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Role of TAAR1 within the Subregions of the
Mesocorticolimbic Dopaminergic System in
Cocaine-Seeking Behavior

Jian-Feng Liu,' “Justin N. Siemian,' Robert Seaman, Jr,' Yanan Zhang,?> and “Jun-Xu Li'
'Department of Pharmacology and Toxicology, University at Buffalo, Buffalo, New York 14214, and ?Research Triangle Institute, Research Triangle Park,
North Carolina 27709

A novel G-protein coupled receptor, trace amine-associated receptor 1 (TAAR1), has been shown to be a promising target to prevent
stimulant relapse. Our recent studies showed that systemic administration of TAARI agonists decreased abuse-related behaviors of
cocaine. However, the role of TAARI in specific subregions of the reward system in drug addiction is unknown. Here, using a local
pharmacological activation method, we assessed the role of TAAR1 within the subregions of the mesocorticolimbic system: that is, the
VTA, the prelimbic cortex (PrL), and infralimbic cortex of medial prefrontal cortex, the core and shell of NAc, BLA, and CeA, on cue- and
drug-induced cocaine-seeking in the rat cocaine reinstatement model. We first showed that TAARI mRNA was expressed throughout
these brain regions. Rats underwent cocaine self-administration, followed by extinction training. R0O5166017 (1.5 or 5.0 wg/side) or
vehicle was microinjected into each brain region immediately before cue- and drug-induced reinstatement of cocaine-seeking. The
results showed that microinjection of R05166017 into the VTA and PrL decreased both cue- and drug priming-induced cocaine-seeking.
Microinjection of R05166017 into the NAc core and shell inhibited cue- and drug-induced cocaine-seeking, respectively. Locomotor
activity or food reinforced operant responding was unaffected by microinjection of R0O5166017 into these brain regions. Cocaine-seeking
behaviors were not affected by RO5166017 when microinjected into the substantia nigra, infralimbic cortex, BLA, and CeA. Together,
these results indicate that TAARI in different subregions of the mesocorticolimbic system distinctly contributes to cue- and drug-
induced reinstatement of cocaine-seeking behavior.
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TAARI has been indicated as a modulator of the dopaminergic system. Previous research showed that systemic administration
of TAARI agonists could attenuate cocaine-related behaviors, suggesting that TAAR1 may be a promising drug target for the
treatment of cocaine addiction. However, the specific role of TAARI in subregions of the mesocorticolimbic system in drug
addiction is unknown. Here, we first showed that TAAR1 mRNA is expressed throughout the subregions of the mesocorticolimbic
system. Then, by using a local pharmacological activation method, we demonstrated that TAAR1 in different subregions of the
mesocorticolimbic system distinctly contributes to cue- and drug-induced reinstatement of cocaine-seeking behavior. j

ignificance Statement

Introduction underlying cocaine addiction have been extensively investigated,

Cocaine addiction is a psychiatric disorder characterized by com- effective treatment for cocaine addiction remains unavailable.

pulsive drug-seeking and drug-taking. Although mechanisms ~ Relapse to addictive drugs can occur even after long-term absti-
nence, and the prevention of relapse has been a critical challenge

for addiction treatment (Kauer and Malenka, 2007; Venniro et
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a promising therapeutic target for cocaine addiction (Pei et al.,
2014, 2016; Thorn et al.,, 2014; Jing and Li, 2015).

The endogenous ligands of TAARI are a group of amines
expressed at low concentrations, named as trace amines, which
are structurally related to the classical monoamine neurotrans-
mitters (Burchett and Hicks, 2006; Grandy, 2007; Xie and Miller,
2007). TAARIL has been implicated as a modulator of the
dopaminergic system (Xie and Miller, 2007, 2009a). TAARI
knock-out mice showed augmented amphetamine-induced stri-
atal release of dopamine (DA) (Lindemann et al., 2008). More-
over, transgenic mice that overexpress TAAR1 specifically in the
brain showed decreased sensitivity to amphetamine (Revel et al.,
2012a). Systemic administration of selective TAARI1 agonists
dose-dependently suppressed stimulant-induced hyperlocomo-
tion and the firing frequency of dopaminergic neurons in the
VTA, suggesting a critical role of TAAR] in modulating DA-
related behaviors (Revel et al., 2011; Thorn et al., 2014).

The dopaminergic neurons in the VTA and the substantia
nigra (SN) project to limbic and cortical areas, including the
dorsal and ventral striatum, the frontal cortex, and the amygdala
(Carpenter and Peter, 1972; Hattori et al., 1973; Chronister et al.,
1980; Oades and Halliday, 1987). The dopaminergic and gluta-
matergic projections within these brain regions play critical roles
in the reinstatement of cocaine-seeking (Kalivas and McFarland,
2003; Schmidt et al., 2005). TAAR1 mRNA and protein are ex-
pressed throughout the aforementioned brain regions (Grandy,
2007). In vitro evidence demonstrated an interaction between
TAAR1 and DA transporter (DAT), suggesting that the inhibi-
tory effects of TAAR1 on psychostimulants might be mediated by
DAT (Xie and Miller, 2007, 2009b). However, other studies
showed that TAARI agonists attenuated hyperlocomotion in
DAT '~ mice, indicating that the effects of TAAR1 agonists may
be DAT-independent (Revel et al., 2011, 2012b). TAAR1 may
also interact with presynaptic D2 autoreceptors to negatively reg-
ulate the release of DA in the nucleus accumbens (NAc) (Xie et
al., 2007; Leo et al., 2014). In addition, a recent study showed that
TAARI1 regulated the number/efficiency of the NMDAR in
TAARI knock-out neurons in the mPFC in mice (Espinoza et al.,
2015b). Combined, these results indicate that the role of TAAR1
in distinct brain regions might be mediated by different cellular
mechanisms. Although systemic modulation of TAAR1 activity
by genetic strategies and pharmacological reagents regulates ad-
dictive drug-related behaviors, the specific role of TAAR1 in sub-
regions of the mesocorticolimbic system in drug addiction is still
unknown.

One of the most widely used models to study relapse to cocaine is
the reinstatement model (Bossert et al., 2013). Reinstatement of
drug-seeking refers to reemergence of a previously acquired drug-
seeking behavior by drug-paired cues, noncontingent priming injec-
tions of drug, or stressors after extinction (de Wit and Stewart, 1981;
Shaham et al., 2003). Here, we examined the role of TAAR1 in dif-
ferent brain regions of the mesocorticolimbic system in mediating
the reinstatement of cocaine-seeking behavior. We first tested the
expression of TAAR1 mRNA in several subregions of the mesocor-
ticolimbic system, including the VTA, SN, core and shell subregions
of NAc, prelimbic (PrL) and infralimbic (IL) subregions of mPFC,
basolateral amygdala (BLA), and central amygdala (CeA) to exam-
ine whether there were differences between these brain regions. We
then tested the effects of microinjection of a TAARI full agonist
RO5166017  ((S)-4-[(ethyl-phenyl-amino)-methyl]-4,5-dihydro-
oxazol-2-ylamine) into these brain regions on cue- and drug-
induced reinstatement of cocaine-seeking behavior.
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Materials and Methods

Subjects. Adult male Sprague Dawley rats (initial weight 250-280 g;
Envigo, RRID: RGD_70508) were housed individually on a 12/12 h light/
dark cycle (behavioral experiments were conducted during the light pe-
riod) with free access to water and food, except during experimental
sessions. Rats were maintained and experimental procedures were ap-
proved by the Institutional Animal Care and Use Committee, University
at Buffalo, the State University of New York, and with the 2011 Guide for
the care and use of laboratory animals (Institute of Laboratory Animal
Resources on Life Sciences, National Research Council, National Acad-
emy of Sciences, Washington, DC).

Drugs. Drugs used in this study included cocaine hydrochloride (Re-
search Technology Branch, National Institute of Drug Abuse, Rockville,
MD) and RO5166017 (synthesized at Research Triangle Institute, purity
>98%). Cocaine hydrochloride was dissolved in 0.9% physiological sa-
line. RO5166017 was dissolved in vehicle, which contains 1 part absolute
ethanol, 1 part Emulphor-620 (Rhodia), and 18 parts physiologic saline
(Liu et al., 2016).

RNA extraction and gRT-PCR. Tissue punches from specific brain
regions of Naive rats were collected and immediately stored at —80°C.
RNA was isolated and purified from these samples using Trizol (Invitro-
gen; Thermo Fisher Scientific) and the RNeasy Micro Kit (QIAGEN)
with a DNase step. RNA concentration was measured on a Nanodrop
spectrophotometer (ND-100; Thermo Fisher Scientific) and 500 ng
c¢DNA was then synthesized using an iScript cDNA synthesis kit (Bio-Rad
Laboratories). Taarl mRNA expression was measured using qRT-PCR
with IQ SYBR Green Supermix (Bio-Rad Laboratories). Primer sets used
for amplification are as follows: TAARI, forward: 5'-GTCAAGGGAT
GTCCGTGCTT-3', reverse: 5'-CCAATTTGTGGGCGTGTGAA-3';
GAPDH, forward: 5'-AACGACCCCTTCATTGAC-3’, reverse: 5'-
TCCACGACATACTCAGCA-3'. The products of TAARI and GAPDH
are 127 and 191 bp, respectively. Quantification of mRNA was conducted
using an iQ5 system (Bio-Rad Laboratories). Reactions were run in trip-
licate and analyzed using the AA CT method as described previously
using GAPDH as a housekeeping gene (Gancarz et al., 2015).

Surgeries and intracranial injections. The rats (weighing 280-300 g
when surgery began) were anesthetized with ketamine and xylazine (75
and 5 mg/kg, respectively, i.p.). Rats were first implanted with chronic
indwelling jugular catheters as previously described (Thorn et al., 2014).
Three days after catheterization surgery, rats received stereotaxic surgery.
Guide cannulae (23 gauge; Plastics One) were bilaterally implanted 1 mm
above the specific brain regions (Chai et al., 2014; Liu et al., 2015; Thorn
et al,, 2016). The coordinates for brain regions were the following: PrL
[angle, 10° anterior/posterior (AP), 3.0 mm; medial/lateral (ML), =1.6
mm; dorsal/ventral (DV), —4.0 mm]; IL (angle, 10% AP, 3.0 mm; ML,
*1.6 mm; DV, —5.0 mm); NAc shell (angle, 10° AP, 1.8 mm; ML, =2.1
mm; DV, —7.3 mm); NAc core (angle, 16°% AP, 1.8 mm; ML, =3.2 mm;
DV, —7.3 mm); BLA (AP, —2.9 mm; ML, =5.0 mm; DV, —8.5 mm);
CeA (AP, —2.9 mm; ML, +4.2 mm; DV, —7.8 mm); VTA (angle, 10% AP,
—5.2 mm; ML, =1.8 mm; DV, —8.5 mm); SN (AP, —5.2 mm; ML, =2.8
mm; DV, —8.5 mm) (Paxinos and Watson, 2014). The cannulae were
anchored to the skull with 3 or 4 stainless-steel screws and dental cement.
A stainless-steel stylet blocker was inserted into each cannula to keep it
patent and to prevent infection. The rats were allowed to recover for at
least 1 week after stereotaxic surgery. Catheters were flushed daily with
0.2 ml solution of enrofloxacin (4 mg/ml) mixed in a heparinized saline
solution (50 IU/ml in 0.9% sterile saline) for 1 week after surgery to
preserve catheter patency and prevent infection. RO5166017 (1.5 or 5
pgl0.5 wl/side) or vehicle was freshly prepared before the experiments.
The drugs were infused bilaterally over 1 min via microinjection needles,
which are 1 mm longer than the cannulae. The injection needles were
kept in place for an additional 1 min to allow for drug diffusion. The
cannula placements were confirmed in 30-um-thick sections using Nissl
staining under light microscopy after all behavioral tests. Seven rats with
misplaced cannulae were excluded from the statistical analysis.

Operant chambers and cocaine self-administration. Twelve standard
operant chambers (Med Associates) were used for all cocaine self-
administration studies (Thorn et al., 2014; Liu et al., 2016). Chambers
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contained two response levers; responses on
the inactive (left) lever were recorded and had
no programmed consequence. Stimulus pre-
sentations, cocaine infusions, and data record-
ing were controlled by Med-PC IV software
(Med Associates, RRID: SCR_012156).

One week after surgery, rats began to self-
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administer cocaine (0.75 mg/kg/infusion) for 1
session per day, during which responses to the
active lever resulted in intravenous infusions of

Normalized to the SN (%

0+

cocaine under a fixed ratio (FR) schedule of
reinforcement followed by a 30 s time-out pe-
riod. The response requirement was gradually
increased from FR 1 to FR 5 over a period of 5 d
and then maintained for 7 d under FR 5. Infu-
sions were accompanied by a 5 s illumination
of the stimulus light above the active lever
(right) and the house light was extinguished for
the duration of the time-out period. Sessions were terminated after either
a2 h duration or 40 infusions had been earned, whichever occurred first.
Following cocaine self-administration sessions, rats were then given 6
daily extinction sessions, during which lever presses had no consequence
(no drug or cues). Cue-induced reinstatement was tested 24 h after the
last day of extinction session, during which active lever presses resulted in
the presentation of light cues in the same manner as during self-
administration sessions with no drug delivery. Rats were then counter-
balanced for drug-induced reinstatement. In the experiment that
included three RO5166017 doses, rats were reassigned during the drug-
induced reinstatement test to ensure that no rats received the same dose
of RO5166017 in both tests. Rats were given a 2 h re-extinction session
for 1 d after the cue-induced reinstatement test, during which lever
presses had no programmed consequence (no drug or cues). Drug (10
mg/kg cocaine, i.p.)-induced reinstatement was tested 24 h after re-
extinction, during which lever presses had no programmed consequence
(no drug or cues). RO5166017 or vehicle was microinjected into specific
brain regions immediately before cue- and drug-induced reinstatement.
Food reinforcement. Food reinforcement test was conducted according
to our previous studies (An et al., 2012; Wang et al., 2016). Experiments
were conducted in commercially available chambers located within
sound-attenuating, ventilated enclosures (Coulbourn Instruments).
Chambers contained two response levers; responses on the inactive
(right) lever were recorded and had no programmed consequence. Data
were collected using Graphic State 3.03 software and an interface (Coul-
bourn Instruments). Four groups of rats were trained to press a lever for
food under a multiple-cycle procedure. Each cycle began with a 10 min
pretreatment period, during which the chamber was dark and responses
had no programmed consequence, followed by a 5 min response period,
during which alight above the active (left) lever was illuminated and rats
could receive a maximum of 5 food pellets (45 mg dustless precision
pellets; Bio-Serv) by responding on the active lever. Initially, a single
response produced a food pellet; as performance improved, the response
requirement was progressively increased across days to a final FR of 5.
The light was terminated after delivery of 5 food pellets or after 5 min had
elapsed, whichever occurred first. Daily sessions consisted of 5 cycles, and
rats had to satisfy the following criteria for five consecutive sessions
before stereotaxic surgery: the daily response rate, averaged across all 6
cycles within a session, did not vary by more than £20% of the average
daily response rate of the previous 5 training sessions; and the average
response rate among the 5 cycles of a daily session did not vary by more
than +20%. The four groups of rats then received stereotaxic surgery.
After recovery from the stereotaxic surgery, rats were retrained to satisfy
the criteria before tests. All rats received two tests. Before the first cycle of
the first and second tests, rats received a single microinjection of vehicle
and RO5166017, respectively. At least two consecutive training sessions
that satisfied the test criteria were interspersed between the two tests. The
response rates during tests were presented as responses per second.
Locomotor activity test. Locomotor activity was recorded by an infrared
motion-sensor system (AccuScan Instruments) fitted outside plastic

Figure 1.

and 127 bp, respectively.

L]

S

o N
S & &

OQ,?“ Q«‘?“

TAART mRNA in the subregions of the mesocorticolimbic system in rats and representative bands. Representative gel
electrophoresis bands of RT-PCR products were for GAPDH and TAART in the VTA. The expected GAPDH and TAART bands were 191

cages (40 X 40 X 30 cm) (Thorn et al., 2014). The plastic cages contained
a thin layer of corn cob bedding and were cleaned between each test
session. The fusion activity-monitoring system software monitors infra-
red beam breaks at a frequency of 0.01 s. The interruption of any beam
not interrupted during the previous sample was interpreted as an activity
score. The Versa Max animal activity monitoring software monitors the
distance the rats traveled in 30 min. The locomotor activity of the rats was
measured 24 h after the drug-induced reinstatement test. RO5166017 or
vehicle was microinjected into specific brain regions immediately before
the test session started.

Data analysis. All results were presented as mean = SEM. qPCR results
were analyzed by one-way ANOVA. Self-administration and extinction
data and food response rate data were analyzed by two-way repeated-
measures ANOVA followed by Bonferroni’s post hoc test. Cue- and drug-
induced reinstatement and re-extinction data were analyzed separately
for total (nonreinforced) active and inactive lever pressing (one-way
ANOVA followed by Bonferroni’s post hoc test for the VTA experiment
and Student’s ¢ test for other brain areas experiments) to compare differ-
ences among groups treated with RO5166017 and vehicle. p < 0.05 was
considered statistically significant.

Results

TAARI mRNA is expressed throughout the
mesocorticolimbic system

To examine the TAARI expression in the dopaminergic system,
we first detected the TAARI mRNA expression in the VTA, the
SN, the core and shell of NAc, the PrL and IL of mPFC, and the
BLA and CeA of amygdala. Consistent with previous studies
(Grandy, 2007), we found that TAARI mRNA was expressed in
all of these brain areas in rats. To compare the difference of
TAARI expression levels in these brain regions, we normalized all
of the brain regions to the SN, where the expression of TAAR1
was approximately medium among these brain regions. One-way
ANOVA was conducted to compare the differential expression of
TAARI mRNA in these brain regions, indicating a significant
effect (F;,4) = 8.28, p < 0.0001; Fig. 1). Highest expression of
TAARI mRNA was found in the NAc core and shell, and lowest
expression was found in the PrL and IL of the mPFC.

Cocaine self-administration training and extinction

We then tested the effects of microinjection of RO5166017, a
selective full agonist of TAARI, on the reinstatement of cocaine-seek-
ing behavior (Fig. 2a). Rats demonstrated reliable cocaine self-
administration in all experiments. Rats that self-administered
cocaine received more infusions (mean *+ SEM: cocaine, 25.26 * 0.43
infusions vs saline, 1.20 = 0.20 infusions; p < 0.05) and higher active
lever pressing (mean = SEM: cocaine, 137.99 = 3.42 presses Vs sa-
line, 7.40 = 1.29 presses; p < 0.05; Fig. 2b) compared with saline
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Experimental timeline and cocaine self-administration training and extinction of drug-reinforced responding. a, Experimental timeline. b, Cocaine self-administration data during

training: number of infusions and active and inactive lever presses over the 12 d of 2 h daily sessions. ¢, Extinction data: number of nonreinforced active and inactive lever presses over the 7 d of 2 h

daily extinction sessions. Data are mean = SEM. Cocaine, n = 131; saline, n = 5.

control rats on the last day of self-administration. Active lever press-
ing decreased with repeated extinction sessions (p < 0.05; Fig. 2¢).

Microinjection of RO5166017 into the VTA, but not the SN,
prevented both cue- and drug-induced reinstatement of
cocaine-seeking behavior

The brain dopaminergic system is mainly derived from the VTA
and the SN, the origins of the mesocorticolimbic and the nigro-
striatal dopaminergic systems, respectively. A previous study
demonstrated that the TAARI full agonist RO5166017 sup-
pressed the activity of DA neurons in the VTA in vitro (Revel et
al., 2011). Thus, we first tested the effect of microinjection of
RO5166017 into the VTA on the reinstatement of cocaine-
seeking behavior. RO5166017 (1.5 pg or 5.0 ng/0.5 ul/side) and
vehicle were microinjected into the VTA immediately before the
cue- and drug-induced reinstatement tests. One-way ANOVA
was conducted to analyze the active lever pressing during cue-
induced reinstatement test, which showed a significant difference
(F320) = 6.94; p < 0.01). Post hoc test showed that cocaine-
associated cues significantly reinstated responses to the active
lever that was associated with cocaine infusion during self-adm-
inistration sessions (saline-vehicle vs cocaine-vehicle, ¢4, = 3.89,
p < 0.001). RO5166017 at a dose of 5.0 ug, but not 1.5 ug, per
side significantly decreased cue-induced reinstatement (cocaine-
vehicle vs cocaine-5.0 ug RO5166017, ¢, ;, = 4.00, p < 0.001; Fig.
3a). Rats were then re-extinguished 1 d after the cue-induced
reinstatement test. No difference was found during re-extinction
(one-way ANOVA, F; 5o, = 0.76, p > 0.05; Fig. 3b). Cocaine (10

mg/kg, i.p.)-induced reinstatement of cocaine-seeking was tested
1 dlater. Microinjection of RO5166017 at a dose of 5.0 g per side
into the VTA significantly reduced drug-induced reinstatement
(one-way ANOVA, F ;5 ,,, = 12.05, p < 0.0001; cocaine-vehicle vs
cocaine-5 ug RO5166017, t,,, = 4.10, p < 0.05; Fig. 3¢). No
difference was found in inactive lever pressing among all groups
during cue- and drug-induced reinstatement tests and re-
extinction (all p > 0.05). Furthermore, microinjection of
RO5166017 into the VTA did not affect the total distance traveled
in the locomotor activity test in the same rats (mean = SEM:
saline-vehicle, 3388 & 872.2 cm; cocaine-vehicle, 3142 * 509.44
cm; cocaine-1.5 ug RO5166017, 3144.29 * 581.85 cm; cocaine-
5.0 ug RO5166017, 3274.14 = 942.57 cm; all p > 0.05). Because
the dose of RO5166017 (5.0 ug per side) was enough to activate
TAARI in the VTA and alter the behavior, and because the ex-
pression of TAARI mRNA in the VTA was relatively high among
the tested brain regions, we used this dose of RO5166017 in the
following experiments.

We then tested the effect of RO5166017 microinjection into the
SN on the reinstatement of cocaine-seeking behavior. Microinjec-
tion of RO5166017 into the SN had no effect on active lever pressing
in cue-induced reinstatement test (£, = 0.05, p > 0.05; Fig. 3e). In
addition, no differences of active lever pressing were found during
re-extinction (f,,, = 0.0, p > 0.05; Fig. 3f) and drug-induced rein-
statement test (f,,, = 0.38, p > 0.05; Fig. 3g). No difference was
found in inactive lever pressing during cue- and drug-induced rein-
statement tests and re-extinction (all p > 0.05). Microinjection of
RO5166017 into the SN did not affect the total distance traveled in
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the locomotion test (mean = SEM: vehicle,
3666.00 £ 495.41 cm vs RO5166017,
3423 £ 356.00 cm; p > 0.05). Together,
these results indicated that pharmacological
activation of TAAR1 in the VTA, but not the
SN, suppressed cue- and drug-induced re-
instatement of cocaine-seeking, suggesting
the critical role of TAARI in the VTA, but
not the SN, dopaminergic neurons in the
reinstatement of cocaine-seeking.

Microinjection of RO5166017 into the
nucleus accumbens core and shell
blocked cue- and drug-induced
reinstatement of cocaine-seeking,
respectively

Dopaminergic projections originating from
the VTA to the nucleus accumbens are the
primary component of the mesolimbic do-
paminergic pathway. Previous studies sug-
gested that the two subregions of the NAg,
core and shell, play different roles in drug
addiction (Fuchs et al., 2004; Wang et al.,
2010). Inactivation of the NAc core, but not
shell, with a combination of the GABA, re-
ceptor agonist muscimol and the GABAy
agonist baclofen abolished both cue- and
drug-induced reinstatement of cocaine-
seeking (McFarland and Kalivas, 2001;
Fuchs et al.,, 2004). We then tested the effect
of microinjection of RO5166017 into the
NAc core or shell on the reinstatement of
cocaine-seeking behavior. Microinjection
of RO5166017 into the NAc core, but not
shell, reduced active lever pressing during
cue-induced reinstatement test (core,
tay) = 2.29,p < 0.05; shell, t 5, = 0.46, p >
0.05; Fig. 4a,e). Rats were re-extinguished
before the drug-induced reinstatement test
of cocaine-seeking. Active lever pressing of
two groups has no difference during re-
extinction (core, ¢4y = 0.76, p > 0.05; shell,
tusy = L.79, p > 0.05; Fig. 4b,f). During
drug-induced reinstatement test, the active
lever pressing was attenuated by microinjec-
tion of RO5166017 into the NAc shell, but
not NAc core (core, f,,) = 0.64, p > 0.05;
shell, t,5) = 2.42, p < 0.05; Fig. 4¢,g). No
difference was found in inactive lever press-
ing during cue- and drug-induced reinstate-
ment tests and re-extinction (all p > 0.05).
Furthermore, the total distance traveled in
the locomotor activity test was not changed
by microinjection of RO5166017 into either
the NAc core (vehicle, 3747.14 + 510.64 cm
vs RO5166017, 3911.56 = 660.95 cm; p >
0.05) or the NAc shell (vehicle, 3254.22 *=
398.754 cm vs RO5166017, 3486.25 =
176.37 cm; p > 0.05). These results indi-
cated that TAAR1 in the NAc core and shell
played critical roles in cue- and drug-in-
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Figure 3.  Microinjection of R05166017 into the VTA, but not the SN, prevented both cue- and drug-induced reinstatement of
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VTA, but not the SN, reduced active lever pressing in the cue-induced reinstatement of cocaine-seeking. b, f, No difference was
found during re-extinction. ¢, g, Cocaine priming reinstated active lever pressing of the cocaine-vehicle group of rats. Microinjec-
tion of R05166017 into the VTA, but not the SN, decreased active lever pressing in the drug-induced reinstatement of cocaine-
seeking. d, h, Microinjection sites for the VTA and the SN. Data are mean = SEM. *p << 0.05, different from the saline-vehicle
group. *p << 0.05, different from the cocaine-vehicle group. n = 5-7 per group.
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duced reinstatement of cocaine-seeking be-
havior, respectively.

Microinjection of RO5166017 into the
PrL, but not IL, blocked cue- and
drug-induced reinstatement of
cocaine-seeking behavior

We then examined the effect of RO5166017
in the mPFC, one of the major mesocortical
projection targets of the VTA, in cocaine-
seeking behavior. RO5166017 was microin-
jected into the PrL or the IL subregions of
mPFC before cue- and drug-induced rein-
statement of cocaine-seeking. Microinjec-
tion of RO5166017 into the PrL, but not IL,
blocked cue-induced high responding to ac-
tive lever (PrL, ¢35 = 2.85, p < 0.05; IL,
te) = 0.42, p > 0.05; Fig. 5a,e). Active lever
pressing showed no difference during re-
extinction (PrL, t,5, = 0.13, p > 0.05; IL,
tae = 0.61,p > 0.05; Fig. 5b,f). Microinjec-
tion of RO5166017 into the PrL, but not IL,
reduced active lever pressing during drug-
induced reinstatement test (PrL, t,5, =
2.38,p < 0.05;IL, 1,5, = 0.03, p > 0.05; Fig.
5¢,9). No difference was found in inactive
lever pressing during cue- and drug-in-
duced reinstatement tests and re-extinction
(all p > 0.05). The total distance traveled in
the locomotor activity test was not changed
by microinjection of RO5166017 into the
PrL (vehicle, 3861.75 * 441.93 cm vs
RO5166017, 3632.44 * 440.53 cm; p >
0.05) or IL (vehicle, 3938.14 + 285.27 cm vs
RO5166017, 3517.50 * 410.35 cm; p >
0.05). These results suggested that TAAR1
in the PrL, but not IL, is involved in rein-
statement of cocaine-seeking behavior.

Microinjection of RO5166017 into the
BLA and CeA had no effect

on reinstatement of

cocaine-seeking behavior

Aside from the NAc and the mPFC, the
VTA dopaminergic neurons also project
to the amygdala, which also plays an im-
portant role in cocaine-related behaviors
(See et al., 2003; Fuchs et al., 2005). We
then tested the role of TAARI in the
amygdala in reinstatement of cocaine-
seeking behavior. RO5166017 was micro-
injected into the BLA or the CeA, two
important subregions of the amygdala
in cocaine addiction, before the test of
cue- and drug-induced cocaine-seeking
behavior. Both cue- and drug-induced
high responding to active lever were not
affected by microinjection of RO5166017
into the BLA (cue-induced reinstatement,
t4y = 0.78, p > 0.05; re-extinction, t(,4) =
0.59, p > 0.05; drug-induced reinstatement,
t4y = 0.05, p > 0.05; Fig. 6a—c) or the CeA
(cue-induced reinstatement, ¢, = 0.18,
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p > 0.05; re-extinction, 4 = 0.65, p >
0.05; drug-induced reinstatement, t,,, =
0.54, p > 0.05; Fig. 6e—g). No difference was
found in inactive lever pressing during cue-
and drug-induced reinstatement tests and
re-extinction (all p > 0.05). The total dis-
tance traveled in the locomotor activity test
was also not changed by the microinjection
of RO5166017 into both brain areas (BLA:
vehicle, 2319.63 * 234.05 cm; RO5166
017, 2300.29 * 575.61 cm; CeA: vehicle,
2393.88 = 668.08 cm; RO5166017,
2472.88 * 353.54 cm; both p > 0.05). These
results suggested that TAAR1 in the
amygdala is not critical for reinstatement of
cocaine-seeking behavior.

To further confirm that the effects of
TAARI full agonist RO5166017 on cue- and
drug-induced reinstatement of cocaine-
seeking were specific to cocaine reward, we
tested the effect of RO5166017 on food
reward. Two-way repeated-measures
ANOVA showed that the response rate for a
food reinforcer was not affected by microin-
jection of RO5166017 into the VTA
(Fraus) = 1.36,p > 0.05), PrL (F 5, = 1.64,
p > 0.05), NAc core (Fy 4y = 1.50, p >
0.05), or NAc shell (F, 40, = 0.51, p > 0.05;
Fig. 7). Together, these results suggested
that the role of TAAR1 was specific to co-
caine reward but not other natural reward-
related behavior.

Discussion

TAARI mRNA expression in the
mesocorticolimbic system

TAAR1 mRNA has been found in the limbic
system, cortices, and monoaminergic sys-
tem of the mammalian brain (Borowsky et
al., 2001; Bunzow et al., 2001; Miller et al.,
2005; Lindemann et al., 2008; Xie et al.,
2008; Espinoza et al., 2015a). Consistent
with this, using real-time PCR method, the
present study also showed that TAAR1
mRNA was expressed in the VTA, SN,
mPFC, NAc, and amygdala. In mice,
TAARI expression is higher in the SN/VTA
compared with the PFC and striatum (Di
Cara et al., 2011). However, we found that
the SN/VTA expressed higher level of
TAARI mRNA than that in the mPFC in
rats. The highest level of TAART mRNA was
found in the NAc. These data revealed dif-
ferent patterns of expression of TAARI
mRNA in mice and rats.

TAARI in the VTA regulates
cocaine-seeking behaviors

Growing evidence demonstrated that
TAARI negatively modulates the activities
of DA neurons (Lindemann et al., 2008).
Application of trace amines, which are en-
dogenous TAAR1 ligands, inhibited the fir-
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Figure5.  Microinjection of R05166017 into the PrL, but not the IL, of mPFC decreased cue- and drug-induced reinstatement of
cocaine-seeking behavior. a, e, Microinjection of R05166017 into the PrL, but not IL, decreased cue-induced reinstatement of
cocaine-seeking. b, f, No difference was found during re-extinction. ¢, g, Microinjection of R05166017 into the PrL, but not IL,
decreased drug-induced reinstatement of cocaine-seeking. d, h, Microinjection sites for the PrL and the IL. Data are mean = SEM.
*p < 0.05, different from the vehicle group. n = 7-9 per group.



Liu et al. @ Mesocorticolimbic TAART and Cocaine Relapse

Basolateral amygdala
a Cue-induced reinstatement b Re-extinction

1005 [ Inactive lever

Il Active lever

E -
N 751
»n
(]
a .
o 501 n.s.
o
0 ~
5 251
-
0- = |
Vehicle RO5166017 Vehicle RO5166017

Cc Drug-induced reinstatement d

100
£
N 75
»n
[
@
o 50+
o
2 25
-

pl—E=i

Vehicle  RO5166017
Central amygdala

Cue-induced reinstatement f Re-extinction

(1]

100+ [ Inactive lever

Il Active lever
754

Lever presses (2 hr)
n
o

251 1
o =l — .
Vehicle RO5166017 Vehicle RO5166017
g Drug-induced reinstatement h
100+

o 751 Bregma < DS
TI; -20 mm N\ s i A
0 )) Z=DN \)
g = 24 mm < .
S " & v
% 25 -3.0mm - 4l /
o

o1,

Vehicle RO5166017

Figure 6.  Microinjection of R05166017 into the BLA and the CeA had no effect on cue- and drug-induced reinstatement of
cocaine-seeking behavior. a, e, Microinjection of R05166017 into the BLA and the CeA had no effect on cue-induced reinstatement
of cocaine-seeking. b, f, No difference was found during re-extinction. ¢, g, Microinjection 0f R05166017 into the BLA and the CeA
did not affect drug-induced reinstatement of cocaine-seeking. d, h, Microinjection sites for the BLA and the CeA. Data are mean =
SEM. *p << 0.05, different from the vehicle group. n = 8 per group.
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ing activity of dopaminergic neurons of the
SN and VTA in vitro (Geracitano et al.,
2004). Selective TAARTI full agonists also in-
hibited the firing rate of dopaminergic
neurons in the VTA (Revel et al.,, 2011,
2012b, 2013). Furthermore, TAAR1 ~/~
mice showed an increase in the firing rate of
dopaminergic neurons in the VTA (Linde-
mann et al., 2008). A selective TAARI an-
tagonist, EPPTB, increased the firing rate of
DA neurons and blocked TAAR1 agonist-
induced decrease in the firing frequency of
DA neurons of the VTA (Bradaia et al.,
2009). Consistent with these results, our
present finding showed that microinjection
of RO5166017 into the VTA prevented the
cue- and drug-induced reinstatement of co-
caine-seeking behaviors.

Although TAARI regulates the activity
of dopaminergic neurons in the SN in vitro
(Geracitano et al., 2004), activation of
TAARI in the SN did not affect reinstate-
ment of cocaine-seeking behavior. This is
consistent with the idea that the VTA/
ventral striatum, but not the SN/dorsal
striatum dopaminergic system, plays a key
role in mediating the rewarding effects of
abused drugs (Kauer and Malenka, 2007).
Consistent with this, TAAR1 partial and full
agonists dose-dependently attenuated co-
caine-induced lowering of intra-VTA self-
stimulation thresholds (Pei et al., 2015). A
recent study showed that activation of dor-
sal striatal TAARI] reduced L-DOPA-in-
duced behavioral response and activity of
AMPAR subunit glutamate receptor 1, sug-
gesting a role of the dorsal striatal TAAR1 in
the degeneration of dopaminergic neurons
and related behaviors (Alvarsson et al.,
2015).

Interestingly, the activated signaling cas-
cades by TAARI activation can be blocked
by concurrent D2 activation, suggesting that
D2 signaling may compete against TAAR1
signaling (Geracitano et al., 2004; Xie et al.,
2007). Knock-out of TAARI or pharmaco-
logical inhibition of TAARI increased the
potency of DA at D2 receptors, whereas
TAARI activation reduced the potency of
DA D2 receptor agonists at the DA neurons
within the VTA (Wolinsky et al., 2007; Bra-
daia et al., 2009). Together, these results
therefore suggested that TAAR1 might con-
trol the activities of DA neurons in the VTA
via interacting with D2 autoreceptors.

TAARI in the nucleus accumbens
regulates cocaine-seeking behaviors
Increased DA release by drugs of abuse in
the NAc, one of the main terminals of DA
neurons in the VTA, mediates the reward-
ing effect of addictive drugs and related be-
haviors (Kauer and Malenka, 2007).
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Figure7. Microinjection ofR05166017 into the VTA, PrL, NAc core, or NAc shell had no effect
on the response rate for a food reinforcer. a— d, After recovery from the stereotaxic surgery, rats
were retrained to satisfy the criteria before tests. All rats received two tests. Before the first cycle
of the first and second tests, rats received a single microinjection of vehicle and R05166017,
respectively. Microinjection of R05166017 into the VTA, the PrL, the NAc core, or the NAc shell
did not affect the response rate for a food reward. Data are mean = SEM.n = 6—8 per group.

Although the basal extracellular level of neurotransmitters, includ-
ing DA in TAARI ~/~ mice, was not changed, amphetamine-
induced DA release in the NAc was augmented (Lindemann et al.,
2008). Moreover, the basal extracellular concentrations of DA in the
NAc were higher in mice overexpressing TAARI (Revel et al.,
2012a).

It is proposed that TAAR1 could modulate the local presyn-
aptic DA release and reuptake in the NAc. In cultured cells over-
expressing TAAR1 and DAT, TAARI can interact with DAT to
regulate the reuptake of DA, suggesting that DA release regulated
by TAAR1 may interact with presynaptic DAT to regulate the
reuptake of DA (Xie and Miller, 2007, 2009b). However, a
TAAR1 full agonist blocked cocaine-induced hyperactivity
in DAT ™/~ mice, which indicated that TAAR1 could regulate
cocaine-related behaviors through DAT-independent mecha-
nisms. A recent study showed that the postsynaptic D2 receptor
might also be involved in the function of TAARI. TAARI '~
mice showed hypersensitivity of postsynaptic D2 receptors in the
striatum (Espinoza et al., 2015a). Together, TAARI in the NAc
could regulate cocaine-related behavior by modulating D2 recep-
tor signaling.

The NAc core and shell are neuroanatomically dissociable
heterogeneous structures with distinct afferent and efferent con-
nections (Zahm and Brog, 1992). Previous results indicated that
the NAc core and shell are differentially involved in cue- and
drug-induced reinstatement of cocaine-seeking. Inactivation of
the NAc core by the mixture of muscimol and baclofen attenu-
ated, whereas inactivation of the NAc shell increased or did not
affect, cue-induced reinstatement of cocaine-seeking (Fuchs et
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al., 2004; Di Ciano et al., 2008). The mammalian target of rapa-
mycin signaling pathway in the NAc core, but not shell, is critical
for cue-induced reinstatement of cocaine-seeking (Wang et al.,
2010). In contrast, the activity of Ca**/calmodulin-dependent
protein kinase II in the NAc shell, but not core, is involved in
drug-induced reinstatement of cocaine-seeking (Anderson et al.,
2008). Accordingly, the present finding showed that activation of
TAARI in the NAc core and shell differentially regulates cue- and
drug-induced reinstatement of cocaine-seeking behavior.

TAARI in the prefrontal cortex regulates

cocaine-seeking behaviors

The present study also found that TAARI activation in the PrL
subregion of mPFC inhibited both cue- and drug-induced rein-
statement of cocaine-seeking. However, TAAR1 activation in the
IL, the ventral portion of mPFC, had no effect on reinstatement
of cocaine-seeking. This result is in agreement with a large body
of evidence that supports the dissociated roles of PrL and IL of
mPFC in cocaine-seeking (Peters et al., 2009; Moorman et al.,
2015). It is proposed that the PrL and IL exert opposing effects on
several behaviors, including drug addiction (Gourley and Taylor,
2016). The PrL positively controls the conditioned response, and
inactivation of the PrL could reduce both cue- and drug-induced
cocaine-seeking (Miller and Marshall, 2004; Di Pietro et al.,
2006). Instead, IL has proven to play an essential role in the
extinction of conditioned response, and inactivation of IL follow-
ing extinction could augment the reinstatement of cocaine-
seeking (Peters et al., 2008a, b, 2009).

Consistent with this, a recent study also showed that TAAR1
plays a role in PFC-related processes and functions. Compared
with WT, TAARI ~'~ mice showed NMDA receptor-dependent
synaptic deficits in mPFC. Furthermore, RO5166017 could
mildly increase the GluN1 expression and a significant increase in
the phosphorylation of GluN1 in cultured cortical neurons. Al-
though systemic administration of TAARI full agonists might
reduce the activity of mPFC via decreasing dopaminergic neu-
rons of the VTA projecting to the mPFC, TAAR1 full agonists
could also enhance the mPFC function by augmenting local glu-
tamatergic activity (Revel et al., 2011; Espinoza et al., 2015b).

TAARI in the amygdala is not involved in

cocaine-seeking behaviors

Although the amygdala plays a crucial role in the reinstatement of
cocaine-seeking (Luo et al., 2013), we did not observe any differ-
ence in the reinstatement of cocaine-seeking behavior when the
TAART1 full agonist was microinjected into the BLA or CeA sub-
regions of the amygdala. This was not because the agonist dose
used is too low to activate the TAARI in the amygdala. The level
of TAAR1 mRNA in the amygdala is less than that in the NAc, and
the same dose of RO5166017 in the NAc significantly reduced the
reinstatement of cocaine-seeking. However, TAARI] in the
amygdala could be involved in other emotion-related behaviors
(e.g., stress-induced reinstatement of cocaine-seeking) (Revel et
al., 2013; Wenzel et al., 2014; Mantsch et al., 2016), which re-
quires further investigation.

Systemic administration of TAAR1 agonists would affect the
reinstatement of cocaine-seeking by modulating several neural
circuitries in a synergic manner. Although the effects of TAAR1
full agonists and TAARI partial agonists on cocaine-related be-
haviors are similar, TAARI full agonist decreased, but TAARI
partial agonists increased the firing rate of DA neurons in the
VTA in vitro (Revel et al., 2011; Leo et al., 2014; Pei et al., 2014;
Thorn et al,, 2014; Liu et al., 2016). TAARI full agonist
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RO5166017 reduced electrically evoked DA release in the NAc
and TAARI partial agonist RO5203648 prevented cocaine-
induced DA overflow (Leo etal., 2014; Pei et al., 2014), suggesting
that TAARI in the NAc could be the most important target that
plays a critical role in cocaine-related behavior.

In conclusion, TAARI in several brain regions of mesocorti-
colimbic DA system differentially participates in the reinstate-
ment of cocaine-seeking. These results suggest that, although the
precise cellular mechanisms of TAAR1 function in specific brain
regions may be distinct, which might in turn depend on the neu-
ral microcircuitry in the local regions, TAAR1 in different brain
regions of mesocorticolimbic system may function together to
reduce cocaine-related behaviors.
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