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Neurobiology of Disease

Chemogenetic Manipulation of Dopamine Neurons Dictates
Cocaine Potency at Distal Dopamine Transporters

Zachary D. Brodnik,1,2 Wei Xu,3 Aashita Batra,1 Stacia I. Lewandowski,4 Christina M. Ruiz,5

Ole V. Mortensen,4 Sandhya Kortagere,3 Stephen V. Mahler,5 and Rodrigo A. España1
1Department of Neurobiology and Anatomy, Drexel University College of Medicine, Philadelphia, Pennsylvania 19129, 2National Institute on Drug
Abuse, Integrative Neuroscience Research Branch, Neuronal Networks Section, Baltimore, Maryland 21224, 3Department of Microbiology and
Immunology, Drexel University College of Medicine, Philadelphia, Pennsylvania 19129, 4Department of Pharmacology and Physiology, Drexel
University College of Medicine, Philadelphia, Pennsylvania 19129, and 5Department of Neurobiology & Behavior, University of California, Irvine,
California 92697

The reinforcing efficacy of cocaine is largely determined by its capacity to inhibit the dopamine transporter (DAT), and
emerging evidence suggests that differences in cocaine potency are linked to several symptoms of cocaine use disorder.
Despite this evidence, the neural processes that govern cocaine potency in vivo remain unclear. In male rats, we used chemo-
genetics with intra-VTA microinfusions of the agonist clozapine-n-oxide to bidirectionally modulate dopamine neurons.
Using ex vivo fast scan cyclic voltammetry, pharmacological probes of the DAT, biochemical assessments of DAT membrane
availability and phosphorylation, and cocaine self-administration, we tested the effects of chemogenetic manipulations on co-
caine potency at distal DATs in the nucleus accumbens as well as the behavioral economics of cocaine self-administration.
We discovered that chemogenetic manipulation of dopamine neurons produced rapid, bidirectional modulation of cocaine po-
tency at DATs in the nucleus accumbens. We then provided evidence that changes in cocaine potency are associated with
alterations in DAT affinity for cocaine and demonstrated that this change in affinity coincides with DAT conformation biases
and changes in DAT phosphorylation state. Finally, we showed that chemogenetic manipulation of dopamine neurons alters
cocaine consumption in a manner consistent with changes in cocaine potency at distal DATs. Based on the spatial and tem-
poral constraints inherent to our experimental design, we posit that changes in cocaine potency are driven by alterations in
dopamine neuron activity. When considered together, these observations provide a novel mechanism through which GPCRs
regulate cocaine’s pharmacological and behavioral effects.

Key words: addiction; behavioral economics; dopamine neuron firing; DREADDs; fast scan cyclic voltammetry; GPCRs

Significance Statement

Differences in the pharmacological effects of cocaine are believed to influence the development and progression of cocaine
use disorder. However, the biological and physiological processes that determine sensitivity to cocaine remain unclear. In this
work, we use a combination of chemogenetics, fast scan cyclic voltammetry, pharmacology, biochemistry, and cocaine self-
administration with economic demand analysis to demonstrate a novel mechanism by which cocaine potency is determined
in vivo. These studies identify a novel process by which the pharmacodynamics of cocaine are derived in vivo, and thus this
work has widespread implications for understanding the mechanisms that regulate cocaine consumption across stages of
addiction.
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Introduction
Cocaine use disorder is a neuropsychiatric condition that evolves
from recreational cocaine use to compulsive, persistent, and self-
destructive drug seeking and taking (Kalivas and O’Brien, 2008;
Volkow and Morales, 2015). This progression is believed to stem
from alterations in striatal circuit connectivity (Stuber et al.,
2010; Volkow and Morales, 2015), that result from repeated co-
caine-induced increases in striatal dopamine (DA) (Berke and
Hyman, 2000; Kalivas and O’Brien, 2008). Cocaine increases
striatal DA levels predominately through inhibition of the DA
transporter (DAT) (Hurd and Ungerstedt, 1989; Kuhar et al.,
1991; Chen et al., 2006), and differences in the degree of DA
uptake inhibition produced by cocaine (i.e., cocaine potency) are
tied to multiple behaviors associated with cocaine use disorder.
For example, high cocaine potency has been linked to increases
in cocaine self-administration on a limited-access schedule (Calipari
et al., 2013; Siciliano and Jones, 2017), whereas long-access cocaine
self-administration is believed to produce behavioral tolerance, in
part, by reducing cocaine potency (Ferris et al., 2012; Calipari et al.,
2013, 2014).

G-protein-coupled receptors (GPCRs) extensively regulate
DA signaling, and multiple GPCRs have been proposed as poten-
tial therapeutic targets for treating cocaine use disorder (O’Brien
and Gardner, 2005; Roberts, 2005; Cheer et al., 2007; Kohtz et al.,
2018; Brodnik et al., 2020). We previously found that infusions
of the excitatory hypocretin receptor-1 GPCR peptide into the
VTA increased cocaine potency at distal DATs in the nucleus
accumbens (NAc) (España et al., 2011), while intra-VTA micro-
infusions of a hypocretin receptor-1 antagonist reduced cocaine
potency in the NAc (España et al., 2010). In each case, effects on
cocaine potency at distal DATs was observed within 20-30min
of intra-VTA GPCR manipulations. These studies open the pos-
sibility that GPCRs on DA neurons exert rapid control of cocaine
potency at distal DATs.

Designer receptors exclusively activated by designer drugs
(DREADDs) are genetically encoded GPCRs in which G-protein
signaling is activated by exogenous molecules. In the current
studies, we used DREADDs selectively expressed under the tyro-
sine hydroxylase (TH) promoter in TH:Cre rats to test the hy-
pothesis that GPCRs on DA neurons exert rapid control over
cocaine potency at distal DATs in the NAc, and to define the
mechanism through which such changes occur. We paired che-
mogenetic manipulation of DA neurons with in vitro fast scan
cyclic voltammetry (FSCV), pharmacological probes of the DAT,
biochemical assessments of DAT availability and phosphoryla-
tion state, and cocaine self-administration. Our results support a
novel mechanism whereby GPCR-mediated alterations in DA
neuron activity impact voluntary cocaine consumption and co-
caine potency via modulation of DAT conformation.

Materials and Methods
Subjects. Male, hemizygous Long Evans-Tg3.1Deis (TH:Cre1) trans-

genic rats and Cre negative (Cre–) WT littermates were bred at Drexel
University or the University of California Irvine (Witten et al., 2011). It
has been shown that cocaine sensitivity and DAT phosphorylation are
generally stable in males but are influenced by the estrous cycle in female
rats (Calipari et al., 2017). Thus, only male rats were used in these studies
to minimize potential influences associated with the estrous cycle. Rats
were housed in cages under reverse 12:12 light cycle, with free access to
food and water at all times (initial surgical weight 250-400 g). All proce-
dures were conducted in accordance with the National Institutes of
Health’s Guide for the care and use of laboratory animals under the

supervision of the Institutional Animal Care and Use Committee at
Drexel University and the University of California Irvine.

Chemicals and viral vectors. Zinc chloride and reagents used to make
aCSF were obtained from Sigma Millipore. Cocaine hydrochloride was
obtained from the National Institute on Drug Abuse drug supply
program, and clozapine-n-oxide (CNO) was obtained from Tocris
Bioscience. JHW 007 was synthesized and donated by Dr. Amy Hauck
Newman (National Institute on Drug Abuse, Intramural Research
Program). 2b -Propanoyl-3b -(4-tolyl) tropane (PTT) was donated by
Dr. Huw M. L. Davies (Emory University). AAV2 vectors containing a
double-floxed, inverted open reading frame (DIO) sequence for the
mCherry-tagged Gi (hSyn-DIO-hM4D(Gi)-mCherry) or Gq DREADDs
(hSyn-DIO-hM3D(Gq)-mCherry) were obtained from the University of
North Carolina Vector Core or Addgene.

Viral transfection surgery. Rats were anesthetized with 2.0% isoflur-
ane and then placed in a stereotaxic apparatus. Virus solutions were
pressure-injected bilaterally (1ml/hemisphere) via a Hamilton syringe
connected to an infusion needle into the ventromedial midbrain over
5min (retracted 10min later) using the coordinates: AP, �5.5; ML,
60.8; DV, �8.15 relative to bregma. We previously showed that this
procedure results in DREADDs expression selectively in TH1 neurons
of the ventral tegmental area (VTA) (Mahler et al., 2019), and verified
this in the current studies (Fig. 1). As controls, Cre– rats were injected
with one of the same DIO vectors, although no expression was observed
in any Cre– rat with either virus (Mahler et al., 2019). Rats used for
intra-VTA infusions of CNO underwent a second surgery 4–5weeks af-
ter viral infusions. Rats were anesthetized with 2.0% isoflurane, placed in
a stereotaxic apparatus, and implanted with a 26 G guide cannula tar-
geted 4 mm above the VTA: AP, 5.5; ML,61.9; DV, �4.3; 4° from verti-
cal (España et al., 2010). Subjects were allowed 4-6 d to recover.

Drug administration. For FSCV and self-administration studies
using systemic administration of CNO, rats were injected with a single
intraperitoneal dose of 1mg/kg in saline (total volume: 0.5–1.0 ml). For
FSCV and Western blot experiments using intra-VTA administration of
CNO, rats were briefly anesthetized with 1.5% isoflurane, and a 4 mm
projection length, 30 G infusion needle was inserted into the guide can-
nula and secured in place. Subjects were allowed to fully awaken before
0.5ml of 1 mM CNO was pressure-injected bilaterally over 2min
(retracted 5min later). For self-administration studies, rats were gently
handheld, and 0.5ml of 1 mM CNO was microinjected bilaterally over
90 s, then injectors were left in place for an additional 60 s to allow diffu-
sion. Microinfusions at this volume and concentration are well tolerated,
exert changes in behavior in DREADDs-expressing animals, and do not
produce behavioral alterations in control rats (Mahler et al., 2019).

In vitro fast scan cyclic voltammetry procedure and analysis. Rats
were anesthetized for 3min with 2.5% isoflurane before decapitation
(Brodnik and España, 2015). Following decapitation, brains were quickly
removed and transferred to ice-cold oxygenated aCSF containing the fol-
lowing (in mM): NaCl (126), KCl (2.5), NaH2PO4 (1.2), CaCl2 (2.4),
MgCl2 (1.2), NaHCO3 (25), glucose (11), L-ascorbic acid (0.4), pH
adjusted to 7.4. Coronal slices containing the NAc were prepared using a
vibrating tissue slicer, and then transferred into a continuously oxygen-
ated aCSF bath at room temperature. Following a 30 min recovery pe-
riod, slices were transferred to a testing chamber flushed with aCSF (32°
C). A bipolar stimulating electrode was placed on the surface of the slice,
and a carbon fiber microelectrode (100-200mm length, 7mm diameter)
was placed in the lateral NAc. DA release was elicited with a single elec-
trical stimulation pulse (400 mA, 4ms, monophasic) every 3min, and
extracellular DA was measured at the carbon-fiber electrode every
100ms by applying a triangular voltage waveform (�0.4 to 1.2 to�0.4V
vs Ag/AgCl, 400V/s). Stable baseline DA release and uptake were
recorded (,10% variation) before cocaine (0.3-30mM), JHW 007 (0.3-30
mM), or PTT (0.1-10 mM) was applied at cumulatively increasing concen-
trations. Cocaine, JHW 007, and PTT concentrations were selected based
on previous work (Bennett et al., 1995; Desai et al., 2005; John and
Jones, 2007; Brodnik et al., 2017a) and preliminary slice voltammetry
studies run in our laboratory (data not shown). Drug concentrations
were increased when stability was reached (three stimulations with
,10% variation), which occurred within 20min for cocaine and PTT,
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and within 25min for JHW 007. For experiments investigating the
effects of Zn21 on cocaine potency, we applied 30 mM cocaine; and once
stability was reached (three stimulations with ,10% variation), we
applied a combination of 30mM cocaine and 20mM Zn21.

For FSCV data, evoked DA release was calculated relative to post hoc
electrode calibrations. DA uptake was analyzed using a Michaelis-
Menten–based model (Yorgason et al., 2011). Baseline uptake was deter-
mined by setting Km values to 0.18mM and establishing baseline Vmax for
each subject. All drug-induced alterations in uptake were attributed to
changes in apparent Km. Inhibition constants (Ki) were defined as the
slope of a linear regression of Km values across cocaine doses divided by
baseline Km (0.18mM) (Calipari et al., 2015).

Western blot procedures and data analysis. Striatal synaptosomes
were prepared and membrane fractionation was preformed using a
modification of published procedures (Dunah and Standaert, 2001;
Foster and Vaughan, 2011). Rats were decapitated 30min after intra-
VTA microinfusions of CNO, and the ventral striatum was rapidly dis-
sected, weighed, and homogenized in ice-cold lysis buffer (1000ml, 50
mM Tris-HCl, pH 7.4, 1 mM EDTA, 320 mM sucrose) with 1 � protease
inhibitor cocktail, 1 � phosphatase inhibitor cocktail, and 1 mM PMSF.
The homogenate was centrifuged at 1000 � g for 5min at 4°C. The
resulting supernatant was recentrifuged at 10,000 � g for 20min at 4°C.
The resulting synaptosomal pellet was resuspended with 300ml lysis
buffer for Western blot studies. Immunoblotting was performed with
rabbit anti phospho-DAT polyclonal antibody (1:1000, PhosphoSolutions)
or rabbit anti-DAT polyclonal antibody (1:1000, EMD Millipore) and
peroxidase-conjugated goat anti-rabbit IgG (H1 L) (1:5000, Jackson
ImmunoResearch Laboratories). GAPDH was used as membrane protein
control and determined with rabbit anti-GAPDH polyclonal antibody
(1:5000, Thermo Fisher Scientific). Phosphorylated or total DAT and
GAPDH immunoblots were quantified by densitometry with ImageQuant

LAS4000 (GE Healthcare Bio-Sciences). Data were analyzed and presented
as ratio of phosphorylated or total DAT and GAPDH.

Self-administration procedures and economic demand analysis. Rats
were trained to self-administer cocaine under a within-session cocaine
demand protocol, as described previously (España et al., 2010; Oleson et
al., 2011; Bentzley et al., 2013; Brodnik et al., 2017b). All sessions were
short access (2 h) fixed ratio 1 schedule sessions, which have previously
been shown to not alter cocaine potency at the DAT (Calipari et al.,
2013). On this schedule, rats self-administered cocaine at doses that
decreased in 10min blocks over the 110min session (383.5, 215.6, 121.3,
68.2, 38.3, 21.6, 12.1, 6.8, 3.8, 2.2, and 1.2mg per infusion), requiring
increasing effort across the session to maintain preferred brain cocaine
concentrations. After every session, a demand curve was fitted to the
consumption data from each rat using an exponential demand equation
to determine demand for cocaine as previously described (Hursh, 1993;
Bentzley et al., 2013). The values of a and Q0 were calculated using pre-
viously described procedures (Bentzley et al., 2013). To reduce variability
resulting from intra-VTA injection stress, each condition (vehicle/CNO)
was repeated twice in each animal, and a/Q0 values averaged to deter-
mine a mean value for each variable per rat. Using this behavioral eco-
nomic approach, effects of neural manipulations on (1) preferred
cocaine blood levels under low-effort conditions (free consumption; Q0),
and (2) the sensitivity of demand to price (demand elasticity; a) can be
derived from data in a single session. Rats were trained for a minimum
of 5 d, until reaching ,25% variability of the a parameter in the last
three sessions. Values for a and Q0 were calculated as a percent of stable
performance on the prior 3, drug-free training days.

Histology. For FSCV and Western blot experiments, the midbrain
was transferred to (10% formalin) following the removal of the forebrain
for experimental tissue processing. Brains remained in formalin for at
least 2 d before being transferred to 20% sucrose, where they were stored
at 4°C until further processing. For rats used in self-administration stud-
ies, rats were perfused with 4% paraformaldehyde, and brains were post-
fixed overnight in 4% PFA before being transferred to 20% sucrose.

Viral expression was verified by visualization of endogenous
mCherry fluorescence. Multifluorescence immunohistochemistry was
used to verify expression of mCherry and TH. Free-floating coronal sec-
tions (40mm) were incubated in phosphate buffer (PB) containing 4%
BSA and 0.3% Triton X-100. Sections were then incubated with mouse
anti-mCherry (1:500, 632543, Takara Bio) and rabbit anti-TH (1:1000,
AB152, Millipore) primary antibodies overnight at 4°C. Sections were
then rinsed (3� 10min in PB) before being incubated with correspond-
ing fluorescent secondary donkey anti-mouse (1:100 AlexaFluor-594,
Jackson ImmunoResearch Laboratories) or donkey anti-rabbit (1:100
AlexaFluor-594, Jackson ImmunoResearch Laboratories), antibodies for
2 h at room temperature. Sections were then rinsed (3� 10min in PB)
and mounted before images were collected. A representative multifluor-
escence photomicrograph and a schematic of cannulae placements are
depicted in Figure 1.

Experimental design and statistical analysis. Data were analyzed
using IBM SPSS Statistics 24 or GraphPad Prism version 5.0. Outliers
were determined using Grubbs’ test and removed from further analysis.
Descriptions of specific features of experimental design and statistical
analyses are reported in Results for each analysis.

Results
Systemic activation of Gq or Gi DREADDs on DA neurons
alters cocaine potency at the DAT
We first examined whether systemic activation of Gq or Gi

DREADDs expressed in DA neurons of the VTA influence co-
caine potency at the DAT by measuring cocaine concentration-
inhibition curves. Cre– rats that received virus infusions but do
not express DREADDs were used as controls for all experiments
(Mahler et al., 2019). All rats, including Cre– controls, received a
single 1.0mg/kg intraperitoneal injection of the DREADDs ago-
nist CNO. Subjects were killed 1 h after CNO injections, and
brain slices containing the striatum were prepared for FSCV

Figure 1. Verification of viral expression and cannulae placements. Representative low-,
medium-, and high-resolution photomicrographs of (A) TH, (B) mCherry, and (C) merged
with cannulae placement identified with a dotted white line. Schematic diagrams of cannu-
lae placements for animals used in (D) FSCV, (E) Western blot, and (F) self-administration
experiments. TH: tyrosine hydroxylase, VTA: ventral tegmental area.
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(Fig. 2A). Baseline stimulated DA release and uptake as well as
inhibition of DA uptake following cocaine (apparent Km) were
assessed (Fig. 2B–D). Activation of Gq or Gi DREADDs did not
influence baseline DA release (one-way ANOVA: F(2,15) = 0.597,
p=0.562) or uptake (one-way ANOVA: F(2,15) = 1.058, p =
0.372). However, activation of Gq DREADDs enhanced cocaine
potency (i.e., increased inhibition of DA uptake), whereas activa-
tion of Gi DREADDs reduced cocaine potency (two-way
ANOVAwith DREADDs group as the between-subjects measure
and cocaine concentration as the repeated measure: DREADDs:
F(2,15) = 10.49, p, 0.001; Cocaine: F(4,60) = 93.44, p, 0.001;
DREADDs � Cocaine: F(8,60) = 10.34, p, 0.001; Fig. 2E–G).
Changes in cocaine potency corresponded with decreased co-
caine Ki following activation of Gq DREADDs and increased
cocaine Ki following Gi DREADDs (one-way ANOVA: F(2,15) =
19.82, p, 0.001; Fig. 2H). These observations indicate that acti-
vation of Gq or Gi DREADDs in DA neurons rapidly elicits re-
spective increases or decreases in cocaine potency.

Activation of Gi DREADDs on DA axons in the striatum
reduces cocaine potency at proximal DATs
DREADDs expressed in DA neurons of TH:Cre1 rats are local-
ized and functional in both the somatodendritic and axonal
compartments (Mahler et al., 2019). Thus, changes in cocaine
potency induced by systemic injections of CNO may occur
through activation of axonal and/or somatodendritic DREADDs.
To address this, we examined whether activation of axonal
DREADDs influences cocaine potency. We prepared brain slices
from CNO naive, Cre– control, and Cre1:Gq or Cre

1:Gi rats and
transferred slices to the recording chamber for a 30 min incuba-
tion with 1 mM CNO (in oxygenated aCSF at 32°C). It is impor-
tant to note that the fiber tracts connecting the VTA to DA
release sites in the NAc are severed in our slice preparation; thus,

incubation of striatal slices with CNO selectively activates axonal
DREADDs. We washed off the CNO for 30min before meas-
uring stimulated DA release and uptake at baseline as well as the
effects of cocaine using FSCV (Fig. 3A). We found that activation
of Gq or Gi DREADDs with CNO incubation did not alter base-
line DA release (one-way ANOVA: F(2,15) = 0.5619, p=0.582;
Fig. 3B,C) or uptake (one-way ANOVA: F(2,15) = 0.454, p= 0.833;
Fig. 3B,D) and that activation of Gq DREADDs did not affect
cocaine potency. Nevertheless, activation of Gi DREADDs sig-
nificantly reduced cocaine potency (two-way ANOVA with
DREADDs group as the between-subjects measure and cocaine
concentration as the repeated measure: DREADDs: F(2,15) =
8.927, p, 0.001; Cocaine F(4,60) = 547.7, p, 0.001; DREADDs�
Cocaine: F(8,60) = 11.54, p, 0.001; Fig. 3E–G). Further, changes
in cocaine potency corresponded with increased cocaine Ki fol-
lowing activation of Gi DREADDs (one-way ANOVA: F(2,15) =
13.64, p, 0.001; Fig. 3H). Together, these findings demonstrate
that activation of axonal Gi DREADDs is sufficient to reduce co-
caine potency at the DAT, but that activation of axonal Gq

DREADDs is not.

Activation of somatodendritic Gq and Gi DREADDs on DA
neurons alters cocaine potency at distal DATs in the NAc
We next examined whether selective activation of somatoden-
dritic DREADDs impacts cocaine potency at distal DATs in the
NAc. We implanted bilateral cannulae targeted to the VTA of
Cre– controls, as well as Cre1:Gq or Cre

1:Gi rats. On the day of
experimentation, we inserted infusion needles and pressure-
injected 0.5ml of 1 mM CNO directly into the VTA (Fig. 4A). We
first determined that intra-VTA infusions of CNO in Cre– con-
trols did not produce changes in baseline DA release (Student’s
t test: t(41) = 1.163, p=0.252; Fig. 5A), uptake (Student’s t test:
t(41) = 0.035, p=0.972; Fig. 5B) nor cocaine potency relative to

Figure 2. Activation of Gq and Gi DREADDs by systemic administration of CNO produces rapid, bidirectional changes in NAc cocaine potency. A, Experimental timeline. B, Example traces of
stimulated DA release at baseline for Cre–, Cre1:Gq, and Cre

1:Gi rats. C, Average DA release at baseline. D, Average DA uptake rate (Vmax) at baseline. Example (E) color plots and (F) current
versus time plots of DA release and uptake in the presence of cocaine (30mM) for Cre–, Cre1:Gq, and Cre

1:Gi rats. G, Inhibition of DA uptake following cumulative cocaine concentrations (0.3-
30mM). H, Average cocaine Ki. Data are mean6 SEM. n= 6 for all groups. Dunnett’s post hoc: ***p, 0.001; **p, 0.01; *p, 0.05 versus Cre– control.
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naive littermates (two-way ANOVA with group as the between-
subjects measure and cocaine concentration as the repeated mea-
sure: Cocaine: F(4,40) = 157.0, p, 0.001; group: F(1,10) = 0.469,
p=0.509; Cocaine� group: F(4,40) = 0.664, p=0.621; Fig. 5C).

We then tested the effects of intra-VTA CNO infusions in
Cre1:Gq or Cre

1:Gi rats relative to Cre– controls. Activation of
Gq or Gi DREADDs did not have an effect on baseline DA
release (one-way ANOVA: F(2,15) = 1.944, p= 0.151; Fig. 4B,C) or

Figure 3. Activation of axonal Gi DREADDs reduces cocaine potency at proximal DATs. A, Experimental timeline. B, Example traces of stimulated DA release at baseline for Cre
–, Cre1:Gq,

and Cre1:Gi rats. C, Average DA release at baseline. D, Average DA uptake rate (Vmax) at baseline. Example (E) color plots and (F) current versus time plots of DA release and uptake in the pres-
ence of cocaine (30 mM) for Cre–, Cre1:Gq, and Cre

1:Gi rats. G, Inhibition of DA uptake following cumulative concentrations of cocaine (0.3-30 mM). H, Average cocaine Ki. Data are mean6
SEM. n= 6 for all groups. Dunnett’s post hoc: ***p, 0.001; **p, 0.01 versus Cre– control.

Figure 4. Activation of somatodendritic Gq and Gi DREADDs produces rapid, bidirectional changes in cocaine potency at distal DATs. A, Experimental timeline. B, Example traces of stimulated
DA release at baseline for Cre–, Cre1:Gq, and Cre

1:Gi rats. C, Average DA release at baseline. D, Average DA uptake rate (Vmax) at baseline. E, Example color plots and current versus time plots
of DA release and uptake in the presence of cocaine (30 mM) for Cre–, Cre1:Gq, and Cre

1:Gi rats. G, Inhibition of DA uptake following cumulative cocaine concentrations (0.3-30 mM). H,
Average cocaine Ki. Data are mean6 SEM. C, D, n= 25 per group; G, H, n= 6 per group. Dunnett’s post hoc: ***p, 0.001; *p, 0.05 Cre– control.
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uptake relative to Cre– controls (one-way ANOVA: F(2,15) =
1.334, p=0.269; Fig. 4B,D). However, activation of Gq DREADDs
increased cocaine potency, whereas activation of Gi DREADDs de-
creased cocaine potency (two-way ANOVA with DREADDs
group as the between-subjects measure and cocaine concen-
tration as the repeated measure: DREADDs: F(2,15) = 12.31,
p, 0.001; Cocaine F(4,60) = 378.1, p, 0.001; DREADDs �
Cocaine: F(8,60) = 11.11, p, 0.001; Fig. 4E,G). These changes
in cocaine potency corresponded with decreased cocaine Ki

following activation of Gq DREADDs and increased cocaine
Ki following activation of Gi DREADDs (one-way ANOVA:
F(2,15) = 11.71, p, 0.001; Fig. 4H). These observations dem-
onstrate that selective activation of DREADDs in the soma-
todendritic compartment of DA neurons is sufficient to
produce rapid, bidirectional changes in cocaine potency at
distal DATs in the NAc. To further explore this phenomenon
without potential confounds derived from activation of axo-
nal DREADDs, all remaining experiments used intra-VTA
microinfusions of CNO to exclusively activate DREADDs in
the somatodendritic compartment of DA neurons.

Activation of somatodendritic Gq and Gi DREADDs on DA
neurons alters cocaine potency through changes in the
availability of the DAT cocaine binding site
We next tested whether activation of intra-VTA DREADDs
drives generalized changes in the potency of DAT inhibitors. To
this end, we tested whether activation of somatodendritic Gq and
Gi DREADDs affects the potency of the noncanonical DAT in-
hibitor JHW 007. Cocaine preferentially binds and stabilizes the
outward-open conformation of the DAT, whereas JHW 007 does
not bind to the cocaine binding site and instead inhibits DA
transport by stabilization of the inward-occluded DAT confor-
mation (Robarge et al., 2000; Abramyan et al., 2017; Zou et al.,
2017). Changes in JHW 007 potency would thus indicate that

differences in cocaine potency may be associated with general
changes in DAT availability or function. We found that activa-
tion of Gq or Gi DREADDs had no effect on the ability of JHW
007 to inhibit DA uptake (two-way ANOVA with DREADDs
group as the between-subjects measure and JHW 007 concentra-
tion as the repeated measure: JHW 007: F(4,60) = 83.49, p, 0.001;
DREADDs: F(2,15) = 0.005, p=0.995; DREADDs � JHW 007:
F(8,60) = 0.250, p=0.9789; Fig. 6A–C). This lack of effect on JHW
007 potency suggests that changes in cocaine potency observed
in our previous studies are not caused by gross changes in DAT
availability or function.

We next examined whether activation of DREADDs changes
the affinity of the DAT for cocaine through alterations in cocaine
binding site dynamics. To test this, we used the high-affinity co-
caine analog PTT. PTT is a tropane cocaine analog that is posited
to bind to the DAT at the same binding site as cocaine and thus
likely inhibits DA transport by stabilization of the outward facing
DAT conformation (Davies et al., 1993; Bennett et al., 1995;
Beuming et al., 2008). If activation of DREADDs on DA neuron
soma influences the affinity of the DAT for cocaine through
modifications in cocaine binding site dynamics, then activation
of DREADDs should also alter PTT potency. We found that acti-
vation of Gq DREADDs increased PTT potency, whereas activa-
tion of Gi DREADDs decreased PTT potency (two-way ANOVA
with DREADDs group as the between-subjects measure and
PTT concentration as the repeated measure: DREADDs: F(2,15) =
10.65, p, 0.01; PTT: F(4,60) = 281.4, p, 0.001; DREADDs �
PTT: F(8,60) = 6.251, p, 0.001; Fig. 6D–F). The observation that
activation of Gq and Gi DREADDs on DA neuron soma alters
PTT potency in a similar manner as cocaine potency suggests
that changes in cocaine potency may occur via modulation of co-
caine binding dynamics.

Amine transporters, including the DAT, are posited to cycle
through outward and inward facing conformations during nor-
mal transport (Forrest et al., 2008). It has been proposed that co-
caine preferentially binds the outward facing conformation
(Beuming et al., 2006); thus, one mechanism by which changes
in cocaine affinity for the DAT may occur is through alterations
in the stability of the outward facing DAT conformation.
Previous work indicates that Zn21 binds to the DAT and stabil-
izes the outward facing conformation (Norregaard et al., 1998;
Loland et al., 1999). In line with this, Zn21 increases binding of
cocaine analogs (Moritz et al., 2013; Challasivakanaka et al.,
2017) and increases the potency of cocaine and cocaine analogs
(Loland et al., 2002, 2004). We found that 20 mM Zn21 produced
modest DA uptake inhibition on its own, but that the effect of
Zn21 on uptake inhibition produced by cocaine was significantly
greater (paired Student’s t test: t(8) = 3.852, p, 0.01; Fig. 7).
These observations indicate that Zn21 and cocaine have a syner-
gistic effect on DA uptake inhibition and, when considered with
the existent literature, support the hypothesis that Zn21 enhan-
ces cocaine potency by increasing availability of the cocaine
binding site through stabilization of the outward facing DAT
conformation (Norregaard et al., 1998; Loland et al., 1999, 2002,
2004; Moritz et al., 2013; Challasivakanaka et al., 2017).

We leveraged this characteristic of Zn21 to test whether acti-
vation of Gq and Gi DREADDs on DA neuron soma modifies
cocaine binding site dynamics by biasing the DAT toward the
outward facing conformation. We hypothesized that activation
of Gq DREADDs enhances cocaine potency by stabilizing the
outward facing DAT conformation. Thus, we predicted that the
effect of Zn21 on cocaine potency would be blunted following
activation of Gq DREADDs because Gq-mediated activation of

Figure 5. Intra-VTA microinfusion of CNO does not alter baseline DA release, uptake, or
cocaine potency. A, Average DA release at baseline. B, Average DA uptake rate (Vmax) at
baseline. C, Inhibition of DA uptake following cumulative concentrations of cocaine (0.3-30
mM). Data are mean6 SEM. A, B, Naive, n= 18; Cre–, n= 25. C, n= 6 per group.

8772 • J. Neurosci., November 4, 2020 • 40(44):8767–8779 Brodnik et al. · GPCRs on Dopamine Neurons Govern Cocaine Potency



DA neurons and Zn21 increase cocaine potency at the DAT
through a common mechanism. Conversely, we hypothesized
that activation of Gi DREADDs decreases cocaine potency by
destabilization of the outward facing DAT conformation. Thus,
we predicted that the effects of Zn21 on cocaine potency would
be enhanced following activation of Gi DREADDs. To test this,
we first determined DA uptake inhibition produced by 30mM co-
caine in slices prepared from Cre– controls, as well as Cre1:Gq or
Cre1:Gi rats that received intra-VTA microinfusions of CNO.
We replicated our finding that somatodendritic activation of Gq

or Gi DREADDs alters cocaine potency at the DAT (two-way
ANOVAwith DREADDs group as the between-subjects measure
and Zn21 condition as the repeated measure: DREADDs: F(2,15)
= 73.90, p, 0.001; Zn21: F(1,2) = 73.90, p, 0.01; DREADDs �
Zn21: F(2,2) = 18.33, p, 0.001; Fig. 8A,B). We then monitored
DA uptake inhibition following the addition of 20 mM Zn21 and
found that Zn21-induced increases in cocaine potency were
blunted following activation of Gq DREADDs and enhanced
following activation of Gi DREADDs (one-way ANOVA: F(2,17)
= 18.33, p, 0.001; Fig. 8B,C). This evidence supports the hy-
pothesis that chemogenetic manipulations that signal through
Gq rapidly bias distal DATs toward the outward facing confor-
mation, whereas chemogenetic manipulations that signal through
Gi produce the opposite effect.

Activation of somatodendritic Gq and Gi DREADDs on DA
neurons alters Thr-53 DAT phosphorylation
The outward facing DAT conformation can be stabilized by
phosphorylation at Thr-53, and the DAT undergoes some degree
of constant tonic phosphorylation at this site (Challasivakanaka
et al., 2017). Thus, one mechanism through which activation of
Gq and Gi DREADDs on DA neurons may influence DAT trans-
porter conformation is through DAT phosphorylation and

dephosphorylation at the Thr-53 site.
We tested whether activation of
somatodendritic DREADDs alters
membrane DAT levels or Thr-53
phosphorylation using Western blots
(Fig. 9A). Neither activation of Gq or
Gi DREADDs had any effect on
membrane DAT levels (one-way
ANOVA: F(2,26) = 0.771, p=0.47; Fig. 9B,
C). However, activation of Gq DREADDs
increased membrane DAT Thr-53 phos-
phorylation, whereas activation of
Gi DREADDs reduced membrane
DAT Thr-53 phosphorylation (one-
way ANOVA: F(2,26) = 12.83, p ,
0.001 Fig. 9B,D). These findings are
consistent with the hypothesis that
chemogenetic manipulations drive
rapid changes in DAT conformation
bias and cocaine binding that are
associated with changes in DAT Thr-
53 phosphorylation.

Activation of somatodendritic Gq and
Gi DREADDs on DA neurons
determines cocaine consumption
Our FSCV observations indicate that
activation of Gq and Gi DREADDs on
DA neuron soma dictates cocaine po-
tency at distal DATs. However, the rele-

vance of these changes to cocaine-taking is unknown. Rats titrate
blood levels of cocaine and accumbens DA levels tightly (Wise
et al., 1995), and increasing the effective DA response to cocaine
results in compensatory decreases in cocaine consumption,
whereas reductions in the effective DA response to cocaine result
in compensatory increases in cocaine consumption (De Wit and
Wise, 1977; Barrett et al., 2004; Oleson et al., 2011; Mahler et al.,
2019).

Previously, we found that systemic injections of CNO in TH:
Cre rats expressing excitatory Gq, or inhibitory Gi-DREADDs in
VTADA neurons robustly altered both the preferred blood levels
for cocaine self-administered at low effort, as well as the degree
of motivation to maintain those blood levels (Mahler et al., 2019).
However, this prior study did not differentiate between behavioral
effects of CNO acting at somatodendritic DREADDs from those
acting at axonally expressed DREADDs, both of which occur after
systemic CNO in this preparation (Mahler et al., 2019).

Therefore, we compared the behavioral effects of systemic
CNO with those of CNO applied directly to VTA DA soma (Fig.
10A). Similar to our previous study (Mahler et al., 2019), we
found that systemic activation of Gq DREADDs reduced low
effort cocaine consumption (Qo), whereas activation of Gi

DREADDs increased Qo (two-way ANOVA with DREADDs
group as the between-subjects measure and CNO treatment as
the repeated measure: DREADDs: F(2,15) = 12.64, p, 0.001;
CNO F(1,15) = 0.001, p= 0.981; DREADDs � CNO: F(2,15) =
10.64, p, 0.01; Fig. 10B). Similar effects on Qo were observed
after intra-VTA activation of Gq or Gi DREADDs (two-way
ANOVAwith DREADDs group as the between-subjects measure
and CNO treatment as the repeated measure: DREADDs:
F(2,15) = 4.374, p, 0.05; CNO: F(1,15) = 0.001, p=0.990, DREADDs
� CNO: F(2,15) = 8.425, p, 0.01; Fig. 10C). As expected, no effects
of either systemic or intra-VTACNOwere observed in Cre– control

Figure 6. Activation of somatodendritic Gq and Gi DREADDs produces rapid, bidirectional changes in the stability of the co-
caine binding site at distal DATs. Example (A) color plots and (B) current versus time plots of DA release and uptake in the
presence of the noncanonical DAT inhibitor JHW 007 (30 mM) for Cre–, Cre1:Gq, and Cre

1:Gi rats. C, Inhibition of DA uptake
following cumulative JHW 007 concentrations (0.3-30 mM). Example (D) color plots and (E) current versus time plots of stimu-
lated DA release and uptake in the presence of the cocaine analog PTT (10 mM) for Cre–, Cre1:Gq, and Cre1:Gi rats. F,
Inhibition of DA uptake following cumulative PTT concentrations (0.1-10 mM). Data are mean 6 SEM. n= 6 for all groups.
Dunnett’s post hoc: ***p, 0.001; **p, 0.01; *p, 0.05 versus Cre– control.
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rats. These observations are in line with our pharmacological
data as increases in cocaine potency observed following activa-
tion of Gq DREADDs produced compensatory decreases in co-
caine consumption, whereas reductions in cocaine potency
observed following activation of Gi DREADDs produced com-
pensatory increases in cocaine consumption.

Consistent with our previous work (Mahler et al., 2019), sys-
temic activation of DREADDs also influenced motivation for co-
caine. We found that activation of Gq DREADDs decreased
cocaine demand elasticity, which represents an increase in moti-
vation for cocaine, whereas activation of Gi DREADDs increased
cocaine demand elasticity, which represents a reduction in moti-
vation for cocaine (two-way ANOVA with DREADDs group as
the between-subjects measure and CNO treatment as the
repeated measure: DREADDs: F(2,15) = 11.12, p, 0.01; CNO:
F(1,15) = 0.112, p= 0.743; DREADDs � CNO: F(2,15) = 90.02,
p, 0.001; Fig. 10D). However, intra-VTA activation of either
Gq or Gi DREADDs had no effect on motivation for cocaine
(two-way ANOVA with DREADDs group as the between-sub-
jects measure and CNO treatment as the repeated measure:
DREADDs: F(2,15) = 0.453, p= 0.644; CNO F(1,15) = 1.058,

p= 0.320; DREADDs � CNO; F(2,15) = 0.1376, p=0.873; Fig.
10E). This difference between systemic and intra-VTA activation
of DREADDs suggests that modulation of neurotransmitter
release by axonally expressed DREADDs plays a crucial role in
effortful cocaine seeking, consistent with the proseeking effects
of direct axonal manipulations that we have previously reported
(Mahler et al., 2019). Future experiments parsing the effects of
GPCR activation in the axonal versus somatodendritic compart-
ments will be critical to uncovering the complexity of mesolim-
bic DA circuits in driving drug-associated behavior.

Discussion
The current studies demonstrate that GPCRs on DA neurons
exert rapid and bidirectional control over cocaine potency at dis-
tal DATs. We showed that activation of excitatory or inhibitory
DREADDs on DA neuron soma produced rapid, bidirectional
changes in cocaine potency at distal DATs in the NAc, as well as
concordant alterations in cocaine consumption. We further
demonstrate that changes in cocaine potency at distal DATs are
likely to occur through rapid alterations in DAT phosphorylation
and conformation biases that influence the affinity of cocaine for
the DAT. Together, these studies provide a novel mechanism
whereby GPCRs modulate pharmacodynamic properties of co-
caine that influence cocaine-associated behavior.

Figure 7. Zn21 enhances cocaine-induced inhibition of DA uptake. A, Example current
versus time plots at baseline, after the addition of Zn21, in the presence of 30 mM cocaine,
and in the presence of 30 mM cocaine with 20 mM Zn21. Shaded regions represent the
enhanced inhibition of DA uptake following the addition of Zn21. B, Inhibition of DA uptake
before and after the addition of Zn21 (20 mM) to brain slices preincubated with aCSF or
with cocaine (30 mM). C, Change in DA uptake produced by the addition of Zn21 (20 mM).
Data are mean 6 SEM. n= 4 aCSF, n= 6 cocaine pretreatment. ***p, 0.001 versus aCSF
control.

Figure 8. Activation of somatodendritic Gq and Gi DREADDs produces rapid, bidirectional
changes in the stability of the outward facing DAT conformation. A, Example current versus
time plots in the presence of 30 mM cocaine and 30 mM cocaine with 20 mM Zn21 for Cre–,
Cre1:Gq, and Cre

1:Gi rats. Shaded regions represent inhibition of DA uptake following the
addition of Zn21. B, Inhibition of DA uptake before and after the addition of Zn21 (20 mM)
to brain slices bathed in cocaine (30 mM). C, Change in inhibition of DA uptake following
addition of Zn21 (20 mM) to brain slices bathed in cocaine (30 mM). Data are mean6 SEM.
n= 6 for all groups. Dunnett’s post hoc: **p, 0.01; *p, 0.05 versus Cre– control.
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Mechanisms underlying somatodendritic GPCR effects on
cocaine potency at distal DATs
Activation of GPCRs is known to influence the function of proxi-
mal DATs by the direct action of effector molecules that result
from the activation of traditional signaling cascades (Schmitt
and Reith, 2010; Bermingham and Blakely, 2016; Foster and
Vaughan, 2017). Indeed, we found that incubation of NAc slices
where Gi DREADDs in DA axons are proximal to DATs resulted
in a reduction in cocaine potency, which is consistent with prior
work showing robust effects of Gi-coupled GPCR signaling on
proximal DATs (Karkhanis et al., 2017; Fagan et al., 2020).
However, live imaging studies have shown that activation of
GPCRs produce compartmentalized effects such that changes
in effector molecule concentrations operate along a spatial
gradient that extends no farther than 20–25 mm from the site
of GPCR activation (Kholodenko, 2006; Calebiro and
Koszegi, 2019; Halls, 2019). Further, such effector molecule
concentrations are poorly transmitted through axons where
effector molecule gradients extend no farther than 15 mm
(Maiellaro et al., 2016). In our studies, the distance between
the neuron soma and DATs in the NAc is ;7200 mm
(Swanson, 1998); thus, it is unlikely that the recruitment of
traditional signaling cascades and resulting changes in effec-
tor molecule concentrations could directly influence DATs
in the NAc following intra-VTA manipulations.

Activation of somatodendritic GPCRs may also produce
changes in gene transcription and translation (Musnier et al.,
2010), and such changes may ultimately influence DAT function.
In the current studies, we mitigate the potential for such effects
by temporal constraints. For changes in transcription or transla-
tional to influence distal DATs in the NAc, protein products
would need to be physically translocated along the axon from
DA neuron soma to release sites where they may interact with
DATs. The fastest known means by which a protein may be
transported through an axon is fast axonal transport. Fast axonal
transport proceeds at 35–139mm/min (Hill et al., 2004; Roy,
2014); thus, at least;52min would be required to transport pro-
teins the;7200mm from DA neuron soma to DATs in the NAc.
In the current studies, we allowed 30min between intra-VTA
administration of CNO and NAc brain slice preparation in
which DA axons are severed. Thus, our experiments do not allow
sufficient time for fast axonal transport to move gene products
from DA neuron soma in the VTA to DATs in the NAc.
Therefore, it is unlikely that GPCR-mediated changes in tran-
scription/translation are a major factor in the cocaine potency
alterations observed in the current work.

Activation of GPCRs on DA neurons rapidly alters DA neu-
ron resting membrane potential, excitability, firing rate, and

Figure 9. Activation of somatodendritic Gq and Gi DREADDs produces rapid, bidirectional
changes in DAT phosphorylation at Thr-53. A, Experimental timeline. B, Western blot analysis
for total DAT protein and Thr-53 phosphorylated DAT in the membrane fraction. C, Total DAT
levels for Cre–, Cre1:Gq, and Cre

1:Gi rats. D, Thr-53 phosphorylated DAT for Cre
–, Cre1:Gq,

and Cre1:Gi rats. Data are mean. Cre
–, n= 11; Gq, n= 9; Gi, n= 7. *p, 0.05 (Dunnett’s

post hoc).

Figure 10. Activation of somatodendritic Gq and Gi DREADDs produces rapid, bidirectional
changes in cocaine consumption. A, Experimental timeline. B, Systemic CNO effects on co-
caine consumption. C, Intra-VTA CNO effects on cocaine consumption. D, Systemic CNO effects
on motivation for cocaine. E, Intra-VTA CNO effects on motivation for cocaine. Data are
mean. Cre–, n= 6; Gq, n= 8; Gi, n= 5 or 6. Fisher’s LSD test was used post hoc to determine
significant effects of CNO relative to vehicle: ***p, 0.001; **p, 0.01; *p, 0.05.
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firing pattern (Korotkova et al., 2003, 2006; Margolis et al.,
2003; Ungless et al., 2003; Borgland et al., 2006, 2009;
Muschamp et al., 2007, 2014; Moorman and Aston-Jones, 2010;
Werkman et al., 2011; Baimel et al., 2017; Runegaard et al.,
2018; Fitzpatrick et al., 2019; Mahler et al., 2019), and these
changes in the electrical properties of neurons are rapidly trans-
mitted along the axon. Previous work indicates that the func-
tional state of DATs is directly influenced by electrical changes
in vitro (Woodward et al., 1986; Sonders et al., 1997;
Richardson et al., 2016), and the concept that GPCR modula-
tion of DA neuron activity may influence cocaine potency at
distal DATs has been put forward previously. Indeed, hypocre-
tin-induced elevations in DA neuron firing rate (Moorman and
Aston-Jones, 2010) correspond with elevations in NAc cocaine
potency (España et al., 2011; Brodnik et al., 2020). Likewise, ele-
vations in circulating estradiol levels correlate with increases in
DA neuron firing and NAc cocaine potency (Calipari et al.,
2017). Furthermore, it has been shown that two daily systemic
activations of Gq DREADDs on DA neurons increase NAc co-
caine potency (Calipari et al., 2017), similar to our initial find-
ings using acute systemic activation of Gq DREADDs. Unlike
our current experiments, however, changes in cocaine potency
observed following repeated systemic CNO could be associated
with direct CNO effects on axonal DREADDs and/or changes
in gene transcription or translation.

The current studies were explicitly designed to mitigate the
influence of terminal GPCR activity, the effects of traditional
GPCR signaling cascades, and gene transcription and translation
through spatial and temporal constraints. Thus, we posit that
changes in DA neuron activity are the mostly likely cause of
changes in cocaine potency at distal DATs. It remains unclear
which specific changes in DA neuron activity may drive altera-
tions in DAT cocaine sensitivity. Future work will need to use
more direct experimental manipulations of DA neuron activity,
such as optogenetics, to test whether in vivo DAT cocaine sensi-
tivity is altered by discrete DA neuron activity changes, including
membrane potential, DA neuron firing rate, or alterations in DA
neuron firing patterns that include the frequency or duration of
phasic burst firing events.

Intraterminal mechanisms for cocaine potency alterations at
distal DATs
Cocaine potency is partially determined by the relative affinity of
cocaine for its binding site on DATs, and cocaine potency is
affected by DAT phosphorylation (Foster et al., 2012; Moritz et
al., 2013; Challasivakanaka et al., 2017), oligomerization (Chen
and Reith, 2007; Siciliano et al., 2018), and heteromerization
(Hong et al., 2017). Such factors are readily influenced by the ac-
tivity of intra-axonal kinases, which are posited to respond to
changes in neuron activity (Moron et al., 2003; Gorentla et al.,
2009; Schmitt and Reith, 2010; Foster et al., 2012; Bermingham
and Blakely, 2016; Richardson et al., 2016; Foster and Vaughan,
2017). We found that alterations in cocaine potency corre-
sponded with changes in DAT Thr-53 phosphorylation, suggest-
ing that one intra-axonal mechanism for alterations in cocaine
potency may involve phosphorylation of DATs.

The kinase for Thr-53 phosphorylation remains unknown;
however, proline-directed motifs, such as the DAT Thr-53 site,
are bound by only a few kinases. Mitogen-activated protein ki-
nase (Ubersax and Ferrell, 2007) is one candidate kinase for Thr-
53 phosphorylation, and recent work suggests that indices of
mitogen-activated protein kinase signaling, DAT phosphoryla-
tion, and cocaine potency are all elevated under conditions of

increased DA neuron firing (Calipari et al., 2017). Alternatively,
changes in membrane potential drive direct interactions between
CaMKIIa and membrane DATs (Richardson et al., 2016); thus,
CaMKIIa may also participate in alterations in DAT function.
Additional work will need to define the signaling pathways
through which DA neuron activity influences DAT phosphoryla-
tion and cocaine potency.

GPCR-induced changes in DA neuron activity alter cocaine
consumption
In line with the observed changes in cocaine potency, we found
that intra-VTA activation of DA neuron DREADDs produced
bidirectional changes in cocaine consumption. This observation
matches previous work demonstrating that systemic activation
of Gq DREADDs enhanced cocaine CPP (Calipari et al., 2017)
and decreased preferred self-administered cocaine dose (Mahler
et al., 2019). Similarly, systemic activation of Gi DREADDs sup-
pressed locomotor response to cocaine (Runegaard et al., 2018),
and increased preferred self-administered cocaine dose (Mahler
et al., 2019). Here we found that intra-VTA Gq DREADD activa-
tion decreased cocaine consumption, whereas intra-VTA activa-
tion of Gi DREADDs increased cocaine consumption. Overall,
these observations support the hypothesis that GPCRs on DA
neurons play a pivotal role in determining cocaine consumption
via modulation of cocaine potency at distal DATs.

We also found that systemic activation of DA neuron
DREADDs produced bidirectional changes in motivation for
cocaine that were not observed when rats received intra-
VTA activation of DREADDs. These findings suggest that
systemic activation of DREADDs on DA neurons recruits
processes critical for determining motivation for cocaine,
whereas activation of somatodendritic DREADDs alone does
not. While studies using DA neuron ablation or nonspecific
pharmacological inactivation of DA neurons have estab-
lished that DA neuron firing is required for cocaine self-
administration (Roberts et al., 1977; Caine and Koob, 1994;
Brebner et al., 2000; Di Ciano and Everitt, 2004), our data
demonstrate that bidirectional activation of DREADDs pro-
duces specific effects on cocaine consumption but does not
directly influence motivation for cocaine. It has recently
been discovered that NAc DA signals associated with moti-
vation occur independently from DA neuron activity, and
thus are likely generated through local NAc microcircuitry
(Mohebi et al., 2019). It is therefore possible that intra-VTA
DREADDs manipulations do not influence motivation for
cocaine because motivation-associated DA signals are not
generated through changes in VTA DA neuron activity.

In conclusion, the current findings outline a process by which
GPCR modulation of DA neuron activity governs cocaine po-
tency at the DAT via phosphorylation at Thr-53 and subsequent
stabilization of the outward facing DAT conformation. Many en-
dogenous GPCRs expressed on DA neurons have been described
as important in the pathology of cocaine use disorder or have
been identified as potential therapeutic targets for the treatment
of cocaine use disorder. Furthermore, DA neuron activity varies
across psychiatric disorders (Marinelli and McCutcheon, 2014;
Pignatelli and Bonci, 2015; Salamone et al., 2015; Grace, 2016),
and is subject to plastic changes following a wide spectrum of
insults, including stress (Tye et al., 2013; Friedman et al., 2014),
exposure to pharmacological agents (Juarez and Han, 2016;
Kokkinou et al., 2018), and drug abuse history (Stuber et al.,
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2010; Volkow et al., 2017). Our findings offer insight into the
spectrum of ways in which cocaine use may vary as a result of
altered DA neuron activity in these conditions (Brooner et al.,
1997; Jacobsen et al., 2001; Roncero et al., 2012). Thus, this work
has additional implications for understanding the regulation of
cocaine consumption across stages of addiction, and for the
mechanisms that underlie a variety of cocaine use disorder
comorbidities.
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