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Activation of mesocorticolimbic dopamine projections initiates
cue-induced reinstatement of reward seeking in mice
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Drug addiction is characterized by relapse when addicts are re-exposed to drug-associated environmental cues, but the neural
mechanisms underlying cue-induced relapse are unclear. In the present study we investigated the role of a specific dopaminergic
(DA) pathway from ventral tegmental area (VTA) to nucleus accumbens core (NAcore) in mouse cue-induced relapse. Optical
intracranial self-stimulation (olCSS) was established in DAT-Cre transgenic mice. We showed that optogenetic excitation of DA
neurons in the VTA or their projection terminals in NAcore, NAshell or infralimbic prefrontal cortex (PFC-IL) was rewarding.
Furthermore, activation of the VTA-NAcore pathway alone was sufficient and necessary to induce reinstatement of olCSS. In cocaine
self-administration model, cocaine-associated cues activated VTA DA neurons as assessed by intracellular GCaMP signals. Cue-
induced reinstatement of cocaine-seeking was triggered by optogenetic stimulation of the VTA-NAcore pathway, and inhibited by
chemogenetic inhibition of this pathway. Together, these results demonstrate that cue-induced reinstatement of reward seeking is

in part mediated by activation of the VTA-NAcore DA pathway.
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INTRODUCTION

Drug addiction is characterized by high rates of relapse when drug
users are re-exposed to addictive drugs, environmental cues
associated with drug use, or stress [1-3]. In humans, relapse
triggered by drug-associated cues is the most common and the
major reason that success in maintaining abstinence is impeded
[4-6]. Thus, understanding the neural mechanisms underlying
cue-induced relapse is critical to develop effective treatment
strategies to promote drug abstinence.

The development of drug addiction is believed to derive from
maladaptive neurobiological responses to drugs of abuse in the
mesocorticolimbic dopamine (DA) systems and the corticostriatal
glutamate projection systems [7, 8]. Evidence has shown that
relapse triggered by drugs is largely DA-dependent since most
addictive drugs increase extracellular DA in the nucleus accum-
bens (NAc) by different cellular and molecular mechanisms [9-11].
However, little is known about the role of DA in cue-induced
relapse. Evidence has shown that the blockade of DA D1 or D2
receptors in the NAc attenuates cue-evoked cocaine or heroin
seeking [12, 13], and the activation of D2 receptor-expressing
medium-spiny neurons (MSNs) or increased DA release in the NAc
is associated with increased motivation to seek drugs [14]. In
contrast, there is also evidence indicating that increased DA efflux
in the PFC, but not in the NAc, is associated with conditioned
stimulus (cue)-induced reinstatement of methamphetamine seek-
ing [15], and increased DA release in the NAcore may suppress
glutamatergic plasticity and cue-induced drug seeking [16].

Alternatively, transient potentiation of glutamate transmission in
the NAc, indicated by increases in the ratio of AMPA to NMDA
currents and dendritic spine head diameter and density at
glutamatergic synapses [17-19], has been shown to be involved
in cue-induced reinstatement of drug-seeking behavior [20-23].
The reasons for the conflicting findings regarding DA are
unknown, which may be related to the obvious limits of classic
experimental approaches, such as in vivo brain microdialysis,
which has poor temporal and spatial resolution, and intracranial
drug microinjections and pharmacological manipulations, which
lack cell type specificity [24-26].

Optogenetic and chemogenetic techniques have allowed
us to precisely manipulate specific neuron types to observe
their role in motivated behavior at extremely high temporal
and spatial resolution. Using these new cutting-edge techniques,
it has been shown that phasic firing in midbrain DA neurons is
critically involved in normal Pavlovian learning and cue-
conditioned reward [27-29]. However, it is unknown whether
brief firing in DA neurons is also required in cue-induced
reinstatement (relapse) of reward-seeking behavior. The meso-
corticolimbic DA system is composed of anatomically and
functionally heterogeneous DA subpopulations that project to
different brain regions, such as the shell and core of the
NAc, dorsal striatum, and prelimbic and infralimbic prefrontal
cortex [30]. In this study, we used new techniques to dissect
the role of each DA projection pathway in cue-induced reinstate-
ment. We first used optogenetic intracranial self-stimulation
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(olCSS) to study whether the stimulation of VTA DA neurons or
their projection terminals in different brain regions is rewarding
and whether olCSS-associated cues (lights) can evoke the
reinstatement of olCSS maintained by the stimulation of different
DA pathways in DAT-Cre mice. We then observed whether re-
exposure to cocaine-associated cues activates VTA DA neurons by
recording intracellular Ca®* signal fluctuations during cue-induced
reinstatement. Finally, we observed whether optogenetic or
chemogenetic manipulation of distinct DA projection pathways
alters cue-induced cocaine reinstatement. We found that the VTA-
NAcore DA pathway, but not the other pathways, plays an
essential role in cue-induced reinstatement of reward-seeking
behavior.

MATERIALS AND METHODS

Animals

All experiments were performed with male adult DAT-Cre BAC
transgenic mice (strain B6.SJL-Slc6a3tm1.1 (cre) Bkmn/J, Jackson
Laboratory, Bar Harbor, ME, USA). DAT-Cre mice, 8-15 weeks old,
were housed individually in a temperature- and humidity-
controlled environment (22°C, 50%-60% humidity, 12/12-h
light/dark cycle with lights on at 8:00a.m. and lights off at
8:00p.m.) and provided with food and water ad libitum.
Littermates were assigned to experimental and control groups
whenever possible. Experiments were all conducted during the
animal’s light cycle. Animal experiments were performed in
accordance with the NIH guidelines for the Care and Use of
Laboratory Animals. All experimental procedures were approved
by the Institutional Review Committee (IACUC-DWZX-2021-750).

Viruses

rAAV-EF10-DIO-hChR2-mCherry-WPRE-pA  (serotypes:  AAV2/9,
titers: 5.27 x 10'? pg/mL, volume: 500 nL), rAAV-EF1a-DIO-hM4Di-
YFP-WPRE-pA (serotypes: AAV2/9, titers: 5.27 x 102 ug/mL,
volume: 500nL) and rAAV-EF1a-DIO-GCaMP6m-WPRE-pA
(serotypes: AAV2/9, titers: 5.27 x 10'2 ug/mL, volume: 500 nL) were
all purchased from BrainVTA Co., Ltd. (Wuhan, China).

Drugs

Cocaine was provided by Beijing Public Security Bureau Forensic
Medical Examination Center (Beijing, China) and freshly dissolved
in 0.9% saline to obtain the indicated doses (0.5 mg/kg per
injection). Clozapine nitrogen oxide (CNO, Sigma-Aldrich LLC,
St. Louis, USA) was dissolved in 0.036% DMSO to obtain the
indicated doses (0.03 pg/kg per side) [31].

Apparatus

The laser-induced self-stimulation experiments were conducted in
operant test chambers (200 mm X 150 mm X 180 mm, L x W x H).
Each test chamber had two nose-poke holes (Aes-110, ID =2 cm)
located 4.5 cm above the floor (Anilab SuperState Version 4.0,
Anilab Software & Instruments Co., Ltd., Ningbo, China). Anilab
6.53 software was applied to schedule the experimental events
and collect the data.

The fiber photometry system was produced by Thinker Tech
Nanjing Biotech Limited Co. (Nanjing, China). To record fluores-
cence signals, 470-nm excitation light was reflected by a dichroic
mirror (MD498; Thorlabs, Inc., New Jersey, USA) and focused by a
20x 0.4 objective. An optical fiber (230 mm O.D., numerical
aperture (NA)=0.37, 2m long) guided the light between the
objective and the implanted optical fiber. The GCaMP fluores-
cence was bandpass filtered (MF525-39; Thorlabs, Inc., New Jersey,
USA) and collected by a photomultiplier tube (H10721-210;
Hamamatsu Photonics, Hamamatsu, Japan). An amplifier was
used to convert the photomultiplier tube current output to
voltage signals, which were further filtered through a 40-Hz low-
pass filter.
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Virus injection and implantation

Animals were anesthetized with sodium pentobarbital (70 mg/kg, i.
p.). Animals were then placed in a stereotaxic device (RWD Life
Science, Shenzhen, China) for virus injection and optical fiber
insertion. For VTA manipulation experiments, rAAV constructs were
injected unilaterally into the VTA at the following coordinates
relative to bregma: AP —3.2 mm, ML —0.5 mm, and DV —3.7 mm (DV
measured from the dura surface). The injection was performed with
a WPI Nanoliter 2000 injector (WPI, Florida, USA) at a rate of 43 nL/
min. The injector remained in place for an additional 10 min.
Subsequently, a single optic fiber cannula (Cat. No. 62003, 480 um x
340 um, OD.x1D,; RWD Life Science, Shenzhen, China) was
implanted unilaterally above the VTA at the following coordinates
relative to bregma: AP —3.2 mm, ML —0.5 mm, and DV —3.7 mm (DV
measured from the dura surface). Fiber cannulas were secured using
instant adhesive (Cat. No. 145401, TONSAN, Beijing, China) followed
by the application of acrylic dental cement. Animals recovered for
2 weeks postsurgery. To stimulate the NAcore, NAshell, IL-PFC or PL-
PFC in DAT-Cre™ mice, fiber cannulas were placed ipsilaterally above
the NAcore, NAshell, IL-PFC and PL-mPFC, respectively, following
unilateral virus injection into the VTA. The fiber cannula coordinates
were as follows: AP + 1.6 mm, ML + 0.8 mm, and DV —4.1 mm (DV
measured from the skull) for the NAcore; AP+ 1.6mm, ML+
0.8 mm, and DV —4.35mm (DV measured from the skull) for the
NAshell; AP+ 1.6 mm, ML+ 04 mm, and DV —1.9mm (DV mea-
sured from the dura) for the IL-mPFC, and AP+ 16 mm, ML+
0.4 mm, and DV —1.2 mm (DV measured from the dura) for the PL-
mPFC. On the other hand, to silence DA projections through
chemogenetic techniques in the NAcore, NAshell, IL-PFC and PL-PFC,
CNO-injected cannulas were bilaterally placed above the NAcore,
NAshell, IL-PFC and PL-PFC, respectively, following bilateral virus
(rAAV-EF10-DIO-hM4Di-YFP-WPRE-pA, 500 nL/side) injection into the
VTA at the following coordinates: AP —3.2 mm, ML+ 0.5 mm, and
DV —4.2 mm (DV measured from the dura). Then, the cannulas at
these terminals were implanted using the following coordinates:
AP + 1.6 mm, ML+25mm, and DV —44 mm (DV measured from
the skull) for the NAcore; AP+ 1.6 mm, ML+255mm, and DV
—4.66 mm (DV measured from the skull) for the NAshell; AP+
1.6 mm, ML+ 1.27 mm, and DV —2.05 mm (DV measured from the
dura) for the IL-PFC; and AP 4- 1.6 mm, ML = 1.02 mm, and DV —1.31
mm (DV measured from the dura) for the PL-PFC with coordinates at
a 20 degree angle. To record the activity of DA neurons in the VTA in
the fiber photometry experiments, rAAV-EF1a-DIO-GCaMP6m-
WPRE-pA virus was microinjected into the VTA (AP —3.2mm, ML
—0.5mm, and DV —42 mm (from the dura)) unilaterally following
the above description. Subsequently, a single optic fiber (230 pm
0.D., NA =0.37; Shanghai Fiblaser, Shanghai, China) was implanted
unilaterally above the VTA. The stereotaxic surgeries were performed
according to the mouse brain stereotaxic atlas of Franklin and
Paxinos (2007). The representation of the location of the cannula or
optical fiber is shown in Supplementary Fig. S2. All locations of
implantation in every experiment are schematically shown in
Supplementary Figs. S3-S8.

Fiber optic implants for in vivo optogenetics were custom made
from a 200 um core/0.37 NA/230 um outer diameter optic fiber
(FC/PC-W200(PI)-2-Weixian; Beijing Viasho Technology Co., Ltd.,
Beijing, China). Blue light was produced with a 473-nm diode
pump solid-state (DPSS) laser (VA-I-N-473; Beijing Viasho Technol-
ogy Co., Ltd., Beijing, China). The laser power was adjusted to
20 mW at the exit of the implant tip for each animal.

Optical intracranial self-stimulation (olCSS) experiments

The laser-induced self-stimulation experiments were conducted in an
operant test chamber. The olCSS procedure in DAT-Cre mice was
carried out as previously described with minor revisions [32]. Each
daily training session lasted for 60 min. The training was performed
for 10-12 sessions. After establishing optical self-stimulation, the mice
underwent extinction training. During extinction, the active pokes and
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inactive pokes had no consequences, and the laser-stimulation-
associated cue light was turned off. Daily 1-h extinction sessions for
each mouse continued until pokes showed <10% variability for at
least 3 consecutive days.

olCSS-associated cues reinstate extinguished olCSS behavior. Five
groups of mice expressing ChR2-mCherry, the VTA (n = 6), NAcore
(n=15), NAshell (n=10), IL (n=9) and PL (n=6) groups, were
stimulated to establish VTA-olCSS, NAcore-olCSS, NAshell-olCSS,
IL-olCSS and PL-0ICSS, respectively. After extinction, the cue was
used to challenge the mice. The numbers of active and inactive
pokes were recorded before and after cue-induced reinstatement.

Optogenetic activation of the VTA-NAcore pathway triggers the
reinstatement of reward-seeking behavior. Four groups of mice
expressing ChR2-mCherry, the NAcore (n =7), NAshell (n=7), IL
(n=4) and PL (n=4) groups, were stimulated with VTA DA
neurons to establish VTA-olICSS. After extinction, the DA projec-
tions were stimulated with 100 laser stimulations (LSs) at 20 or 80
Hz into the projection targets (NAcore, NAshell, IL and PL) via optic
fibers to induce reinstatement. The numbers of active and inactive
pokes were recorded before and after reinstatement.

Chemogenetic inhibition of the VTA-NAcore pathway blocks cue-
induced reinstatement of VTA-0lCSS behavior. Mice (n = 7) expres-
sing ChR2-mCherry and hM4Di-YFP were stimulated with VTA DA
neurons to establish VTA-olCSS. After extinction, mice were
randomly chosen to receive CNO (0.9ng/0.5puL per side) or
vehicle bilaterally into the NAcore to inhibit VTA-NAcore projec-
tions. Then, the cue was used to challenge the mice. The numbers
of active and inactive pokes were recorded before and after cue-
induced reinstatement.

The VTA-NAcore DA projection pathway independently initiates
reinstatement. Three groups of mice expressing ChR2-mCherry,
the NAcore (n=8), NAshell (n=10) and IL (n=9) groups, were
stimulated to establish NAcore-olCSS, NAshell-oICSS and IL-0ICSS,
respectively. After extinction, DA projections were stimulated with
150 laser stimulations (LSs) at 80 Hz into the projection targets
(NAcore, NAshell and IL) to induce reinstatement tests in the same
self-stimulation chambers. The numbers of active and inactive
pokes were recorded before and after reinstatement.

Intravenous cocaine self-administration

Intravenous catheterization surgery was carried out as we have
reported previously [33]. Briefly, after recovery from surgery, the
mice were trained to self-administer cocaine in the operant test
chamber on an FR1 reinforcement schedule. Active pokes, but not
inactive pokes, resulted in an injection of cocaine (0.5 mg/kg per
infusion; infusion pump delivered 0.015mL over 0.75s) and
exposure to the 5-s cue light. Then, there was a 4.25-s timeout
period. We set a maximal number of 50 infusions during each 2-h
session at this initial drug dose to prevent cocaine overdose.
Stable self-administration was defined as <10% variability in the
number of active responses for at least 3 consecutive days. When
cocaine self-administration was established as described above,
the experimental animals underwent extinction training. In the
reinstatement test, cue-induced cocaine-seeking behavior was
assessed under FR1 conditions when the cocaine-associated cue
light was presented following each nose poke. However, the
cocaine infusion was replaced with saline.

Cocaine-associated cues activate VTA DA neurons during reinstate-
ment. To record the activity of DA neurons in the VTA during the
cue-induced reinstatement session, mice expressing GCaMP6é6m
(n=5) were recorded with the fiber photometry system, and the
Ca®" signals of VTA DA neurons in the freely moving mice were
collected at a sampling frequency of 100 Hz. The intensity of the
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excitation light at the distal end of the optical fiber was adjusted
to 40 uW. The signals were recorded every day as a control during
the last 5 extinction sessions. In the cue-induced reinstatement
session, the Ca”" signals of VTA DA neurons were also collected
when cue-induced cocaine-seeking behavior occurred. Each
reinstatement test lasted for 2 h.

Chemogenetic inhibition of DA transmission in the NAcore blocks
cue-induced reinstatement of cocaine-seeking behavior. Four
groups of mice expressing hM4Di-YFP, the NAcore (n = 8), NAshell
(h=4), IL (n=3) and PL (n=4) groups, were trained to self-
administer cocaine. After extinction, mice were randomly chosen
to receive CNO (0.9 ng/0.5 pL per side) or vehicle bilaterally into
the NAcore, NAshell, IL or PL 10 min prior to the test session. Then,
the mice were placed into the same chambers and exposed to
cue-induced relapse.

Optogenetic activation of DA release in the NAcore triggers cue-
induced cocaine-seeking behavior. Four groups of mice expres-
sing ChR2-mCherry, the NAcore (n =9), NAshell (n=7), IL (h=7)
and PL (n=38) groups, were trained to self-administer cocaine.
After extinction, the DA projections were stimulated with 100 laser
stimulations (LSs) at 20 or 80Hz into the projection targets
(NAcore, NAshell, IL and PL) via optic fibers to induce reinstate-
ment. The numbers of active and inactive pokes were recorded
before and after reinstatement.

Immunofluorescence

To confirm ChR2 expression on DA neurons, DAT-Cre mice
injected with ChR2-mCherry were anesthetized to detect the
colocalization of mCherry and tyrosine hydroxylase (TH) in the
VTA, NAc and mPFC. Brain sections containing the VTA, NAc or
mPFC were incubated with rabbit anti-TH monoclonal antibody
(1:500; ab6211; Abcam, Boston, USA) and further incubated with a
secondary antibody, goat anti-rabbit Alexa Fluor 488 IgG for TH
(1:200; ZF-0511; ZSGB-BIO, Beijing, China). Fluorescent images
were obtained with confocal microscopy (Olympus, Tokyo, Japan).

To confirm GCaMP6m expression on DA neurons, the coloca-
lization of GCaMP6m and TH in the VTA was detected in DAT-Cre
mice. Immunofluorescence experiments were then performed
using a rabbit anti-TH monoclonal antibody (1:500; ab6211;
Abcam, Boston, USA) and a secondary antibody, goat anti-rabbit
Alexa Fluor 594 IgG for TH (1:200; ZF-0516; ZSGB-BIO, Beijing,
China). Fluorescent images were obtained with confocal micro-
scopy (Olympus, Tokyo, Japan).

DAT-Cre mice for the cocaine self-administration experiments
were injected with ChR2-mCherry unilaterally or hMA4Di-YFP
bilaterally in the VTA. Thus, we detected the colocalization of TH
and ChR2 and TH and hM4Di in the VTA. The preparation of brain
sections was described above. Fluorescent images were obtained
with confocal microscopy (Olympus, Tokyo, Japan).

Data analysis and statistical tests

All data are presented as the mean+SEM and analyzed by
SigmaState 3.5. One-way repeated measures analysis of variance
(RM ANOVA) was used to analyze the number of active pokes or
inactive pokes during extinction and reinstatement in all
experiments (the values for extinction are represented by the
average number of active pokes or inactive pokes in the last 3
consecutive sessions). The accepted level of significance for all
tests was P < 0.05.

Photometry data were exported to MATLAB files for further
analysis. After smoothing the data with a moving average filter
(10-ms span), we segmented the data based on behavioral events
within individual trials. We derived fluorescence change (AF/F)
values by calculating (F-Fy)/F,, where FO is the baseline
fluorescence signal averaged over a 1.5-s control time window,
which was typically set at 0.5s before the cue. AF/F values are
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presented with heatmaps and average plots with shaded areas
indicating SEMs.

To quantitatively distinguish VTA DA neuron activity between
extinction and reinstatement induced by cues, the mean values of
AF/F over 0-5s (cue present in reinstatement) were assessed by
paired t tests. The accepted level of significance was P < 0.05.

RESULTS

Stimulation of VTA DA neurons or their projection terminals is
rewarding

To determine the role of the mesocorticolimbic DA system in cue-
induced reinstatement of reward seeking, we first examined
whether optical stimulation of VTA DA neurons or their distinct
projection terminals is rewarding. Figure 1 shows the general
experimental methods and the results. DAT-Cre mice received intra-
VTA microinjection of the AAV-ChR2 vector to express ChR2-
mCherry in VTA DA neurons, which project to multiple brain regions,
including the NAc and mPFC (Fig. 1a). According to the active-poke
response for different frequencies of VTA-olCSS, ChR2 could be
regulated well by laser stimulation (0-100Hz) (Supplementary
Fig. S1c). We selected 20 Hz, which is closer to the phasic firing of
DA neurons, to establish olCSS. The ratio of TH and mCherry
colocation is shown in Supplementary Fig. S3a. The parameters of
laser stimulation are shown in Fig. 1b. Notably, optical stimulation of
each brain region produced robust olCSS responses (black bars in
Fig. 1c-f). The response caused by laser stimulation of VTA DA
neurons was the most potent (Fig. 1¢, ~500 pokes per hour), while
the response maintained by the stimulation of the PFC-PL was the
weakest (Fig. 1g, ~30 pokes per hour). Therefore, the PFC-PL region
was removed in the following experiments. In contrast, the numbers
of active and inactive nose pokes of mice were not significantly
different before laser stimulation, as shown in Supplementary
Fig. S1a, b. The locations of implantation in the VTA, NAc and mPFC
are schematically shown in Supplementary Fig. S3b-f. To detect DA
release when VTA DA neurons were activated chemogenetically, a
DA neurotransmitter probe was used to monitor the dynamics of DA
in the NAc through fiber photometry. CNO treatment increased DA
release in the NAc compared to vehicle (2% DMSO) treatment in
mice expressing hM3Dq (P=0.001) (Supplementary Fig. S9). The
results showed that the activation of DA neurons in the VTA induced
drastic DA release in the NAc. These findings suggested that the
activation of VTA DA neurons or their projection areas in the
NAshell, NAcore or PFC-IL is rewarding, consistent with our anatomic
findings that high densities of ChR2-mCherry expression were
detected in these brain regions after intra-VTA AAV-ChR2-mCherry
microinjections (Fig. 1a).

olCSS-associated cues reinstate extinguished olCSS behavior

After the acquisition of stable olCSS, mice underwent extinction
sessions in the same context until reward-seeking behavior (nose
poke responding) was extinguished. We found that re-exposure to
olCSS-associated cues reinstated active nose-poke responses in mice
after the extinction of the previous olCSS of VTA DA neurons (Fig. 1c,
active poke: one-way RM ANOVA: cue priming main effect: F; 5y =
14.414, P=0.013; inactive poke: one-way RM ANOVA: cue priming
main effect: F;5y=1.010, P=0.361). Similar cue-induced reinstate-
ment responses were also observed in mice after the extinction of
the olCSS of DA terminals in the NAcore (Fig. 1d, active poke: one-
way RM ANOVA: cue priming main effect: F(; 4y = 64.306, P=0.001;
inactive poke: one-way RM ANOVA: cue priming main effect: F; 4y =
1.104, P=0.353), in the NAshell (Fig. 1e, active poke: one-way RM
ANOVA: cue priming main effect: F; )= 14.731, P= 0.004; inactive
poke: one-way RM ANOVA: cue priming main effect: F oy =1.055,
P=0.331), and in the mPFC-L (Fig. 1f, active poke: one-way RM
ANOVA: cue priming main effect: F; gy =56.760, P < 0.001; inactive
poke: one-way RM ANOVA: cue priming main effect: F g, = 0.406,
P=0.542). Post hoc individual group comparisons by Bonferroni
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tests revealed a significant increase in active pokes with cue-induced
reinstatement compared to that with extinction, without a change in
the number of inactive pokes. These results indicated for the first
time that brief phasic activation of either VTA DA neurons or their
projection terminals in the NAc, NAshell or mPFC-IL was sufficient to
establish cue-induced olCSS.

Optogenetic activation of the VTA-NAcore pathway triggers the

reinstatement of reward-seeking behavior

To determine which DA projection pathway is essential in cue-
induced reinstatement, we observed reinstatement responses to
the brief phasic stimulation (laser priming) of DA terminals in
different brain regions in DAT-Cre mice after the extinction of
0olCSS of VTA DA neurons. We found that laser priming stimulation
of the NAcore induced significant reinstatement of olCSS (Fig. 2a),
active poke: one-way RM ANOVA: laser priming main effect:
Fa6)=9.755, P=0.02; inactive poke: one-way RM ANOVA: laser
priming main effect: F; 5y =0.470, P=10.519. Post hoc individual
group comparisons assessed by Bonferroni tests revealed a
significant increase in the number of active pokes during laser-
induced reinstatement compared to those during extinction,
without a change in the number of inactive pokes, while the
stimulation of other DA projection terminals in the NAshell
(Fig. 2b, active poke: one-way RM ANOVA: laser priming main
effect: Fz15=0.689, P=0571; inactive poke: one-way RM
ANOVA: laser priming main effect: F3:5 =1.171, P=0.348), in
the mPFC-IL (Fig. 2¢, active poke: one-way RM ANOVA: laser
priming main effect: F3)=0.114, P=0.950; inactive poke: one-
way RM ANOVA: laser priming main effect: F39=3.808, P=
0.052), or in the mPFC-PL (Fig. 2d, active poke: one-way RM
ANOVA: laser priming main effect: F39) = 0.411, P = 0.749; inactive
poke: one-way RM ANOVA: laser priming main effect: F5 o) = 0.245,
P=0.863) did not induce the reinstatement of olCSS. The
locations of implantation in the VTA, NAc and mPFC are
schematically shown in Supplementary Fig. S4a-d. These results
suggested that the activation of the VTA-NAcore DA pathway
alone was sufficient to trigger the reinstatement of reward-
seeking behavior.

Chemogenetic inhibition of the VTA-NAcore pathway blocks cue-
induced reinstatement of VTA-olICSS behavior

To confirm the above finding, we further observed the effects of
chemogenetic inhibition of the VTA-NAcore pathway on cue-
induced reinstatement of olCSS in DAT-Cre mice with intra-VTA
AAV-ChR2 microinjections. Figure 2e shows the expression of ChR2-
mCherry (red) and hM4Di-YFP (green) in the VTA and NAcore. The
percentage of TH and hM4di colocation is shown in Supplementary
Fig. S4e. High densities of hM4Di were detected in the NAcore. After
the extinction of the olCSS of VTA DA neurons, the mice were
challenged with cue light priming. Before cue priming, vehicle or
clozapine nitrogen oxide (CNO) (0.9 ng) was microinjected into the
NAcore of randomly chosen mice (Fig. 2f). When the mice were
injected with vehicle, the cue induced significant reinstatement of
the olCSS of VTA DA neurons (Fig. 2g). This response was blocked by
the microinjection of CNO into the NAcore (Fig. 2g, active pokes:
one-way RM ANOVA: treatment main effect: F55=13.024, P<
0.001; inactive pokes: one-way RM ANOVA: treatment main effect:
Fz9 =1.817, P=0.180). Post hoc individual group comparisons
revealed a significant increase in cue-induced reinstatement in the
vehicle-treated mice but not in the CNO-treated mice. The location
of implantation in the NAcore is schematically shown in Supple-
mentary Fig. S4f. These results demonstrated that VTA-NAcore DA
projections were necessary for cue-induced reinstatement of olCSS.

The VTA-NAcore DA projection pathway independently initiates
reinstatement

Based on the above findings, an important question arose: were the
DA projections to the NAcore innervated by other neural circuits or

SPRINGER NATURE



The role of doapmine pathway in reward seeking
MY Jing et al.

2280
a b

Laser SHMUIatioN etz
(Ls) 60 pulses per LS

Cue-light

Time(s) 0 1 2 3 Timeout 5

Pulse on:
15ms

Pulse off.
35ms

Cc OICSS of VTA DA neurons Inactive poke
AAV-ChR2
Laser (0ICSS) <
§
8
2
k<1
£
5
£
E
2
0
olCSS Ext Cue olCSS Ext Cue
d OICSS of NAcore DA terminals e OICSS of NAshell DA terminals
AAV-ChR2 AAV-ChR2
Laser (0ICSS) Laser (0ICSS)

Inactive poke Active poke Inactive poke
400 80:
< ﬁgggi I o o= |
= 2
% 8 100. i S £
o 8 >
2 o 2
g 2 60 g
g 3 8
£ © 1=
5 S 40 5
5 3 5
2
£ E 20 E
z < 2
0:
olCSS Ext Cue olCSS Ext Cue olCSS Ext Cue olCSS Ext Cue
f OICSS of IL DA terminals g OICSS of PL DA terminals
AAV-ChR2 | Jqer (0ICSS) AAV-ChR2  Laser (0ICSS)
Active poke Inactive poke
600!
;4001 2 =
3 200 »
§2°1 oimd $
] &
g g
5 °
2 60 2
: 8
2 5
o 40 5
; }
§ 20. 2
0 2 .
olCSS Ext Cue olCSS Ext Cue Active  Inactive

Fig. 1 Brain-stimulation reward-associated cue lights reinstate optical intracranial self-stimulation (0lCSS) behavior. a Representative
images illustrating ChR2-mCherry expression in the VTA, NAc and mPFC in DAT-Cre mice after intra-VTA AAV-ChR2 microinjection. 10X, scale
bar = 1500 pm; 20x, scale bar=200um. b Schematics of laser stimulation: one active nose poke resulted in the delivery of a 3-s laser
stimulation and a 5-s cue light, while inactive pokes had no consequences. The pulse was a 20-Hz 473 nm blue laser with a 15-ms pulse
duration. ¢ Mean numbers of nose pokes in active and inactive holes during the last 3 sessions of the acquisition, the last 3 sessions of
extinction, and the cue reinstatement test. olCSS-associated cue lights reinstated active-poke responses after the extinction of olCSS. One-way
RM ANOVA revealed a cue priming main effect: F(; 5) = 14.414, P = 0.013. Post hoc Bonferroni tests revealed statistically significant differences
in cue-induced active-poke responses (*P<0.05, compared to the mean of the last 3 sessions of extinction, n=6). d Cue-induced
reinstatement of olCSS in mice with intra-VTA AAV-ChR2 microinjection but with optical fiber implantation into the NAcore for olCSS. One-way
RM ANOVA: cue priming main effect: F(; 4) = 64.306, P = 0.001. Post hoc Bonferroni tests indicated significant differences in cue-induced active-
poke responses (**P < 0.01, compared to the mean of last 3 sessions of extinction, n =5). e Cue-induced reinstatement of olCSS in mice with
intra-NAshell fiber implantation for olCSS. One-way RM ANOVA: cue priming main effect: F; )= 14.731, P = 0.004. Post hoc Bonferroni tests
indicated significant differences in cue-induced active nose-poke responses (**P < 0.01, compared to extinction, n=10). f Cue-induced
reinstatement of olCSS in mice with intra-mPFC-IL fiber implantation for olCSS. One-way RM ANOVA: cue priming main effect: F; gy = 56.760,
P <0.001. Post hoc Bonferroni tests indicated significant differences in cue-induced reinstatement responses (***P < 0.001, compared to
extinction, n =9). g Mice with intra-VTA AAV microinjection and intra-mPFC-PL fiber implantation did not acquire olCSS (n = 6).
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Fig.2 VTA-NAcore DA projection pathway selectively regulates cue-induced brain-stimulation reward. a Mean numbers of nose pokes in
active and inactive holes during the last 3 sessions of olCSS of VTA DA neurons, the last 3 sessions of extinction, and the laser-induced
reinstatement test. The activation of the VTA-NAcore DA projections (20-Hz, 100 LS) reinstated active-poke responses in mice after the
extinction of previous olCSS. One-way RM ANOVA revealed a laser priming main effect: F; 6 =9.755, P=0.020. Post hoc Bonferroni tests
revealed that activation of the VTA-NAcore DA projections resulted in statistically significant differences in reinstated active-poke responses
(*P < 0.05, compared to the mean of last 3 sessions of extinction, n = 7). b Activation of DA projections to the NAshell did not reinstate active-
poke responses in mice after the extinction of olCSS. One-way RM ANOVA revealed a laser priming main effect: F(515 = 0.689, P=0.571,n=7.
¢ Activation of DA projections to the IL did not reinstate active-poke responses in mice after the extinction of olCSS. One-way RM ANOVA
revealed a laser priming main effect: F39)=0.114, P=0.950, n = 4. d Activation of the VTA-PL DA projections did not reinstate active-poke
responses in mice after the extinction of olCSS. One-way RM ANOVA revealed a laser priming main effect: F39=0.411, P=0.749, n=4.
e Representative images illustrating ChR2-mCherry and hM4Di-YFP expression in the VTA and hM4Di-YFP expression in the NAc of DAT-Cre
mice after intra-VTA AAV-ChR2 and AAV-hM4Di microinjections. 10x, scale bar = 500 pm; 20X, scale bar = 50 pm. f Diagram of the conducted
experiment. g Microinjection of CNO into the NAcore significantly decreased the cue-induced active-poke responses in mice after the
extinction of olCSS. One-way RM ANOVA revealed a treatment main effect: F(35) = 13.024, P <0.001. The post hoc Holm-Sidak test revealed
that the difference in cue-induced active-poke responses was statistically significant (***P < 0.001, compared to the mean of the last 3 sessions
of Ext 1), and the difference in cue-induced active-poke responses during CNO or vehicle microinjection was significantly different (**P < 0.01,

compared to vehicle, n = 7). Inactive pokes were not affected by cue light or microinjection after the extinction of olCSS. One-way RM ANOVA:
treatment main effect: F5 1= 1.817, P=10.180 (n =7).
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could those projections independently initiate relapse? After the
extinction of VTA-NAcore, VTA-NAshell and VTA-IL-0lCSS behavior, we
excited these projections to induce reinstatement. Consistent with the
above results, reinstatement behavior was significantly observed only
when the VTA-NAcore DA projections were excited by 150 LSs at
80 Hz (Fig. 3a, active pokes: one-way RM ANOVA: laser priming main
effect: F7=8.784, P=0.021; inactive pokes: one-way RM ANOVA:
laser priming main effect: F; ;)= 0.943, P = 0.364). Post hoc individual
group comparisons assessed by Bonferroni tests revealed significant
increases in the number of active pokes during laser-induced
reinstatement compared to those during extinction, without a change
in the number of inactive pokes. In contrast, the number of active
pokes was not increased when the VTA-NAshell (Fig. 3b, active pokes:
one-way RM ANOVA: laser priming main effect: F;7 =3.653, P=
0.098; inactive pokes: one-way RM ANOVA: laser priming main effect:
Fa,7y=4.020, P=0.085) and VTA-IL (Fig. 3¢, active pokes: one-way RM
ANOVA: laser priming main effect: F 4 =2.617, P=0.144; inactive
pokes: one-way RM ANOVA: laser priming main effect: F; g) = 2.445,
P =0.157) projections were stimulated. The locations of implantation
in the VTA, NAc and mPFC are schematically shown in Supplementary
Fig. S5a—c. These results indicated that DA projections from the VTA
to the NAcore could independently initiate reinstatement and were
not innervated by other circuits.

Cocaine-associated cues activate VTA DA neurons during
reinstatement

Next, we examined whether a similar DA mechanism underlies
cue-induced reinstatement of cocaine-seeking behavior. After
cocaine self-administration, the activity of VTA DA neurons was
recorded during extinction and reinstatement (Fig. 4a). The
expression of GCaMP6ém on VTA DA neurons is shown in Fig. 4b,
and the colocation of TH and GCaMP6m is shown in Supplemen-
tary Fig. S6a. In the behavior test, the cue induced significant
reinstatement of cocaine-seeking behavior (Fig. 4c, active pokes:
one-way RM ANOVA: cue priming main effect: F; 4y = 18.878, P=
0.012; inactive pokes: one-way RM ANOVA: cue priming main
effect: F;4=0.0437, P=0.845). Post hoc individual group
comparisons by Bonferroni tests revealed significant increases in
the number of active pokes during laser-induced reinstatement
compared to those during extinction, without a change in the
number of inactive pokes. At the same time, the GCaMP6m signal
was recorded to reflect the activity of VTA DA neurons during
extinction and relapse tests. Fig. 4d shows representative
heatmaps illustrating DA neuron activation (yellow) and depres-
sion (blue). Figure 4e shows the intracellular Ca®" signal in VTA DA
neurons during 5-s cue exposure, illustrating a significant increase
in intracellular Ca>" levels during reinstatement tests compared to
those during extinction (absence of cue). Quantitative analysis of
the averaged AF/F across the 5-s cue exposure revealed a
significant increase in the activity of VTA DA neurons during
cue-induced reinstatement compared to extinction (Fig. 4f, paired
t test, t = —2.552, P = 0.034). The locations of implantation in the
VTA are schematically shown in Supplementary Fig. S6b. The
results showed that cue-induced reinstatement was accompanied
by an increase in VTA DA neuron firing.

Chemogenetic inhibition of DA transmission in the NAcore blocks
cue-induced reinstatement of cocaine-seeking behavior

To determine which specific DA projection pathways underlie cue-
induced reinstatement of cocaine-seeking behavior, we used
chemogenetic approaches to selectively inhibit DA transmission in
the projection terminals in the NAcore, NAshell, PFC-IL or PFC-PL.
Microinjections of CNO into the NAcore compared to microinjec-
tions of vehicle significantly decreased only cue-induced rein-
statement of cocaine-seeking behavior (Fig. 5¢, active pokes: one-
way RM ANOVA, treatment main effect: F3 51y = 16.434, P < 0.001;
inactive pokes, treatment main effect: F351) = 1.929, P=10.156). In
contrast, microinjections of CNO to any of the other projection
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areas (i.e, NAshell, PFC-IL, and PFC-PL) had no effects on cue-
induced reinstatement of cocaine-seeking behavior (Fig. 5d, active
pokes: one-way RM ANOVA, treatment main effect: F3 ) = 3.055,
P =0.084; inactive pokes: one-way RM ANOVA, treatment main
effect: Fz9)=3.181, P=0.078. Figure 5e, active pokes: one-way
RM ANOVA, treatment main effect: F36 =65591, P<0.001;
inactive pokes: one-way RM ANOVA, treatment main effect: Fz¢)
=0.667, P =0.603. Figure 5f, active pokes: one-way RM ANOVA,
treatment main effect: F39)=21.690, P<0.001; inactive pokes:
one-way RM ANOVA, treatment main effect: F59)=0.606, P=
0.628). The locations of implantation in the NAc and mPFC are
schematically shown in Supplementary Fig. S7a-d. These results
indicated that the VTA-NAcore DA projection pathway was critical
to cue-induced reinstatement of cocaine-seeking behavior.

Optogenetic activation of DA release in the NAcore triggers cue-
induced cocaine seeking

Finally, we examined whether brief stimulation of DA release in
the NAcore or other DA projection regions can trigger extin-
guished cocaine-seeking behavior (Fig. 6b). Notably, brief optical
stimulation (100 laser pulses at 20 Hz) of DA terminals in the
NAcore triggered the reinstatement of cocaine-seeking behavior
(Fig. 6¢, active pokes: one-way RM ANOVA on ranks: laser priming
main effect: P =0.039; inactive pokes: one-way RM ANOVA: laser
priming main effect: F; gy =0.151, P=0.708). In contrast, optoge-
netic stimulation (100 laser pulses at 20 or 80 Hz) of other DA
projection regions failed to trigger the reinstatement of drug-
seeking behavior in mice after the extinction of cocaine self-
administration (Fig. 6d, VTA-NAshell, active poke: one-way RM
ANOVA: laser priming main effect: F3q5 =1.239, P=0.325;
inactive poke: one-way RM ANOVA: laser priming main effect:
F3,18y=0.930, P =0.446. Figure 6e, VTA-IL: active poke: one-way
RM ANOVA: laser priming main effect: F3 g = 0.696, P = 0.566;
inactive poke: one-way RM ANOVA: laser priming main effect:
Fi,18 = 1.177, P=0.346. Figure 6f, VTA-PL: active poke: one-way
RM ANOVA: laser priming main effect: F3,q)=0.621, P=0.609;
inactive poke: one-way RM ANOVA: laser priming main effect:
F3,21)=0.709, P = 0.557). The locations of implantation in the NAc
and mPFC are schematically shown in Supplementary Fig. S8a-d.
These findings suggested that the activation of the VTA-NAcore
DA projection pathway, but not other pathways, was sufficient to
trigger the reinstatement of cocaine-seeking behavior.

DISCUSSION

In this study, we used two animal models, cue-induced reinstate-
ment of olCSS and cue-induced reinstatement of cocaine-seeking
behavior, to explore the role of DA in cue-induced relapse. There
were two important findings. First, laser stimulation of VTA DA
neurons or their projection terminals is rewarding. After extinction
from olCSS, laser priming to briefly stimulate VTA DA neurons or
their individual terminals reinstated the extinguished olCSS main-
tained by cues alone in mice previously trained to self-stimulate VTA
DA neurons or each of the projection terminals. To the best of our
knowledge, this is the first study to use this new olCSS animal model
to study the neural mechanisms underlying cue-induced relapse.
Second, we found that re-exposure of the mice to cocaine-
associated cues (lights) reinstated extinguished cocaine-seeking
behavior, accompanied by a significant increase in the intracellular
GCaMP signal in VTA DA neurons. Importantly, optogenetic
stimulation of DA projections in the NAcore, but not in the other
DA projection regions, triggered the reinstatement of extinguished
cocaine-seeking behavior, while chemogenetic inhibition of DA
projections in the NAcore inhibited cue-induced reinstatement of
cocaine-seeking behavior in DAT-Cre mice. Again, these findings, for
the first time, indicated that cue-induced reinstatement of drug-
seeking behavior was at least in part mediated by the activation of
the VTA-NAcore projection pathway.
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Fig. 3 VTA-NAcore DA projection pathway initiates brain-stimulation reward. a Mean numbers of nose pokes in the active and inactive
holes during the last 3 sessions of the olCSS of VTA-NAcore DA projections, the last 3 sessions of extinction, and the laser-induced
reinstatement test. The activation of VTA-NAcore DA projections (80-Hz, 150 laser pulses) reinstated active-poke responses in mice after the
extinction of olCSS. One-way RM ANOVA revealed a laser priming main effect: F; ;) = 8.784, P = 0.021. Post hoc Bonferroni tests revealed that
the activation of VTA-NAcore DA projections resulted in a statistically significant difference in reinstatement active-poke responses (*P < 0.05,
compared to the mean of last 3 sessions of extinction, n = 8). b Mean numbers of nose pokes in active and inactive holes during the last
3 sessions of the olCSS of VTA-NAshell DA projections, the last 3 sessions of extinction, and the laser-induced reinstatement test. The
activation of the VTA-NAshell DA projections did not reinstate active-poke responses in mice after the extinction of olCSS. One-way RM
ANOVA revealed a laser priming main effect: F(; 7 =3.653, P =0.098 (n = 8). ¢ Mean numbers of nose pokes in the active and inactive holes
during the last 3 sessions of the olCSS of VTA-IL DA projections, the last 3 sessions of extinction, and the laser-induced reinstatement test. The

activation of the VTA-IL DA projection did not reinstate active-poke responses in mice after the extinction of olCSS. One-way RM ANOVA
revealed a laser priming main effect: F; gy=2.617, P=10.144 (n =9).

It is generally believed that drug-associated cues can evoke self-administer drugs of abuse and in detecting subtle cue-
intrinsic motivation and craving that leads to relapse. However, induced changes in DA release. Electrical ICSS (elCSS) is a
the role of DA in cue-induced reinstatement has largely been commonly used behavioral procedure to study brain reward
ignored, probably due to technical limitations in training mice to functions, and in this procedure, pressing a lever or nose poking
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Fig. 4 Re-exposure to cocaine-associated cues activates VTA DA neurons. a Schedule of the fiber photometry of VTA DA neurons in cue-
induced cocaine seeking. b Representative images illustrating GCaMP6ém expression in the VTA in DAT-Cre mice after intra-VTA AAV-
GCaMP6m microinjection. 10X, scale bar = 1500 pm; 20X, scale bar =200 pm. ¢ Mean numbers of nose pokes in active and inactive holes
during the last 3 sessions of cocaine self-administration (SA), the last 3 sessions of extinction, and the cue reinstatement test. SA-associated
cue lights reinstated active-poke responses in mice after the extinction of SA. One-way RM ANOVA revealed a cue priming main effect: F(; 4y =
18.878, P=0.012. Post hoc Bonferroni tests revealed that the differences in cue-induced active-poke responses were statistically significant
(*P < 0.05, compared to the last session of extinction, n = 5). Inactive pokes were not affected by cue light re-exposure after the extinction of
SA. One-way RM ANOVA revealed a cue priming main effect: F; 4y = 0.0437, P=0.845, n=5. d The AF/F in cue priming and extinction are
presented as heatmaps. Activation is presented in yellow, and depression is presented in blue. e The mean AF/F during the presence
and absence of the cue (55) in extinction. The mean AF/F significantly increased during cue priming compared to the control condition

in extinction, assessed by a paired t test, t = —2.552, *P < 0.05. f Quantification of the activity of VTA DA neurons (AF/F) in extinction and
cue priming.

results in the delivery of brief electrical pulses to a discrete brain
region via an implanted electrode [34, 35]. Using this model, it was
well documented that the stimulation of the medial forebrain
bundle (MFB) is rewarding [36-38], while elCSS has not been used
to study the reinstatement of reward-seeking behavior. Compared
to elCSS, olCSS has several obvious advantages, including a more
robust lever response, neural substrate specificity and fewer
unwanted side effects [39, 40]. Combining these advantages of
olCSS with the multiple types of transgenic mice available, we
further explored the possible utility of this procedure to study the
neural mechanisms underlying drug- or cue-induced reinstate-
ment of reward-seeking behavior. Our findings are similar to the
recent finding with olCSS that the mesolimbic DA was closely
associated with Pavlovian conditioning or cue-conditioned
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secondary reward [28, 41, 42]. In Pavlovian conditioning experi-
ments, the activity in DA neurons turned discrete sensory cues
into conditioned stimuli that elicited conditioned behaviors,
including approaching the cue light and readily pressing a lever
to receive conditioned cue presentations in the absence of
laser activation [28]. However, both cue-conditioned reward and
cue-induced reinstatement display similar behavioral responses
(pressing a lever or nose poking a hole), and the neurobiological
mechanisms underlying cue-conditioned reward and reinstate-
ment response are significantly different. The former reflects the
reinforcing process, which maintains reward-taking behavior (i.e.,
compulsive drug use in addiction), while the latter is involved in
enduring neuroadaptations that occur during extinction and
reinstatement, which is more complicated and involves emotions
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Fig.5 Chemogenetic inactivation of the VTA-NAcore pathway selectively blocks cue-induced reinstatement of cocaine-seeking behavior.
a Representative images illustrating hM4Di-mCherry expression in the VTA, NAc and mPFC in DAT-Cre mice. 10X, scale bar = 2000 pm; 20x,
scale bar = 200 pm. b Schematic schedule of the experiments conducted. ¢ Microinjection of CNO into the NAcore significantly decreased the
cue-induced active-poke responses after the extinction of cocaine self-administration (SA). One-way RM ANOVA: treatment main effect:
Fz,21)= 16434, P<0.001. Post hoc Bonferroni tests revealed that the differences in cue-induced active-poke responses were statistically
significant (***P < 0.001, compared to the mean of the last 3 sessions of Ext 1), and the differences in cue-induced active-poke responses
during CNO or vehicle microinjection were significantly different (***P <0.01, compared to vehicle, n = 8). d Microinjection of CNO into the
NAshell had no effects on cue-induced active-poke responses in mice. One-way RM ANOVA: treatment main effect: F3 ¢, = 3.055, P = 0.084
(n =4). e Microinjection of CNO into the IL had no effects on cue-induced active-poke responses in mice. One-way RM ANOVA: treatment
main effect: F36,=65.591, P <0.001. Post hoc Bonferroni tests revealed that the differences in cue-induced active-poke responses following
vehicle administration were statistically significant (***P<0.001, compared to Ext 1), differences in cue-induced active-poke responses
following CNO administration were significant (4*¥P < 0.001, compared to the mean of the last 3 sessions of Ext 2), and differences between
CNO and vehicle microinjections were not significantly different (P > 0.05, compared to vehicle, n = 3). f Microinjection of CNO into the PL had
no effects on cue-induced active-poke responses in mice. One-way RM ANOVA: treatment main effect: F39)=21.690, P <0.001. Post hoc
Bonferroni tests revealed that differences in the cue-induced active-poke responses during vehicle administration were statistically significant
(***P < 0.001, compared to Ext 1), differences in the cue-induced active-poke responses during CNO were significant (%P <0.01,

compared to the mean of the last 3 sessions of Ext 2), and the differences between CNO and vehicle microinjections were not significantly
different (P > 0.05, compared to vehicle, n = 4).
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Fig. 6 Optical activation of the VTA-NAcore DA projection pathway selectively reinstates extinguished cocaine-seeking behavior.
a Representative images illustrating ChR2-mCherry expression in the VTA, NAc and mPFC in DAT-Cre mice after intra-VTA AAV-ChR2
microinjection. 10x, scale bar = 2000 pm; 20X, scale bar =200 pm. b Schematic schedule of experiments: after the extinction of cocaine self-
administration (SA), a laser was used to activate DA projections to induce cocaine relapse. ¢ Mean numbers of nose pokes in active and
inactive holes during the last 3 sessions of SA, the last 3 sessions of extinction, and the laser-induced reinstatement test. The activation of VTA-
NAcore DA projections (20-Hz, 100 laser pulses) reinstated active-poke responses in mice after the extinction of SA. One-way RM ANOVA on
ranks revealed a laser priming main effect: P = 0.039. Post hoc Tukey'’s test revealed that activation of VTA-NAcore DA projections resulted in a
difference in reinstated active-poke responses that was statistically significant (*P < 0.05, compared to the mean of last 3 sessions of extinction,
n=9). Inactive pokes were not affected by laser priming after the extinction of SA. One-way RM ANOVA revealed a treatment main effect:
F,8y=0.151, P=0.708. d Activation of DA projections to the NAshell did not reinstate active-poke responses in mice after the extinction of
SA. One-way RM ANOVA revealed a laser priming main effect: F3 15 = 1.239, P = 0.325, n = 7. e Activation of DA projections to the IL did not
reinstate active-poke responses in mice after the extinction of SA. One-way RM ANOVA revealed a laser priming main effect: F3 1g) = 0.696,
P=0.566, n=7. f Activation of DA projections to the PL did not reinstate active-poke responses in mice after the extinction of SA. One-way
RM ANOVA revealed a laser priming main effect: F5 1) =0.621, P=0.609, n = 8.

and incentive motivation. There is a profound increase in the mPFC-IL was sufficient in maintaining olCSS, while optical
motivation to resume drug-seeking behavior in abstinent subjects stimulation of DA neurons in only the NAcore was sufficient and
during extinction in drug-associated contexts [43, 44]. Based on necessary for cue-induced reinstatement since re-exposure to
our studies, we demonstrated that optical stimulation of DA reward-associated cues can activate VTA DA neurons. Thus, olCSS
neurons in the VTA or their terminals in the NAcore, NAshell, or in DAT-Cre mice may be used as a new animal model to study the
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neural mechanisms underlying cue-induced relapse. In contrast to
DA projections to the NAcore, we did not find evidence
supporting an important role of DA projections to the mPFC in
cue-induced reinstatement in the olCSS models.

As mentioned above, DA projections to the NAcore have been
shown to be involved in the motivation to seek and take drugs.
Previous studies showed that the blockade of DA D1 or D2 receptors
in the NAcore attenuated cue-evoked cocaine- or heroin-seeking
behavior [12, 28], and the activation of D2-MSNs or increased DA
release in the NAc has been associated with increased motivation to
seek drugs [14]. The D1 receptor in the NAshell has been shown to
be involved in context-induced relapse [12]. It was reported that
optogenetic inhibition of VTA-NAcore projections decreased the
relapse induced by exposure to cocaine-plus-cue [45]. Since cocaine
is a potent DA enhancer that blocks the dopamine transporter
(DAT), it is reasonable to believe that the mesolimbic DA system is
activated mainly by cocaine priming. Thus, the inhibition of DA
transmission in the NAcore attenuates the cocaine-primed reinstate-
ment response. However, it is unknown whether cocaine-associated
cues alone (in the absence of cocaine) can also activate the same
pathway and therefore underlie cue-induced relapse. To address this
question, we carried out a series of experiments using optogenetic,
chemogenetic and transgenic approaches in this study. We found
that the re-exposure of mice to cocaine-associated cues (lights)
reinstated extinguished cocaine-seeking behavior, accompanied by
a significant increase in the intracellular GCaMP signal in VTA DA
neurons. Although the results were similar to those of previous
studies with electrical technology [46, 47], the fiber photometry
experiment in the present study was more specialized and precise to
record DA activity in the VTA in freely moving and behaving animals.
In previous research, lJiang's study used conditioned place
preference models and tested whether the firing of VTA neurons
significantly changed when CPP was reinstated through electro-
physiology methods [46]. The lack of neural specificity is the most
important problem. Another study recorded the activity of VTA DA
neurons with GCaMP tools when mice relapsed to alcohol induced
by context [48]. Our results indicated that DA neurons were excited
when the cue induced cocaine relapse. This finding may provide
new evidence for the role of VTA DA neurons, especially in cue-
induced reinstatement, in cocaine self-administration. We also found
that optogenetic stimulation of the VTA-NAcore pathway, but not
the other pathways, reinstated extinguished cocaine-seeking
behavior, and chemogenetic inhibition of the VTA-NAcore DA
pathway attenuated reinstatement in response to cocaine-
associated cues, consistent with the findings of the above research
in olCSS. These results suggested that DA is not only a modulator of
reward but also a primary trigger in cue-induced relapse. This
finding of DA projections from the VTA to the NAcore was similar to
Mahler's research on cocaine addiction and Liu’s research on alcohol
addiction [48, 49]. Although different activation methods were used,
including chemical genetics in Mahler’s study and optogenetics in
our experiment, both of the studies showed that DA specifically
stimulated the DA projections to the NAcore to induce the
reinstatement of cocaine SA without cues present. Moreover, our
study further demonstrated that the pathway was necessary in cue-
induced reinstatement with the chemogenetic inhibition approach.
Although several DA neurons in the VTA corelease glutamate, VTA
neurons expressing the type-2 vesicular glutamate transporter
(VGLUT?2) are few (~36%) [50]. In addition, electrophysiological data
demonstrated that VTA neurons releasing glutamate mainly project
to the NAshell, not the NAcore [51, 52]. In addition, we prefered to
emphasize the importance of NAcore-projecting DA neurons in cue-
induced relapse but not only DA neurotransmitter. Generally, the
phenomenon of VTA DA neuron Glu corelease may have little effect
on our conclusion.

Nonetheless, the DA pathway projecting from the VTA to the
mPFC did show significant effects on cue-induced reinstatement
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in both olCSS and cocaine-induced SA models. These findings
were similar to those from Mahler’s research, only the stimulation
of DA projections to the mPFC was insufficient to induce
reinstatement without the presence of cues. However, this result
seemed to be inconsistent with that of previous research;
increasing DA efflux in the mPFC may be associated with cue-
induced reinstatement of methamphetamine-seeking behavior
[15], and similarly, microinfusions of cocaine into the mPFC-PL can
reinstate cocaine-seeking behavior [53]. However, these results
still cannot explain whether the DA pathway of the VTA-mPFC
plays a direct or indirect role in the reinstatement process. It was
reported that the inactivation of glutamatergic neurons in the IL
initiated cocaine-seeking behavior [54-56], suggesting an impor-
tant role of glutamate in the mPFC-IL in cocaine reinstatement.
Thus, the DA circuits of the VTA-mPFC in cue-induced reinstate-
ment in addiction are still worth in-depth study.

In conclusion, in the present study, we found that DA neurons in
the VTA can be activated by re-exposure to drug-associated cues,
which may trigger cue-induced relapse. Furthermore, the mesolim-
bic DA projections from the VTA to the NAcore, and not to the other
brain regions (NAshell or mPFC), appear to be critical in cue-induced
relapse to drug- or reward-seeking behavior. These new findings not
only provide new insights into the neurobiology of drug reward and
relapse but also identify new targets for medication development
related to relapse prevention. The lack of an investigation of the
activity of VTA DA neurons projecting to the NAcore, NAshell and IL
during cue-induced relapse is a shortcoming of the present study,
and we will investigate this activity in future studies.
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