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ABSTRACT

Methamphetamine (MA) is highly addictive and neurotoxic, caus-
ing cell death in humans and in rodent models. MA, along with
many of its analogs, is an agonist at the G protein—coupled trace
amine-associated receptor 1 (TAAR1). TAAR1 activation protects
against MA-induced degeneration of dopaminergic neurons,
suggesting that TAAR1 plays a role in regulating MA-induced
neurotoxicity. However, the mechanisms involved in TAAR1’s
role in neurotoxicity and cell death have not been described in
detail. In this study, we investigated the apoptosis pathway in
Taar1 wild-type (WT) and knockout (KO) mice and in cells
expressing the recombinant receptor. Bcl-2, an antiapoptotic
protein, was upregulated ~3-fold in the midbrain area (sub-
stantial nigra and ventral tegmental area) in Taar7 KO compared
with WT mice, and MA significantly increased Bcl-2 expression
in WT mice but decreased Bcl-2 expression in KO mice. The
proapoptotic protein Bax did not differ across genotype or in
response to MA. Bcl-2 expression was significantly upregulated
by the TAAR1 agonist RO5166017 ((S)-4-[(ethyl-phenyl-amino)-
methyl]-4,5-dihydro-oxazol-2-ylamine) in cells expressing the
recombinant mouse TAAR1. Additionally, activation of TAAR1

by RO5166017 increased phosphorylation of extracellular signal-
regulated kinase (ERK) 1/2, and protein kinase B (AKT), but
only inhibition of ERK1/2 phosphorylation prevented TAAR1-
induced increases in Bcl-2 levels, indicating that TAAR1
activation increases Bcl-2 through an ERK1/2-dependent
pathway. All changes to ERK1/2 pathway intermediates were
blocked by the TAAR1 antagonist, N-(3-ethoxyphenyl)-4-(1-
pyrrolidinyl)-3-(trifluoromethyl) benzamide. These findings suggest
that TAAR1 activation protects against MA-induced cell apoptosis
and TAAR1 may play a role in cell death in neurodegenerative
diseases.

SIGNIFICANCE STATEMENT

Methamphetamine stimulates TAAR1, a G protein—coupled recep-
tor. The role and mechanisms for TAAR1 in methamphetamine-
induced neurotoxicity are not known. Here, we report that, in genetic
mouse models and cells expressing the recombinant receptor,
TAAR1 activates the ERK1/2 pathway but not the AKT pathway
to upregulate the antiapoptotic protein Bcl-2, which protects
cells from drug-induced toxicity.

Introduction

Methamphetamine (MA) increases dopamine (DA) and
serotonin release via interaction with plasma membrane
transporters and vesicular monoamine transporter 2. Chronic
or high-dose acute MA administration causes persistent damage
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to monoaminergic terminals (O’Callaghan and Miller, 1994;
Kadota and Kadota, 2004; Tulloch et al., 2011; Miner et al.,
2017). Many studies have described the neurochemical etiol-
ogy for MA-induced neurotoxicity, including oxidative stress,
gliosis, and involvement of the ubiquitin-proteasome system
(Cadet and Brannock, 1998; Thomas et al., 2004; Smith et al.,
2012); however, the cellular mechanisms involved in MA-induced
toxicity have not been described in detail.

MA is an agonist at G protein—coupled trace amine-associated
receptor 1 (TAAR1) inside the cell (Bunzow et al., 2001).
TAARI is stimulated by trace amines, including tyramine,
B-phenethylamine, octopamine, tryptamine, and thyronamine
derivatives (Bunzow et al., 2001; Hart et al., 2006). TAAR1 is also
activated by a variety of MA analogs, including amphetamines,

ABBREVIATIONS: AKT, protein kinase B; AMPH, amphetamine; Cl-Casp3, cleaved caspase 3; DA, dopamine; EPPTB, N-(3-ethoxyphenyl)-4-(1-
pyrrolidinyl)-3-(trifluoromethyl) benzamide; ERK, extracellular signal-regulated kinase; GSK2334470, (3S,6R)-1-[6-(3-Amino-1H-indazol-6-yl)-2-
(methylamino)-4-pyrimidinyl]-N-cyclohexyl-6-methyl-3-piperidinecarboxamide; HEK, human embryonic kidney; KO, knockout; MA, methamphetamine;
mTAAR1, mouse trace amine-associated receptor 1; pERK, phosphorylated extracellular signal-regulated kinase; pro-Casp3, procaspase 3;
RO5166017, (S)-4-[(ethyl-phenyl-amino)-methyl]-4,5-dihydro-oxazol-2-ylamine; RO5263397, (S)-4-(3-Fluoro-2-methyl-phenyl)-4,5-dihydro-oxazol-2-
ylamine; Ser573, serine 473; TAAR1, trace amine-associated receptor 1; Thr308, threonine 308; U0126, (1,4-Diamino-2,3-dicyano-1,4-bis(2-

aminophenylthio)butadiene); WT, wild type.
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structurally related abused drugs, and ergolines (Bunzow
et al., 2001), suggesting this receptor is a novel target that
plays a role in drug addiction. A number of signal cascades
are linked to receptor activation. For instance, stimula-
tion of G4-coupled TAARI increases intracellular adenylyl
cyclase—mediated cAMP and triggers inwardly rectifying
K* channels (Borowsky et al., 2001; Bunzow et al., 2001;
Miller et al., 2005; Bradaia et al., 2009). In lymphocytes,
activation of TAAR1 leads to protein kinase A and protein
kinase C phosphorylation, increasing transcription factors,
cAMP response element binding protein, and nuclear factor
of activated T-cells (Panas et al., 2012). The TAAR1 agonist,
R05263397 ((S)-4-(3-Fluoro-2-methyl-phenyl)-4,5-dihydro-oxazol-
2-ylamine), induces phosphorylation of extracellular signal-
regulated kinase (ERK) 1/2 and cAMP response element binding
protein in transfected human embryonic kidney (HEK) 293
cells (Espinoza et al., 2018). TAAR1 signaling also involves the
G protein—-independent, B-arrestin2—dependent pathway via
protein kinase B (AKT)/glycogen synthase kinase-38 (Harmeier
et al., 2015; Asif-Malik et al., 2017). To date, most studies of
TAARI1 have focused on its role in modulating monoaminergic
transmission, and other intermediates of TAAR1 signaling
have not been extensively studied.

MA causes neuronal apoptosis mediated by stress to mito-
chondria and endoplasmic reticulum (Deng et al., 2001, 2002;
Choi et al., 2002; Jayanthi et al., 2004). Apoptosis main-
tains homeostasis in response to different stimuli and has
been implicated in neurodegenerative disorders including
Parkinson’s disease, Huntington’s disease, and Alzheimer’s
disease (Mattson, 2000). The endogenous TAAR1 agonists
B-phenethylamine and tyramine increase apoptosis in TAAR1-
expressing malignant B cells (Wasik et al., 2012). In addition,
activation of TAAR1 is involved in neuronal degeneration of
a 6-hydroxydopamine—induced Parkinson’s disease model
(Alvarsson et al., 2015). 3-Iodothyronamine, a TAAR1 ago-
nist, has a neuroprotective role against spinal cord injury
through an antiapoptotic mechanism (Lv et al., 2018). These
reports suggest that TAAR1 may play a role in modulating
cell death, but the signal cascades have not been elucidated.

Administration of MA to mice changes the anti- and proapop-
totic proteins, Bcl-2 and Bax, and induces neuronal apoptosis
(Stumm et al., 1999; Jayanthi et al., 2001, 2004). Bcl-2 promotes
cell survival during apoptosis, while other members of the Bcl-2
family, such as Bax, accelerate apoptosis. Bcl-2 dimerizes with
Bax, preventing Bax activation and damage to the mitochondrial
membrane; therefore, the proapoptotic:antiapoptotic (Bax:Bcl-2)
ratio is an indicator of apoptosis, demonstrating either activation
or inhibition of mitochondrial-dependent cell death (Korsmeyer
et al., 1993). Overexpression of Bcl-2 protects against MA-induced
apoptosis in neuronal cells (Cadet et al., 1997), and MA-induced
neural apoptosis is mediated by the caspase cascades, which
include caspase 3, 9, and 11, the downstream executioners that
lead to DNA fragmentation and cell death (Deng et al., 2002; Huang
et al., 2015). The role of TAAR1 in the MA-induced expression of
these intermediates is not known.

We hypothesized that TAAR1 protects against MA-induced
neurotoxicity via activation of a specific signaling pathway.
Our data indicate that the antiapoptotic protein Bcl-2 and
ERK1/2 phosphorylation are upregulated in midbrain of Taarl
wild-type (WT) mice following MA administration, but not in
Taarl knockout (KO) mice. Furthermore, Bcl-2 levels were
upregulated by the TAAR1 agonist in cells expressing the

recombinant mouse TAAR1 (mTAAR1); however, Bax levels
were unchanged. Activation of TAAR1 increased ERK1/2 and
AKT phosphorylation, and blocking TAAR1 activation or TAAR1-
induced ERK phosphorylation (but not AKT phosphorylation)
prevented TAAR1 agonist-induced upregulation of Bel-2 expres-
sion. Our results indicate for the first time that TAAR1-mediated
ERK phosphorylation plays a protective role in cell death,
and may have implications for the etiology and treatment of
neurodegenerative diseases.

Materials and Methods

Drugs and Reagents. Racemic methamphetamine hydrochloride
was generously provided by the Drug Supply Program of the National
Institute on Drug Abuse (Bethesda, MD). The TAAR1 agonist RO5166017
((S)-4-[(ethyl-phenyl-amino)-methyl]-4,5-dihydro-oxazol-2-ylamine) was
synthesized according to a published procedure (US 2012/0028964 A1)
by the Oregon Health and Science University Medicinal Chemistry
Core. N-(3-ethoxyphenyl)-4-(1-pyrrolidinyl)-3-(trifluoromethyl) ben-
zamide (EPPTB) was generously provided by Dr. Peter Meltzer
(Organix Inc., Woburn, MA). U0126, (1,4-Diamino-2,3-dicyano-1,4-
bis(2-aminophenylthio)butadiene) a mitogen-activated protein kinase/
ERK1/2 inhibitor, was obtained from Cell Signaling Technology
(Danvers, MA). RO5166017 and U0126 were first dissolved in DMSO
at concentrations of 100 and 10 mM, respectively. RO5166017 was
subsequently diluted in 1% acetic acid to 1 mM, and then further diluted
into culture medium at the concentrations designated. GSK2334470
((3S,6R)-1-[6-(3-Amino-1H-indazol-6-yl)-2-(methylamino)-4-pyrimidinyl]-
N-cyclohexyl-6-methyl-3-piperidinecarboxamide) was obtained from
Tocris Bioscience (Minneapolis, MN). GSK2334470 was dissolved in
DMSO at 10 mM, and then subsequently diluted into culture medium
at 1 uM for a final DMSO concentration of 0.1%.

Animals. The breeding and genotyping of the Taarl KO mice
(obtained from the UC Davis Knockout Mouse Project; https:/
www.komp.org) were done as previously described (Harkness et al.,
2015). Mice (10—20 weeks old) were group housed in filtered acrylic
plastic cages (28 cm long x 18 cm wide x 13 ¢m high) lined with
ECO-Fresh bedding (Absorption Corporation, Ferndale, WA). Mice
of both sexes were used in this study. Mice had free access to rodent
chow (5LLOD, 5.0% fat content; Purina Mills, St. Louis, MO) and water
ad libitum. Colony room temperature was 21 *+ 1°C and lights were
maintained on a 12-hour light/dark schedule, with lights on at 6 AM.
Procedures were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals, and
were approved by the Veterans Affairs Portland Health Care
System Institutional Animal Care and Use Committee.

Drug Treatment and Tissue Dissection. Mice were weighed
(mean = 26.1 g, S.E.M. = 0.4 g, six to seven mice/treatment group)
and individually housed on the day of MA administration. MA was
dissolved in 0.9% saline and injected in a final volume of 10 ml/kg.
After a 1-hour acclimation period, each animal received four intra-
peritoneal injections (2 hours apart) of saline or MA (5 or 10 mg/kg).
The ambient temperature of the testing environment was 23 + 1°C.
Twenty-four hours after the last saline or MA injection, mice were
euthanized by cervical dislocation followed by decapitation. The mid-
brain area was dissected, snap frozen, and stored at —70°C until use.

Cell Culture. HEK293 or HEK cells stably expressing mTAAR1
(HEK-mTAAR1) were grown in Dulbecco’s modified Eagle’s medium
containing 10% FetalClone I serum (Thermo Fisher Scientific, Waltham,
MA) and maintained in a humidified incubator with 10% CO, as
previously described (Harkness et al., 2015; Shi et al., 2016). Two
days before the treatment, cells were plated in 12-well plates with
1 x 108 cells/well. Cells were treated with RO5166017 (100 nM) at 0,
2, 4, 6, or 18 hours before harvest. For experiments involving the
TAAR1 antagonist, cells were incubated with 10 uM EPPTB for
45 minutes or 2 hours before addition of agonist. To measure inhibition
of ERK1/2 activation, cells were pretreated with 10 uM U0126 for
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1 hour before RO5166017 addition. After treatment, cells were washed
twice with ice cold PBS and lysed with radioimmunoprecipitation
assay buffer before use in western blotting.

cAMP Accumulation Assay. HEK cells were plated at a density
of 2 x 10%/well in 48-well tissue culture plates. One day before the
assay, cells were switched to culture medium containing 10% charcoal-
stripped FetalClone I serum and incubated overnight. Experiments
were completed in assay buffer as previously described (Watts et al.,
1998). Seven concentrations of RO5166017 (10 ! to 10~ ) were added
and cells were incubated for 60 minutes at 37°C. cAMP accumulation
was measured using a cAMP EIA Kit (Cayman Chemical, Ann Arbor,
MI), according to the manufacturer’s instructions. All experiments
were conducted with duplicate determinations.

Immunoblotting. The midbrain samples and cells were homog-
enized in radioimmunoprecipitation assay lysis buffer (Millipore,
Burlington, MA) containing 1X protease inhibitor (Roche, Branchburg,
NJ), and then centrifuged at 14,500g for 10 minutes at 4°C. Super-
natants were collected for use in the BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA). Equal amounts of protein for each
sample were subjected to SDS-PAGE through a 10%—20% polyacrylamide
gel and transferred to polyvinylidene fluoride membranes (Biorad,
Hercules, CA). Membranes were blocked with 5% nonfat dry milk in
Tris-buffered saline/Tween 20 at room temperature for 30 minutes,
and then subsequently incubated at 4°C overnight with mouse anti-Bcl-2
(1:200; Santa Cruz Biotechnology, Dallas, TX), rabbit anti-Bax (1:1000;
Cell Signaling Technology), rabbit anti-phosphorylated ERK (pERK)
1/2 (1:1000; MilliporeSigma), rabbit anti-total ERK1/2 (1:1000; Cell
Signaling Technology), rabbit anti-phosphorylated AKT serine

A B
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473 (Ser473), rabbit anti-phosphorylated AKT threonine 308 (Thr308),
rabbit anti-total AKT (1:1000; Cell Signaling technology), mouse anti-
B-actin (1:1000; Santa Cruz Biotechnology), rabbit anti-procaspase
3 (1:2000; Cell Signaling Technology), rabbit anticleaved caspase 3
(1:1000; Cell Signaling Technology), and mouse anticleaved caspase 3
P17 subunit (1:200; Santa Cruz Biotechnology). The immunoblots were
incubated with horseradish peroxidase—conjugated secondary antibody.
Immune complexes were visualized by chemiluminescence and analyzed
using Biorad Quantity One software. Bands were analyzed by densi-
tometry using Image J (National Institutes of Health). The proteins of
interest were normalized to B-actin as an internal control.

Data Analysis. Results from western blotting experiments are
presented as mean *= S.D. Significant differences were assessed by
one- or two-way ANOVA for genotype by MA concentration or cell line
by treatment time using the program GraphPAD Prism 7 (San Diego,
CA). Tukey’s multiple comparisons tests were followed by one-way
ANOVA and Sidak’s multiple comparisons tests were followed by
two-way ANOVA. Values of P < 0.05 were considered significant for
all tests.

Results

MA-Induced Changes in Expression of Bcl-2 and Bax
Protein Differ in Taarl WT and KO Mice. Taarl WT and
KO mice were injected with 5 or 10 mg/kg MA (four times,
2 hours apart). This regimen causes MA-induced neurotoxicity,
which includes decreased DA and serotonin content and

2.0 KO 2.0 WT
. +++
= 1 KO
1.54
S 1.5 2
s R
£ £
k] S 1.0
b 1.0+ ® 10 Fig. 1. MA upregulated Bcl-2 protein expression in
o @ the midbrain of Taarl WT mice at 24 hours post-
by -] injection, but not in Taar! KO mice. (A) Basal (saline-
£ 0.54 m 9,54 injected) Bcl-2 expression was significantly higher in
Taarl KO compared with Taarl WT mice, and MA
dose dependently decreased Bcl-2 expression in Taarl
0.0 0.0 KO mice and increased Bcl-2 expression in Taarl WT
2 - G mice compared with saline-injected animals. The Bcl-2
Saline A5 M'MO Saline MA10 levels were reduced in Taarl KO mice at the 4 x
TAART WT TAART KO TAART WT TAART KO 10 mg/kg dose of MA compared with Taarl WT

mice. Bcl-2 levels were analyzed by two-way ANOVA.
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There was a significant genotype x treatment interac-
tion [F(2,35) = 30.74; P < 0.0001], N = 6 to 7/genotype/
treatment. (B) Bax protein levels were not different
between the genotypes and were not affected by MA
treatment. (C) The Bax/Bcl-2 ratio was significantly
higher in the midbrain of saline-injected Taar1 WT
mice compared with Taarl KO mice. There was
a significant genotype x treatment interaction
[F(2,36) = 11.74; P < 0.001] for the Bax/Bcl-2 ratio.
Additionally, MA dose dependently increased the
Bax/Bcl-2 ratio in Taarl KO mice, but decreased
the ratio in WT mice. *P < 0.05; **P < 0.01; ***P <
0.001 vs. saline, +P < 0.05; + +P < 0.01; + ++P <
0.001 between genotypes. Data are mean + S.D.
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uptake, reduced tyrosine hydroxylase—positive cells, and di-
minished astrocyte and microglial expression (Fleckenstein
et al., 1997; Thomas et al., 2004; McConnell et al., 2015; Miner
et al., 2017). Twenty-four hours after the last injection of
saline or MA, immunoblotting was used to examine changes
in apoptotic proteins in the midbrain of both genotypes. Bel-2
expression was significantly higher (almost 3-fold) in saline-
injected Taarl KO mice compared with WT mice. The KO
and WT mice are on a homogenous (C57BL/6N) background;
therefore, this difference in the basal expression of Bcl-2 is
likely the result of genetic manipulation of the Taarl KO
mice. Additionally, MA dose dependently upregulated Bcl-2
expression in Taar! WT mice (Fig. 1A). However, MA had the
opposite effect in KO mice and dose dependently decreased
Bcl-2 expression. This resulted in significantly higher expres-
sion of Bcl-2 in the midbrain of Taar1 WT mice compared
with Taarl KO mice at the higher dose of MA. There were
no differences in expression of the proapoptotic protein Bax in
the midbrain area of WT and KO mice, and Bax expression
was not altered by MA (Fig. 1B). Therefore, the Bax/Bcl-2 ratio
in the saline-injected mice differed significantly across geno-
type, and the ratio was higher in the WT mice (Fig. 1C). In
Taarl WT mice treated with 4 x 10 mg/kg MA, the Bax/Bcl-2
ratio was decreased compared with the Bax/Bcl-2 ratio in
(saline) controls because of higher Bcl-2 expression. This
evidence suggests that the presence of TAAR1 may af-
fect a signal cascade involved in cell death and implicates
endoplasmic reticulum and mitochondrial stress after MA
administration.
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Activation of Caspase 3 in Taarl WT and KO Mice
after MA Injection. To investigate whether the downstream
apoptotic intermediate, caspase 3, is activated after MA
administration, we examined both full-length and cleaved
caspase 3 (Cl-Casp3) in midbrain tissue from Taarl WT and
KO mice. Immunoblot analyses of Cl-Casp3 (P17 subunit)
indicated that there were no significant differences between
the genotypes or effects of MA administration compared with
saline-injected control animals (Fig. 2A). Interestingly, the
full-length caspase, procaspase 3 (pro-Casp3) was decreased
by 4 x 10 mg/kg MA treatment in Taarl KO mice compared
with saline-injected animals and WT genotype (Fig. 2, B and
D). The ratio of Cl-Casp3/pro-Casp3 was increased in Taarl
KO mice following 4 x 10 mg/kg MA injection compared with
saline-injected KO mice, while no difference in the ratio was
observed in Taarl WT mice across MA doses (Fig. 20).

In Vitro Activation of TAARI Increases Bcl-2 Levels.
To directly examine TAAR1-regulated Bcl-2 expression, we
first verified the functionality of the receptors by measuring
cAMP production in HEK293 cells stably expressing mTAAR1.
The selective agonist, RO5166017, dose dependently stimu-
lated cAMP production (Fig. 3A) by mTAAR1. The EC5o value
of RO5166017 in HEK-mTAARI1 cells was 1.62 * 0.23 nM.
Subsequently, nontransfected HEK293 cells or stably transfected
HEK-mTAARI cells were treated with 100 nM RO5166017 or
vehicle. Cells were harvested at 0, 2, 4, 6, and 18 hours after
RO5166017 treatment. Expressions of Bel-2, Bax, and the
internal control, B-actin, were measured by western blotting.
The Bcl-2 levels in mTAAR1-expressing cells time dependently

2 WT
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Fig. 2. The expression of cleaved caspase 3 (Cl-
Casp3) and full-length caspase 3 (pro-Casp3) in
the midbrain of Taar! WT and KO mice at 24 hours
after MA administration. (A) The expression of
Cl-Casp3 was not different between saline- and
MA-injected mice or genotypes. (B) However, pro-
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Casp3in Taarl KO mice was decreased after 10 mg/kg
MA treatment. (C) The ratio of Cl-Casp3/pro-Casp3
was significantly higher in Taar1 KO mice after
4 x 10 mg/kg MA administration compared with
saline-injected controls and MA-injected WT mice.
There was a genotype X treatment interaction
[F(2,35) = 6.723; P < 0.01]. N = 6 to 7/genotype/
treatment. (D) Representative blots showing the
expression levels of Cl-Casp3, pro-Casp3, and the
internal control, -actin. *P < 0.05; **P < 0.01 vs.
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Fig. 3. TAAR1 agonist RO5166017 increased Bcl-2 levels, but not Bax levels in HEK293 cells stably expressing mTAAR1. (A) RO5166017 dose
dependently stimulated cAMP production in HEK-mTAAR1 cells. (B) Representative time course of RO5166017 treatment. Nontransfected or HEK-
mTAARI cells were harvested 0, 2, 4, 6, and 18 hours after treatment with 100 nM R05166017 (RO). Bcl-2, Bax, and the internal control, B-actin, were
measured by western blot. (C) RO5166017 increased Bcl-2 levels in cells stably expressing mTAARI1 in a time-dependent manner; however, there was no
agonist-induced regulation of Bcl-2 in nontransfected HEK293 cells. For Bcl-2, two-way ANOVA indicated an interaction between time x cell type
[F(4,28) = 7.165, P < 0.001]. (D) Bax expression was not changed in nontransfected HEK293 or HEK-mTAAR1 cells. (E) The ratio of Bax/Bcl-2 was
significantly lower in HEK-mTAARI cells than in nontransfected HEK293 cells. For the Bax/Bcl-2 ratio, there was a significant interaction between time
x cell type [F(4,28) = 5.546, P < 0.01] by two-way ANOVA. Data shown represent the average of independent experiments, each time point conducted in
duplicate. ¥**P < 0.01; ***P < 0.001 vs. time (0 hour), +P < 0.05; +++P < 0.001 between two cell lines. Data are mean = S.D.

increased with agonist stimulation (Fig. 3, B and C). As shown
in Fig. 3C, Bcl-2 levels tended to increase after 4-hour treatment
and were significantly upregulated at both 6 and 18 hours
compared with time 0 hour. The agonist-induced changes in
Bcl-2 were absent in nontransfected HEK293 cells (Fig. 3C).
Expression of the proapoptotic protein Bax was not signif-
icantly affected by RO5166017 in the presence or absence of
mTAAR1 (Fig. 3D). These findings are consistent with our
in vivo data from Taarl KO mice administered MA (Fig. 1).
The Bax/Bcl-2 ratio was lower in cells expressing TAAR1
than in nontransfected cells (Fig. 3E).

In Vivo and In Vitro Stimulation of TAAR1 Activates
the ERK1/2 Signaling Pathway. The aforementioned evi-
dence suggests that TAAR1 regulates specific intermediates
in the apoptotic pathway. To further characterize the MA-
induced changes in that signal cascade, we examined the
ERK signaling pathway, which plays a role in apoptosis in
both cell culture and animal models (Lee et al., 2003; Purcell
et al., 2007; Ji et al., 2016). The activation of ERK1/2 was
measured in both midbrain tissue from Taarl WT and KO mice

and in cells stably expressing mTAAR1. We observed higher
basal pERK1/2 levels in the midbrain of Taarl KO mice
compared with their WT littermates (Fig. 4). pERK1/2 was
dose dependently increased in the midbrain of Taari WT
mice, while it was dose dependently decreased in Taarl KO
mice after MA administration (Fig. 4A). At the 4 x 10 mg/kg
MA level, pERK1/2 activation was increased in Taarl WT
mice compared with saline control mice and KO mice. Total
ERK1/2 was unchanged following MA administration and
did not differ across genotypes (Fig. 4B).

To determine if activation of TAAR1 by the selective agonist
R0O5166017 induces the phosphorylation of ERK1/2, HEK293
and HEK-mTAAR1 cells were treated with 100 nM RO5166017.
Dose-response curves indicated that 100 nM R05166017 (and
activation of ERK) was not lethal to cells (data not shown). Both
pERK1/2 and total ERK expression levels were measured by
western blotting at 0, 2, 4, 6, and 18 hours after RO5166017
treatment (Fig. 5A). As shown in Fig. 5, A and B, pERK1/2
expression was significantly increased after 4 hours of agonist
treatment and expression decreased at RO5166017 exposure
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Fig. 4. MA upregulated ERK activation in the midbrain of Taar WT mice
at 24 hours postinjection, but reduced ERK activation in Taarl KO mice.
(A) Basal (saline-injected) pERK expression was significantly higher in
Taarl KO compared with Taarl WT mice, and MA dose dependently
increased ERK activation in Taar1 WT mice and decreased ERK activation
in Taarl KO mice compared with saline-injected animals. The levels of
pERK1/2 were reduced in Taarl KO mice at the 4 x 10 mg/kg dose of MA
compared with WT mice. **P < 0.01; **P < 0.001 vs. saline, ++P < 0.01
+++P < 0.001 between genotypes. For pERK/total ERK (tERK), there
was an interaction between genotype x treatment [F(4,34) = 16.44, P <
0.0001] by two-way ANOVA. N = 6 to 7/genotype/treatment. (B) Repre-
sentative gels of protein levels. Data are mean + S.D.

times longer than 6 hours in mTAARI1-expressing cells.
Nontransfected cells were not affected by exposure to drug.
We also examined the AKT pathway after RO5166017 treat-
ment. AKT activation involves the phosphorylation of two
residues: Thr308 and Ser473 (Alessi et al., 1997). RO5166017
stimulated AKT phosphorylation at Thr308, but not phos-
phorylation of Ser473 and total AKT (Fig. 5, D and E). To
confirm that RO5166017-induced ERK phosphorylation is
specific to TAAR1 activation, and is not due to nonspecific
effects of the drug, we tested the TAAR1 antagonist EPPTB
against RO5166017 activation of ERK phosphorylation. HEK293
or HEK-mTAAR1 cells were incubated with serum-free me-
dium for 3 hours to prevent serum activation of ERK. Cells
were preincubated with 10 uM EPPTB for 45 minutes before
30-minute treatment of RO5166017. RO5166017-induced ERK
phosphorylation was abolished by the antagonist EPPTB,
suggesting ERK activation is a specific downstream component

of TAARI1 signaling (Fig. 5F). Phosphorylation of AKT at
Ser473 was not affected by the agonist or antagonist (Fig. 5F).

TAARI1-Stimulates Bcl-2 via Activation of the ERK1/2
Pathway In Vitro. To investigate whether TAAR1 induces
Bcl-2 through ERK1/2 activation, we blocked ERK activation
with U0126, a mitogen-activated protein kinase/ERK1/2 in-
hibitor. Cells were pretreated with 10 uM U0126 for an hour
to prevent ERK activation (pERK1/2 expression), before
treatment with RO5166017. Bcl-2 levels were measured
at 18 hours, which is the RO5166017-induced peak time
for Bcl-2 expression (Fig. 3C). Again, RO5166017 induced
ERK1/2 phosphorylation and also increased Bcl-2 expression
in mTAAR1-expressing cells (Fig. 6A). Pretreatment with
U0126 not only blocked ERK1/2 activation, it also prevented
R0O5166017-induced Bcl-2 expression (Fig. 6, B and C). Non-
transfected cells did not respond to RO5166017 or U0126.

TAARI1 Antagonist Blocks Agonist-Induced pERK1/2
and Bcl-2 Expression In Vitro. To confirm pharmacolog-
ically that TAAR1 regulates ERK-mediated Bcl-2 expression,
HEK-mTAAR1 and nontransfected cells were preincubated
with the TAAR1 antagonist EPPTB (10 uM) for 2 hours before
100 nM RO5166017 treatment (18 hours). Both RO5166017-
induced Bcl-2 (Fig. 7, A and B) and pERK1/2 (Fig. 7, A and C)
expression were blocked by the TAAR1 antagonist. Again,
cells that did not express mTAAR1 were not affected by drug
treatment.

Blocking AKT Phosphorylation Did Not Prevent
TAAR1 Agonist-Induced Bcl-2 Levels. Figure 5, D and E
indicate that RO5166017 stimulated the phosphorylation of
AKT at Thr308 in addition to stimulating ERK1/2 phosphor-
ylation. To determine if the phosphorylation of AKT Thr308
also contributed to the TAAR1-induced increases in Bcl-2 levels,
we blocked the activation of AKT Thr308 with GSK2334470,
a selective 3-phosphoinositide-dependent protein kinase in-
hibitor (Najafov et al., 2011). GSK2334470 selectively blocked
AKT phosphorylation at Thr308, but not Ser473 (Fig. 8, A-C).
Blocking AKT Thr308 phosphorylation did not affect TAAR1
agonist-induced Bcl-2 changes (Fig. 8E). Interestingly, inhibi-
tion of AKT phosphorylation by GSK2334470 increased ERK1/2
activation in the presence of the TAAR1 agonist in both cell lines
(Fig. 8D), indicating there is crosstalk between AKT and ERK
pathways. Increased ERK activation appears to be a compensa-
tory effect by blocking AKT phosphorylation. However, the effect
was also present in HEK293 WT cells (no TAAR1 expression)
(Fig. 8D); this suggests a nonspecific effect of GSK2334470. The
increased ERK phosphorylation in the presence of GSK2334470
and RO5166017 did not result in further increases in Bcl-2 levels
in TAAR1-expressing cells (Fig. 8E); again, suggesting that
blockade of AKT phosphorylation is not part of the TAAR1
signaling cascade that regulates Bcl-2.

Discussion

We provide evidence for a mechanism through which TAAR1
plays a protective role against MA-induced cell death by
upregulating the antiapoptotic protein Bel-2 through an
ERK-dependent, but not AKT-dependent, mechanism. MA
causes brain damage in various animal species including humans
(Eisch and Marshall, 1998; Deng et al., 2001; Thompson et al.,
2004; Yu et al., 2004). Neurochemical events including excito-
toxicity, endoplasmic reticulum stress, and dysfunction of
the ubiquitin-proteasome system contribute to MA-induced
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neurotoxicity (Mark et al., 2004; Smith et al., 2012; Halpin
et al.,, 2014; Shah and Kumar, 2016; Qie et al., 2017).
Furthermore, a number of studies have indicated a role
for TAAR1 signaling in MA-induced, glutamatergically

RO5166017

Fig. 5. Activation of TAAR1 stimulated the phosphorylation of ERK1/2. (A) Nontransfected HEK293 or HEK-mTAARI1 cells were stimulated with
100 nM RO5166017, and pERK1/2 and phosphorylated AKT (pAKT) levels were measured at 0, 2, 4, 6 and 18 hours by western blot. (A) Representative
gels of protein levels. (B) pERK1/2 levels were higher at 4 and 6 hours in cells expressing mTAAR1. For pERK/total ERK tERK), there was an interaction
between time x cell line [F(4,19) = 4.508, P < 0.01]. (C) The agonist had no effect on AKT phosphorylation at ser473, but stimulated the phosphorylation
at Thr308 (D and E). One-way ANOVA indicated an increase in the activation of AKT Thr308 in HEK-mTAAR1 cells at 18 hours compared with 0 hour
(*P < 0.05). Nontransfected HEK293 cells lacked agonist-induced ERK1/2 or AKT activation. (F) Nontransfected HEK293 or HEK-mTAARI1 cells were
serum starved for 3 hours and then pretreated with 10 uM EPPTB for 45 minutes before 30-minute incubation with 100 nM RO5166017. Data shown in
(B, C, and E) represent the average of at least three independent experiments, with each time point conducted in duplicate. Data are mean + S.D. *P <
0.05; **P < 0.01 vs. vehicle control or 0 hour, +P <0.05; ++P < 0.01 between two cell lines.

499
C

2.09c= HEK

HEK-mTAAR1

PAKT Ser473/tAKT ratio

4h

6h

RO5166017

HEK

V RORO/EPEP V RORO/EPEP

HEK-mTAAR1

PERK1/2

p— — —
—— — — p—

—_—— L — —

tERK1/2

——— — —— p— g DAKT Serd73

———————— | \KT

——— — ——— - (}_3cin

mediated neurotoxicity in vitro and in vivo. In primary
human astrocytes, activation of TAAR1 by MA decreases
glutamate clearance via downregulation of excitatory amino
acid transporter 2 expression (Cisneros and Ghorpade, 2014).
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Fig. 6. TAAR1 stimulated Bcl2 levels
through the ERK1/2 pathway. Nontrans-
fected HEK293 or HEK-mTAAR1 cells
were pretreated with 10 uM of U0126 for
1 hour before RO5166017 treatment.
TAARI1 agonist-stimulated ERK activation
and Bcl-2 expression were measured at
18 hours. (A) Representative gels of pro-
tein levels. (B) Pretreatment with U0126
blocked RO5166017-induced pERK1/2levels
in both cell lines. For pERK/total
ERK (tERK), two-way ANOVA indicated
that there was an interaction between
treatment x cell line [F(3,16) = 214.1,
P < 0.0001]. (C) Blocking ERK activation
with U0126 prevented RO5166017-induced
changes in Bcl-2 levels. For Bcl-2, there was
an interaction between treatment x cell line
[F(3,16) = 6.058, P < 0.01] by two-way
ANOVA. *P < 0.05, vs. vehicle control,
+P <0.05, +++P <0.001 between cell
lines: !P < 0.05 agonist vs. agonist + U0126.
Data shown in (B and C) represent the
average of at least three independent experi-
ments, with each time point conducted in
duplicate. Data are mean + S.D.
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Fig. 7. TAAR1-stimulated Bcl-2 levels were
blocked by EPPTB (EP). (A) Nontransfected
or HEK-mTAARI cells were pretreated with
10 uM EPPTB for 2 hours, and then stimu-
lated with 100 nM RO5166017 (RO). Repre-
sentative gels of protein levels are shown.
(B) No ERK activation or Bcl-2 changes
were observed in nontransfected cells. How-
ever, RO5166017-induced ERK activation
or increased Bcl-2 levels were abolished by
EPPTB pretreatment. (C) For Bcl-2, there
was an interaction between treatment x cell
line [F(3,16) = 4.183, P < 0.05] by two-way
ANOVA. Post hoc test following one-way

[ HEK . L. 8
] ANOVA indicated significantly increased
. HEK-mTAART Bl following RO5166017 treatment com-
pared with vehicle control, RO/EP, and EPPTB
ns 1 ns alone by one-way ANOVA. No significant

difference between RO/EP or EPPTB alone
compared with vehicle control. *P < 0.05;
#P < 0.01 vs. vehicle control, !P < 0.05
agonist vs. agonist + EPPTB. Data shown
represent the average of three independent
experiments, each time point conducted in
duplicate. Data are mean + S.D.; tERK,
total ERK.
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Additionally, the TAAR1 agonist RO5166017 prevents 6-
hydroxydopamine—induced striatal glutamate release (Alvarsson
et al., 2015). Activation of TAAR1 induces hypothermia in
response to MA and decreases MA-induced neurotoxicity (Miner
et al,, 2017). However, there are few studies describing the
signaling cascade and role of TAAR1 in MA-induced cell death.

The TAAR1 agonists 3-iodothyronamine and tyramine
induce apoptosis in malignant B cells endogenously express-
ing TAAR]1. Nonmalignant (normal) B cells also express
TAAR1, but they are less sensitive to TAAR1 agonist-
induced apoptosis (Wasik et al., 2012). 3-Iodothyronamine
protects neurons against apoptosis in a rat model of spinal
cord injury and 3-iodothyronamine treatment significantly
reduces apoptosis measured using a terminal deoxynucleo-
tidyl transferase dUTP nick end labeling assay. Importantly,
the 3-iodothyronamine-reduced apoptosis rate is diminished
in animals treated with the TAAR1 antagonist EPPTB (Lv
et al., 2018). Taken together, these results suggest that TAAR1
plays a role in the regulation of apoptosis.

Here, we demonstrate that in Taarl KO mice the expression
of midbrain Bcl-2 is reduced via a non-TAAR1-mediated
mechanism after administration of the TAAR1 agonist MA
at both 5 and 10 mg/kg, while MA dose dependently increased
Bcl-2 in Taarl WT mice (Fig. 1). This suggests that TAAR1
activation is involved in regulating Bcl-2 levels in response
to MA stimulation. However, MA decreases Bcl-2 expression
in striatum and neocortex, two dopaminergic terminal areas
(Jayanthi et al., 2001; Beauvais et al., 2011) that differ from
the (presynaptic) cell body—containing midbrain region. Ad-
ditionally, there is no obvious DA neuron cell (body) death in
the midbrain region after MA administration (Melega et al.,
1997; Harvey et al., 2000). Use of a MA preconditioning model
indicates that low-dose MA is protective against MA-induced
neurotoxicity via the suppression of apoptotic pathways (Takeichi
et al., 2012). Bcl-2 expression in the midbrain of the precondition-
ing model is increased after MA treatment, consistent with our
findings. The midbrain, including the substantia nigra and

RO RO+EP EP

ventral tegmental area, includes multiple nuclei that express
TAAR1 (Lindemann et al., 2008). TAAR1-mediated Bcl-2
upregulation in response to MA stimulation could be one of
the mechanisms suppressing neuronal apoptosis. Consistent
with our in vivo Bcl-2 data (Fig. 1), the selective TAAR1 agonist
R0O5166017 stimulated Bcl-2 expression in HEK-mTAAR1 cells
(Fig. 3), providing direct evidence that TAAR1 regulates the
apoptotic pathway. We also found that basal Bcl-2 expression
is higher in the midbrain of Taar! KO mice compared with WT
mice. Taarl KO mice have enhanced amphetamine-induced
locomotor activity and increased extracellular DA, norepineph-
rine, and serotonin levels in the striatum (Wolinsky et al., 2007;
Lindemann et al., 2008). Taarl KO mice also have an increased
density of striatal DA D2 receptors (Espinoza et al., 2015). The
basal physiologic differences between Taarl WT and KO mice
could play a role in the difference in basal Bcl-2 levels.

When MA decreased Bcl-2 expression in Taarl KO mice
(Fig. 1), we observed an increase in the ratio of Cl-Casp3/
pro-Casp3 in the same Taarl KO mice (Fig. 2). Caspase 3
is a major executioner caspase associated with initiation of
the downstream death cascade (Wolf et al., 1999). Caspase
3, a proenzyme, is cleaved and activated by other initiator
caspases during apoptosis (Porter and Jénicke, 1999; Wolf
et al., 1999). Using an antibody specific to the P17 subunit
of caspase 3, we did not detect changes in cleaved caspase 3 in
midbrain samples of TaarI mice following MA administration.
However, the expression of procaspase was significantly de-
creased at 10 mg/kg MA treatment in Taarl KO mice compared
with Taar! WT mice and saline controls (Fig. 2). The decreased
expression resulted in an increased ratio of cleaved caspase3/
procaspase, indicating that more caspase 3 is activated in
Taarl KO mice after 24 hours with 10 mg/kg MA treatment.
Even though caspase 3 activity is a hallmark of apoptosis,
the Bax/Bcl-2 ratio is an important upstream checkpoint
associated with vulnerability to apoptosis. In our study, we
detected an increased Bax/Bcl-2 ratio in Taarl KO mice at
24 hours, suggesting that cells were vulnerable to apoptosis.
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This change might precede apoptotic events (Deng and Cadet,
2000). Further studies should investigate caspase 3 activation
and expression at later treatment time points, such as at 3 and
5 days, following MA administration; only when HEK cells
were stimulated with staurosporine, an inducer of apoptosis,
could we detect the cleaved caspase 3 (data not shown). The
lack of detection of cleaved caspase 3 in cells could also be due
to its rapid degradation (Tawa et al., 2004). Pro-Casp3 levels
were detectable in cells, but were not affected by either TAAR1
agonist or antagonist in the cells (data not shown).

TAAR1 signaling involves the activation of protein kinase A
and protein kinase C (Xie and Miller, 2007; Panas et al., 2012),
and recent reports suggest that the mitogen-activated protein
kinase cascade is involved in TAAR1 signaling (Espinoza
et al., 2018; Michael et al., 2019). Additionally, amphetamine
(AMPH) regulates DA and glutamate transporter trafficking
by activation of the small GTPase RhoA and cAMP signaling
(Wheeler et al., 2015). TAAR1 is an intracellular target of
AMPH and mediates AMPH-induced RhoA activation and
cAMP signaling in discrete subcellular domains by coupling
with different G protein isoforms (Underhill et al., 2019) This

indicates that activation of different signaling pathways by
TAARI in different subcellular locations is involved in diverse
cellular events. In support of this hypothesis, a very recent
report has indicated that MA-induced toxicity is mediated
by TAARI1 via regulation of vesicular monoamine transporter
2 (but not the dopamine transporter) function in specific
cellular fractions (Miner et al., 2019). In our study, activation
of TAARI1 led to increased cAMP and upregulated Bcel-2 levels,
suggesting that this pathway has a specific protective role
against AMPH- or MA-induced neurotoxicity.

ERK signaling plays an important role in cell survival, and
ERK activation in response to different stimuli inhibits apoptosis
by regulating the expression of different apoptotic proteins
(Lee et al., 2003; Purcell et al., 2007; Subramanian and Shaha,
2007). The results of this study demonstrate that both MA and
the TAAR1 agonist RO5166017 induce ERK1/2 phosphoryla-
tion in vivo and in vitro, respectively. Importantly, inhibiting
ERK phosphorylation blocked Bcl-2 expression, suggesting
that ERK1/2 activation is required for TAAR1-stimulated
Bcl-2 expression. RO5166017 also stimulated AKT phosphory-
lation at Thr308 (Fig. 8). However, blocking phosphorylated
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Fig. 9. TAAR1 signaling pathway/apoptotic pathway
components. Activation of TAARL1 elicits cAMP accumula-
tion and results in activation of ERK1/2. TAAR1 down-
stream signaling components increase antiapoptotic protein
Bcl-2, but do not change the proapoptotic protein, Bax.
This leads to a decreased Bax/Bcl-2 ratio, which could be
protective, preventing apoptosis. The TAAR1 antagonist
EPPTB blocks both ERK1/2 phosphorylation and changes
in Bel-2 levels. The TAAR1 agonist increased AKT
phosphorylation at Thr308, but not at Ser473, which is
not involved in TAAR1-induced apoptotic signaling.
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AKT Thr308 by GSK2334470 did not prevent TAAR1 agonist-
induced Bcl-2 increase. Instead, blocking AKT was associated
with increased ERK phosphorylation in WT and trans-
fected cells, suggested AKT is not specific to TAAR1 apoptotic
signaling. ERK1 and ERK2 are 84% identical in their protein
sequence, which results in functional redundancy (Busca et al.,
2016). In our study, the expression levels of ERK1 and ERK2
were different in the animal tissues and cultured cells: ERK1
was dominant in mouse midbrain tissue and ERK2 was dominant
in the cultured cells. A specific role for ERK2 in response to the DA
metabolite 3-methoxytyramine in TAAR1 WT mice compared
with KO mice has been reported (Sotnikova et al., 2010). Even
though there are different expression levels of ERK1 and ERK2
in our models, the changes in ERK1 and ERK2 phosphorylation
in response to agonist stimulation were similar, suggesting
both isoforms are involved.

Previous reports have indicated that the ERK signaling
cascade is involved in multiple drug reward and addiction
models and regulates neuronal plasticity (Lu et al., 2005; Berglind
et al., 2007; Edwards et al., 2009, 2012; Wang et al., 2012; Gomez
et al., 2015). Thus, ERK1/2 could be an important modulator
in chronic addiction and disease. We now demonstrate that
a specific receptor and signaling pathway leading to ERK1/2
activation is a possible pharmacological target for treatment
development.

In summary, activation of TAAR1 leads to increased Bcl-2
expression in vivo and in vitro. This change is mediated by an
ERK1/2-dependent pathway (Fig. 9) and our data provide
more evidence for TAAR1 as a therapeutic target for drug
addiction and neurodegenerative diseases.
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