  electrostatically 

attracts the amine group of agonists and antagonists (Swaminath et al., 2005).  

 In this study I used the same site-directed mutagensis approach to replace the 

conserved TM3 aspartate with an alanine in both the rat- and mouse-TAAR1 which 

resulted in a knockdown in the cAMP response to known agonists.  

 It was also shown for the β2AR that N6.55 (N293) on TM6 is involved in 

hydrogen bonding to the β-OH of epinephrine (Freddolino et al., 2004). Inspection of 

the TAAR1 sequences aligned to the β2AR revealed a species-specific difference of 

amino acids at the site that aligns with the β2AR N6.55 (N293). The rat sequence 
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contains a methionine while the mouse and human TAAR1 sequences contain a 

threonine at that location. This TM6 location was targeted for mutation since the wild 

type mouse and human chimera TAAR1 responses to the enantiomers of 

amphetamine are similar while both the mouse and human responses are different 

from the rat response. 

     Another site that is conserved in βARs and 5HT1A receptors is N7.39 (N312) in 

TM7 of the β2AR. This site was identified in site-directed mutagenesis studies as a 

major determinant for species differences in binding aryloxalkylamines 

(Suryanarayana and Kobilka, 1993). The observation that the mouse and rat have 

different residues at this site prompted the mutation of TM7 of the mouse- and rat-

TAAR1. The mouse mutation Y7.39N (Y287N) gave the rat residue and the rat 

mutation was N7.39Y (N287Y) which resulted in the mouse residue at that site of the 

rat TM7 sequence. For the wild type receptors the S(+)AMPH had an order of 

magnitude lower EC50 at the mTAAR1 compared to the R(-)AMPH while for the 

rTAAR1 both isomers were nearly equipotent. These results are similar to the 

previously reported results for the wild type receptors (Reese et al., 2007).  Here the 

mouse TAAR1 with TM7 mutation Y7.39N (Y287N) displayed the stereoselectivity 

of the wild type rTAAR1 to isomers of AMPH. Correspondingly, the rat TAAR1 with 

TM7 mutation N7.39Y (N287Y) displayed the characteristics of the wild type 

mTAAR1 in response to isomers of AMPH. Thus, the stereoselectivity of the rat and 

mouse TAAR1 in response to isomers of AMPH was reversed for a single amino acid 

mutation to TM7. The response curves for rTM7 for both S(+) and R(-) METH were 

not shifted compared to the curves for the rWT TAAR1 (figure 7c, 7e). But for the 
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mouse TAAR1, both the S(+) and R(-)METH concentration-response curves for 

mTM7 were shifted to the right compared to the mWT curves (figure 7d, 7f). The 

EC50s for the S(+) and R(-)METH concentration-response curves for mTM7 were 

virtually the same (figure 7b), while for rTM7 the EC50 for S(+)METH was less than 

for R(-)METH (figure 7a). 

 

Methods and Materials 
 
Site-directed Mutagenesis 
 
 Mutations to the TM3, TM6, and TM7 domains of the rat and mouse TAAR1 

were generated using the QuikChange Site-Directed Mutagenesis Kit from Strategene 

following the manufacturer’s instructions. Primers for each mutant were designed and 

purchased  from Invitrogen. Guidelines used for designing primers are as follows. 

Both the forward and reverse primers contained the desired mutation and anneal to 

the same sequence on opposite strands of the plasmid.  Primers were between 25 and 

45 bases in length. The melting temperature of the primers was greater than or equal 

to 78oC. The desired mutations were in the middle of the primer with about 10 to 15 

bases of correct sequence on both sides of the mutation. The primers had a minimum 

GC content of 40% and terminated in one or more C or G bases. The following rat 

and mouse primers were used. The highlighted base was different from the wild type. 

 
rat TM3 Asp to Ala on rTAAR1   rD3.32A 
Forward primer 5’ CTT CAC ACC AGC ACT GCT ATC ATG CTG AGC TCG 3’ 
Reverse primer 5’ CGA GCT CAG CAT GAT AGC AGT GCT GGT GTG AAG 3’ 

 
mouse TM3  Asp to Ala on mTAAR1    mD3.32A 
Forward primer 5’ CAC ACC AGC ACC GCT ATC ATG CTG AGC TCC GCC 3’ 
Reverse primer 5’ GGC GGA GCT CAG CAT GAT AGC GGT GCT GGT GTG 3’ 
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rat TM6 TAAR1 Met268Thr on rTAAR1    rM6.55T 
Forward primer  5’ CCG TTC TTT TTC TGC ACG GTC CTG GAC CC 3’ 
Reverse primer 5’ GG GTC CAG GAC CGT GCA GAA AAA GAA CGG 3’ 
 
mouse Thr268Met on TM6     mT6.55M 
Forward primer 5’ CCG TTC TTT CTC TGC ATG GTC CTG GAC CCT TTC C 3’ 
Reverse primer5’ G GAA AGG GTC CAG GAC CAT GCA GAG AAA GAA CGG 
3’ 
 
rat TM7    rTAAR1 N7.39Y   AAT to TAT       rN7.39Y 
forward primer 5’ AAT GAC ACA CTG TAT TGG TTC GGG TAC 3’ 
reverse primer 5’ GTA CCC GAA CCA ATA CAG TGT GTC ATT 3’ 
mouse TM7   mTAAR1  Y7.39N   TAT to AAT      mY7.39N 
forward primer 5’AAT BAC GCA CTG AAT TGG TTT GGG TAC 3’ 
reverse primer 5’ GTA CCC AAA CCA ATT CAG TGC GTC ATT 3’ 
 
 
     A PCR reaction was run for each mutant using the appropriate forward and reverse 

primers containing the desired mutation, dsDNA of the vector plasmid containing the 

wild type TAAR1, and Pfu Turbo DNA polymerase according to instructions 

supplied in the Stratagene mutagenesis kit. Both plasmid strands were replicated by 

the PfuTurbo polymerase. Following the PCR cycles, the product was treated with 

Dpn1, an endonuclease used to digest the methylated and non-mutated parental DNA 

template, which left only the synthesized, mutated DNA.  

     The vector DNA with the designed mutation was transformed into XL1-Blue 

supercompetent cells supplied with the kit following the manufacturers directions. 

Transformed supercompetent cells were then spread onto warmed agar plates 

containing ampicillin and incubated overnight at 37oC. 

     Isolated colonies were picked from the agar plate and incubated in separate tubes 

with LB Amp broth at 37oC with shaking for about 18 hours to grow up enough cells 

with the mutated TAAR1 in order to isolate and prepare DNA. This was repeated two 
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or three times for each mutant in order to increase the chances of obtaining a 

successful mutation. 

     After the overnight growup of the colonies,  DNA was prepared using the 

Invitrogen PureLink Quick Plasmid Miniprep Kit. The quality of the eluted DNA was 

analyzed by measuring the optical density using the NanoDrop ND-1000 

spectrophotometer.  Restriction enzymes Hind3 and Xba1 were used to digest 400 to 

500 ng of DNA in an overnight incubation at 37C. These restriction enzymes cut the 

dsDNA at the sites where the TAAR1 gene was inserted into the expression vector 

pcDNA3.1/V5/His-TOPO (Invitrogen, Carlsbad, CA). The digested DNA was run on 

a 1% agarose gel with ethidium bromide to inspect for bands in a darkroom under 

ultraviolet light. The plasmid is about 6.5kb and the TAAR1 gene is about 1.5kb. If a 

1.5kb band was present then the DNA was sequenced. DNA was submitted to a core 

facility for sequencing using the T7 forward primer and the BGH reverse primer and 

25ng of the DNA. After the sequences were determined they were checked to see if 

both the forward and reverse primer sequences gave the expected mutation. Once the 

correct mutation sequence was confirmed, HEK293 wild type cells were transfected 

with the mutated DNA. 

 

Transfection of HEK 293 WT cells with mutated plasmids 

     Stably transfected HEK293 cells with mutated DNA plasmids were established 

using the Fugene transfection reagent according to the manufacturers instructions. 

Briefly, using a 2:1 volume to weight ratio, for each well of cells that were 

transfected, 4 ul of Fugene transfection reagent was added directly into 100ul of 
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Optimem and 2ug of DNA was added. The solution was mixed by a gentle vortex for 

1 second then incubated at room temperature for 15 minutes. The transfection 

solution was applied to HEK293 cells in 12 well plates and incubated overnight. After 

16 to 18 hours the medium was changed to include G418 for selection since the 

plasmids with the TAAR1 inserts also had the Neomycin resistance gene. The cells 

were split 100:1 and grown in 10cm dishes with complete Dulbecco’s modified 

Eagle’s Meduim (DMEM) (Invitrogen), 10% fetal bovine serum, 1%Penstrep, plus 

0.8% G418 and incubated 8 to 10 days until individual colonies grew that were 

visible without magnification. Cells were then picked from the center of individual 

colonies and plated into individual wells in a 24 well plate. This was repeated 6 times 

for each 10cm dish. The 24 well plates were incubated 3 to 5 days until cells covered 

the bottom of the well. These were then re-plated to tissue culture plates with larger 

wells such as a 6 well plate. These were incubated to expand the cells. Each well of 

the 6-well plate with cells was then expanded into a 10cm dish. These separate cell 

lines were maintained and used for evaluation assays to pick clones that gave a 

response to the HitHunter cAMP assay described below. Evaluation assays were 

tested for cAMP response, which was normalized to the maximal PEA response. No 

other methods were used to assess relative levels of receptor expression. 

 

 Tissue Culture and cAMP Binding Assay 

 Stably transfected HEK-293 cells expressing the wild type mouse and rat TAAR1 

as well as the mutations to TM3, TM6, and TM7 for both species were grown and 

maintained as described previously  (Reese et al. 2007). Briefly cells were grown to 
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approximately 80% confluence, rinsed and harvested in Krebs-Ringer-HEPES (KRH) 

buffer. Cells were re-suspended in KRH using 50ml conical tubes and pretreated for 

20 minutes at 37 oC with 200μM IBMX, a phosphodiesterase inhibitor in order to 

prevent the breakdown of cAMP.  

     The IBMX pretreated cells were gently mixed to be homogenously distributed and 

200ul were added to 100ul of pre-warmed KRH containing 3ul of drug that was 

added at 100x final concentration. Drugs that were applied included PEA, both 

isomers of amphetamine and both isomers of methamphetamine. Cells and drugs 

were mixed gently then incubated for 1 hour at 37oC in a water bath. Cells were then 

lysed by treatment with 100ul of 0.5mM sodium acetate and incubated for 20 minutes 

at 100 oC. Cell lysate debris was pelleted by centrifugation and 200ul of supernatant 

were transferred to labeled microfuge tubes. Samples were typically frozen at this 

step to allow completion of the assay on another day using the DiscoveRx HitHunter  

CyclicAMP XS EFC Chemiluminescent Detection kit (Amersham Bioxcience, UK). 

     This assay is based on complementation of the β -galactosidase enzyme to 

hydrolyze detectible chemiluminescent substrates. The functional β Gal enzyme is 

made from combined fragments, a technique referred to as enzyme fragment 

complementation (EFC). Removal of 50 amino acid residues from the amino terminus 

of β Gal produces an inactive enzyme called the enzyme acceptors (EA) (Olson and 

Eglen, 2007). The missing amino terminal residues are supplied separately and are 

referred to as the enzyme donors or (ED). When the EA and ED fragments are 

combined the catalytic activity of the enzyme is restored.  The ED peptide is 

conjugated to cAMP.  Thawed cell supernatant from the concentration response 
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protocol described above were transferred into wells of a white, 96-well Optiplate. A 

cAMP antibody was added to the thawed cell supernatant, mixed on a plate shaker, 

and incubated in the dark for 1hr at room temperature. The enzyme donor conjugated 

to cAMP, ED, was added to the wells, shaken, and incubated for an hour. If there was 

no cAMP produced in response to very low concentrations of agonists, then the ED-

cAMP reacts with the cAMP antibody. As a result the ED is not able to interact with 

the EA due to steric hindrance and no substrate is hydrolyzed and no 

chemiluminescence is generated. If cAMP was produced in response to applied 

agonists then free cAMP from the cell lysate binds to the cAMP antibody competing 

with the ED-cAMP conjugate. More ED-cAMP is therefore available to complement 

the EA, thus forming an active enzyme that cleaves a galactoside moiety from the 

substrate Galacton-Star (Bronstein et al., 1989). 

     After the addition of a solution containing the EA portion of the enzyme, Galacton 

Star chemiluminescent substrate and Emerald II luminescent enhancer, the plates 

were again shaken for 2 minutes on a Titer Plate Shaker at speed setting 3, then 

covered and incubated in the dark at room temperature overnight for 15 hours.  The 

plates were then read for chemiluminescence on the Fusion Universal Microplate 

Analyzer (Packard BioScience Company, Meriden, Connecticut).  

     Data was adjusted for background. Background levels for cells treated with no 

drug were subtracted from readings and the data at each concentration of applied drug 

was normalized to PEA with the maximum level of PEA response representing 100%. 

These calculations were done with Excel (Microsoft, Redmond Wal). Data values 

were copied into Prism (Graph Pad Software Inc., San Diego, CA.). Non-linear 
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sigmoidal curves were fitted to the data, EC50 values were calculated, and 

concentration-response curves were plotted. 

     The drugs PEA, or the S-(+) or R-(-) enantiomers of AMPH or METH were 

applied to cells expressing the wild type rat and mouse TAAR1. Identical 

experiments were separately conducted using the mutants to TM3, TM6, and TM7 

transmembrane domains to both the rat and mouse TAAR1s. For any given 

experiment, all cells were harvested from the same tissue culture and the reactions 

were carried out using the same preparation of Krebs-Ringer-Hepes (KRH) buffer for 

all drugs. Experiments were repeated a minimum of three times. 

Drug Compounds 

     The S(+) and R(-)-amphetamine sulfate and the S-(+)- and R-(-)-

methamphetamine were purchased from Sigma-Aldrich (St. Louis, MO.). Drugs were 

dissolved in water and diluted to 100x final concentration and were stored at –20 oC. 

Before each experiment, the drugs were thawed and vortexed. 

 
Statistical Analysis 

     Data analysis was performed with Excel spreadsheets and the Prism statistical 

analysis program. After experiments were repeated 3 or more times, the normalized 

cAMP induced luminescence response data from each experiment was entered into 

Excel and the average and SEM for each concentration for each drug was calculated. 

These calculations were copied into Prism to be analyzed using a non-linear 

sigmoidal curve fit with the Hill coefficient unrestrained rather than fixed. EC50 

values with 95% confidence levels were calculated by the software.  
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 Differences between treatments were tested for significance using the two-tailed t 

test. Comparisons made between responses to a drug applied to a given mutant and 

the wild type TAAR1 were also tested using the two-tailed t test. Differences were 

considered significant when *, p<0.05; **, p<0.01; and ***, p<0.0001. 

 
 
 

Results  
 
     Sequence alignment of the rat, mouse, and human TAAR1 receptors to the human 

β2 adrenergic receptor (hβ2AR) is shown in Figure 1. The TM3 aspartate D3.32 

(D113) in the hβ2AR is conserved across across biogenic amine receptors including 

the TAARs. The asparagine N6.55 (N293) in TM6 was found to be involved in ligand 

binding to the β−OH of norepinephrine (Swaminath et al., 2005).  The site 

corresponding to the hβ2AR N6.55 (N293) in the rat TAAR1 receptor has a 

methionine at this site, M6.55 (M268), while the mouse TAAR1 has a threonine, 

T6.55 (T268), at this location.  

 The hβ2AR TM7 has an asparagine at N7.39 (N312), a site reported to be 

involved in high affinity binding of aryloxyalkylamines (compounds with an ether 

oxygen atom that links an amino side chain to an aromatic ring) in the β2AR as well 

as the 5-HT1a receptors (Guan et al., 1992; Suryanarayana and Kobilka, 1993). Again, 

the mouse and rat receptors have different amino acids at this site.  The rat TAAR1 

has a N7.39 (N287) while the mouse sequence has a Y7.39 (Y287) at this site. 

 The conserved aspartate in TM3 is D3.32 (D102) for both the rat and mouse 

TAAR1s. The mutation of this aspartate to an alanine, D3.32A (D102A), for the rat 

and mouse TAAR1 resulted in levels of cAMP that did not vary significantly over the 
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background level across the entire concentration range of the applied drugs (data not 

shown).  

 

cAMP response to PEA 

 The cAMP response to PEA for the wild type rat and mouse TAAR1 receptors 

showed a higher potency for the rat WT (rWT) with an EC50 of 40nM compared to 

the mouse WT (mWT) receptor which had an EC50 of 189nM (Table 1, Figure 2a).  

The mutations to the rat TAAR1 transmembranes six and seven, M6.55T (M268T) 

(rTM6) and N7.39Y (N287Y)  (rTM7) each caused a shift of the concentration 

response curve to the right compared to the rWT (Figure 3a, 3c). For the mouse 

transmembrane six mutation, T6.55M (T268M) (mTM6), and the mouse TM seven 

mutation, Y7.39N (Y287N)  (mTM7), each shifted the concentration-response curves 

to the left compared to the mWT curve (Figure 3b,3d) which made them similar to the 

rWT response to PEA. 

     Both the TM6 and the TM7 mutations caused the response of the mutant rat 

(mouse) TAAR1 to PEA to resemble the response of the wild type mouse (rat) 

TAAR1. The difference in the EC50 values of the rWT and mWT TAAR1 vs. PEA 

was unexpected because the results from chapter 2 (chapter 2 Figure 2a) showed an 

overlapping response for the two species. The difference is possibly due to sensitivity 

differences between the assays used in the two studies. The Hit Hunter assay was 

adopted for this study because the vendor for the [3H]cAMP assay employed in the 

first study discontinued supplying the reagents used in their kit.  
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Species-dependent stereoselectivity of rat vs. mouse 

     The results for the rWT and mWT TAAR1 cAMP response to S(+) and R(-) 

AMPH are shown in Figure  2b and 2c. These results were acquired using a cAMP 

assay as described in the methods sections. The results are similar to the results of 

chapter 2. Both studies showed the S(+)AMPH EC50 at the WT mTAAR1 was about 

an order of magnitude lower than for R(-) AMPH (Table 1). The amphetamine 

concentration-response results for rWT TAAR1 for the two studies were also similar 

since both had EC50s for the S(+) and R(-) enantiomers of AMPH that were nearly 

equal. For both the rat and mouse wild type TAAR1 receptors, the rank-order of 

potency for the compounds tested were the same as in the prior study.  

     The results for the cAMP response to S(+) and R(-) METH at the rWT and mWT 

TAAR1 are shown in Figure 2d and 2e. These results are also similar to the results 

from Chapter 2 (Chapter 2, Figure 3d and 3e). The S(+) isomer of METH had a 

slightly lower EC50 and a slightly higher efficacy compared to R(-) METH for the 

rWT TAAR1. The mWT TAAR1 concentration-response curves to the enantiomers 

of METH are like the responses to AMPH since both isomers are equally efficatious 

while the S(+)  isomer has a lower EC50. 

 For the rat TM6 mutant the 214nM value for the EC50 of R(-)AMPH was actually 

less than the 677nM EC50 for the S(+) isomer and the difference was statistically 

significant (Table 1). In contrast, the mouse TM6 mutant EC50 for the S(+)AMPH, 

4nM, was over an order of magnitude less than the 121nM EC50 for R(-)AMPH. The 

relative position of the response curves to AMPH for the TM6 mutants for the rat and 

mouse (Figure 4a, 4b) were the same as for the wild types (Figure 2b, 2c) while the 
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EC50s for both S(+) and R(-)AMPH for the mouse TM6 were shifted significantly to 

the left compared to the mWT (Figures 4d, 4f and Table 1).  

 For the rat TM6 mutant the EC50 of R(-)METH, 1109nM, was less than the EC50 

for S(+)METH, 2044nM, but the difference was not statistically significant (Table 1). 

For rat TAAR1 the EC50s for the S(+) and R(-) isomers of METH at the rTM6 were 

about 15 fold and 5 fold higher, respectively, than for the EC50s for rWT (Table 1). 

For the mouse TM6 the EC50s for S(+) and R(-)METH were reduced by about 15 fold 

and 7 fold, respectively, compared to the EC50s for the mWT TAAR1 (Table 1). 

Thus, the concentration-response curves for the TM6 mutants treated with 

methamphetamine (Figure 5) displayed the same relative position as the amphetamine 

response curves (Figure 4) for both rat and mouse. 

 

TM7 mutations 

 The 14nM EC50 of S(+)AMPH for the rat TM7 mutant was significantly less than 

the EC50 of 170nM for the R(-) isomer (Figure 6a, Table 1). In contrast, the mouse 

TM7 mutant EC50 of 104nM for the R(-)AMPH was significantly (p<0.001) less than 

the 219nM EC50 of S(+)AMPH (Figure 6b and Table 1). Comparison of Figures 6a 

and 6b to Figures 2b and 2c clearly shows a reversal of the species-dependent 

stereoselectivity that was demonstrated by the wild type receptors. 

 For S(+)AMPH the rat TM7 mutant response was shifted to the left compared to 

the WT response while for R(-)AMPH the response was shifted significantly to the 

right (Figure 6c, 6e, and Table 1). Opposite shifts were seen in a comparison of the 

cAMP response for the mWT and mTM7 mutant to the enantiomers of amphetamine 
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(Figure 6d, 6f  and Figure 2b,2c). The mTM7 concentration-response curve was 

shifted to the right compared to the mWT for S(+)AMPH while the mTM7 response 

for R(-)AMPH was significantly shifted to the left compared to the mWT. For the rat 

TM7 mutation, N7.39Y, the concentration-response curves for S(+) and R(-)METH 

were not shifted compared to the curves for rWT (Figure 7c, 7e). For the mouse TM7 

mutation, Y7.39N, both S(+) and R(-) METH concentration response curves were 

shifted to the right compared to the corresponding curves for mWT TAAR1 (Figure 

7d, 7f). 

Rank order of potency 

 The rank order of potency for the rWT TAAR1 was R(-)METH < S(+)METH < 

S(+)AMPH < PEA < R(-)AMPH and the rank order of potency for the mWT TAAR1 

was R(-)METH < R(-)AMPH < S(+)METH < PEA < S(+)AMPH (Table 1). For the 

rWT R(-)AMPH had the lowest EC50 of 34nM while for the mWT S(+) AMPH had 

the lowest EC50, 85nM (Table 1). For the TM6 mutants the most potent of the 

compounds tested were again R(-)AMPH for the rTM6 with an EC50 of 214nM and 

S(+)AMPH for the mTM6 with an EC50 of just 4nM. The rank order of rTM6 was the 

same as that for rWT when the 95%CI s are taken into account.  The actual EC50s for 

the rTM6 are about an order of magnitude higher than for the corresponding rWT 

responses.  

 For rTM7 the most potent compound was S(+)AMPH with an EC50 of 14nM and 

for mTM7 PEA was the most potent with an EC50 of 59nM.  For mTM6 the EC50 for 

each drug was significantly lower compared to the corresponding EC50s of the mWT. 
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 The rank order for the mWT and mTM6 were also the same, again when the 

95%CIs are taken into account (Table 1). In contrast, the order of potency to the 

enantiomers of AMPH was reversed for both the rat and mouse TM7 mutants 

compared to the order of the wild type for both species. Surprisingly, the mouse TM7 

mutant had an EC50 that was very significantly lower for the R(-) enantiomer of 

AMPH compared to the S(+) enantiomer. This was a reversal of potency 

stereoselectivity compared to the mWT. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Sequences of the transmembrane domains for rat, mouse, and human 

TAAR1 aligned to the human β2 adrenergic receptor transmembrane domains. The 

amino acid sequences of the seven transmembrane domains of the receptors are 

shown without the connecting loops or terminal tails. Residues conserved across all 
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four receptors are highlighted in yellow. The sites selected for mutations in TM3, 

TM6 and TM7 are outlined in red.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  
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Figure 2. cAMP accumulation in response to β-phenylethylamine (PEA), AMPH, and 

METH for the rat and mouse wild type TAAR1The cAMP response curves are shown 

for  
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(a) rat wild type TAAR1 (rWT) in response to PEA ( ) and to mouse wild type 

TAAR1 (mWT) in response to PEA ( );  

(b) rat wild type TAAR1 (rWT) in response to S(+)AMPH ( ) and rWT in response 

to   R(-)AMPH (Ο);  

(c) mouse wild type TAAR1 (mWT) in response to S(+)AMPH ( ) and mWT in 

response to R(-)AMPH ( );  

(d) rat wild type TAAR1 (rWT) in response to S(+)METH ( ) and rWT in response 

to R(-)METH (Ο);  and 

(e) mouse wild type TAAR1 (mWT) in response to S(+)METH ( ) and mWT in 

response to R(-)METH ( ).  

Data are presented as a percentage of the maximal cAMP produced in response to 

PEA. Data shown are the mean ± S.E.M. from at least three experiments performed in 

duplicate.  Concentrations of applied drug compounds along the X-axis are given in 

units of log M where M is molarity. Cells stably expressing the empty expression 

vector and selected by G418 produced no cAMP accumulation in response to drug 

treatments beyond the endogenous background level.    
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Figure 2.  
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Figure 3. Concentration-dependent stimulation of cAMP accumulation in response 

to PEA for rat and mouse wild type TAAR1 receptors and receptors with a mutation 

to TM6 or TM7. The cAMP response curves are for  

(a) the wild type rat TAAR1 (rWT) ( ) and rat TAAR1 TM6 mutation M6.55T 

(rTM6) ( );  

(b) wild type mouse TAAR1 (mWT) ( ) and mouse TAAR1 TM6 mutation 

T6.55M (mTM6) ( );  

(c) rWT and rat TAAR1 transmembrane 7 mutation N7.39Y (rTM7) ( ); and  

(d) mWT and mouse TAAR1 transmembrane 7 mutation Y7.39N (mTM7) ( ), all 

vs. PEA.  

Data are presented as a percentage of the maximal cAMP produced in response to 

PEA. Data shown are the mean ± S.E.M. from at least three experiments performed 

in duplicate.  Concentrations of applied drug compounds along the X-axis are given 

in units of log M where M is molarity. Cells stably expressing the empty expression 

vector and selected by G418 produced no cAMP accumulation in response to drug 

treatments beyond the endogenous background level.    
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Figure 3.             
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Figure 4. Rat and mouse TAAR1 cAMP response to amphetamine for wild type 

receptors and receptors with a mutation in TM6. The cAMP response curves are 

shown for  

(a) rat TAAR1 with mutation to TM6 M6.55T (rTM6) in response to S(+)AMPH 

( ) and to rTM6 in response to R(-)AMPH ( );  

(b) mouse TAAR1 with mutation to TM6 T6.55M (mTM6) in response to 

S(+)AMPH ( ) and mTM6 in response to R(-)AMPH ( );  

(c) rat wild type TAAR1 (rWT) in response to S(+)AMPH ( ) and rTM6 M6.55T 

in response to S(+)AMPH ( );  

(d) mouse wild type TAAR1 (mWT) in response to S(+)AMPH ( ) and mTM6 

T6.55M in response to S(+)AMPH ( );  

(e) rWT in response to R(-)AMPH (Ο) and rTM6 M6.55T in response to              

R(-)AMPH ( ); and  

(f) mWT in response to R(-)AMPH ( ) and mTM6 T6.55M in response to          

R(-)AMPH ( ).  

Data are presented as a percentage of the maximal cAMP produced in response to 

PEA. Data shown are the mean ± S.E.M. from at least three experiments performed 

in duplicate.  Concentrations of applied drug compounds along the X-axis are given 

in units of log M where M is molarity. Cells stably expressing the empty expression 

vector and selected by G418 produced no cAMP accumulation in response to drug 

treatments beyond the endogenous background level.    

 

 



 90

Figure 4. 
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Figure 5. Rat and mouse TAAR1 cAMP accumulation response to methamphetamine 

for wild type receptors and for receptors with a mutation in TM6. Concentration 

response curves are shown for  

(a) rat TAAR1 with mutation to TM6 M6.55T (rTM6) in response to S(+)METH ( ), 

and R(-) METH ( );  

(b) mouse TAAR1 with mutation to TM6 T6.55M (mTM6) in response to S(+)METH 

( ) and to R(-)METH ( ); 

(c) rat wild type TAAR1 (rWT) in response to S(+)METH ( ) and rTM6 M6.55T in 

response to S(+)METH ( ); 

(d) mouse wild type TAAR1 (mWT) in response to S(+)METH ( ) and mTM6 

T6.55M in response to S(+)METH ( ); 

(e) rWT in response to R(-)METH (Ο) and rTM6 M6.55T in response to R(-)METH 

( ); and 

(f) mWT in response to R(-)METH ( ) and mTM6 T6.55M in response to             

R(-)METH ( ). 

Data are presented as a percentage of the maximal cAMP produced in response to 

PEA. Data shown are the mean ± S.E.M. from at least three experiments performed in 

duplicate.  Concentrations of applied drug compounds along the X-axis are given in 

units of log M where M is molarity. Cells stably expressing the empty expression 

vector and selected by G418 produced no cAMP accumulation in response to drug 

treatments beyond the endogenous background level. 
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Figure 5. 
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Figure 6. Rat and mouse TAAR1 cAMP response to amphetamine for wild type 

receptors and receptors with a mutation in TM7. The cAMP response curves are 

shown for  

(a) rat TAAR1 with mutation to TM7  N7.39Y (rTM7) in response to S(+)AMPH ( ) 

and to      R(-)AMPH ( );  

(b) mouse TAAR1 with mutation to TM7 Y7.39N (mTM7) in response to S(+)AMPH 

( ) and mTM7 in response to R(-)AMPH ( );  

(c) rat wild type TAAR1 (rWT) in response to S(+)AMPH ( ) and rTM7 N7.39Y in 

response to S(+)AMPH ( );  

(d) mouse wild type TAAR1 (mWT) in response to S(+)AMPH ( ) and mTM7 

Y7.39Y in response to S(+)AMPH ( );  

(e) rWT in response to R(-)AMPH (Ο) and rTM7 N7.39Y in response to R(-)AMPH 

( ); and  

(f) mWT in response to R(-)AMPH ( ) and mTM7 Y7.39N in response to             

R(-)AMPH ( ).  

Data are presented as a percentage of the maximal cAMP produced in response to 

PEA. Data shown are the mean ± S.E.M. from at least three experiments performed in 

duplicate.  Concentrations of applied drug compounds along the X-axis are given in 

units of log M where M is molarity. Cells stably expressing the empty expression 

vector and selected by G418 produced no cAMP accumulation in response to drug 

treatments beyond the endogenous background level. 
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Figure 6.   
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Figure 7. Rat and mouse TAAR1 cAMP accumulation response to methamphetamine 

for wild type receptors and for receptors with a mutation in TM7. Concentration 

response curves are shown for  

(a) rat TAAR1 with mutation to TM7 N7.39Y (rTM7) in response to S(+)METH ( ), 

and R(-) METH ( );  

(b) mouse TAAR1 with mutation to TM7 Y7.39N (mTM7) in response to S(+)METH 

( ) and to R(-)METH ( ); 

(c) rat wild type TAAR1 (rWT) in response to S(+)METH ( ) and rTM7 N7.39Y in 

response to S(+)METH ( ); 

(d) ) mouse wild type TAAR1 (mWT) in response to S(+)METH ( ) and mTM7 

Y7.39N in response to S(+)METH ( ); 

(e) rWT in response to R(-)METH (Ο) and rTM7 N7.39Y in response to R(-)METH 

( ); and 

(f) mWT in response to R(-)METH ( ) and mTM7 Y7.39N in response to             

R(-)METH ( ). 

Data are presented as a percentage of the maximal cAMP produced in response to 

PEA. Data shown are the mean ± S.E.M. from at least three experiments performed in 

duplicate.  Concentrations of applied drug compounds along the X-axis are given in 

units of log M where M is molarity. Cells stably expressing the empty expression 

vector and selected by G418 produced no cAMP accumulation in response to drug 

treatments beyond the endogenous background level. 
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Figure 7.  
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Table 1.   
 
Rank order of average EC50a values for cAMP accumulation in HEK-293 cells stably 

expressing rTAAR1(rat WT), rat mutant M 6.55T (M268T) (rat TM6), rat mutant 

N7.39Y (N287Y) (rat TM7), or mTAAR1(mus WT), mouse TAAR1 mutant T6.55M 

(T268M) (mus TM6), or mouse mutant Y7.39Y (Y287N) (mus TM7) and exposed to 

the indicated monoamine compounds. 

 

 

a The EC50 is measured from the concentration-response curves and is the 

concentration of the applied compound that results in a response equal to half of the 

saturated maximum response.  p values relate to the comparison of values for 

enantiomeric pairs. Statistical significance is indicated as *, p<0.05; **, p<0.01; and 

***, p<0.001. 

 

 

 

 

 

 

 

 

 

 



 98

 

Table 1. 

  Rat WT       Mus 
WT 

      

Treatment EC50  (95% CI) Rank p-value EC50    (95% CI) Rank p-value

 (nM)   order   (nM)   order   
PEA 40.33  (24.6, 66.2) 2   189  (91.8, 389) 2   

S(+)AMPH 55.6 (30.6,101.3) 3 0.3243 84.6   (33, 217) 1 0.0393 
R(-)AMPH 33.9  (19.5, 58.8)  1   785.5 (343, 1801) 4 * 
S(+)METH 133.3   (59, 303) 4 0.443 278.9  (134, 580) 3 0.1908 
R(-)METH 233.3    (91, 597) 5   843.3  (774, 918) 5   

                 
 Rat 

TM6 
      Mus 

TM6 
      

Treatment EC50     (95% CI) Rank p-value EC50   (95% CI) Rank p-value

PEA 261.2 (161, 424) 2   47.3 (23, 97) 3   
S(+)AMPH 677.4 (359, 1279) 3 0.0349 3.98 (1.1, 14.3) 1 0.0385 
R(-)AMPH 214.4 (182, 252) 1 * 121 (99.9,146.6) 4 * 
S(+)METH 2044 (1100, 3777) 5 0.1736 17.81 (9.97, 31.8) 2 0.1069 
R(-)METH 1109 (838, 1467) 4   125.5 (83.4, 188) 5   

                 
 Rat 

TM7 
      Mus 

TM7 
      

Treatment EC50     (95% CI) Rank p-value EC50   (95% CI) Rank p-value

PEA 170.6 (127.4,228.3) 3   58.6 (40.6, 84.6) 1   
S(+)AMPH 13.9 (5.67, 34.1) 1 0.0258 218.8 (164, 292) 3 0.0004 
R(-)AMPH 169.9 (86.5, 334) 2 * 104.5 (76.7,142.4) 2 *** 
S(+)METH 201.8 (156.8,259.7) 4 0.2463 1822 (370, 8979) 5 0.6597 
R(-)METH 330.4 (197.8, 552) 5   1596 -13,041,953 4   
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Table 2.  

Efficacy b of trace amines, amphetamine, methamphetamine for cAMP accumulation 

in HEK-293 cells rTAAR1(rat WT), rat mutant M6.55T (M268T) (rat TM6), rat 

mutant N7.39Y (N287Y) (rat TM7), or mTAAR1(mus WT), mouse TAAR1 mutant 

T6.55M (T268M) (mus TM6), or mouse mutant Y7.39N (Y287N) (mus TM7) and 

exposed to the indicated monoamine compounds. 

 

 

b The efficacy calculated here is the maximum saturated level of cAMP as a percent 

of  PEAmax response of the concentration-response curves. The table entries are the 

calculated best-fit values of the top of the nonlinear sigmoidal curve used to model 

the dose response data. p values relate to the comparison of values for enantiomeric 

pairs. Statistical significance is indicated as *, p<0.05; **, p<0.01; and ***, p<0.001. 
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Table 2. 

Rat WT    Mus WT   
Treatment %PEAmax    (95% CI) p value %PEAmax (95% CI) p value 
  PEA 96.44 (90.4, 102.5)  94.96 (83.3,106.6)  
S(+)AMPH 102.2 (93.1, 111.3) 0.0711 99.80 (85.6,114) 0.5025 
R(-)AMPH 86.7 (80.4, 92.99)   93.58 (75.8,111.3)  
S(+)METH 94.33 (80.7, 107.9) 0.5142 98.01 (86.1,109.9) 0.9181 
R(-)METH 82.48 (67.98,96.97)   96.87 (94.8,98.9)  
       
 Rat TM6   Mus TM6   
Treatment %PEAmax     (95% CI) p value %PEAmax (95% CI) p value 
  PEA 97.83 (89.6, 106.0)  97.6 (88.1,107.1)  
S(+)AMPH 93.79 (82.1, 105.5) 0.8127 98.0 (85.9,110.1) 0.2421 
R(-)AMPH 91.61 (89.1, 94.1)  90.55 (87.0,94.0)  
S(+)METH 94.31 (81.6, 107.0) 0.3560 94.04 (86.4,101.7) 0.8160 
R(-)METH 77.59 (72.6, 82.6)  91.55 (84.3,98.8)  
       
 Rat TM7   Mus TM7   
Treatment %PEAmax     (95% CI) p value %PEAmax (95% CI) p value 
  PEA 97.21 (92.3, 102.2)  95.94 (90.9,101.0)  
S(+)AMPH 103.1 (91.8, 114.3) 0.5243 93.05 (88.9,97.2) 0.9344 
R(-)AMPH 95.77 (84.6, 106.9)  89.37 (84.1,94.6)  
S(+)METH 100.9 (96.8, 104.9) 0.5904 92.22 (59.6,124.8) 0.8868 
R(-)METH 93.28 (85.1, 101.4)  89.61 (85.5,93.8)  
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Discussion    
 
 Several key amino acids of the human β2 adrenergic receptor associated with 

ligand binding have been identified using mutagenesis. This study investigated the 

stereoselective binding of amphetamines to TAAR1 receptors based on the 

assumption that the TAAR1 receptors conform to the classic GPCR structure that 

consists of seven helical transmembrane domains connected by extracellular and 

intracellular loops with an extracellular N-terminus and an intracellular C-terminus.  

Early mutagenesis studies demonstrated that the transmembrane domains and not the 

hydrophilic intra- and extracellular regions of the βARs are involved with ligand 

binding (Dixon et al., 1987). Mutagenesis studies that substituted for the conserved 

aspartate D3.32 (D113) on TM3 of the β2AR demonstrated a greatly reduced 

response to known agonists. This aspartate is conserved across biogenic amine 

receptors including dopamine and serotonin receptors (Strader et al., 1988; Huang, 

2003).  

 In this study, site directed mutagenesis of the conserved Asp in TM3 to an 

alanine, D3.32A (D102A), for both the rat and the mouse TAAR1 also resulted in a 

knockdown of cAMP response. This conserved aspartate site in TAAR1s most likely 

plays the same proposed ligand binding role as in other catecholamine receptors by 

forming a salt bridge between the amine of the ligand and the oxygen of the 

carboxylate of the aspartate side chain (Freddolino et al., 2004).  

 Mutations to TM7 of the rat and mouse TAAR1 receptors resulted in a reversal of 

stereoselectivity in both the potency and efficacy that were demonstrated by the wild 
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type receptors to enantiomers of amphetamine and methamphetamine. The TM7 site 

selected for mutation was homologous to the N7.39 (N312) of the β2AR, which had 

been shown to be involved in ligand binding to aryloxyalkylamines (Suryanarayana 

and Kobilka, 1993). The rat and mouse sequences have different residues at the 

corresponding site. The mouse amino acid tyrosine was substituted into the rat 

sequence replacing asparagine, and conversely, the rat residue asparagine at this site 

replaced tyrosine in the mouse sequence. The response of the rat mutant (rTM7) with 

this substitution displayed a large separation of the S(+) and R(-)AMPH induced 

cAMP response curves which resembled the characteristic response of the mWT 

TAAR1 but was unlike the rWT TAAR1. Also, the response of the mouse TM7 

mutant (mTM7), showed a reversal since the R(-) enantiomer of AMPH showed a 

lower EC50 (i.e. higher potency) than the S(+)AMPH. This response resembled that 

for the rWT and was unlike the mWT. These changes were due to shifts of the 

concentration response curves for the mutants compared to the wild type responses. 

Compared to the rWT, the rTM7 mutant EC50 for S(+)AMPH decreased and the EC50 

for R(-)AMPH increased, thus creating the difference in potency and the 

stereoselectivity of the rTM7 mutant.  This effect was reversed for the mouse TAAR1 

TM7 mutant where the EC50 for S(+)AMPH was increased compared to the mWT 

while the EC50 for R(-)AMPH was decreased compared to the mWT, thus narrowing 

and actually reversing the stereoselectivity displayed by the wild type mouse TAAR1.  

 The stereoselectivity of efficacy to enantiomers to AMPH was demonstrated. 

S(+)AMPH was a full agonist while R(-)AMPH was a partial agonist at the rWT 

TAAR1. The term partial agonist is used to describe saturated responses less than 
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95% of the maximal activation due to a full agonist such as PEA for TAAR1s. For the 

mutants to the rat TM6 and TM7 the concentration response curves saturated for both 

enantiomers of AMPH. For rat TM7, but not TM6, R(-) AMPH became a full agonist 

with greater than a 95% response of the saturated maximum PEA level. For the 

mouse mutants mTM6 and mTM7, the 95% CIs for S(+)- and R(-)-AMPH overlap. 

Further, the 95% CI of S(+)- and R(-)-AMPH for both mTM6 and mTM7 overlap 

with the 95%CI for these isomers for the mWT TAAR1. These results suggest that 

there is no statistically significant difference in efficacy for the two isomers of AMPH 

at mTAAR1. 

 Mutations to TM6 were based on findings that a conserved asparagine, N6.55 

(N293), of the hβ2AR is known to have a role in binding epinephrine via hydrogen 

bonding to the alkyl hydroxyl group of epinephrine (Wieland et al., 1996; Swaminath 

et al., 2004). Examination of the sequence alignments showed that the rat and mouse 

TAAR1 had different residues at the site that corresponds to N6.55 (N293) of the 

hβ2AR. The rat TAAR1 sequence has a methionine at site M6.55 (M268) and the 

mouse TAAR1 has a threonine, T6.55 (T268). Since the hβ2AR TM6 site N6.55 

(N293) has a known role in interacting with ligands at this site and since the rat and 

mouse residues at this site were different, these sites were targeted for site-directed 

mutagenesis in an attempt to reverse the stereoselectivity of the receptors. The 

methionine of the rat TAAR1 was changed to the threonine found in the mouse 

sequence, M6.55T (M268T). This mutation was also defined as rTM6. The threonine 

of the mouse sequence was changed to the methionine of the rat sequence, T6.55M 

(T268M).  This was also defined as mTM6.  
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 The rat and mouse TM6 mutations for TAAR1 had opposite effects on potency 

compared to their WT receptors. The rTM6 mutation, M6.55T (M268T), resulted in a 

decrease in potency, as shown by a shift to the right of the cAMP concentration-

response curves for both S(+) and R(-) AMPH and for both S(+) and R(-)METH. On 

the other hand, the mouse TM6 mutation, T6.55M (T268M), had an increase in 

potency for both enantiomers of AMPH and METH compared to the mWT TAAR1 

as evidenced by a shift to the left of the cAMP response curve. For example, the 

reduction in EC50 for (S+)AMPH for the mTM6 mutation was about 20-fold 

compared to the mWT TAAR1 response.  

 For the WT receptors the EC50 of the cAMP accumulation in response to 

S(+)AMPH was approximately the same for the rat (56nM) and mouse TAAR1 

(85nM). The mouse TM6 mutant had about a 170 fold lower EC50 (4nM) compared to 

that for the rTM6 mutant (677nM) in response to S(+)AMPH. For the mTM6 the 

most potent drug applied was S(+)AMPH while for rTM6 it was R(-)AMPH. For the 

WT receptors the rat WT EC50 (34nM)  was over  twenty fold lower than for the 

mWT EC50  (785nM) for    R(-)AMPH while for the TM6 mutants the EC50 for rTM6 

(214nM) was about 2 fold greater than for the mTM6 EC50 (121nM) for R(-)AMPH.  

     These results suggest that the TM6 mutants affected the EC50s differently for the 

rat and mouse, but the rank order of potency for the enantiomers of AMPH was not 

changed from that for the wild types.  For the TM6 mutants, the response to both 

isomers of amphetamine was shifted from the WT in the same direction. For the rat 

TAAR1 the response of the TM6 mutant was shifted to the right compared to rWT for 

both S(+) and R(-) AMPH  (Figure 4c, 4e) while for the mouse TAAR1 the TM6 
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response was shifted to the left from the WT response for both enantiomers of 

AMPH. These results show that the mutations to TM6 affected the potency.  

 These results also revealed that the mutation of a single amino acid likely 

involved in ligand binding at a GPCR can increase or decrease the EC50 of the second 

messenger response by an order of magnitude compared to the WT receptor. An 

example is the 18nM EC50 of the mTM6 for S(+)METH compared to the 279nM 

EC50 of the mWT. Based on this assay the EC50 for S(+)METH at the mouse WT 

TAAR1 was about 280nM.  The mutation to TM6 of the mouse TAAR1 resulted in 

an EC50 to stimulation by S(+)AMPH of less than 4nM. 

     The combined results suggest that a single amino acid in TM7 is responsible for 

the species dependent stereoselectivity displayed by the rat and mouse TAAR1 

receptors to the enantiomers of amphetamine. The mutation of just a single amino 

acid can cause the response of a GPCR to look like that of another species. Both TM6 

and TM7 contain amino acids that affect the stimulated response of the receptors to 

ligand binding. 

 The function of TAAR1 and its endogenous ligand have not yet been identified. 

Here the wild type rat and mouse TAAR1 receptors have been potently stimuated by 

the psychostimulants AMPH and METH as well as by the endogenous trace amine 

PEA. It is interesting to speculate that the TAAR1 receptor could be potently 

activated in vivo by these psychostimulants and may contribute in some yet 

undetermined way to their effects. Future work with the hTAAR1 will be needed to 

explore this possible connection with the human response. 
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Abstract       

     Methamphetamine has been shown to activate the rat and mouse wild type (WT) 

trace amine-associated receptor 1 (TAAR1) in vitro (Bunzow et al., 2001).  This work 

evaluated the in vitro response of WT hTAAR1 to the psychostimulants 

methamphetamine (METH) and amphetamine (AMPH). Due to difficulties in 

producing a stable cell line expressing the WT human TAAR1 (hTAAR1), a chimera 

TAAR1 consisting of the transmembrane domains with the human sequence and the 

rat sequence for the N and C terminal tails and third intracellular loop was 

constructed.  The human chimera TAAR1 was shown to respond potently to these 

psychostimulants but this has not been demonstrated for the wild type hTAAR1.  In 

this study, human embryonic kidney (HEK) 293 cells were transiently transfected 

with plasmids containing hTAAR1 and CRELuc, a luciferase reporter gene driven by 

a cAMP Response Element (CRE) promoter. The trace amine β phenylethylamine 

(PEA), both isomers of AMPH and METH, and the neurotransmitter dopamine (DA) 

were applied to HEK293 cells transiently transfected with hTAAR1. PEA and the 

amphetamines stimulated the expression of the CRE driven luciferase gene in a 

concentration-response fashion, but not in cells transfected with an empty vector. The 

dopamine-induced response was less potent compared to methamphetamine in 

stimulating CRE-driven transcription.  These results imply that hTAAR1 is a novel 

target for methamphetamine and that methamphetamine stimulation of hTAAR1 

activates downstream CRE-driven gene transcription in vitro.  
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Introduction             
 
 Methamphetamine abuse has reached epidemic proportions in many parts of the 

US (Research, 2005). There are no approved pharmacotherapies for 

methamphetamine abuse such as the use of methadone to treat heroin addiction.  If 

some of methamphetamine’s psychostimulative effects are mediated by hTAAR1 in 

vivo then this receptor may become a target for the development of novel 

therapeutics. The human trace amine-associated receptor 1 (hTAAR1) is a novel 

target for methamphetamine. Methamphetamine’s psychostimulant capability is due 

to the increased release of the neurotransmitters dopamine and norepinephrine (NE) 

from presynaptic terminals. The known molecular mechanisms by which 

methamphetamine, amphetamine, and its congeners work include 1) uptake of 

amphetamine into the cell and the depletion of cytosolic DA by the reversal of the 

dopamine transporter (DAT), 2) inhibition of monoamine oxidase (MAO) B that 

normally breaks down biogenic amines, and 3) by acting as a substrate that displaces 

neurotransmitters (NT) from storage vesicles into the cytosol via the vesicular 

monoamine transporter 2 (VMAT2) (Sulzer et al., 2005) (Partilla et al., 2006).  The 

DAT is a regulator of DA signaling so a modification of the redistribution of DAT 

from the cell surface plasma membrane of dopaminergic neurons would be expected 

to affect the duration and strength of DA signaling.  

     Trace amine receptors are G-protein coupled receptors (GPCRs) that are potently 

activated to stimulate cAMP accumulation in response to trace amines, 

neurotransmitters, and drugs including amphetamines (Borowsky et al., 2001; 

Bunzow et al., 2001; Lindemann et al., 2005). The mouse and rat TAAR1 can be 
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stably expressed in cell lines. Since hTAAR1 localizes primarily in the cytoplasm, 

presumably in vesicles, and has been difficult to express at the cell surface, a chimera 

was constructed. Borowsky et al. showed in situ hybridization histochemistry results 

that show TAAR1 from the mouse CNS localized in the cytoplasm (Borowsky et al., 

2001) and Xie et al. showed cytoplasmic localization of TAAR1 in rhesus monkey 

dopaminergic neurons in the substantia nigra (Xie et al., 2007). The chimera was 

comprised of the seven transmembrane domains (7TM) from the human sequence and 

the N- and C- terminals as well as the third intracellular loop from the rat sequence. 

This human chimera TAAR1 (hCh TAAR1) was stably expressed and characterized 

along with the rat and mouse receptors as described in chapter 2 (Lindemann et al., 

2005; Reese et al., 2007). The hCh TAAR1 is also potently activated by PEA and 

METH.  

     The physiological role for TAAR1 remains to be determined. TAAR1 was found 

in several regions of the rhesus monkey brain associated with monoaminergic 

neurons including the caudate nucleus, putamen, substantia nigra, nucleus 

accumbens, ventral tegmental area, raphe nucleus, and the amygdala (Xie et al., 

2007). The localization of numerous TAARs, but not TAAR1, in rodent nasal 

epithelium was reported with results that suggest roles as odorant sensors (Liberles 

and Buck, 2006). A possible function for TAAR1 involves co-expression with DAT 

in dopaminergic neurons and modulation of the dopamine transporter.  Work done 

with the Rhesus monkey TAAR1 expressed in HEK293 cells showed that co-

expression with the human DAT increased the cAMP accumulation response of the 

monkey TAAR1 to methamphetamine (Miller et al., 2005; Xie and Miller, 2007). 
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However, it has not yet been demonstrated that methamphetamine activates the wild 

type human TAAR1 as well. The sequence homology between the rhesus monkey 

(Macaca mulatto) and the human TAAR1 is 96%. 

     This work explores whether methamphetamine induces hTAAR1 mediated 

transcription of a CRE-driven reporter gene. The general approach was to transiently 

transfect HEK293 cells with hTAAR1 along with CRELuc, a luciferase  gene driven 

by a CRE promoter, and a β-Gal reporter gene, not driven by a CRE promoter. The 

reporter gene was used to normalize for expression and cell number. Transfected cells 

were then treated with METH, AMPH, and PEA, known agonists to the rat and 

mouse TAAR1. After incubation with varying concentrations of these drugs, cells 

were assayed for luminescence to quantify CRE-driven luciferase expression 

compared to non CRE-dependent beta-galactosidase expression in the cells.  

 Here I tested the hypothesis that methamphetamine activates hTAAR1 to increase 

cAMP accumulation which enables protein kinase A (PKA) second messenger 

signaling pathway. Chemiluminescence due to expression of the reporter gene 

CRELuc was expected to respond proportionally to the amount of hTAAR1 agonist 

applied. Increased cAMP causes PKA activation, separation, and translocation of the 

catalytic subunit to the nucleus to phosphorylate the cAMP response element (CRE) 

binding protein (CREB) at serine-133. Phosphorylated CREB binds as a dimer to the 

CRE of the promoter of target genes and also associates with CBP/P300 which 

assembles basal transcription factors to promote gene transcription (Gonzalez and 

Montminy, 1989; Mayr and Montminy, 2001). CREB has been implicated in long-

term synaptic plasticity associated with both drug addiction (Carlezon et al., 2005; 
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Nestler and Carlezon, 2006) (McClung and Nestler, 2008)  and mood and anxiety 

disorders (Nair and Vaidya, 2006; Zarate et al., 2006).  

 Here we report that PEA, METH, and AMPH concentration-dependently 

increased luminescence in HEK293 cells transiently transfected with hTAAR1, 

CRELuc, and β-gal, but not in cells transfected with the empty vector, CRELuc, and 

β-gal. These results suggest that METH along with PEA potently activate hTAAR1 

mediated CRE-dependent transcription in vitro.  

 
 

Methods and Materials 
 
Tissue Culture and transient transfections 

     Wild type HEK293 cells were maintained at 37 oC in 5.1% CO2 with Dulbeccos 

Modified Eagle’s Medium (DMEM) (Invitrogen) supplemented with 10% fetal 

bovine serum and 1% PenStrep in 100mm dishes. When cells reached 80% 

confluency they were transfected with plasmids expressing 1) the hTAAR1 construct 

in pcDNA3.1TOPO, 2) CRELuc, a luciferase reporter gene driven by a CRE 

promoter, and 3) pCH110, a β-galactosidase gene used to normalize for expression 

and cell number. The DNA and Fugene 6 transfection reagent (Roche, Mannheim, 

Germany) were mixed in Opti-MEM (Invitrogen) or DMEM with no serum following 

the manufacturers directions. The maintainence medium was aspirated from the 

100mm cell culture dish and replaced with the transfection solution. After cells were 

incubated at 37 oC in 5.1% CO2 for five hours the transfection medium was removed 

and the cells were harvested with trypsin, pooled, then equally plated in 1ml aliquots 
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into 24 well plates with DMEM plus serum and incubated overnight. A single 100mm 

dish provided enough cells for plating two 24-well plates. 

 

CRE Luciferase Assay 

     The following day drugs with a range of concentrations were mixed in DMEM 

with no serum or phenol red and added to the cells which were then incubated for an 

additional 18 hours. A shorter incubation time of 2 – 4 hours was attempted but there 

was little difference in response across a range of drug concentrations. Medium was 

aspirated from the wells and the cells were then lysed with Glo Lysis Buffer 

(Promega Corp., Madison, WI). The plates were put on a shaker for 20 – 30 minutes 

at room temperature to thoroughly lyse the cells. Then 50ul of lysate from each well 

of the 24-well plate was transferred into separate wells of a 96 well opaque white 

Optiplate-96 microplate (PerkinElmer, USA) and combined with 50ul of Steady Glo 

(Promega, Madison, WI) luciferase assay reagent containing a substrate for 

luciferase.  A second 96- well plate was set up in parallel with each well containing 

50ul of cell lysate and 50ul of  Beta-Glo Assay System reagent (Promega, Madison, 

WI). The samples were covered to prevent exposure to light and incubated at room 

temperature for 30 minutes and then analyzed in a luminometer. The plates were read 

for chemiluminescence on the Fusion Universal Microplate Analyzer (Packard 

BioScience Company, Meriden, Connecticut).  
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Data analysis 

     Generation of the data involved averaging triplicate chemiluminescent readings for 

each drug and at each concentration taking the ratio of the CRE-luciferase average (S-

Glo) to the beta galactosidase (B-Glo) average values. Background levels were 

determined from cells transfected with either hTAAR1 or EV, CRELuc, and β-gal but 

were mock treated in lieu of receiving any drug. Fold stimulation for each drug 

concentration was calculated by first normalizing the S-glo/B-glo ratio to the 

background ratio. Fold-increase data represented the ratio of the luciferase 

luminescence to the β-gal luminescence for a given concentration of applied drug 

relative to the ratio of luciferase to β-gal luminescence for the vehicle treated cells, 

which was defined to be equal to one. Data from replicated experiments were 

combined in an Excel spreadsheet (Microsoft Corp., Redmond WA) and the average 

values of the ratio of the S-Glo/B-Glo and the S.E.M. were calculated for each 

concentration of applied drug. The data was graphed using Prism data analysis 

software (Graph Pad Software Inc., San Diego, CA.). The concentration-response 

data was modeled using nonlinear regression sigmoidal curve fitting and plotted.   

 
 

Results 
 
 Methamphetamine potently activated the wild type hTAAR1 receptor in a CRE-

driven luciferase reporter assay. Both enantiomers of METH and AMPH activated 

hTAAR1 mediated CRE-promoter dependent transcription with approximately the 

same apparent potency in transiently transfected human embryonic kidney (HEK)-

293 cells. The neurotransmitter dopamine stimulates this reporter system much less 
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potently than PEA, METH or AMPH. Cells transfected with the empty vector (EV) 

did not respond beyond the background level when exposed to either PEA or S(+)-

METH across the entire range of applied concentrations (Figure 1).  Both the EV-

transfected as well as the hTAAR1- transfected cells were potently stimulated by 

exposure to 10μM forskolin (data not shown). At the higher applied concentrations, 

the S(+) isomer of METH potently stimulates CRE-driven expression nearly as 

efficaciously as PEA. A concentration-dependent response of hTAAR1 mediated, 

CRE-promoter driven expression showed that the response to S(+)-METH was not 

statistically different from PEA at the applied concentration of 100μM (Figure 2). 

DA, R(-)-METH, and both isomers of AMPH were less responsive than PEA in this 

assay. This result suggests that hTAAR1 may function as a detector of the TA PEA 

but not the neurotransmitter DA.  

 Generation of the data involved averaging triplicate chemiluminescent readings 

for each drug and at each concentration taking the ratio of the CRE-luciferase average 

to the beta galactosidase average values. Background levels were determined from 

cells transfected with either hTAAR1 or EV, CRELuc, and β-gal but were mock 

treated in lieu of receiving any drug. The ratio of CRE-dependent to non CRE-

dependent luciferase based chemiluminescence (S-glo/B-glo) for the background was 

approximately 1 for all of the experiments.  

 The potencies of these compounds at hTAAR1 for this CRE-luciferase assay are 

similar to but lower compared to the potencies at the human-rat chimera TAAR1 

based on the cAMP assay of Chapter 2. For example, the PEA EC50 for the CRE-

luciferase assay was 1.12 uM while for the cAMP assay it was 0.38uM.  For 
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S(+)METH the EC50 for the CRE-luciferase assay was 6.22 uM and 4.44 uM for the 

cAMP assay (Table 1). Apparent calculated EC50s were used since the sigmoidal 

concentration-response curves for the CRE-luciferase assay were not saturated. 
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Figure 1.  
 
Heterologously expressed wild type human TAAR1 mediates  

CRE-Luciferase expression in response to β-phenylethylamine, methamphetamine, 

and dopamine. The chemiluminescence of firefly luciferase driven by the CRE 

promoter is measured as fold-stimulation over background level, normalized to one, 

in HEK-293 cells transiently transfected with the hTAAR1 receptor in response to 

treatment by PEA, S(+)-METH, and DA. Cells transfected with the empty vector 

(EV), pcDNA3.1TOPO, were treated with PEA or S(+)-METH. Data shown are the 

mean +/- S.E.M. from at least four experiments performed in triplicate. 

Concentrations of applied drug compounds along the x-axis are given in units of log 

M, where M is the final molarity. 
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Figure 2. 

hTAAR1 mediated CRE-luciferase expression in response to PEA, DA, and 

stereoisomers of METH and AMPH. 

Heterologously expressed wild type human TAAR1 mediated CRE-luciferase 

expression in response to PEA, DA, and stereoisomers of METH and AMPH.  Data 

shown are the measured chemiluminescence minus background level and are 

represented as a percent of maximum stimulation due to 10μM forskolin minus the 

background level and are the mean + S.E.M. from at least four experiments 

performed in triplicate. Concentrations of applied drug compounds along the x-axis 

are given in units of log M, where M is the final molarity.   
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Table 1.  EC50s of compounds that activate wild type human TAAR1 and   

 human-rat chimera TAAR1 

 

Average EC50s (μM) for compounds at the hTAAR1 using the CRE Luc assay of 

chapter 4 and human-rat chimera TAAR1(hChTAAR1) using the cAMP assay of 

chapter 2. 
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Table 1. 
   

compound hChTAAR1 hTAAR1
PEA 0.38 1.12 
S(+)METH 4.44 6.22 
R(-)METH 9.83 22.35 
S(+)AMPH 1.12 4.62 
R(-)AMPH 3.09 9.50 
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Discussion 
 
     The results of this study show that methamphetamine potently activates human 

TAAR1- mediated, CRE-dependent transcription. Here, using a reporter assay, 

methamphetamine is shown for the first time to promote gene transcription mediated 

by the wild type human TAAR1 receptor. The trace amine β-phenylethylamine (PEA) 

and both enantiomers of methamphetamine and amphetamine activated CRE-driven 

luciferase expression in a concentration dependent manner while the neurotransmitter 

dopamine was a weak activator. Cells transfected with the empty vector showed no 

expression above background in response to these drugs even at the highest 

concentrations applied. PEA was even more potent than METH at stimulating 

hTAAR1 mediated transcription in this in vitro assay, suggesting a possible role for 

this endogenous ligand in mediating mood and alertness via this receptor. Previous in 

vitro assays have used measures of intracellular cAMP to evaluate the TAAR1 

receptor (Borowsky et al., 2001; Bunzow et al., 2001; Wainscott et al., 2006).  The 

assay in this study is more indirect since it measures the affects of cAMP response 

element dependent transcription. CREB activated by phosphorylation of serine 133 is 

required for recruiting CBP (Chrivia et al., 1993) which assembles transcription 

factors needed to initiate transcription. Other potential pathways can phosphorylate 

CREB in addition to the familiar PKA route. These include the MAP kinase pathway, 

NMDA receptor mediated calcium influx activation of CaMK, and phospholipase C 

(PLC) activation of PKC, all of which can regulate CREB (Shaw-Lutchman et al., 

2003; Carlezon et al., 2005; Nair and Vaidya, 2006).  Typically Gαs activates 

adenylyl cyclase (AC), Gαi inhibits AC, and Gαq activates phospholipase C (PLC). 
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While Gαs activates AC, the Gbg subunits can interact with PLC, G-protein activated 

inwardly rectifying K+ (GIRK) channels, voltage sensitive calcium channels (VSCC), 

PI3 kinase and the MAPK pathways (Hur and Kim, 2002). The result is that 

downstream pathways of a GPCR can be complex and we cannot rule out these other 

downstream pathways as being consequences of hTAAR1.  

     Previous work has demonstrated that amphetamine given acutely to mice causes 

increased phosphorylation of CREB and this phosphorylation of CREB is associated 

with CRE-mediated transcription in regions of the brain associated with reward and 

mood such as the nucleus accumbens, ventral tegmental area, amygdala, and locus 

coeruleus (Shaw-Lutchman et al., 2003).  

     The curves of CRELuc fold stimulation above background did not saturate for the 

range of concentrations applied. However, concentrations of METH greater than 

100μM could not be used due to toxicity effects. Above 100μM METH the CRE 

activation declined due to toxicity as evidenced by the decreasing expression of the 

control β-gal used to normalize the expression in the assay.  

 Previously it was reported that METH and AMPH as well as the trace amines 

PEA and p-tyramine activated the TAAR1 receptor for different mammalian species 

including the rat, mouse, and rhesus monkey. A chimera of the human and rat 

TAAR1 was also shown to be activated by exposure to METH. Other members of the 

TAAR family, excluding TAAR1, had been shown to be activated by numerous 

odorant molecules (Liberles and Buck, 2006). The unmodified hTAAR1 was 

previously reported to be stably expressed in CHO-K1 cells where the receptor 

activated the mobilization of internal calcium in response to known trace amines 
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agonists and neurotransmitters (Navarro et al., 2006). However, it has not yet been 

reported that METH activates the wild type hTAAR1. This study is the first to 

evaluate the non-chimeric hTAAR1 in response to methamphetamine. 

 The isomers of METH appear to be stable in solution. R(-)METH, the less 

physiologically active form, is excreted in the urine in the same form. The main 

metabolite of METH is AMPH and it is found to have no cross isomerization in 

assayed urine samples (Jirovsky et al.,  2001). 

     Since the results of the current study show that hTAAR1 is activated in vitro by 

METH, hTAAR1 may represent a novel target by which methamphetamine mediates 

its effects in humans. 

     Future behavioral experiments could assess the contribution of TAAR1 in 

mediating some of METH’s in vivo effects by using knockout and wild type mice 

exposed to S(+)METH. 

     The results presented here show that METH, along with PEA, potently activate 

hTAAR1 mediated CRE-dependent transcription in vitro. The plate-based assay 

described here could be used to evaluate the response of hTAAR1 to antagonist drugs 

with the potential to develop therapeutic treatments for methamphetamine addiction 

and abuse. 
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Chapter 5  

 

 

 

Co-localization of the human Trace Amine-Associated 

Receptor 1 (hTAAR1) 

and the human Dopamine Transporter (hDAT) 
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 Abstract 
 
 The trace amine-associated receptor 1 (TAAR1) is activated by trace amines (TA) 

and by the psychostimulants amphetamine (AMPH) and methamphetamine (METH). 

The dopamine transporter (DAT) is the primary regulator of released dopamine. It has 

been reported that AMPH causes a redistribution of cell surface DAT.  Other groups 

have suggested that TAAR1 and DAT interact. This study was undertaken to see if 

hTAAR1 and DAT co-localize and to see if METH also causes internalization of 

DAT.  Here, a GFP-human DAT fusion protein (hDAT-GFP) is expressed at the 

surface in untreated HEK293 cells and in the cytoplasm after treatment with phorbol 

12-myristol 13-acetate (PMA). Evidence from confocal fluorescence microscope 

imaging shows that METH applied to cells stably expressing hDAT-GFP induced 

redistribution from the surface. Experiments also showed an example of hTAAR1 and 

DAT co-localization. Prior studies have shown the human TAAR1 (hTAAR1) to be 

localized primarily in the cytoplasm rather than in the cell surface plasma membrane. 

A motif, R(X)6LL, required for exit from the endoplasmic reticulum (ER) for the 

majority of aminergic GPCRs, was found to be modified in the rat, mouse, and 

human TAAR1 sequences. This modification may account for the predominantly 

intracellular distribution of the hTAAR1.  
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Introduction 
 

     Endogenous trace amines acting at the trace amine-associated receptor may 

modify the ability of monoamine transporters to function by inducing redistribution 

of the transporters from the cell surface. The dopamine transporter (DAT) provides 

the principle mechanism for the regulation of the reuptake of extracellular dopamine 

(Giros et al., 1996). The monoamine transporters are targets for anti-depressant drugs. 

DAT is also the main target for AMPH and METH, both of which prevent DA uptake 

and induce DA to flow into the synaptic cleft (Koob and Bloom, 1988). AMPH as 

well as the TAs PEA and TYR induce DA efflux from dopaminergic neurons in 

rabbit striatal slices (Parker and Cubeddu, 1988). The phosphorylation of DAT causes 

internalization of transporters and inhibition of their activity. DAT phosphorylation in 

response to PKC activation by phorbol 12-myristate 13-acetate (PMA) inhibits DAT 

activity (Vaughan et al., 1997). Phosphorylation of the dopamine transporter by PKC 

activated by PMA results in internalization of the transporters (Daniels and Amara, 

1999). 

     It was convincingly shown that AMPH causes internalization of human DAT 

stably expressed in HEK293 cells (Saunders et al., 2000). More recent findings have 

shown that a key element of AMPH’s ability to induce DAT redistribution from the 

cell surface is the increase in intracellular AMPH (Kahlig et al., 2006). However, 

these authors did not identify the intracellular target that mediates the AMPH induced 

redistribution. Could it be TAAR1? TAAR1 is activated by endogenous TAs and by 

the abused psychostimulants AMPH and METH (Bunzow et al., 2001). Recently it 

was shown that DAT significantly enhanced TAAR1 signaling in HEK293 cells 
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stably expressing DAT and transiently transfected with rhesus monkey TAAR1 

(rhTAAR1) (Xie et al., 2007). In this same article the authors demonstrate the co-

expression of TAAR1 and DAT in rhesus monkey brain using confocal laser 

microscopy. This same group also provided evidence that, conversely, TAAR1 

regulates the efflux of dopamine in response to METH (Xie and Miller, 2007).  

     Recently it was shown that the TA TYR causes a decrease in the spontaneous 

firing rate of dopaminergic neurons in wild type but not in TAAR1 knockout mice 

(Lindemann et al., 2007). This suggests that in wild type mice TAAR1  “decreases 

the firing rate” of dopaminergic neurons. In a recent article it was reported that PEA 

activation of TAAR1 inhibits uptake and induces efflux of [3H]DA in tranfected cells, 

and in synaptosomes of both rhesus monkey and wild type mice but not in TAAR1 

knockout mice  (Xie and Miller, 2008). This suggests that PEA interaction with 

TAAR1 modulates transporter function.  

     TAAR1 resides primarily in the cytoplasm rather than at the cell surface plasma 

membrane. The reason for this localization is unknown.  TAAR1 localization in the 

cytoplasm may be due to its retention in endosomes or it may be contained in 

synaptic vesicles. If TAAR1 is in synaptic vesicles, then upon merging with the 

plasma membrane TAAR1 would have a temporary presence at the surface during 

neurotransmitter release. 

     To investigate the possible interaction of TAAR1 with DAT, I used some of these 

same approaches in an attempt to replicate some of the reported findings. Here, I 

found evidence that METH, in addition to  AMPH, and PMA used as a positive 

control, may cause internalization of DAT expressed in HEK293 cells. Results also 
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indicated some evidence of co-localization of hTAAR1 and hDAT in transfected 

HEK293 cells. And, finally, an endoplasmic reticulum exit motif was found to be 

missing, or at least modified in the rat, mouse, and human TAAR1.  

 
 

Methods and Materials 
 

Materials 

 S-(+)- and R-(–)-AMPH-sulfate and S-(+)-METH-HCl were purchased from 

Sigma-Aldrich (St. Louis, MO). Plasmid constructs containing the GFP-hDAT 

sequence were provided as a gift from Spencer Watts, PhD., University of Pittsburgh, 

Pittsburgh, PA.  The primary hTAAR1 antibody was rat anti-HA and the secondary 

antibody was Fab-Cy3 anti-rat.  

 
Cell culture 

 HEK293 cells stably expressing hDAT-GFP, a protein that expresses the human 

dopamine transporter fused to an enhanced green fluorescent protein at the N-

terminus, were maintained in Dulbecco’s Modified Eagle’s medium (DMEM), 

GIBCO-Invitrogen (Grand Island, NY) with 10% fetal bovine serum (FBS) and 1% 

Pennstrep and 0.8% G418. The expression vector for HA-tagged hTAAR1used in 

transient transfections was pcDNA3.1/V5/His-TOPO (Invitrogen, Carlsbad, CA). 

Cells were maintained at 37 oC in humidified air with 5.1% CO2.  
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Transfections 

 The establishment of a stably expressing hDAT-GFP cell line followed the same 

procedure as previously outlined in chapter 3. The construction of the hDAT-GFP 

plasmid was described previously by Daniels and Amara. Briefly, hDAT cDNA was 

inserted between the KpnI and XbaI sites of the expression vector pEGFP-C1 

(Clontech).    Transient transfection of hTAAR1 into HEK293 cells stably expressing 

hDAT-GFP was performed using FUGENE HD Transfection Reagent according to 

the manufacturers directions. The reagent, the DNA, and the diluent Optimem were 

allowed to come to room temperature. The ratio of Fugene HD reagent (μl) to DNA 

(μg) was 4:2 in 100μl of diluent. The Fugene HD transfection reagent was added 

directly to the diluted DNA and the mixture was vortexed for 1 to 2 seconds, then the 

mixture was incubated for 15 minutes at room temperature in a tissue culture hood. 

The transfection complex was then added to cells growing on coverslips in 25μl 

volumes per well in a 24 well plate. The plate was swirled gently to mix the 

transfection complex throughout the media and then incubated overnight for 

approximately 18 hours prior to treatment with drugs.  

 

Drug treatment 

     Cells were treated with drug for one hour at 37 oC. Drug treatment was stopped by 

aspiration of media and cells were rinsed 1X in Phosphate Buffered Saline (PBS). 

Drugs were applied at a final concentration of 10μM with the exception of phorbol 

12-myristol 13-acetate, PMA, which was applied at a final concentration of 100nM. 
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The PMA was a gift from Robert Shapiro, PhD., Oregon Health and Science 

University, Portland, OR. 

 

Immunofluorescent antibody staining and confocal microscopy 

 After drug treatment the transfected HEK293 cells were fixed in Hanks balanced 

salt solution (HBSS) pH7.4 with 3% paraformaldehyde at room temperature and 

incubated for 15 minutes in the dark. Cells were washed 3X in Tris Buffered Saline 

(TBS) washing buffer with 0.1%Triton X-100 for permeabilization. Cells were pre-

blocked in TBS plus fish gelatin and 1:10 hen block for 20 minutes. Cells were 

washed 3X in 1X TBS. Rat anti-HA primary antibody diluted 1:500 in TBS plus 

blocking solution was added and cells were incubated for 45 minutes at room 

temperature. The primary antibody was removed and cells were washed 3X in TBS 

1X. Cells were blocked again as described above and incubated for 5 minutes, then 

washed 3X in TBS. Secondary antibody, Fab-Cy3 anti-rat diluted at 1:500 in blocking 

solution was added and incubated for 30 minutes in the dark. Cells were washed 3X 

in TBS 1X plus 0.1% TritonX-100. Coverslips with stained cells were dipped in H2O, 

the excess water was wicked off, and the coverslips were mounted onto glass slides in 

Molwiol (Sigma/Aldrich, Milwaukee, WI) that was pre-warmed to 37 oC. Slides were 

labeled, dried overnight in the dark at room temperature, then stored in the dark at 4 

oC until imaging with a laser scanning confocal microscope. Confocal microscopy 

was performed using an Olympus Fluoview 300 scanning head mounted on a BX51 

microscope stand with a 60x1.4NA oil immersion objective. A green HeNe 543nm 
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laser was used for excitement of Cy3 fluoresence and a blue 488nm Ar laser was used 

to excite GFP. 

  

 
Results and Discussion 

     In an effort to explain the predominantly cytoplasmic location of the TAAR1s, a 

search of the literature was made to determine what motifs represent a retention 

signal and to see if the TAAR1s contained such a motif. The GABAB1 receptor is a 

GPCR that requires dimerization to the GABAB2 receptor in order to be expressed at 

the cell surface (Marshall et al., 1999). The RSRR sequence near the end of the 

GABAB1 C-Terminus (figure 1) constitutes a retention motif that prevents protein 

trafficking from the endoplasmic reticulum (ER) (Margeta-Mitrovic et al., 2000). The 

C-terminus tails of the two receptor subtypes coil together which blocks the retention 

site on GABAB1. The blockage of the retention site allows the release sites to direct 

transport to the cell surface. 

     In addition, the α1D-AR remains located intracellularly unless it heterodimerizes 

with α1B-AR (Uberti et al., 2003). It was found that the conserved sequence F(X)6LL 

represents an ER exit motif that enables transport to the cell surface (Duvernay et al., 

2004). This reference included a table of GPCRs that contain this conserved exit 

motif. The α- and β-AR receptors were listed as well as the dopamine and 5HT 

receptors. The motif FXXXFXXXF was also identified as an ER exit motif for the 

dopamine D1 receptor (Bermak et al., 2001).  Inspection of the dopamine receptors 

D1-D5 revealed that they all have this same additional exit motif. Interestingly, the 
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D1 and D5 motifs align and the D2-D4 motifs align but the D1 and D5 motifs are 

offset by one amino acid to the left compared to the D2-D4 sequences. 

     Both of the exit motifs for D1 and D2, i.e. F(X)6LL and FXXXFXXXF, are 

included in the sequences shown in Figure 1. The sequences include the TM7 domain 

and the initial segment of each C-terminus. The sequences are aligned to hβ2AR 

which has only the F(X)6LL exit motif.  

 The next logical question was to ask if the TAAR1s had either this same F(X)6LL 

exit motif which is common to the majority of the adrenergic receptors or the 

FXXXFXXXF exit motif of the D1 and D2 receptors. The rat, mouse, and human 

TAAR1 TM7 sequences were aligned to the hβ2AR sequence (Figure 1).  The 

residues that are conserved in TM7 across most of the aminergic GPCRs are indicated 

by bold type. Inspection revealed that the TAAR1s have modified versions of the 

F(X)6LL exit motif but the FXXXFXXXF motif is absent from the TAAR1 

sequences. The rat sequence F(X)6VL has a valine in place of a leucine. The mouse 

has a F(X)6VLL and the hTAAR1 has a F(X)7L motif with just a single leucine. Here 

I speculate that the extra distance between the F and the L and the single L rather than 

a double may render the modified exit TAAR1 motifs inactive or less effective with 

the result of significantly reduced cell surface expression.  An alternative explanation 

could be that, in vivo, TAAR1 dimerizes and manages to be trafficked but its 

unknown traveling partner was not expressed in the in vitro studies that employed 

HEK293 cells.  

 Future studies should include mutagenesis of the hTAAR1 exit motif to match 

that of the hβ2AR. The hypothesis is that surface expression would be significantly 
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enhanced. This effort would help determine if the native hTAAR1 exit motif is 

functional or not and would explain the cytoplasmic localization if the hypothesis 

were shown to be true.  

 An HEK293 cell line stably expressing a GFP labeled hDAT was established in 

an effort to provide a vehicle to investigate possible co-localization and interactions 

between hDAT and hTAAR1 and to explore the effects of METH on the cell location 

of the DAT. Cells stably expressing hDAT-GFP fusion protein were grown on cover 

slips and treated with phorbol 12-myristate 13-acetate (PMA) 100nM or no drug and 

incubated for one hour. The cells were rinsed, fixed in paraformaldehyde, rinsed and 

mounted on glass slides prior to imaging with a confocal microscope. For controls 

with no applied drug the hDAT was expressed at the cell surface as expected (figure 

2a).  

     The phorbol ester PMA was previously demonstrated to cause internalization of 

the DA transporter from the plasma membrane (Daniels and Amara, 1999).  The same 

approach was taken here in order to demonstrate the ability to detect DAT 

internalization. In this study, exposure to PMA caused DAT internalization (Figure 

2b) similar to the results shown by Daniels and Amara. The fluorescence appears as 

intracellular puncta with little or no cell surface fluorescence. The cells in Figures 2a 

and 2b were grown and plated in the same 24-well tissue culture dish and experienced 

the same environmental conditions except for the drug treatment difference.  

     In prior studies using confocal microscopy it was shown that AMPH applied to 

cells expressing DAT caused the internalization of the transporters from the cell 
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surface (Saunders et al., 2000). There are also reports that the activity of the DAT was 

reduced in response to METH (Saunders et al., 2000) (Baucum et al., 2004).   

     I wanted to know if METH would cause the same internalization of DAT that had 

previously been shown for AMPH.  

     METH 10μM was applied to cells expressing the hDAT-GFP. For cells exposed to 

METH and incubated for 30 minutes DAT-GFP remained primarily at the surface 

(Figure 3a). The prominent bright spot in one of the cells may be protein still in the 

ER or Golgi structure. After exposeure to METH for 2 hours there was some 

evidence of internalization (Figure 3b). The cell in the lower right portion of figure 3b 

shows the most evidence of internalization while the other cells still exhibited surface 

location.  

     The next question was whether DAT and TAAR1 co-localize. That would be 

expected if one protein mediates the effects of the other as proposed by Xie and 

Miller (Xie and Miller, 2007; Xie et al., 2007). HA-tagged hTAAR1 was transiently 

transfected into HEK293 cells stably expressing hDAT-GFP. Cells were treated with 

drugs then fixed and prepared for antibody staining. Since the transfection efficiency 

was not very good for this experiment, relatively few hTAAR1 expressing cells were 

found that exhibited  Cy3 fluorescence. Cells with GFP fluorescence are shown in the 

top panel of Figure 4. The center panel shows cells expressing the HA-tagged wild 

type hTAAR1 in the same field of view.  

     These cells were treated with PMA. Due to the poor transfection efficiency of the 

hTAAR1 in this experiment it was not possible to demonstrate hTAAR1 localization 

for cells with no drug. These drug treatment experiments would need to be duplicated 
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with improved transfection efficiency to generate enough co-transfected cells to 

permit valid statistical analysis. 

 The bottom panel is the result of merging to first two. The yellow areas indicate 

sites of hDAT-GFP and hTAAR1 co-localization.  Upon close examination the DAT 

and hTAAR1 appear to be intracellular with some possible surface sites as well. 

 In summary, DAT cell surface expression was redistributed to the cytoplasm upon 

treatment with PMA. Preliminary evidence of DAT internalization was also shown in 

response to METH. Some evidence was shown suggesting co-localization of hDAT 

and hTAAR1. 
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Figure 1. Endoplasmic reticulum exit and retention motifs 
 
(a) Amino acid sequences of the TM7 and initial section of the C-Terminus of human 

dopamine receptors D1 and D2, and the rat, mouse, and human TAAR1 aligned to the 

human β2AR.  The transmembrane seven domains are indicated by a line over each 

sequence and are based on the recently determined crystal structure of the β2AR 

(Rasmussen et al., 2007). Highly conserved residues across the aminergic GPCRs are 

indicated by bold type. The ER exit motifs are underlined and also highlighted in 

yellow.  

 

(b) Amino acid sequences of the C-Terminus ends of the GABA B1 and GABA B2 

receptors. The putative TM7 for GABA B1 is indicated by a line over the sequence. 

The ER exit motifs are underlined and highlighted in yellow. The ER retention motif 

for GABA B1 is underlined in red. 
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Figure 1.  
(a)  

 
 
     
hβ2AR 301 NLIRKEVYILLNWIGYVNSGFNPLIYCRSPDFRIAFQELLCLRRSSLKAYGNGYSSNGNT 
 
human D1 
  301 GETQPFCIDSNTFDVFVWFGWANSSLNPIIYAFNADFRKAFSTLLGCYRLCPATNNAIET  
  
human D2                                
       401 CNIPPVLYSAFTWLGYVNSAVNPIIYTTFNIEFRKAFLKILHC  
 
rTAAR1 
       276 YVIPPTLNDTLNWFGYLNSAFNPMVYAFFYPWFRRALKMVLFGKIFQKDSSRSKLFL  
 
mTAAR1 
       276 YVIPPSLNDALYWFGYLNSALNPMVYAFFYPWFRRALKMVLLGKIFQKDSSRSKLFL 
 
hTAAR1   
       279  YIPPTLNDVLIWFGYLNSTFNPMVYAFFYPWFRKALKMMLFGKIFQKDSSRCKLFLELS  
 
 
 
 
(b)  
 
GABA B1 
      821 PVTMILSSQQDAAFAFASLAIVFSSYITLVVLFVPKMRRLITRGEWQSEAQDTMKTGSST  
 
    881  NNNEEEKSRLLEKENRELEKIIAEKEERVSELRHQLQSRQQLRSRRHPPTPPEPSGGLPR  
 
    941  GPPEPPDRLSCDGSRVHLLYK  
 
 
GABA B2 
     841 GNFTESTDGGKAILKNHLDQNPQLQWNTTEPSRTCKDPIEDINSPEHIQRRLSLQLPILH  
 
     901 HAYLPSIGGVDASCVSPCVSPTASPRHRHVPPSFRVMVSGL 
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Figure 2. Confocal microscope images of hDAT-GFP in HEK293 cells. 
 
HEK293 cells stably expressing hDAT-GFP were treated and incubated, then washed, 

fixed, and mounted onto slides. 

(a) Cells treated with vehicle only, no drugs, or  

(b) cells treated with PMA 100nM then incubated for 1 hour at 37C.  
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Figure 2.                         (a) 

 
 
 
 
 
                                             (b) 
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Figure 3. Confocal microscope images of METH treated HEK293 cells stably 

expressing hDAT-GFP. 

 

(a) Cells treated with METH 10μM for ½ hour at 37 oC and 

(b) cells treated with METH 10μM for 2 hours.     
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Figure 3. 
 
           (a) 
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               Figure 3. 
 
               (b) 
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Figure 4. Confocal microscope images of PMA-treated HEK293 cells stably 

expressing hDAT-GFP and transiently co-expressing hTAAR1.  

Cells were treated with PMA 100nM for 1 hour at 37C. Cells were then fixed in 

paraformaldehyde, then washed 3x in TBS plus 0.1%TritonX-100, blocked in TBS 

plus fishgelatin and henblock, washed, then incubated with primary antibody r α HA, 

incubated, washed, blocked and again washed 3x, incubated with secondary Ab, Fab-

cy3 α rat for 30 to 60 minutes, washed 3x, and mounted on glass cover slides, dried 

and stored in dark until imaged. 

Top panel: GFP tagged dopamine transporter, hDAT-GPF (green). 

Center panel: hTAAR1 cy3 (red). 

Bottom panel: Merged images, co-localization of hDAT-GFP and hTAAR1 (yellow). 
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Figure 4 
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Chapter 6 Summary and Conclusions 
 
 
     Since the discovery of the trace amine-associated receptors in 2001 and 

subsequent investigations at different laboratories, some major questions remain 

about these GPCRs. Significantly, the biological function of TAAR1 in the 

mammalian brain remains to be ascertained along with the determination of the 

downstream targets of TAAR1. Even though in vitro pharmacological 

characterizations of some of the TAARs have been performed and many agonists are 

known, the in vivo ligands for TAAR1 remain to be identified and these may differ 

across species and, furthermore, could potentially differ in different brain regions of 

the same species. Whether naturally mutated alleles of TAAR1 or other members of 

the TAAR family occur in patients who have been diagnosed with mental disorders or 

in people who are prone to abuse psychostimulants such as methamphetamine are 

questions related to human health that have yet to be answered. Questions also remain 

about whether amphetamine or methamphetamine activates TAAR1 in vivo and, if so, 

does the activation occur at phsysiologically revelant concentrations. And finally, 

does TAAR1 mediate some of the effects of these drugs in vivo, especially in 

humans? Below is a summary review of my research followed by an integration of 

my findings with reports from related literature. 

 

Species-dependent stereoselectivity of TAAR1 (Chapter 2) 

     After the work by Bunzow et al. (2001) showed that the rat TAAR1 was activated 

by trace amines and psychostimulants, I wanted to characterize the mouse and human 

TAAR1s using trace amines and amphetamine along with some of its congeners and 
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to compare the response of these species to that for the rat. Some unexpected results 

were 

found from the characterization of the concentration-dependent response of cAMP 

accumulation to these drugs. The trace amine PEA was a full agonist in all three 

species. All three species had similar cAMP concentration response curves to PEA 

indicating that PEA was equipotent at rat-, mouse-, and the human chimera-TAAR1 

(hChTAAR1). In sharp contrast to PEA, however, the trace amine TYR had distinctly 

species-dependent characteristics. The potency of TYR was greatest in rat. The EC50 

of the rTAAR1 cAMP concentration-response to TYR was about an order of 

magnitude lower than the EC50 of the mouse TAAR1 and the human chimera TAAR1 

EC50 was even higher.  

     In addition to a striking difference in potencies for TYR, the efficacies were also 

different for each species. TYR was a full agonist at the rat TAAR1 but only a partial 

agonist at the hChTAAR1 with the mouse efficacy closer to that of the human than to 

the rat. These results suggest that PEA may be an endogenous ligand for TAAR1 in 

vivo and that TYR may also be an in vivo TAAR1 ligand, especially in the rat. 

     When the cAMP response curves were generated for the enantiomers of AMPH 

and its congeners, differences in response to the isomers of the compounds became 

apparent in each species. An unexpected and surprisingly large difference between 

species for enantiomeric stereoselectivity was revealed. The rat TAAR1 has about the 

same EC50 for both the S(+) and R(-) isomers of AMPH. However, rat TAAR1 has a 

much lower efficacy for the R(-) isomer compared to the S(+)isomer. The 

stereoselectivity of the mouse TAAR1 to the enantiomers of AMPH was quite 
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different from that of the rat.  For mTAAR1, the EC50 of R(-)AMPH was over an 

order of magnitude higher than for S(+)AMPH indicating a much lower potency for 

the R(-) isomer. The efficacies for both S(+) and R(-)AMPH were nearly the same at 

mTAAR1 and both enantiomers were partial agonists. The potency stereoselectivity 

of the hChTAAR1 had characteristics similar to that of the mouse while its efficacy 

stereoselectivity was more like that of the rat.  

     In summary, the findings of this work, described in Chapter 2, showed that 

amphetamine and methamphetamine are potent agonists of TAAR1 and display 

concentration dependent pharmacological profiles as well as species-dependent 

stereoselectivity.  It was clearly shown that the trace amines PEA and TYR activate 

TAAR1 receptors in vitro which suggests the possibility that these may be the 

endogenous TAAR1 ligands in vivo. That the EC50 for TAAR1 activation by 

S(+)METH in humans is below concentrations found in some addicts suggests that 

TAAR1 may mediate some of the effects of methamphetamine in vivo. 

 

Determination of stereoselectivity by site-directed mutagenesis (Chapter 3) 

 A site directed mutagenesis approach was used to determine the features of the 

TAAR1 receptors that are responsible for the major stereoselectivity differences 

between the rat and the mouse. The substitution of aspargine at amino acid 287 in 

TM7 of the rat sequence by tyrosine, N7.39Y, which is at the same position in the 

mouse sequence caused the pharmacological profile of the rat mutant TAAR1 to 

isomers of AMPH and METH to look like that of the wild type mouse. Briefly, both 

isomers of AMPH had the same efficacy but the EC50 of S(+)AMPH was about an 
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order of magnitude lower compared to R(-)AMPH. Similar results were found for 

METH. Conversely, mutation of the mouse TM7 sequence by replacing the tyrosine 

at amino acid 287 with asparagine, Y7.39N, as found at the corresponding site in the 

rat sequence, caused the profile of the mouse TM7 mutant to resemble that of the rat 

wild type TAAR1. Here, for the mouse TM7 mutant,  both isomers produced about 

the same EC50. However the efficacies were also about the same, as opposed to the 

lower efficacy seen for R(-)AMPH vs. S(+)AMPH as seen on the wild type rat. The 

stereoselectivity, and its reversal in the mutants, are likely due to steric hindrance of 

the methyl group attached to the alpha carbon of the amphetamines with the 

hydroxyphenyl of tyrosine. 

 In summary this study revealed that a single amino acid difference in TM7 

between the two species is responsible for the species dependent stereoselectivity to 

isomers of AMPH and METH. 

 

METH activation of wild type hTAAR1 (Chapter 4) 

 Due to the difficulty of stably expressing the wild type hTAAR1, a chimera of the 

human and rat TAAR1 was used in the first study. To evaluate the response of the 

wild-type hTAAR1 to METH, a reporter assay using transiently transfected wild type 

hTAAR1 was employed. The wild type hTAAR1 was shown to mediate cAMP 

dependent CRE-luciferase expression in vitro. PEA was more potent than METH 

which was more potent than DA at inducing CRE-luciferase expression. These in 

vitro findings support the interpretation that hTAAR1 is a likely target for METH in 

vivo. Furthermore, hTAAR1 may mediate METH induced cAMP accumulation and 



 150

CRE-promoter dependent transcription in vivo. Future animal studies would be 

needed to confirm TAAR1 agonist induced transcription in vivo. 

 

Co-localization of hTAAR1 and hDAT (Chapter 5) 

 This study was undertaken to establish evidence that supports the hypothesis that 

hTAAR1 is involved in regulating the function of the dopamine transporter. The 

focus of this study was to see if the two proteins co-localize and if METH causes the 

internalization of DAT.  

 A GFP-human DAT fusion protein, stably expressed in HEK293 cells, was 

redistributed from the surface of cells in response to the PKC activator PMA with 

similar results to earlier published findings. Evidence from fluorescence confocal 

microscopy suggests that METH induces redistribution of DAT from the cell surface 

in vitro. Co-transfection experiments provided evidence of hTAAR1 co-localization 

with hDAT.  

     Additional experiments replicating these results are needed. Finally, it was 

observed that the endoplasmic reticulum exit motifs in the C-terminus of the wild 

type rat, mouse, and human TAAR1s are modified from that of most aminergic 

GPCRs. Further mutagenesis experiments and immunofluorescent imaging studies 

could help evaluate if this modification accounts for the predominantly intracellular 

distribution of TAAR1. Future localization studies in neurons would help determine if 

the lack of transport of TAAR1 to the cell surface is an artifact of expressing the 

receptors in HEK293 cells. Transient transfections of mouse neurons could be 
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performed using nucleofection techniques such as those available using a 

nucleofector kit (Amaxa Biosystems, Cologne, Germany). 

 

Relevant findings reported in the literature 
 
 There are a number of reports that suggest an association of the TAAR1 receptor 

in mediating some of the effects of psychostimulant drugs of abuse as well as being 

involved in mood disorders. First of all, it has been established that TAAR1 is 

activated by AMPH and METH as well as by the trace amines PEA and TYR. It is 

well accepted that the dopamine transporter regulates extracellular dopamine 

concentrations by the re-uptake of the neurotransmitter from the synaptic cleft. It is 

also well accepted that methamphetamine and amphetamine act at the dopamine 

transporter where they release dopamine into the synapse resulting in extended 

exposure of dopamine receptors to their endogenous ligand. Increased DA release is 

thought to be responsible for the rewarding effects of the drug. Amphetamine is 

known to cause the internalization of DAT. In my research I demonstrated that 

methamphetamine might also cause internalization of DAT.  

 Psychiatric and mood disorders have also been linked to trace amines and the 

trace amine-associated receptors. Amphetamine has been used to induce manic 

symptoms in bipolar disorder patients and in healthy control subjects (Anand et al., 

2000).  There is also evidence of the involvement of the trace amine PEA in mood 

disorders. For example low levels of PEA have been found in depressed patients 

(Sabelli and Mosnaim, 1974) and increased levels of PEA have been associated with 

the manic phase of bipolar disorder (Linnoila et al., 1983). TAARs have been 
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associated with schizophrenia although this is somewhat controversial based on 

conflicting reports possibly due to genetic differences in the isolated populations used 

in the studies.  

 TAAR1 has been found in the limbic regions of the brain. Using the rhesus 

monkey TAAR1 stably expressed in HEK293 cells, Miller et al. have indicated that 

there is an interaction of DAT with TAAR1. In cells co-expressed with TAAR1 and 

DAT it was shown that TAAR1 reduces DA uptake and this reduction was inhibited 

by both PKA and PKC inhibitors (Xie and Miller, 2007). 

 

Integration of my research findings with accounts from the literature 

 Taking into account all of these separate findings and integrating them with my 

own research, I propose a mechanism to explain the possible physiological function 

of TAAR1 and how it may be involved with the trace amine PEA, and possibly TYR, 

as well as its association with DAT and DA. Some suggestions for future experiments 

to test the hypothesis follow the description of the proposed model (Figure 1).  

     In healthy individuals, PEA may act as an endogenous amphetamine to stimulate 

alertness and elevate mood. Extracellular PEA could act like AMPH to activate 

TAAR1, though it is not known if PEA exists in the synaptic cleft. PEA may possibly 

be present if it were released at the same time that DA is released upon activation of 

dopaminergic neurons.  If TAAR1 normally occurs in the plasma membrane of the 

synaptic vesicles, then TAAR1 may be inserted at the cell surface upon fusion of 

synaptic vesicles during neurotransmitter release. The PEA activation of TAAR1 

would increase cAMP and PKA activity. It is hypothesized that the βγ subunit that is 
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released when the αs subunit is activated could activate phospholipase C (PLC). 

However, it has been observed that the βγ subunit released from Gαs does not signal 

much. This may be due to lower concentrations of βγ resulting from Gαs activation 

compared to higher concentrations of  βγ due to activation of Gαi or Gαo  (Sunahara 

et al., 1996).  Since some GPCRs couple to more than one G protein subtype (Wong, 

2003), it remains a possibility that TAAR1 may activate parallel signaling pathways. 

An alternative source for βγ subunits to activate PLC could be from a Gαq or Gαi/o 

family of GPCRs. PLC in turn cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) 

to form diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3).  The IP3 interacts 

with Ca+2 channels on the surface of the endoplasmic reticulum, which releases Ca+2 

from ER stores. Protein kinase C (PKC) binds Ca+2 and is recruited to the cell surface 

plasma membrane. At the cytosolic side of the plasma membrane PKC binds to and is 

activated by DAG.  Activated PKC subsequently phosphorylates the dopamine 

transporter. Phosphorylation of the C-terminus tail would target DAT for 

internalization to endosomes likely mediated by clathrin-dependent endocytosis 

(Torres et al., 2001). This would decrease the quantity of transporters at the cell 

surface and thus increase sensitivity of the DA receptors to released DA (since the 

neurotransmitter would be able to stay in the synapse longer).  

 This model agrees with findings in the literature that AMPH induces 

internalization of DAT and with my findings reported in chapter 5 that suggest 

METH may also induce DAT internalization. In the case of psychostimulant abuse, 

METH or AMPH would take the place of PEA in the model description. This is also 
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consistent with the idea that TAAR1 is a novel target of methamphetamine and 

amphetamine.  

 In a recent study it was reported that AMPH induced locomotor function of 

TAAR1 knockout mice was increased compared to the response of wild type mice 

(Lindemann et al., 2007). In addition, they reported a 2½ fold increase in dopamine, 

noradrenaline, and serotonin release, in response to AMPH, in TAAR1 knockout 

mice compared to wild type mice. These results are similar to the increase in DA and 

NE release reported in a study of another TAAR1 KO mouse (Wolinsky et al., 2007). 

These findings of increased DA release and increased locomoter effects in the 

TAAR1 KO are reconciled with the proposed model as follows. The increased DA 

release of the TAAR1 KO may be due to reduced DAT internalization. With more 

DAT (or NET or SERT) remaining at the cell surface, more neurotransmitters can be 

reverse exchanged upon application of AMPH. The increased DA release would also 

explain the increased locomotor activity of the KO vs WT. The WT TAAR1 cells 

would undergo DAT internalization as described in the model. With fewer surface 

transporters, less DA would be reverse exchanged resulting in less DA release 

compared to levels in the KO mice. 

     The model also is consistent with findings of lower levels of PEA in patients with 

depression. PEA levels that are less than normal would diminish DAT removal thus 

increasing DA uptake, resulting in depressed mood. For the case of higher levels of 

PEA reported in mania, the model also applies in that increased PEA would reduce 

levels of the DAT and thus increase DA signaling.  
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 In summary, the proposed model suggests that the function of TAAR1 is to 

regulate aminergic transporter control of monoamine neurotransmitter signaling, i.e. it 

is a regulator of the regulator. This model is a potential solution to one of the major 

remaining questions about TAARs, which is the determination of its biological 

function in the mammalian brain.  

 

Future directions and conclusions 

 Future experiments to test the above speculative model could include the co-

expression of DAT and TAAR1 in cells subsequently treated with PEA, METH, 

AMPH, PMA, or vehicle followed by immunoblotting to look for DAT and 

phosphorylated DAT proteins. Primary tissue culture experiments could also be done 

using neurons instead of HEK293 cells to make the assay more physiological. 

Additional co-localization experiments should also be done. Due to the lack of a 

binding assay, renewed efforts to find or synthesize a specific antagonist to the 

TAAR1 receptor and to develop a binding assay would be well worth pursuing. 

 If TAAR1 is confirmed as a target of amphetamine and methamphetamine in vivo 

and shown to regulate transporter function, then developing novel human TAAR1-

selective agonists and antagonists could ultimately lead to successful 

pharmacotherapies for METH addiction and overdose as well as contribute to a better 

understanding of the etiology of several mental disorders leading to improved 

treatments for mood disorders such as depression and bipolar disorder. 
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Figure 1. Physiological roles of TAAR1 – a new model 
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