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Abstract

Trace amine-associated receptor 1 (TAARL) is activated by methamphetamine (MA) and
modulates dopaminergic (DA) function. Although DA dysregulation is the hallmark of MA-
induced neurotoxicity leading to behavioral and cognitive deficits, the intermediary role of TAAR1
has yet to be characterized. To investigate TAARL1 regulation of MA-induced neurotoxicity, 7aarl
transgenic knock-out (KO) and wildtype (WT) mice were administered saline or a neurotoxic
regimen of 4 i.p. injections, 2 hr apart, of MA (2.5, 5, or 10 mg/kg). Temperature data were
recorded during the treatment day. Additionally, striatal tissue was collected 2 or 7 days following
MA administration for analysis of DA, 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic
acid (HVA), and tyrosine hydroxylase (TH) levels, as well as glial fibrillary acidic protein (GFAP)
expression. MA elicited an acute hypothermic drop in body temperature in 7aarZ-WT mice, but
not in 7aarl-KO mice. Two days following treatment, DA and TH levels were lower in 7aar1-KO
mice compared to 7aarZ-WT mice, regardless of treatment, and were dose-dependently decreased
by MA. GFAP expression was significantly increased by all doses of MA at both time points and
greater in 7aarl-KO compared to 7aarI-WT mice receiving MA 2.5 or 5 mg/kg. Seven days later,
DA levels were decreased in a similar pattern: DA was significantly lower in 7aarZ-KO compared
to 7aarl-WT mice receiving MA 2.5 or 5 mg/kg. TH levels were uniformly decreased by MA,
regardless of genotype. These results indicate that activation of TAAR1 potentiates MA-induced
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hypothermia and TAARL confers sustained neuroprotection dependent on its thermoregulatory
effects.

Keywords
TAARZ1; neurotoxicity; methamphetamine; temperature; dopamine; GFAP

1. Introduction

Methamphetamine (MA) abuse and addiction continue unabated. Worldwide, MA is the
second most commonly used illicit drug, exceeded only by cannabis (United Nations Office
on Drugs and Crime, 2016). The latest National Survey on Drug Use and Health reported
569,000 Americans used MA in the past month of 2014 (Center for Behavioral Health
Statistics and Quality, 2015) and MA-related emergency room visits increased from 68,000
in 2007 to 103,000 in 2011 (Substance Abuse and Mental Health Services Administration,
2014). Beyond the detrimental effects of MA on physical health, such as increased
cardiovascular and cerebrovascular pathologies (Darke et a/., 2008;Mooney et al., 2009), the
impact of neurotoxic effects of MA are manifold, including impaired information processing
and memory, and increased impulsivity (Simon et al., 2000;Hoffman et al., 2006;Scott et al.,
2007), as well as increased likelihood of mental illnesses, such as anxiety, depression, and
psychosis (McKetin et al., 2006;Glasner-Edwards et al., 2010). These neurotoxic effects are
primarily attributed to the effects of MA on dopaminergic systems (Wilson et al.,
1996;Volkow et al., 2001).

The trace amine-associated receptor 1 (TAARL) is a Gag-type protein-coupled receptor
(GPCR) activated by endogenous trace amines, such as p-phenethylamine and tyramine. It is
also activated by amphetamine-type substances, including MA and 3,4-
methylenedioxymethamphetamine (MDMA\) (Bunzow et al., 2001;Borowsky et al., 2001).
Receptor stimulation increases cytosolic cyclic AMP, viaadenylyl cyclase activation, and
initiates protein kinase A and C (PKA and PKC) signaling cascades (Bunzow et al.,
2001;Panas et al., 2012;Shi et al., 2016). TAARL is expressed in numerous brain regions,
and particularly in monoaminergic systems: substantia nigra, striatum, ventral tegmental
area, nucleus accumbens, dorsal raphe nucleus, and locus coeruleus (Borowsky et af.,
2001;Lindemann et al., 2008). The TAARL1 acts as a heuromodulator of dopamine (DA);
activation inhibits DA neuron firing (Lindemann et al., 2008;Revel et al,, 2011). These and
additional findings suggest that TAARL plays a role in addiction to amphetamine-type drugs
as well as a broader role in several other neuropsychiatric disorders (Wolinsky et al.,
2007;Sotnikova et al., 2008;Revel et al., 2013;Harmeier ef al., 2015). However, the potential
role of TAAR1 in modulating MA-induced neurotoxicity has yet to be reported.

The neurotoxic effects of MA are attributed to alterations of the dopamine (DA) transporter
(DAT) and vesicular monoamine transporter 2 (VMAT?2) function. A substrate of DAT, MA
reverses the normal direction of flux at the plasmalemnal transporter, resulting in increased
extracellular levels of DA. Additionally, MA is internalized by DAT where it interacts as a

substrate of VMAT?2, inducing depletion of vesicular stores of DA and increasing cytosolic
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levels of DA (Fleckenstein et al., 2007;Krasnova & Cadet, 2009). A potent inhibitor of
monoamine oxidase A, MA also impairs DA metabolism, exacerbating the elevated
cytosolic DA concentration. As cytosolic DA levels rise, DA is auto-oxidized to form
harmful DA quinones, which, along with reactive oxygen species (ROS), increase oxidative
stress within the cell leading to DA terminal degeneration (Cubells et a/., 1994;LaVoie &
Hastings, 1999). MA also increases striatal glutamate (GLU) levels leading to excitotoxicity
and increased levels of ROS, contributing to terminal degeneration (Yamamoto &
Raudensky, 2008). MA dose-dependently increases striatal DA terminal degeneration
(Sonsalla et al., 1989;Ares-Santos et al., 2014;McConnell et a/., 2015), although the
mesolimbic pathway is spared (Granado et a/., 2010;Kuhn et a/., 2011) and is characterized
by a decrease in striatal DA markers: tyrosine hydroxylase (TH), the rate limiting enzyme
for DA synthesis, DA and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA), and DAT and VMAT?2 levels (O’Callaghan & Miller,
1994;Guilarte et al., 2003;Eyerman & Yamamoto, 2007). Striatal astrocyte activation,
another robust marker of neurotoxicity, is characterized by expression of glial fibrillary
acidic protein (GFAP) (O’Callaghan & Sriram, 2005). An early reaction to neuronal injury, a
sustained increase in GFAP expression leads to increased ROS and is correlated with
increased terminal degeneration (Fukumura et al., 1998;Lau et a/., 2000;0’Callaghan et al.,
2014). These markers are frequently measured 2—-3 days post-treatment to capture maximal
effects (Fantegrossi et al., 2008;Guillot ef al., 2008;Anneken et al., 2015), but measurement
at this time may only represent transient neurotoxicity. A second time point of 7 days was
chosen as a reflection of sustained neurotoxicity. Under similar treatments and doses, DA,
TH and GFAP remain significantly altered at 7, 14 and 21 days post-treatment (O’Callaghan
& Miller, 1994;Ladenheim et al., 2000;McConnell et al., 2015). Although TH levels are still
significantly decreased 30 days later, some recovery from peak depletion is observed (Ares-
Santos et al., 2014). Recovery at one month is more commonly investigated in rat models of
neurotoxicity and demonstrates that DA and TH levels remain diminished (Morgan & Gibb,
1980;Hanson et al., 2009).

While amphetamines are primarily associated with hyperthermia (Bowyer & Hanig,
2014;Matsumoto et al., 2014), acute decreases in body temperature are observed when they
are administered at normothermic and lower ambient temperatures (Bowyer ef a/.,
2001;Myles et al., 2008;Shortall et al., 2013) or at lower doses (Harkness et a/., 2015), and
particularly when animals are singly housed (Fantegrossi et al., 2008;Docherty & Green,
2010). Although MA-induced neurotoxicity is exacerbated by hyperthermia, (Bowyer et al.,
1994;Miller & O’Callaghan, 2003;Sharma et a/., 2015), neurotoxicity can still occur in its
absence under the above conditions or when pharmacologically blocked (Albers & Sonsalla,
1995). We have previously demonstrated that a neurotoxic regimen of MDMA, administered
in a normothermic environment, decreases striatal DA and TH levels, and increases GFAP
expression, without eliciting hyperthermia, differentiating drug-dependent from
hyperthermia-induced effects (Miner et al.,, 2017). By studying MA without increasing body
temperature above baseline, it is possible to isolate the neurotoxic effects of the drug,
independent of synergistic effects of hyperthermia on neurotoxicity.

The Taarl transgenic knockout (KO) mouse model has previously been used to investigate
the acute effects of stimulating TAAR1 with amphetamines. The KO and wild type (WT)
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genotypes have similar baseline phenotypes: body weight, temperature, anxiety levels
(elevated plus maze), working memory (Y-maze), locomotion (open field activity), and
striatal levels of monoamines: DA, serotonin (5HT), and norepinephrine (NE) (Wolinsky et
al., 2007;Lindemann et a/., 2008), although there are some differences between genotypes.
While striatal levels of monoamines are equivalent at baseline, basal DA levels in the
nucleus accumbens (NAc) are increased in 7aarZ-KO mice compared to 7aarl-WT (Leo et
al., 2014). Additionally, 7aarZ-KO mice over express D, receptors in the striatum along with
an increased density of D, in high-affinity states for DA (D,™19") compared to 7aarZ-WT
mice (Wolinsky et al., 2007; Espinoza et al., 2015a). However, the most significant
difference between the genotypes is sensitivity to various effects of MA, AMPH, and
MDMA. In the absence of TAARL, these drugs elicit increased DA, 5HT, and NE
extracellular levels in the striatum, hyperdopaminergic firing, as well as increased locomotor
activity, self-administration, conditioned place preference, and altered thermal response
(Wolinsky et al., 2007;Lindemann et al., 2008;Di Cara et al., 2011;Achat-Mendes et al.,
2012; Espinoza et al., 2015a; Harkness et al., 2015). As sensitivity to many of these effects
is correlated with increased neurotoxicity (Fumagalli ef a/., 1998;Zhang et al., 2006;Kita et
al., 2009), we hypothesized that the absence of TAAR1 activation in 7aarZ-KO mice would
increase MA-induced neurotoxicity compared to 7aarZ-WT mice.

While TAARL research has focused on the acute effects of single doses of amphetamines,
the results presented here indicate a regulatory role for TAARL on the effects of a binge-like
dosing regimen of MA, which persist up to 7 days later. Activation of TAARL1 elicited a
hypothermic response to MA and decreased MA-induced neurotoxicity. For the first time,
we demonstrate MA-induced neurotoxicity is increased in animals lacking TAARL,
indicating that activation of the receptor confers neuroprotection.

2. Material and methods

2.1 Drugs and chemicals

Racemic methamphetamine (MA) hydrochloride was generously provided by the National
Institute on Drug Abuse (NIDA) Research Resources Drug Supply program (Bethesda,
MD). The materials used in the TH and GFAP immunoassays have been described
previously (O’Callaghan, 2002;Sriram et al., 2004). All other reagents were obtained from
standard commercial sources, unless otherwise noted.

2.2 Taar1-KO mouse breeding and genotyping

The T7aar1-KO mice were obtained from the U.C. Davis Knockout Mouse Project (KOMP;
www.komp.org) as previously described (Harkness ef al., 2015). Briefly, chimeric mice were
created using C57BL/6N ES cells in which the entire 7aarZ coding region was deleted by
homologous recombination, using the Veloci-Gene Null Allele Bac vector, and then injected
into BALB/c blastocysts. The chimeras were bred with wild-type C57BL/6N mice and their
offspring genotyped according to the strategy recommended by KOMP using the following
primers: ACTCTTCACCAAGAATGTGG (forward); CCAACAGCGCTCAACAGTTC
(reverse, wild-type allele); GTCGTCCTAGCTTCCTCACTG (reverse, null allele). Male and
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female siblings, identified as heterozygous for the targeted locus, were subsequently bred to
produce 7aarI-WT and 7aarZ-KO littermates.

2.3 Animal maintenance and housing

Mice of both sexes were used in all studies (10 — 20 weeks old). Before experiment
initiation, mice were group-housed in filtered acrylic plastic shoebox cages (28 cmx18
cmx13 cm; | xwx h), fitted with wire tops. Cages were lined with ECO-Fresh bedding
(Absorption Corporation, Ferndale, WA). Mice had free access to rodent chow (5LOD, 5.0%
fat content, Purina Mills, St. Louis, MO) and water ad /ibitum. Colony room temperature
was 21+1°C and lights were maintained on a 12:12 hr light:dark schedule, with lights on at
0600 hr. Procedures were conducted in accordance with the National Institutes of Health
(NIH) 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.

2.4 Drug treatment and temperature recording

Two days prior to drug administration, mice were implanted with IPTT-300 temperature
transponders (BioMedic Data Systems, Seaford, DE) to assess body temperature via
telemetry. Animals were anesthetized with isoflurane (5% induction, 2.5% maintenance) and
transponders were subcutaneously injected dorsally between the shoulders. On the day of
drug administration, animals were weighed (Mean = 26.1 g, SEM = 0.4 g) and transferred
from group to individual housing. After a 1-hr acclimation period, each animal received four
i.p. injections (2 hr apart) of saline or MA (2.5, 5, or 10 mg/kg). MA was dissolved in 0.9%
saline and injected in a final volume of 10 ml/kg. Temperature recording began immediately
prior to the first drug administration to establish baseline and was subsequently measured
every 15 min for 8 hr. Temperatures were non-invasively recorded using the DAS-8001
reader console and smart probe from BioMedic Data Systems. An animal was removed from
the cage, the smart probe was placed within 5 cm of the embedded transponder to acquire a
temperature reading, and then the mouse was returned to the cage. The ambient temperature
of the testing environment was 23 + 1°C, a normothermic temperature at which
neurotoxicity still occurs (Ali et al,, 1996;Miller & O’Callaghan, 2003;Granado et a/., 2011).
Mice were euthanized by cervical dislocation followed by decapitation, 2 or 7 days after the
final saline or MA treatment. The striatum was removed, flash-frozen, and stored at =70°C
until time of assay. Striatal tissue from each animal was dissected and each half was used for
either monoamine and metabolite analyses or TH and GFAP assays (counterbalanced by side
of brain).

2.5 Quantification of monoamines and metabolite levels

Striatal DA, DOPAC, HVA, 5HT, 5HIAA, and NE were quantified via high-performance
liquid chromatography with electrochemical detection (HPLC-ECD). Tissue samples were
weighed, homogenized in 0.1N HCIOy4, and centrifuged at 16,6009 for 18 min at 4°C.
Concentrations of monoamines and their metabolites were quantified in the supernatant
using HPLC-ECD. Aliquots were injected onto an HPLC column linked to a coulometric
detector (ESA Model Coulochem I11, Dionex, Chelmsford, MA). Mobile phase consisting of
50 mM sodium phosphate monobasic, 250 uM Nay,EDTA, 0.03% sodium octane sulfonic
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acid, and 25% methanol (pH = 2.75) was recirculated at 0.9 ml/min. Data were acquired by
a Waters Empower software system, where peak heights of unknowns were compared with
those of standards. The lower limit of assay sensitivity (3 x baseline noise) was 1 pg/20 pl
sample.

2.6 Quantification of tyrosine hydroxylase levels

Tissue was prepared as previously outlined (O’Callaghan, 2002;Miller & O’Callaghan,
2003;Granado et al., 2011). Striatal tissue was homogenized in 10 volumes of 1% hot (85—
95°C) sodium dodecyl sulfate (SDS) by sonification and total protein concentration
determined by BCA assay. TH holoenzyme protein was assessed using a previously
published ELISA with minor modifications (Sriram et al., 2004). In brief, an anti-TH
monoclonal mouse antibody (1:500; Santa Cruz Biotechnology, Dallas, TX) was coated on
the wells of Nunc MaxiSorp microplates (Thermo Fisher Scientific, Waltham, MA). The
SDS homogenates and standards (prepared from control mouse striatum) were diluted in
phosphate-buffered saline (pH = 7.4) containing 0.5% Triton X-100. After blocking non-
specific binding with 5% non-fat dry milk, aliquots of the homogenate and standards were
added to the wells in duplicate and incubated. Following washes, an anti-TH polyclonal
rabbit antibody (1:500; EMD Millipore, Billerica, MA) was added to ‘sandwich’ the TH
protein between the two antibodies, coupled with a horseradish peroxidase (HRP)
conjugated secondary anti-rabbit IgG antibody (1:3000; Santa Cruz Biotechnology, Dallas,
TX). Peroxidase activity was detected using the substrate tetramethylbenzidine (Sigma-
Aldrich, St. Louis, MO), followed by addition of a 1N sulfuric acid stop solution.
Quantification was performed by measuring absorbance with a microplate reader (BIO-RAD
Laboratories, Hercules, CA), at 450 nm. The amount of TH in the samples was calculated
and expressed as TH (ug) per total protein (mg) loaded.

2.7 Quantification of GFAP expression

The same tissue homogenate used for TH analysis was also used for the GFAP assay. Striatal
GFAP levels were quantified using a similar ELISA protocol (O’Callaghan, 2002) as
described for TH quantification, with the following differences: an anti-GFAP polyclonal
rabbit antibody (1:400; DAKO, Carpenteria, CA) was used as the capture antibody and an
anti-GFAP monoclonal mouse antibody (1:250; EMD Millipore-Calbiochem, Billerica, MA)
was used as the detection antibody coupled with a secondary anti-mouse 1gG-HRP antibody
(1:3000; Santa Cruz Biotechnology, Dallas, TX).

2.8 Data analysis

Biochemical data were analyzed by three-way analysis of variance (ANOVA) with sex,
genotype, and dose as between-group factors, at each time point, independently.
Temperature data were analyzed using a repeated measures four-way ANOVA with time as a
within-subject factor and sex, genotype, and dose as between-group factors. As there were
no significant interactions involving sex in initial analyses, this factor was excluded from
further analyses. Significant two-way interactions were further investigated using simple
main effect analyses and/or post hoc mean comparisons using the Newman-Keuls test, when
appropriate. For temperature data, subsequent analyses were conducted at 30 min after each
injection as, under the described conditions, the maximum hypothermic drop occurs 30 min
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following administration of MA or MDMA (Harkness et al., 2015;Miner et al., 2017). Data
were analyzed for outliers using Dixon’s Q-test at 90% confidence. All statistical analyses
were performed using Statistica version 13 software (StatSoft Inc., Tulsa, OK). Differences
were considered significant at p < 0.05.

3.1 Thermoregulation

Prior to the first injection, the mean baseline temperature of all animals was 38.3°C (SEM =
0.03°C), with no significant between-genotype or -group differences. Profound genotype-
dependent MA-induced hypothermia was observed. MA did not elicit hyperthermia, defined
as a 0.5°C increase in body temperature above the temperature of the untreated animal, in
any group. Temperature data (Fig. 1), analyzed using a three-way repeated measures
ANOVA, revealed a significant genotype x dose x time interaction (foe 4288 = 4.9, p<
0.0001). There was no difference in temperature between genotypes for mice receiving
saline (Fig. 1A), although there was a main effect of time (/33 1312 = 1.3, p< 0.0001) as
temperatures in these control groups decreased over the 8 hr period, likely attributable to
single housing.

Examination of the effects of each dose of MA revealed significant genotype x time
interactions for all 3 doses: MA 2.5 mg/kg (F32,672 = 9.4, p< 0.0001) (Fig. 1B), MA 5
ma/kg (F32,1120 = 15.3, p<0.0001) (Fig. 1C), and MA 10 mg/kg (F321184 = 4.0, p<
0.0001) (Fig. 1D). Analyses of genotype differences were conducted within each dose of
MA using simple main effect analyses at each 30 min post-injection time point to investigate
the hypothermic drop in body temperature. The temperatures of 7aarZ-WT mice receiving
MA 2.5 mg/kg were significantly lower 30 min after each of the four MA injections
compared to their 7aarZ-KO counterparts, whereas 7aarZ-WT mice administered either MA
5 or 10 mg/kg had significantly lower temperatures than 7aarZ-KO mice after the first three
injections.

Next, examination of the data for each genotype revealed a significant dose x time
interaction for both genotypes: 7aarZ-WT (Fgg 2208 = 10.8, p< 0.0001) and 7aari-KO
(Fo6,2080 = 7.5, p < 0.0001). Simple main effects analysis was then used to statistically
investigate MA effects within each genotype at the 30 min post-injection time points. There
was a significant effect of dose after the first, second and third injections in 7aarZ-WT mice
(all p<0.0001) and after the first and fourth injections in 7aarZ-KO mice (both p< 0.001
and p < 0.01). Newman-Keuls post hoc mean comparisons indicated that 30 min following
the first and second injection 7aarZ-WT mice treated with all MA doses had lower body
temperatures than 7aarZ-WT mice receiving saline (Table 1). Thirty min after the third
injection, the difference was significant in 7aarZ-WT mice receiving MA 2.5 or 5 mg/kg, but
not 10 mg/kg, and there were no significant effects of MA 30 min after the fourth injection.
In Taar1-KO mice, body temperature was significantly reduced by MA 5 and 10 mg/kg 30
min after the first injection. There were no other significant hypothermic responses to MA in
Taar1-KO mice, though body temperature was significantly increased 30 min following the
fourth injection in mice receiving MA 2.5 mg/kg. However, this increase of 0.8°C for 7aarI-
KO mice at this dose and time resulted in a mean body temperature of 38.5°C compared to
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the initial basal temperature of 38.3°C, providing little evidence of MA-induced
hyperthermia.

3.2 Monoamines and metabolite levels

MA dose-dependently decreased striatal levels of DA and DOPAC at both time points (2 and
7 days following the final injection) and HVA at 2 days (Fig. 2). Seven days later, levels of
DA were lower in 7aarl-KO mice compared to 7aarZ-WT mice after MA 2.5 and 5 mg/kg,
but not 10 mg/kg, while DOPAC and HVA were lower in 7aarZ-KO mice compared to
TaarI-WT mice, regardless of treatment. DA turnover rates (calculated by dividing DOPAC
levels by DA) at both 2 and 7 days following the final treatment were higher in 7aarZ-KO
compared to 7aarZ-WT mice, regardless of treatment. These characterizations are supported
by the following statistical results. At 2 days following the final administration of saline or
MA, a two-way ANOVA for DA level data identified a main effect of genotype (/1 62 =
17.16, p< 0.001) and dose (F3 62 = 32.78, p< 0.0001), but no significant interaction (Fig.
2A). DA levels were lower in 7aarZ-KO mice compared to 7aarZ-WT mice, regardless of
treatment, and all doses of MA significantly decreased DA levels compared to saline-treated
animals, regardless of genotype. At 7 days after saline or MA administration, there was a
significant genotype x dose interaction (/3 61 = 3.04, p< 0.05) (Fig. 2B). Simple main effect
analysis of the effect of genotype at each dose revealed no difference between genotypes for
saline-treated animals, but 7aarZ-KO mice receiving either MA 2.5 or 5 mg/kg had
significantly lower levels of striatal DA in comparison to 7aarZ-WT mice. There was no
difference between genotypes at MA 10 mg/kg. Simple main effect analysis of the effect of
dose within each genotype indicated significant dose-dependent effects in both 7aarZ-WT (p
< 0.0001) and T7aar1-KO (p < 0.0001) mice. In 7aarI-WT mice, Newman-Keuls post hoc
mean comparisons indicated that DA levels were significantly decreased by the MA 5 and
10 mg/kg doses compared to saline-treated animals, but not by MA 2.5 mg/kg. In 7aarZ-KO
mice, DA levels were significantly decreased by all three MA doses compared to saline-
treated animals.

Two days after the final administration of saline or MA, a two-way ANOVA for DOPAC
level data revealed only a main effect of dose (/3 62 = 12.94, p < 0.0001) (Fig. 2C). DOPAC
levels were significantly decreased by MA 5 and 10 mg/kg, but not 2.5 mg/kg, compared to
saline-treated animals, regardless of genotype. At 7 days after MA administration, there was
a main effect of genotype (£ g1 = 13.43, p< 0.001) and dose (/361 = 35.34, p< 0.0001),
but no significant genotype x dose interaction (Fig. 2D). DOPAC levels were lower in 7aari-
KO mice compared to 7aarI-WT mice, regardless of treatment. Only the two higher doses of
MA significantly decreased DOPAC levels compared to saline-treated animals, regardless of
genotype.

There were no significant effects on HVA levels 2 days following the final administration of
MA (Fig. 2E), but 7 days later there was a main effect of genotype (£ 1 = 5.76, p< 0.05)
and dose (/361 = 22.03, p < 0.0001), though no significant interaction (Fig. 2F). HVA levels
were lower in 7aarZ-KO mice compared to 7aarZ-WT mice, regardless of treatment. HVA
levels were significantly increased by MA 2.5 mg/kg, but decreased by MA 5 and 10 mg/kg,
in comparison to saline-treated animals, regardless of genotype.
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At 2 days following the final injection of saline or MA, a two-way ANOVA for DA turnover
data (expressed as a ratio of DOPAC/DA levels) identified a main effect of genotype (/1 62 =
8.83, p<0.01) and dose (F3 62 = 4.16, p < 0.01), but no significant interaction (Fig. 2G). DA
turnover was higher in 7aarZ-KO mice compared to 7aarZ-WT mice, regardless of treatment,
and only MA 2.5 mg/kg significantly increased DA turnover compared to saline-treated
animals, regardless of genotype. Seven days after the final administration of saline or MA, a
two-way ANOVA for DA turnover data also found a main effect of genotype (£ 61 = 12.30,
£ <0.001) and dose (£3 61 = 20.09, p< 0.0001), but no interaction (Fig. 2H). DA turnover
was again higher in 7aarZ-KO mice compared to 7aarI-WT mice, regardless of treatment,
and only MA 10 mg/kg significantly increased DA turnover compared to saline-treated
animals, regardless of genotype.

There were no significant interactions or main effects of genotype at 2 or 7 days following
MA administration for 5SHT, 5SHIAA, 5HT turnover, or NE (Fig. 3). A two-way ANOVA
revealed a main effect of dose for SHT levels both 2 days (/362 = 7.34, p< 0.001) and 7
days (F3 61 = 13.14, p< 0.0001) following the final treatment (Fig. 3A and B). Two days
following administration, SHT levels were significantly decreased by MA 5 and 10 mg/kg
compared to saline-treated animals, whereas 7 days after administration MA 2.5 mg/kg
significantly increased 5HT levels compared to saline-treated animals, regardless of
genotype. There were no significant main effects for SHIAA (Fig. 3C and D) or 5SHT
turnover (SHIAA/SHT levels) (Fig. 3E and F). A two-way ANOVA identified a main effect
of dose for NE levels both 2 days (/3 62 = 4.06, p< 0.01) and 7 days (/3 61 = 4.88, p<0.01)
after the last treatment of saline or MA (Fig. 3G and H). Two days following administration,
NE levels were significantly decreased by MA 10 mg/kg compared to saline-treated animals,
whereas 7 days following administration, MA 5 and 10 mg/kg significantly decreased NE
levels compared to saline-treated animals, regardless of genotype.

3.3 Tyrosine hydroxylase levels

Overall, MA decreased striatal TH levels at each time point (2 and 7 days following final
injection) and dose (2.5, 5, and 10 mg/kg). TH levels were also lower in 7aari-KO mice
compared to 7aarZ-WT mice 2 days, but not 7 days, following final administration of saline
or MA (Fig. 4). These characterizations are supported by the following statistical results. At
2 days following the final administration of saline or MA, a two-way ANOVA revealed a
main effect of genotype (£ g5 = 13.22, p< 0.001) and dose (/3 g5 = 25.34, p< 0.0001), but
no significant interaction (Fig. 4A). TH levels were lower in TaarZ-KO mice compared to
TaarI-WT mice, regardless of treatment, and the two higher doses of MA (5 and 10 mg/kg),
but not the 2.5 mg/kg dose, significantly decreased TH levels compared to saline-treated
animals, regardless of genotype. At 7 days after MA administration, a two-way ANOVA
revealed only a main effect of dose (/3 59 = 25.12, p < 0.0001) (Fig. 4B); all doses of MA
decreased TH levels compared to levels in tissue from saline-treated controls, regardless of
genotype.

3.4 GFAP expression

Overall, at both 2 and 7 days post MA administration, and at all doses (2.5, 5, or 10 mg/kg),
MA increased striatal GFAP expression. GFAP was increased to a greater extent in striatal
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tissue from 7aarZ-KO compared to 7aarZ-WT mice by both the MA 2.5 and 5 mg/kg doses
(Fig. 5). These characterizations are supported by the following statistical results. At 2 days
following the final administration of saline or MA, a two-way ANOVA revealed a significant
genotype x dose interaction (/3 36 = 4.17, p< 0.01) (Fig. 5A). Simple main effect analysis of
genotype at each dose revealed no difference between genotypes for saline-treated animals,
but 7aarl-KO mice receiving either MA 2.5 or 5 mg/kg expressed significantly higher levels
of striatal GFAP in comparison to 7aarZ-WT mice (p < 0.01 for both doses). There was no
difference between genotypes at MA 10 mg/kg. Simple main effect analysis of the effect of
dose within each genotype indicated significant dose-dependent effects in both 7aarZ-WT (p
< 0.0001) and T7aar1-KO (p < 0.0001) mice. Newman-Keuls post hoc comparisons indicated
all 3 doses of MA significantly increased levels of GFAP in both 7aarZ-WT and 7aar1-KO
mice compared to levels in saline-treated animals.

Similar results were obtained for striatal GFAP assessed 7 days after treatment. A two-way
ANOVA revealed a significant genotype x dose interaction (/3 5g = 5.38, p < 0.01) (Fig. 5B).
Again, simple main effect analyses of genotype at each dose revealed no difference between
saline-treated 7aarZ-WT and -KO animals, but 7aarZ-KO mice receiving MA 2.5 or 5 mg/kg
expressed significantly higher levels of GFAP than 7aarZ-WT mice, whereas there was no
difference between genotypes administered the highest dose of MA. Simple main effect
analysis of the effect of dose within each genotype indicated significant dose-dependent
effects in both 7aarZ-WT (p < 0.0001) and 7aarZ-KO (p < 0.0001) mice. Newman-Keuls
post hoc mean comparisons revealed that GFAP expression in 7aarZ-WT mice was only
significantly elevated in mice treated with MA 5 mg/kg and 10 mg/kg compared to saline-
treated animals, but all three doses of MA elevated GFAP expression in 7aarZ-KO mice
compared to saline-treated mice.

4. Discussion

In this study we report for the first time that activation of TAARL by a binge-like regimen of
MA altered thermoregulation and decreased markers of neurotoxicity both 2 and 7 days
following administration. Activation of TAAR1 inhibits DA firing in the striatum, the locus
of MA-induced neurotoxicity, and mice lacking TAAR1 have altered sensitivity to the acute
effects of amphetamines, biochemically and behaviorally (Lindemann et a/., 2008;Revel et
al., 2011;Harkness et al., 2015). Based on these findings, we administered MA to 7aarl-WT
and 7aar1-KO mice and measured acute thermal response, as well as transient and sustained
effects of MA on markers of DA terminal degeneration and astrogliosis.

The temperature findings present a novel insight into the effects of TAARL on
thermoregulation and regulation of MA-induced neurotoxicity. MA elicited hypothermia in
Taarl-WT, but not 7aarZ-KO mice. In 7aarZ-WT mice, hypothermia was inversely dose-
dependent: the largest change in temperature and longest persisting effects were elicited by
the two lower doses of MA, whereas hypothermia and genotype differences were attenuated
at the highest dose. In 7aarZ-KO mice, MA elicited only mild fluctuations from the initial
basal temperature. These findings indicate the hypothermic response to MA is dependent on
activation of TAARL. Direct stimulation of TAARL, using the selective agonist RO5166017,
has produced differing results: in C57BL/6 mice, a single dose of 1 mg/kg induced
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hypothermia 45 min later (Revel et al,, 2011), while in Sprague-Dawley rats, doses of 3.2 —
10 mg/kg did not alter body temperature one hour post-injection (Siemian et al., 2017). It is
unclear whether this is a species and/or dose dependent effect. Although previous TAAR1
research on amphetamines support our finding of TAAR1-dependent MA-induced
hypothermia (Di Cara et al., 2011;Harkness et al., 2015), Panas et al. (2010) found no
difference between 7aarZ-WT and -KO mice in their thermal response to MA or MDMA.
However, hypothermia was also absent and it is possible that under the reported conditions
the drugs increased temperatures to a degree that masked the thermoregulatory effects of
TAARL. This masking theory is supported by the pattern in our data: as MA dose and
number of injections increased, thermal response differences between genotypes dissipated.
This indicates the hypothermic response to MA is superseded by non-TAAR1 mediated
thermoregulatory mechanisms once a threshold of MA is reached. This is also the first study
to investigate TAAR1 modulation of thermoregulation using multiple doses of MA to
measure aggregate effects.

MA did not induce hyperthermia in animals of either genotype. When studying MA-induced
neurotoxicity, hyperthermia can confound the ability to distinguish neurotoxicity attributable
to the direct actions of MA versus the indirect effects of inducing hyperthermia, which leads
to increased ROS production and permeability of the blood brain barrier (Kiyatkin &
Sharma, 2009;Bowyer & Hanig, 2014). As body temperatures only reached a maximum
increase of 0.2°C from the initial baseline temperature, the increase in MA-induced markers
of neurotoxicity in 7aarZ-KO mice cannot be attributed to hyperthermic effects. Conversely,
hypothermia can confer neuroprotection against MA. Typically, this is induced by lowering
the ambient temperature to 15° or 4°C or by leveraging pharmacological agents to decrease
temperature (Miller & O’Callaghan, 1994;Albers & Sonsalla, 1995;Ali et al., 1996;Metzger
et al., 2000;Sharma et al., 2015), whereas in the current study all animals received the same
drugs under the same conditions. Therefore, it is possible that the increased MA-induced
neurotoxicity in 7aarZ-KO mice is attributable to the absence of MA-induced hypothermia.
This theory is supported by the connection between temperature data and neurotoxicity with
regard to dose. Significant differences between genotypes in DA levels and GFAP
expression occurred only at the two lower doses of MA, correlating with the greatest
hypothermic responses.

At 2 days post-treatment, DA and TH levels were dose-dependently diminished and levels
were lower when TAAR1 was absent, regardless of treatment. However, this should not be
interpreted as differences in basal levels as 7 days following treatment there was no
significant difference in saline-treated animals. The findings from 7 days post-treatment
indicate sustained MA-induced decreases in DA levels are dose-dependently diminished
when TAARL is activated: the lowest dose of MA did not decrease DA levels when TAAR1
was activated, but did when TAAR1 was absent; the middle MA dose (5mg/kg) further
decreased DA levels when TAARL was not activated; and the highest dose of MA did not
differentially decrease DA when the receptor was activated or not. However, TH levels were
not differentially affected across genotype at this later timepoint, indicating activation of
TAARL transiently altered TH levels, but the effects were not sustained. The difference in
levels of DA and metabolites between genotypes coupled with equally diminished TH levels
at this time point suggests the sustained effects of TAAR1 activation take place post-DA
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synthesis. Although amphetamines acutely increase striatal levels of 5SHT and NE, measured
by microdialysis, in 7aarZ-KO compared to 7aarZ-WT mice (Lindemann et a/., 2008;Di
Cara et al., 2011), here there were no significant differences in striatal levels of 5HT,
5HIAA, or NE between genotypes 2 or 7 days following MA administration. This indicates
that, while TAAR1 modulates acute MA-induced release of 5HT and NE, the modulatory
effects of the receptor on striatal monoamine levels at later time points are DA specific,
reflective of the selectivity of MA for DA terminal degeneration in mice (Krasnova & Cadet,
2009).

Astrocyte activation, a glial reaction to neuronal injury, is an established marker of MA-
induced neurotoxicity. An increase in GFAP expression peaks 2—3 days after MA
administration and correlates with increased neurotoxicity, inflammatory response, and ROS
(O’Callaghan & Miller, 1994;Lau et al., 2000;McConnell et al., 2015), though it can also
increase independently of decreases in markers such as TH and DA (Pu & Vorhees,
1993;Miner et al., 2017). We report the novel finding that astrocyte activation in response to
MA is increased when TAARL1 is not activated. At both time points, the two lower doses of
MA increased GFAP expression in 7aarl-KO compared to 7aarZ-WT mice (though not at
the highest dose). Additionally, at 7 days following the last administration, the lowest dose
of MA significantly increased GFAP expression in 7aarZ-KO mice compared to saline-
treated mice, while there was no significant increase when TAAR1 was activated in 7aar1-
WT mice. This corresponds with the DA data, indicating activation of TAARL is
neuroprotective at lower doses, but the effect is suppressed at the highest dose of MA.

When using a binge-like regimen in a mouse model, MA 10 mg/kg is a common dose based
on its strong neurotoxic effects (O’Callaghan & Miller, 1994;Zhu et al., 2006;Fantegrossi ef
al., 2008;Grace et al., 2010). In our experiments, this dose caused the largest changes in DA,
TH, and GFAP, but abolished differences between genotypes. Comparing the two lower
doses of MA, decreases in DA and TH levels were less than two-fold in 7aarZ-WT mice,
though DA and TH levels were decreased more than two-fold in 7aarZ-KO mice receiving
MA 5 mg/kg, indicating increased neurotoxicity. At peak astrocyte activation (2 days post-
administration), increases in GFAP expression were even larger with MA 2.5 and 5 mg/kg
increasing GFAP expression greater than two-fold in 7aarZ-WT mice and three-fold in
Taar1-KO mice. This magnitude of change is commensurate with previous research using
MA doses less than 10 mg/kg (Thomas et al., 2004;McConnell et a/., 2015) and indicates
that TAARL may play an even more significant role in astroglial activation than DA terminal
degeneration.

The most likely explanation for the increase in MA-induced neurotoxicity in 7aarZ-KO mice
is their lack of hypothermic response. However, it is possible that the neuroprotective and
thermoregulatory effects of TAARL activation occur in tandem or independently. The intent
of this study was to separate the hyperthermic influence from drug-dependent effects to
better understand the effect of TAARL on both drug-related thermoregulation and
neurotoxicity. However, studies are needed to determine whether the activation of TAAR1
diminishes MA-induced neurotoxicity due to its hypothermic effects or other mechanisms,
potentially through pharmacologically equalizing temperature fluctuations. Additional
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research is also warranted under environmental conditions where hyperthermia occurs to
further explore TAARL1 regulation of temperature and MA-induced neurotoxicity.

While the effects of TAARL activation on the DA system are complex and its mechanism
still not fully understood, significant attention has been focused on the D, receptor.
Compared to 7aarI-WT mice, 7aarZ-KO mice over-express D, receptors, possess increased
density of D5 in high-affinity states for DA (D,H19"), and express super-sensitivity to
activation of post-synaptic D, receptors (Wolinsky et al., 2007; Espinoza et al., 2015a), traits
associated with increased behavioral sensitivity to amphetamines (Seeman et a/., 2005;Shuto
et al., 2008). Additionally, inhibition of TAAR1 increases potency of D, agonists and
reduces D5 receptor desensitization rates (Bradaia ef a/., 2009). Finally, TAAR1 and D, can
form a heterodimer and the D, antagonist raclopride increases TAARL activation (Espinoza
et al., 2011). MA-induced neurotoxicity is Do-mediated and D, antagonists, such as
raclopride and eticlopride, diminish MA-induced neurotoxicity (DA, TH, DAT levels, and
GFAP expression) and attenuate MA-induced hyperthermia (Albers & Sonsalla,
1995;Broening et al., 2005;Xu et al., 2005;Hadlock et al., 2010). These markers of
neurotoxicity are also lower in D,-KO mice receiving MA, which exhibit MA-induced
hypothermia as well, in comparison to D,-WT mice (Granado et a/., 2011). It is possible that
the absence of MA-induced hypothermia and increased neurotoxicity in 7aarZ-KO mice can
be attributed to increased D, activation compared to when TAARL is activated in 7aarl-WT
mice. Future research on the intersection of TAAR1 and D5, effects on MA-induced
neurotoxicity are warranted. Additionally, as neurotoxicity is primarily attributed to
increased cytosolic levels of DA (Fleckenstein et al., 2007) and TAARL is predominantly
localized intracellularly (Borowsky et a/., 2001), future research of TAAR1 regulation of
MA-induced neurotoxicity could investigate acute intracellular markers of neurotoxicity,
such as impaired VMAT?2 expression and function (Fumagalli et a/., 1999;Guillot et al.,
2008), and increased DA quinone and ROS production (Cubells et al., 1994;LaVoie &
Hastings, 1999;Yamamoto & Raudensky, 2008).

TAAR1 mediation of excitotoxicity is another potential contributor to MA-induced
neurotoxicity. The expression and phosphorylation of the GIuN1 subunit of the N-methyl-D-
aspartate (NMDA\) glutamate receptors, in both the striatum and the prefrontal cortex (PFC),
is lower in 7aarl-KO mice compared to 7aarZ-WT mice (Espinoza et al., 2015b;Sukhanov et
al., 2016). However, when amphetamine is administered, striatal expression and
phosphorylation of GIuN1 are increased only in 7aarZ-KO mice. This suggests
amphetamines elicit an increased GLU response when TAARL is not activated, potentially
contributing to increased neurotoxicity. Supporting a GLU system regulatory role for
TAARL1, another study, using 6-hydroxydopamine (6-OHDA) to induce an animal model of
Parkinson’s disease, found the intrastriatal application of the selective TAAR1 agonist,
R0O5166017, blocked 6-OHDA-induced increased striatal GLU release (Alvarsson et al.,
2015). This same study also evaluated the effects of intrastriatal administration of 6-OHDA
on DA markers using the 7aarZ-KO mouse model. Surprisingly, four weeks following 6-
OHDA treatment, 7aarZ-WT mice had lower levels of striatal TH and DAT compared to
Taar1-KO mice. While counter to our findings that activation of TAARL is neuroprotective
against MA-induced neurotoxicity, it is important to note 6-OHDA lesioning destroys cell
bodies in the substantia nigra pars compacta (SNpc) as well as terminals in the striatum
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(Bove & Perier, 2012). Although there is evidence MA causes DA cell body death in the
SNpc, MA primarily causes degeneration of striatal neuron terminals (Sonsalla et al.,
1996;Ares-Santos et al., 2014). 1t is plausible TAAR1 has different modulatory roles in these
two models of neuronal injury, as they differ in underlying mechanism, time course, and
severity.

Astrocytes also decrease excitotoxicity via clearance of synaptic GLU by the excitatory
amino acid transporter 2 (EAAT2) (Anderson & Swanson, 2000). Cisneros and Ghorpade
(2014) investigated TAARL1 regulation of this function using cultured astrocytes. The authors
found that knockdown of TAARL using RNA interference mitigates MA-induced
downregulation of EAAT?2 and increases GLU clearance, while overexpression of TAARL
increases MA-induced EAAT?2 downregulation and decreases GLU clearance. These
findings imply MA activation of TAAR1 increases excitotoxicity, acting as a contributing
factor to neurotoxicity (Burrows & Meshul, 1997). It is possible that MA activation of
TAAR1 impairs astrocytic GLU function /n vitro, but this effect is overshadowed by the
increase in MA-induced astrocyte activation in 7aarZ-KO mice compared to 7aarZ-WT mice
under physiological conditions. Additional research is warranted to explore TAAR1
regulation of other markers of gliosis, namely microglia. MA induces neuroinflammation
and microgliosis, other contributors to neurotoxicity, through the production of harmful
cytokines and chemokines, which is also ameliorated at lower temperatures (Thomas et al.,
2004;LaVoie et al., 2004;0’Callaghan et al., 2014).

Besides the 7aarZ-KO mouse model, mice selectively bred for MA consumption provide an
alternative model for studying TAARL. Initially developed as an animal model of differential
genetic risk for MA intake, mice were bidirectionally selectively bred for voluntary MA
consumption from the F2 cross of C57BL/6J (B6) and DBA2/J (D2) mice, using a two-
bottle choice task, generating the MA high drinking (MAHDR) and MA low drinking
(MALDR) lines (Wheeler et al., 2009). It was later discovered that D2 mice possess a non-
synonymous single-nucleotide polymorphism (SNP) that encodes a present, but non-
functional TAAR1 and MAHDR mice were homozygous for the D2 allele, whereas
MALDR mice were either hetero- or homozygous for the dominant B6 allele that encodes a
functional TAAR1 (Harkness et al., 2015;Shabani et al., 2016). Besides differential MA
consumption, MAHDR mice expressing the non-functional D2 Taar1 allele exhibit MA-
conditioned place preference (CPP), but are insensitive to MA-conditioned taste aversion
(CTA), whereas MALDR mice expressing the functional B6 allele lack MA-induced CPP
and exhibit high sensitivity to MA-induced CTA (Wheeler et al., 2009;Shabani et al., 2012).
The selected lines are also similar to the 7aarZ-KO model in thermal response to MA:
MALDR mice, similar to 7aarZ-WT, exhibit acute hypothermia in response to MA, whereas
this response is mitigated in MAHDR mice, similar to 7aarZ-KO mice (Harkness et al.,
2015). The convergent results from the different TAAR1 animal models provide support for
future use of both models to study TAARL. This is particularly relevant as recent research
has identified several synonymous and non-synonymous single nucleotide polymorphisms
(SNP) in the human 7aarZ gene that can result in an expressed, but either sub- or non-
functioning receptor (Shi et al.,, 2016). From an epidemiological standpoint, this could
identify a subset of the population at greater risk of physical and cognitive harm resulting
from increased MA-induced neurotoxicity due to decreased TAAR1 activation. Additionally,
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based on its neuroprotective qualities, TAAR1 agonists could prove a fruitful avenue for
future research and development of pharmacological therapies to ameliorate the harmful
impact of MA and possibly other DA neurotoxins in active or recovering addicts.

5. Conclusions

Our findings demonstrate for the first time that activation of TAAR1 potentiates MA-
induced hypothermia and confers neuroprotection against MA-induced neurotoxicity with
sustained effects up to a week following drug administration. Hypothermia in response to
MA was only present in 7aarZ-WT mice and absent in 7aarZ-KO mice. MA-induced
decreases in striatal DA levels and astrogliosis were diminished when TAAR1 was activated,
but only by the lower doses of MA, corresponding with the greatest hypothermic responses.
The hypothermic response in 7aarZ-WT mice was attenuated at the highest dose of MA and
differences between genotypes in markers of neurotoxicity disappeared at this dose. These
findings indicate the neuroprotection provided by TAARL1 activation is due to its
thermoregulatory effects, but is also dose-dependent and dissipates at higher doses.
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Abbreviations

5HT serotonin

5HIAA 5-hydroxyindoleacteic acid

DA dopamine

DAT dopamine transporter

DOPAC 3,4-dihydroxyphenylacetic acid

EAAT?2 excitatory amino acid transporter 2

ELISA enzyme-linked immunosorbent assay
GFAP glial fibrillary acidic protein
GLU glutamate

GPCR G-protein coupled receptor
HVA homovanillic acid
MDMA 3,4-methylenedioxymethamphetamine

MA methamphetamine
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NET norepinephrine transporter
NMDA N-methyl-D-aspartate
PKA protein kinase a
PKC protein Kinase ¢
ROS reactive oxygen species
SERT serotonin transporter
SNpc substantia nigra pars compacta
TAAR1 trace-amine associated receptor 1
TH tyrosine hydroxylase
VMAT?2 vesicular monoamine transporter 2
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Highlight

. TAAR1 knockout mouse model used to investigate receptor’s role in MA
neurotoxicity.

. TAAR1 activation diminishes MA neurotoxicity.
. TAARLI activation potentiates acute hypothermic response to MA.

. TAAR1 regulatory effects are dose-dependent and disappear at highest dose
of MA.

. Neuroprotection provided by TAAR1 activation attributed to
thermoregulatory effect.
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Effects of repeated saline or MA injections on core body temperature. 7aarZ-WT and -KO
mice received 4 i.p. injections (indicated by arrows) of saline or MA (2.5, 5, or 10 mg/kg),
spaced 2 hr apart. Body temperature was measured every 15 min viatelemetry over 8 hr in
an ambient temperature of 23 + 1°C. Data represent temperature for each genotype and
treatment group (mean £ SEM) at specified time points, 7= 11-21 mice per group. Time
points selected for detailed analysis were 30 min after each injection. *: p< 0.05, **: p<
0.01, ***: p<0.001, ****: p< 0.0001 compared between genotypes.

Neurotoxicology. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Miner et al. Page 25

A. 2 days B. 7 days
15 it 11 15+ + 0+ O WT
= - mE KO
D 124 124
2
e * *%
Q94 0oo 9+
o [eJe]e)
£
> 1 64 *k kok
S
kK
<< 34 34
a
0-4 ol
Saline 2.5 5 10 Saline 2.5 5 10
C. 2 days D. 7 days
—~ 181 1t 1.8 #it#, 11
£
0]
+= 1.5 1.54
8
] ] ooo
o 1.2 000 — 1.2
g 0.9
S 091 0.94 000
<
O 0.6 0.6+
<
O 0.3 0.34
o
0O ool 0.0
Saline 25 5 10 Saline 2.5 5 10
E. 2 days F. 7 days
# 11
. 201 2.0 o
£
% 1.6 1.6
E_ 0000
g) 1.24 1.24 o000
> 0.8+ 0.8+
£ )
< 04] 0.4
I
0.0 0.0-
Saline 2.5 5 10 Saline 2.5 5 10
G. 2 days H. 7 days
##, # 11
000
0.254 0.254
oo
< 0.20 0.204
o
6 0.154 0.15
¢ A
o
O o.103 0.104
o
0.054 0.054
0.00- 0.00-
Saline 25 5 10 Saline 2.5 5 10

Drug treatment (mg/kg)

Figure 2.
Striatal levels of DA, DOPAC, HVA and DA turnover measured 2 and 7 days following

saline or MA treatment. 7aarZ-WT and -KO mice received 4 i.p. injections of saline or MA
(2.5, 5, or 10 mg/kg), spaced 2 hr apart and were euthanized either 2 or 7 days following the
final injection for striatal tissue collection. Values were normalized to the amount of protein
in each tissue sample. Data represent means + SEM of 7-11 mice per group. *: p < 0.05, **:
p <0.01, ***: p < 0.001 compared to saline-treated controls; +: p < 0.001, ++: p < 0.0001
between genotypes; #: p < 0.05, ##: p < 0.01, ###: p < 0.001 for main effect of genotype; t:
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p <0.01, tt: p < 0.0001 for main effect of dose; =: p < 0.05, ==: p < 0.01, ¢==: p < 0.001, cecec:
p < 0.0001 compared to saline-treated controls, regardless of genotype.
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Figure 3.
Striatal levels of 5HT, 5SHIAA, 5HT turnover, and NE measured 2 and 7 days following

saline or MA treatment. 7aarZ-WT and -KO mice received 4 i.p. injections of saline or MA
(2.5, 5, or 10 mg/kg), spaced 2 hr apart and were euthanized either 2 or 7 days following the
final injection for striatal tissue collection. Values were normalized to the amount of protein
in each tissue sample. Data represent means + SEM of 7-11 mice per group. t: p < 0.05, 11:
p<0.01, ttt: p<0.01, T111: p < 0.0001 for main effect of dose; -: p < 0.05, ==: p < 0.01,
eec: p < 0.001 compared to saline-treated controls, regardless of genotype.
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Figure 4.

Striatal TH levels measured via sandwich ELISA 2 and 7 days following saline or MA
treatment. 7aarZ-WT and -KO mice received 4 i.p. injections of saline or MA (2.5, 5, or 10
mg/kg), spaced 2 hr apart. Animals were euthanized either 2 (A.) or 7 (B.) days following
the final injection for striatal tissue collection. TH values were normalized to the amount of
protein in each tissue sample. Data represent means + SEM of 7-11 mice per group. #: p<
0.001 for main effect of genotype, t: p < 0.0001 for main effect of dose; -: p < 0.001
compared to saline-treated controls, regardless of genotype.
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Figure 5.
Striatal GFAP levels measured v7a sandwich ELISA 2 and 7 days following saline or MA

treatment. 7aarZ-WT and -KO mice received 4 i.p. injections of saline or MA (2.5, 5, or 10
mg/kg), spaced 2 hr apart. Animals were euthanized either 2 (A.) or 7 (B.) days following
the final injection for striatal tissue collection. GFAP values were normalized to the amount
of protein in each tissue sample. Data represent means + SEM of 7-11 mice per group. *: p
< 0.05, **: p< 0.001 compared to saline-treated controls; +: p < 0.001 between genotypes.
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