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Abstract

Background: Dopamine neurotransmission plays a critical role in reward in drug abuse and drug addiction. However, the role
of dopamine in the recognition of drug-associated environmental stimuli, retrieval of drug-associated memory, and drug-
seeking behaviors is not fully understood.

Methods: Roles of dopamine neurotransmission in the prefrontal cortex (PFC) and nucleus accumbens (NAc) in the cocaine-
conditioned place preference (CPP) paradigm were evaluated using in vivo microdialysis.

Results: In mice that had acquired cocaine CPP, dopamine levels in the PFC, but not in the NAc, increased in response to
cocaine-associated cues when mice were placed in the cocaine chamber of an apparatus with 2 separated chambers. The
induction of the dopamine response and the development of cocaine CPP were mediated through activation of glutamate
NMDA (N-methyl-D-aspartate)/AMPA (ca-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptor signaling in the
PFC during conditioning. Activation of dopamine D1 or D2 receptor signaling in the PFC was required for cocaine-induced
locomotion, but not for the induction of the dopamine response or the development of cocaine CPP. Interestingly, dopamine
levels in the NAc increased in response to cocaine-associated cues when mice were placed at the center of an apparatus with
2 connected chambers, which requires motivated exploration associated with cocaine reward.

Conclusions: Dopamine neurotransmission in the PFC is activated by the exposure to the cocaine-associated cues, whereas
dopamine neurotransmission in the NAc is activated in a process of motivated exploration of cues associated with cocaine
reward. Furthermore, the glutamate signaling cascade in the PFC is suggested to be a potential therapeutic target to prevent
the progression of drug addiction.
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Introduction

Mesocorticolimbic dopamine pathways play a critical role in
the rewarding effects of drugs of abuse (Shinohara et al., 2017;
Thibeaultetal.,2019; Zhou et al.,2019; Porter, 2020). Environmental
cues are thought to trigger drug craving and relapse of addiction
via mechanisms involving activation of dopamine neurons in
the ventral tegmental area (VTA), leading to the enhancement of

dopamine neurotransmission in the nucleus accumbens (NAc)
(Volkow and Morales, 2015; Li et al., 2016) and prefrontal cortex
(PFC) (Bassareo and Di Chiara, 1997; Milella et al., 2016; Ellwood
etal.,2017). In the cocaine self-administration paradigm, cocaine-
associated cues have been shown to induce dopamine release in
the NAc core of rats using in vivo microdialysis (Ito et al., 2000) and
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Significance Statement

Dopamine neurotransmission is critically involved in cocaine reward-associated behaviors. The present study demonstrates the
distinct roles of dopamine in the PFC and NAc during recognition and exploration of cocaine-associated cues. In the PFC, activa-
tion of ionotropic glutamate receptor signaling during conditioning leads to the induction of the dopamine response to cocaine-
associated cues and the development of cocaine-conditioned place preference (CPP). In contrast, dopamine neurotransmission
in the NAc is not activated by the exposure to cocaine-associated cues but during the motivated exploratory process of cues
associated with cocaine reward. Thus, the present findings indicate the difference in the nature of dopamine neurotransmission

in the PFC and NAc in response to psychological reward cues.

fast-scan cyclic voltammetry (Gratton and Wise, 1994; Phillips,
2003). The dopamine response to cocaine-associated cues in
the NAc core has also been reported in the cocaine-conditioned
place preference (CPP) paradigm in rats (Duvauchelle et al., 2000).
However, failures of the dopamine response to conditioned
cocaine-associated cues have also been reported in the NAc core
of rats (Brown and Fibiger, 1992; Neisewander et al., 1996) and the
mesolimbic striatum of nonhuman primates (Bradberry et al.,
2000), suggesting the involvement of dopaminergic circuits other
than the mesolimbic pathway, such as the mesocortical pathway.

Alterations in glutamatergic transmission underlie the
mechanisms of cocaine-induced synaptic and structural plas-
ticity of D1 and D2 receptor-expressing medium spiny neurons
(MSNs) in the NAc (Ceglia et al., 2017; Barrientos et al., 2018)
and pyramidal neurons in the medial PFC (Hearing et al., 2013).
It has been shown that modifications of glutamate recep-
tors (e.g., phosphorylation, palmitoylation, ubiquitination and
sumoylation) are sensitive to addictive drugs, and altered modi-
fications are directly linked to persistent drug-related synaptic
plasticity and addictive behaviors (Mao et al., 2011). In fact, glu-
tamate AMPA receptors have been shown to mediate the co-
caine reward-context association (Shukla et al., 2017) and the
expression (Cervo and Samanin, 1995) of cocaine CPP. Activation
of NMDA receptors within the NAc shell has been shown to
regulate cocaine memory reactivation (Li et al.,, 2016). Thus,
glutamate NMDA (N-methyl-D-aspartate)/AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid) receptor signaling
is implicated in the development and expression of cocaine CPP.

The CPP paradigm is one of the most popular behavioral
animal models used to assess the rewarding effects of drugs
(Prus et al., 2009). In cocaine CPP, the cocaine-associated cue
induces the retrieval of memories associated with the cocaine
reward and the expectation of cocaine administration. These
processes are mediated through activation of mesocorticolimbic
dopamine pathways by dynamically interacting with glutamate
pathways. A better understanding of the neural mechanisms of
the development and expression of cocaine CPP is required to
develop novel therapeutic strategies for cocaine addiction.

Using the cocaine CPP paradigm, we investigated the response
of dopamine to cocaine-associated cues in the PFC as well as the
NAc because dopamine neurotransmission in the PFC has been
implicated in the expression of cocaine CPP (Milella et al., 2016;
Shinohara et al., 2017), but there is no direct evidence of increased
dopamine levels in the PFC. Interestingly, we found that dopamine
levels increased in response to cocaine-associated cues (2-separ-
ated chamber apparatus) in the PFC, but not in the NAc, using in
vivo microdialysis. Based on these findings, we investigated the
mechanism of the induction of the dopamine response in the PFC
and the development of cocaine CPP, especially the roles of glu-
tamate and dopamine receptor signaling. We further analyzed the
effects of cocaine-associated cues on the dopamine response in
the NAc and PFC using a 2-connected chamber apparatus that al-
lows exploration of cues associated with cocaine reward.

METHODS

Animals

Male C57BL/6NCr mice (Japan SLC, Shizuoka, Japan) at 9 to
13 weeks of age were used. Mice were housed 2 to 5 per cage
and maintained in a 12-hour-light/-dark cycle with access to
standard mouse chow and water ad libitum. All mice used in
this study were handled in accordance with the Guide for the
Care and Use of Laboratory Animals as adopted by the National
Institutes of Health, and the specific protocols were approved
by the Institutional Animal Care and Use Committee of Kurume
University. All efforts were made to minimize the number of
animals used. For chemogenetic modulation experiments, BAC
transgenic [Drd1]-Cre mice (EY262) (12 mice) were used (GENSAT,
Rockefeller University) (Gong et al., 2007).

Drugs

Cocaine (Takeda, Osaka, Japan) and clozapine N-oxide (CNO;
Cayman Chemical, Ann Arbor, MI) were dissolved in sa-
line for systemic injection. 6-Cyano-7-nitroquinoxaline-2,3-
dione disodium salt hydrate (CNQX; MilliporeSigma, St. Louis,
MO), (R,S)-3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic
acid (3-2-Cpp; MilliporeSigma), R(+)-SCH-23390 hydro-
chloride (MilliporeSigma), and S(-)-raclopride (+)-tartrate salt
(MilliporeSigma) were dissolved in Ringer’s solution for local in-
fusion into the PFC.

EXPERIMENTAL DESIGN

Cocaine CPP Paradigms and Dopamine Recording

Cocaine conditioning consisted of 2 sessions of training with
saline and cocaine for development (day 1-3) and maintenance
(day 7) of CPP (Figure 1A). Mice were injected with saline (10 mL/
kg) between 10:00 aM and 11:00 aM, confined to 1 chamber for 30
minutes, and placed back into their home cage. Between 4:00 PM
and 5:00 pM, the mice were injected with cocaine (7.5 or 15 mg/kg)
and confined to the other chamber for 30 minutes. On 3 consecu-
tive days (day 1-3), a total of 3 rounds of association training was
conducted. CPP was tested on day 4 between 12:00 pM and 2:00
pM. After the CPP test, surgery for implantation of microdialysis
probes in the NAc or PFC was conducted (day 4). The dopamine
levels were recorded on day 7 and day 8 with in vivo microdialysis.
The CPP apparatus was changed to a 2-separated chamber appar-
atus consisting of saline and cocaine chambers (32x22x12 cm),
which have the same contexts with the 2-connected chamber ap-
paratus used for the CPP test. On day 7, additional cocaine con-
ditioning was conducted to maintain the memory association
2 days after recovery from the surgery (day 5 and 6). Extracellular
dopamine recording was initiated in the home cage from 2 to 3
hours before the saline session (aM) and continued until 2 hours
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Figure 1. Dopamine (DA) responses to saline and cocaine injections in additional place conditioning (day 7) and to saline- and cocaine-associated cues (day 8) in the nu-
cleus accumbens (NAc) and prefrontal cortex (PFC). (A) Protocols for the conditioned place preference (CPP) to cocaine and subsequent measurements of DA. Following



after the cocaine session (pPM). After obtaining 3 stable consecutive
samples of dopamine differing by <10%, mice received injections
of saline (aM) and cocaine (M) and were immediately exposed
to the saline and cocaine chambers for 20 minutes, respectively.
On day 8, the dopamine levels were recorded in the same mice,
while the mice were exposed to the saline and cocaine cham-
bers for 20 minutes, which were considered saline- and cocaine-
associated cues, respectively. Microdialysis experiments require
several steps of procedures and can be performed maximally in
2 mice per week in our setup of dopamine recording. Therefore,
the 2 mice, which exhibited high CPP scores, were chosen from
the 3 to 5 mice tested for CPP every week and used for in vivo
microdialysis (Figure 1A, closed circles) on day 7 and 8. The mice
withdrawn for brain dialysis are shown in Figure 1B with open
circles. Because the 2 mice were selected from the mouse set in
each week, the mice used for microdialysis analysis occasionally
showed a lower CPP score than the withdrawn mice.

In the other experimental paradigm of cocaine CPP, mice re-
ceived infusions of the receptor ligands (SCH23390, raclopride, or
CNQX plus 3-2-Cpp) in the PFC via a microdialysis probe from 2
hours before the initiation of saline conditioning in the morning
until the end of cocaine conditioning in the afternoon (day 1-3)
(Figure 2A). Effective doses of SCH23390, raclopride (Kobayashiand
Inoue, 1993; West and Grace, 2002; Ginovart, 2005; Lupinsky et al.,
2017; Shuto et al., 2020), and CNQX plus 3-2-Cpp (Kawahara et al.,
2000, 2002; Catarzi et al., 2010; Osorio-Gémez et al., 2017) were
chosen based on previous receptor binding and microdialysis
studies. Ringer’s solution was infused for 30 minutes before and
after the infusion of receptor ligands. In [Drd1]-Cre mice that re-
ceived Gi-coupled-designer receptors exclusively activated by
designer drugs (Gi-DREADD) or control (mCherry) viral injection,
CNO (1 mg/kg, i.p.) was administered 30 minutes before initiation
of cocaine conditioning for 3 consecutive days. Biological effects
of CNO in DREADD-expressing experimental mice have been
shown to last long term (6-10 hours) despite its short half-life in
plasma (<2 hours) (Alexander et al., 2009; Guettier et al., 2009).
Therefore, before initiation of saline conditioning, saline was ad-
ministered instead of CNO to avoid the accumulative effects of
CNO or clozapine during cocaine conditioning.

In the microdialysis experiments presented in Figures 3
and 4, dopamine levels were determined on day 4 in mice sub-
jected to saline and/or cocaine conditioning for 3 days (day 1-3)
without performing the CPP test (Figure 2A), because the cocaine
conditioning procedure was shown to induce the cocaine CPP
(Figure 2C).

CPP Test and Locomotor Responses to Cocaine

The side preference for cocaine was calculated as the time
spent in the cocaine-paired chamber minus the time spent in
the saline-paired chamber, which is defined as the CPP score in
the pretest and the CPP test (posttest). For the pretest, mice were
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placed on the center point of the 2-connected chamber appar-
atus (64x22x12 cm), which consists of 2 contextually distinct
chambers on either side. Pretest bias was declared in a 20-mi-
nute pretest session. There were no group differences for the
bias for either chamber. The environments were adjusted by
floor and wall design so that animals could differentiate one en-
vironment from the other but did not exhibit an innate prefer-
ence for either environment. Based on the pretest, the CPP score
in each experimental group was balanced and minimized.

Locomotor activity was recorded during the conditioning
sessions. Saline (10 mL/kg, i.p.) or cocaine (7.5 mg/kg, i.p.) was
injected into the mice while they were confined to their paired
chamber in the 2-connected chamber apparatus (Figure 2A-B).
The side preference for cocaine and locomotor activity were
analyzed using the video-tracking software SMART (Panlab,
Barcelona, Spain). For the evaluation of the CPP test and loco-
motor activity, 64 mice, including BAC transgenic [Drd1]-Cre
mice, were used.

Surgery and Brain Dialysis

Microdialysis  probes (I-shaped cannulas: customized
home-made probes using dialysis membrane [Hospal Industrie,
Meyzieu, France]) were implanted in the unilateral NAc (exposed
length = 1.5 mm) or PFC (exposed length = 2.8 mm) of mice
under pentobarbital (50 mg/kg i.p.) and xylazine (8 mg/kg i.p.)
anesthesia and local application of 0.1% lidocaine. The coord-
inates of the implantation were A/P +1.4 mm, L/M 0.6 mm from
the bregma, and V/D -4.5 mm from the dura and A/P +1.9 mm,
L/M 0.3 mm from the bregma, and V/D -2.8 mm from the dura
to target the NAc and PFC, respectively (supplementary Figure
1) (Paxinos and Franklin, 2004). After surgery, the mice were
housed individually in plastic cages (30 x 30 x40 cm) for recovery.

Microdialysis experiments were performed 3 or 4 days after
implantation of the probe as previously described (Hanada et al.,
2018). An online approach for real-time quantification of dopa-
mine was used. The flow rate of Ringer’s solution was 2.0 pL/
min. The 20-minute sample fractions collected through the dia-
lysis probes were directly injected into high-performance liquid
chromatography using a reverse-phase column (150x4.6 mm,
Supelcosil LC18; Merck, Darmstadt, Germany) with electrochem-
ical detection. An LC-20AD pump (Shimadzu Corporation, Kyoto,
Japan) was used in conjunction with an electrochemical detector
(potential of the first cell, +180 mV; potential of the second cell,
-180 mV) (ESA, Chelmsford, MA). The mobile phase was a mixture
of 4.1 g/L sodium acetate adjusted to pH 4.1, 100 mg/L Na,EDTA,
120 mg/L octanesulfonic acid, and 10% methanol. The flow rate
was 0.4 mL/min. The detection limit of the assay was approxi-
mately 0.9 fmol per sample (on-column). The composition of
Ringer’s solution was (in mM) NaCl 140.0, KCI 4.0, CaCl, 1.2, and
MgCl, 1.0. At the end of the experiments, the mice were given
an overdose of sevoflurane, and the brains were fixed with 4%

the pretest of chamber preference (day 0), saline and cocaine (7.5 mg/kg i.p.) were injected daily, and mice were placed in saline- and cocaine-paired chambers, respect-
ively, for cocaine conditioning for 3 days (day 1-3) using the 2-connected chamber apparatus with a shielding plate between chambers. CPP was tested on day 4 using the
2-connected chamber apparatus without a shielding plate between chambers, and only the mice showing a preference for the cocaine-associated chamber were used for
the following analyses. Additional cocaine conditioning for the developed CPP to cocaine was conducted on day 7 using the 2-separated chamber apparatus consisting of
saline and cocaine chambers. The extracellular DA level was recorded from 2 to 3 hours before saline conditioning until 2 hours after the cocaine conditioning. Mice were
kept in their home cage throughout the dopamine recording except for when they were placed in the saline or cocaine chamber for 20 minutes, where mice received in-
jections. The saline or cocaine chamber has the same contexts as each paired chamber used for conditioning. On day 8, extracellular DA was subsequently recorded when
mice were exposed to the saline or cocaine chambers without injections for 20 minutes, which was considered a cue. (B) CPP scores recorded on day 0 and day 4. CPP scores
on day 4 of the mice used and unused for microdialysis experiments were shown as closed and open circles, respectively. (C-J) Extracellular levels of DA were measured
in the NAc (C-F) and PFC (G-J) using in vivo microdialysis. Effects of the injections of saline (C, G) and cocaine (7.5 mg/kg, i.p.) (E, I) for additional cocaine conditioning (day
7) and the saline (D, H)- and cocaine (F, J)-associated cues (day 8) on DA levels were determined. Exposure of mice to the cues is indicated with black bars. Data represent
mean + SEM. The number of mice is indicated in each graph. *P<.05, *P<.01, **P<.001 vs the basal levels of DA; mixed linear models.


http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab067#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab067#supplementary-data

992 |

A

International Journal of Neuropsychopharmacology, 2021

Pretest Conditioning Conditioning Conditioning CPPo:eSt
followed by .
surgery i l l DA recording .
7
Day 0 Day 1 Day 2 Day 3 Day 4
Saline (am) Saline (am)  Saline (am)
Cocaine (pm) Cocaine (pm) Cocaine (pm)
pharmacological and
chemogenetic manipulation
B Two-connected chambers C

Saline,

shielding plate )
Cocaine

Saline Cocaine Saline Cocaine
-chamber -chamber -chamber -chamber
%k k
- s Saline Day 1
E 14000 -**ﬁ-* —= Saline Day 3
= 12000 | — | =mmm Cocaine Day 1
o == Cocaine Day 3
% 10000 - —
E 8000 - fiziiid i
& 6000 | *
8
o 4000
2
& 2000 |
R
a 0.
Ringer control Raclopride
SCH23390 CNQX + 3-2-Cpp
n=19 n=12 n=11 n=10
€ = Saline Day 1
& 10000 4 *% —= Saline Day 3
a — mmmm Cocaine/CNO Day 1
' 8000 —= Cocaine/CNO Day 3
2 T
[\
£ 6000
£
3
4000 A
kel
3
c 2000 A
i)
R]
[a) 0|
mCherry rM4Di
n=5 n=7

CPP score (sec)

400

300

200

100

0

-100

-200

Two-connected chambers
open

/

—

(CPP test chamber)

I pretest (Day 0)

8§88

n=19

[ test (Day 4)

§

n=12 n=11 n=10

Ringer control

CPP score (sec)

Raclopride

SCH23390 CNQX + 3-2-Cpp

500 —; I pretest (Day 0)
[ test (Day 4)
400
§
300 s
200
100
o0l T
n=5 n=7
-100 T T
mCherry rM4Di
+ +
C/CNO C/CNO

Figure 2. Effects of antagonist infusion into the prefrontal cortex (PFC) during cocaine conditioning on the locomotor response and conditioned place preference (CPP)
to cocaine. (A) Daily injections of saline and cocaine (7.5 mg/kg) for conditioning were conducted as described in Figure 1A. Surgery for microdialysis probe implant-
ation was conducted on day 0 following the pretest of chamber preference. Pharmacological and chemogenetic manipulation was performed during conditioning (day
1-3), and the CPP test was performed on day 4. (B-C) Pharmacological ligands (a D1 receptor antagonist, SCH23390 [10 pM]; a D2 receptor antagonist, raclopride [10 pM];
ionotropic glutamate antagonists, CNQX [10 pM] plus 3-2-Cpp [30 pM]) were infused into the PFC during conditioning (day 1-3). The locomotor response to saline or
cocaine injection was evaluated in paired chambers using the 2-connected chamber apparatus with a shielding plate on day 1 and day 3 (B), and cocaine CPP was evalu-
ated using the 2-connected chamber apparatus without a shielding plate on day 4 (C). (D, E) For chemogenetic inhibition of D1 receptor-expressing neurons in the PFC,



paraformaldehyde via intracardiac infusion. Coronal sections
(50 pm) were cut, and dialysis probe placement was localized
using the atlas of Paxinos and Franklin (Paxinos and Franklin,
2004) (supplementary Figure 1). Misplacement of the microdialysis
probes was not observed in any experimental animals used for
the study. The representative traces of the microdialysis probe lo-
cations for the NAc and PFC are shown in supplementary Figure 1.
D, Cell-Specific Expression of rM4D (Gi-DREADD) Using AAV
Vectors—For chemogenetic inhibition of PFC neurons expressing
dopamine D1 receptors, rAAV-hsyn-DIO-rM4D(Gi)-mCherry
(3.7x10% virus molecules/mL), which was purchased from the
University of North Carolina Vector Core (Chapel Hill, NC), and the
control vector rAAV2-Efla-DIO-mCherry (3.2 x 10*2 virus molecules/
mL), which was purchased from the University of Pennsylvania
Viral Core (Philadelphia, PA), were used. Viruses were infused bi-
laterally into the PFC of [Drd1]-Cre mice at 8 weeks of age under
pentobarbital (50 mg/kg i.p.) and xylazine (8 mg/kg i.p.) anes-
thesia and local application of 10% lidocaine. The coordinates of
the infusions into the PFC were A/P +1.9 mm, L/M +0.3 mm from
bregma, and V/D -2.25 mm from the dura (supplementary Figure
1). All infusions were performed using a 5-pL. Hamilton syringe
with a 33-G needle attached at a rate of 0.1 puL/min. To prevent
reflux after infusion, the injection needle was left in place for 15
minutes and then withdrawn by a short distance (0.3 mm) every
3 minutes until the needle was completely removed. Four weeks
later, cocaine conditioning and the CPP test were performed.

Statistical Analysis

The data are displayed as the mean + SEM. For analyses of the
microdialysis data, all values were expressed as a percentage
of the basal values (100%) for each group, which was obtained
as the average of 3 stable baseline samples for dopamine. The
values obtained after injection of saline or cocaine and cue
exposure were compared with the basal values using mixed
models with time as a covariate, and Bonferroni’s correction was
applied for multiple comparisons using the SAS MIMED pro-
cedure (version 9.4, SAS Institute, Cary, NC). Repeated-measures
2-way ANOVA was used to compare the experimental groups
(JMP Pro, SAS Institute). The basal values of dopamine were ana-
lyzed by 1-way ANOVA and Welch'’s t test (GraphPad Prism 8.4.3,
GraphPad Software, San Diego, CA), as shown in supplementary
Table 1. For analyses of behavioral data, the mixed model was
used for the comparison of the changes in locomotor activity be-
tween groups and within the group, and 1-way ANOVA was used
for the comparison of changes in locomotor activity within the
group. Welch’s t test was used for the comparison of CPP scores
between groups (SigmaPlot 14.0, Systat Software, San Jose, CA). P
<.05 was considered to be significant.

RESULTS

Dopamine Responses to Cocaine-Associated Place
Conditioning and Cocaine-Associated Cues in the
NAc and PFC

After 3 days of cocaine conditioning (day 1-3) using the 2-connected
chamber apparatus with a shielding plate (Figure 1A), CPP for co-
caine was developed on day 4 (Welch’s t test, t ,, =-5.062, P<.0001)
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(Figure 1B). Dopamine levels in response to additional conditioning
(day 7) and exposure to saline- and cocaine-associated cues (day
8) were determined using the 2-separated chamber apparatus con-
sisting of saline and cocaine chambers with in vivo microdialysis
(Figure 1A). In agreement with previous studies (Airavaara et al.,
2004; Zhang et al., 2013), cocaine injection (7.5 mg/kg i.p.) on day
7 significantly increased dopamine levels in both the NAc (Figure
1E) and PFC (Figure 1I). The saline injections for conditioning also
increased dopamine levels in both the NAc and PFC, although the
effects on dopamine levels were relatively small (Figure 1C, G). The
effects of saline injection were larger in the PFC (175% of basal
levels) than in the NAc (120% of basal levels) (2-way ANOVA, re-
gion F 1, 54]=0.0203, P=.8871; time F [8, 54]=4.2452, P=.0005; region
time interaction F [8, 54]=5.3743, P<.0001).

Exposure of mice to cocaine-associated contextual cues (day
8) significantly increased dopamine levels in the PFC (Figure
1J) but did not affect dopamine levels in the NAc (Figure 1F).
Exposure to saline-associated contextual cues slightly increased
dopamine levels in the PFC (Figure 1H), but not in the NAc
(Figure 1D).

We primarily speculated that cocaine-associated cues could
increase dopamine levels in the NAc, because dopamine in
the NAc is highly responsive to rewarding stimuli (Volkow and
Morales, 2015), including cocaine-associated cues (Ito et al., 2000).
To exclude the influence of the cocaine dose chosen for the con-
ditioning, cocaine at a higher dose (15 mg/kg) (dela Cruz et al.,
2009) was also used for conditioning (supplementary Figure 2).
However, cocaine conditioning at the high dose also failed to
induce the dopamine response to the cocaine-associated cue in
the NAc (supplementary Figure 2D), indicating that dopamine in
the NAc does not respond to the cocaine-associated cue (2-sep-
arated chamber apparatus) under the present experimental
conditions. Based on these results, we focused on the PFC for
further analyses of the role of dopaminergic neurotransmission
in the cocaine-induced locomotor response and cocaine CPP.

Role of Dopamine and Ionotropic Glutamate
Receptors in the PFC During Cocaine Conditioning in
the Locomotor Response and Development of CPP

To analyze the role of dopamine and glutamate receptor
signaling in the PFC in the locomotor response and develop-
ment of CPP to cocaine, the activities of dopamine D1 and D2
receptors and ionotropic glutamate receptors were pharmaco-
logically inhibited during conditioning for 3 consecutive days
(day 1-3) (Figure 2A). In the control with infusion of Ringer’s
solution into the PFC via a microdialysis probe, cocaine injec-
tions (7.5 mg/kg i.p.) induced an increase in locomotor activity
on day 1 and day 3 compared with saline injection (Figure 2B)
(1-way ANOVA, F [3, 72]=24.320, P<.001). Infusion of a dopamine
D1 receptor antagonist, SCH23390 (10 pM), or a D2 receptor an-
tagonist, raclopride (10 pM), into the PFC suppressed cocaine-
induced locomotion (Figure 2B) (SCH23390: 1-way ANOVA, F
[3, 44] =0.360, P=.782; raclopride: 1-way ANOVA, F [3, 40]=2.955,
P=.044) but failed to suppress the development of cocaine
CPP (Figure 2C) (SCH23390: Welch’s t test, t,,=-2.255, P=.0380;
raclopride: Welch’s t test, t=—2.655, P= .0180).

Infusion of the ionotropic glutamate receptor antagonists CNQX
(10 pM) plus 3-2-Cpp (30 pM) into the PFC did not affect the locomotor

saline and CNO (1 mg/kg, i.p.) were administered 30 minutes before the saline-paired place conditioning and cocaine-paired place conditioning (day 1-3), respectively,
in [Drd1]-Cre mice injected with Gi-DREADD virus (rAAV-hsyn-DIO-rM4D(Gi)-mCherry) or control virus (rAAV2-Efla-DIO-mCherry) into the PFC. The locomotor response to
saline injection or cocaine injection after CNO administration (C/CNO) was evaluated on day 1 and day 3 (D), and cocaine CPP was evaluated on day 4 (E). Data repre-
sent mean + SEM. The number of mice is indicated under each experimental group. *P<.05, **P<.01, **P<.001 as indicated; 1-way ANOVA and Bonferroni post hoc test.
##P<.001 vs Ringer’s control; mixed effect models. 5P <.05, 8P <.001 vs CPP score in pretest, Welch'’s t test.
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Figure 3. Dopamine (DA) responses to the saline- and cocaine-associated cues in the PFC on day 4 after cocaine place conditioning with pharmacological manipula-
tion. In another group of animals, DA levels were determined on day 4 by in vivo microdialysis following cocaine conditioning as shown in Figure 2A. DA responses to
the saline (A-D)- and cocaine (E-H)-associated cues in mice that received infusion of Ringer’s solution (A, E), the D1 receptor antagonist SCH23390 (10 pM) (B, F), the
D2 receptor antagonist raclopride (10 pM) (C, G), or the ionotropic glutamate receptor antagonists CNQX (10 pM) plus 3-2-Cpp (30 pM) (D, H) into the PFC during condi-
tioning (day 1-3). Exposure of mice to the cues is indicated with black bars. Data represent mean + SEM. The number of mice is indicated in each graph. *P<.05, **P<.01,

**P<.001 vs the basal levels of DA; mixed linear models.

response to cocaine during conditioning (Figure 2B) (1-way ANOVA,
F [3, 36]=4.511, P=.009) but suppressed cocaine CPP (Figure 2C)
(Welch’s t test, t,,=0.634, P=.538). The results suggest that D1 and
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D2 receptors mediate the locomotor response to cocaine, whereas
ionotropic NMDA/AMPA receptors mediate the development of CPP
to cocaine and dopamine responses to cues (Figure 5).
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Figure 4. The dopamine (DA) response to the cocaine-associated cues in the NAc and PFC using the 2-connected chamber apparatus. (A) Daily injections of saline (am) and
saline or cocaine (7.5 mg/kg) (pM) for conditioning were conducted. Surgery for microdialysis probe implantation was conducted on day 0 following the pretest of chamber
preference. DA levels were determined on day 4 by in vivo microdialysis. Mice were conditioned with saline in 1 chamber and cocaine in the other chamber (the cocaine
CPP group: black circles) or with saline in both chambers (the control group: open circles) using the 2-connected chamber apparatus with a shielding plate between cham-
bers for 3 days (day 1-3). (B) In different experimental groups subjected to saline (am) and saline (pm) for conditioning, CPP was tested on day 4. The cocaine conditioning
procedure was shown to induce the cocaine CPP (Figure 1B). The DA levels in the NAc (C) or PFC (D) were determined on day 4, when mice were placed at the center of
the 2-connected chamber apparatus without a shielding plate and allowed to explore both the saline- and cocaine-associated cues. Exposure of mice to the cues is indi-
cated with a black bar. Data represent mean + SEM. The number of mice is indicated in the graph. *P<.05, *P<.01, **P<.001 vs the basal levels of DA; mixed linear models.

We also investigated the effects of chemogenetic inhibition
of D1 receptor-expressing neurons in the PFC. Gi-DREADD or
control (mCherry) virus was injected into the PFC of [Drd1]-Cre
mice to induce expression of Gi-DREADD in D1 receptor-positive
neurons (supplementary Figure 3). CNO was administered be-
fore cocaine conditioning, but not before saline conditioning,
to avoid an overdose of CNO. In [Drdl]-Cre mice expressing
mCherry, cocaine with CNO injections induced an increase in
locomotor activity during conditioning compared with loco-
motor activity during saline conditioning without CNO (Figure
2D) (1-way ANOVA, F [3, 16]=8.542, P=.001). CNO injections in
[Drd1]-Cre mice expressing Gi-DREADD suppressed cocaine-
induced locomotion on day 1 and day 3 (Figure 2D) (1-way
ANOVA, F [3, 20]=0.247, P=.863) but failed to suppress cocaine
CPP (Figure 2E) (Welch’s t test, t,,,=2.316, P=.0434). These results
suggest that activation of D1 receptor-expressing neurons is

required for the locomotor response to cocaine, but not for the
development of cocaine CPP.

Effects of Dopamine Receptor or Ionotropic
Glutamate Receptor Antagonists on the Dopamine
Response to Saline- or Cocaine-Associated Cues in
the PFC

Because dopamine receptors and ionotropic glutamate recep-
tors in the PFC contributed to the locomotor response and CPP
to cocaine, respectively, we next examined whether dopamine
and/or glutamate receptor signaling is involved in the dopa-
mine response to cocaine-associated cues in the PFC. For this
purpose, dopamine or glutamate receptor antagonists were in-
fused into the PFC during conditioning (day 1-3), as shown in
Figure 2A. Following conditioning, the dopamine responses to
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the cocaine-associated cue in the PFC were determined on day
4 without performing the CPP test (Figure 3). The basal levels
of dopamine in the PFC were similar among groups that re-
ceived the infusion of various antagonists during conditioning
(1-way ANOVA, F [3, 20]=0.4711, P=.7058). The dopamine re-
sponse to the cocaine-associated cue was suppressed in the
group that received infusion of CNQX plus 3-2-Cpp (Figure 3H)
compared with that in the control group infused with Ringer’s
infusion (Figure 3E) (2-way ANOVA, group F [1, 99]=30.4289,
P<.0001; time F [8, 99]=5.4126, P<.0001; group time interaction
F [8, 99]=5.8059, P<.0001). However, the dopamine responses to
the cocaine-associated cue were not affected by the infusion
of SCH23390 (Figure 3F) (2-way ANOVA, group F [1, 90]=0.0009,
P=.9757; time F [8, 90]=8.9483, P<.0001; group time interaction F
[8, 90]=2.9035, P=.0063) or raclopride (Figure 3G) (2-way ANOVA,
group F [1, 72]=2.7678, P=.1005; time F [8, 72]=7.3933, P<.0001;
group time interaction F [8, 72]=1.0255, P=.4272). Because
blockade of NMDA/AMPA receptors in the PFC also suppressed
cocaine CPP (Figure 2C), the dopamine response to the cocaine-
associated cue could be related to the reward effect of cocaine.

Interestingly, the dopamine response to the saline-associated
cue was suppressed by CNQX plus 3-2-Cpp (Figure 3D) (2-way
ANOVA, group F [1, 104] =19.6877, P<.0001; time F [8, 104] =7.1483,
P<.0001; group time interaction F [8, 104]=2.6771, P=.0102) or
SCH23390 (Figure 3B) (2-way ANOVA, group F [1, 91]=6.1804,
P=.0147; time F [8, 91]=5.8942, P<.0001; group time interaction F
[8, 91]=2.1441, P=.0393), but not by raclopride (Figure 3C) (2-way
ANOVA, group F [1, 73]=0.7891, P=.3773; time F [8, 73]=6.3099,
P<.0001; group time interaction F [8, 73]=1.1956, P=.3137). These
results suggest that the dopamine response to saline-associated
cues is mediated through ionotropic glutamate and D1 receptor
signaling, whereas the dopamine response to reward-associated
cues is largely mediated through ionotropic glutamate receptor
signaling.

Dopamine Responses in the PFC and NAc to
Exploration of Cocaine- or Saline-Associated Cues

The dopamine response to the cocaine-associated cue was ab-
sent in the NAc, as shown in Figure 1F. In the experimental para-
digm, mice were exposed to the saline and cocaine chambers
separately since the 2-separated chamber apparatus was used
during dopamine measurements. However, in many previous
studies, a 2- or 3-connected chamber apparatus, where mice
were allowed to freely explore the entire apparatus, was used
for the assessment of CPP expression (Prus et al., 2009; Alvarez,
2016). The difference in the CPP apparatus between the 2-sep-
arated and 2-connected chambers could affect the dopamine
response in the NAc. Therefore, mice were exposed to the 2-con-
nected chambers, where mice were allowed to explore both the
saline and cocaine chambers (Figure 4C). When mice subjected
to cocaine conditioning (saline/cocaine) explored the entire ap-
paratus, an increase in dopamine levels in the NAc was observed
(Figure 4C). However, dopamine response in the NAc was not ob-
served in mice subjected to saline conditioning (saline/saline)
(Figure 4C), in which no place preference was detected (Figure
4B) (Welch’s t test, t,,, =-0.5906, P=.5643) in contrast to mice sub-
jected to cocaine conditioning (Figure 1B). In the PFC, when mice
were exposed to the 2-connected chambers, dopamine levels
increased in both mice subjected to cocaine and saline condi-
tioning (Figure 4D). The dopamine response in mice subjected
to saline conditioning was larger than that in mice subjected
to cocaine conditioning (2-way ANOVA, group F [1, 84]=6.7190,
P=.0112; time F [8, 84]=11.0094, P<.0001; group time interaction

F [8, 84]=1.7732, P=.0938). These results suggest that the motiv-
ated exploration of cocaine-associated cues and the expectation
of cocaine injection likely trigger the dopamine response in the
NAc, whereas the dopamine response in the PFC is triggered
both by the exploration of saline- and cocaine-associated cues.

Because the increases in dopamine in the PFC were induced
by the exposure to the saline-associated chamber(s) of 2-separ-
ated and 2-connected chamber apparatus (Figures 1H, 3A, and
4D), we asked the question of which procedure of saline con-
ditioning is responsible for the dopamine response as stressful
stimuli: repeated injections of saline, temporal holding for dopa-
mine recording, or transfer to chamber(s) from home cage. For
this purpose, dopamine levels were determined on day 4 in mice
subjected to the conditioning procedures without saline injec-
tions (supplementary Figure 4). Returning to home cage (acrylic
box for microdialysis) after temporal holding or exposure to the
2-separated chamber or 2-connected chambers after handling
did not affect dopamine levels in the PFC. These findings sug-
gest that aversive stimuli of the repeated injections of saline are
associated with contexts of saline chamber(s), leading to the in-
duction of dopamine response to the saline-associated cues in
the PFC.

Discussion

This in vivo microdialysis study demonstrated that the
extracellular levels of dopamine increased in the PFC, but
not in the NAc, in response to cocaine-associated cues
(2-separated chamber apparatus) in our cocaine CPP and
dopamine measurement paradigms. The dopamine response
to cocaine-associated cues and cocaine CPP was abolished
by blockade of ionotropic glutamate receptors, but not by
blockade of D1 or D2 receptors, in the PFC during cocaine
conditioning. These results indicate that ionotropic glu-
tamate receptor signaling in the PFC is required for the in-
duction of the dopamine response to cocaine-associated
cues and the development of cocaine CPP. Analyses using a
2-connected chamber apparatus revealed that the cocaine-
associated cue that allows exploration of the 2-connected
chambers induces the dopamine response in the NAc. Taken
together, the results suggest that the dopamine response in
the PFC plays an important role in the recognition of cocaine
reward-associated cues, whereas the dopamine response in
the NAc is related to the motivated exploration associated
with cocaine reward or the decision-making that involves
weighing 2 choices (Figure 5).

Role of the Dopamine Response to Cocaine-
Associated Cues in the PFC in the Expression of
Cocaine CPP

The role of dopaminergic neurotransmission in the PFC has
been implicated in the expression of cocaine CPP (Milella
et al., 2016; Shinohara et al., 2017). In the CPP paradigm,
Shinohara et al. (2017) demonstrated that the increase in
dopaminergic neurotransmission from the VTA to PFC and
subsequent activation of dopamine D1 receptors in the PFC
play a critical role in the expression of cocaine CPP in rats. In
our cocaine CPP paradigms, we were able to demonstrate that
dopamine levels in the PFC increase in response to cocaine-
associated cues in C57BL/6N mice. The dopamine response
in the PFC is likely associated with the recognition of the co-
caine chamber context, which is required for the expression
of cocaine CPP.
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Figure 5. Schematic representation of the distinct role of the dopamine pathways in the prefrontal cortex (PFC) and nucleus accumbens (NAc) in the cocaine condi-
tioned place preference (CPP). This study demonstrates that the dopamine (DA) response in the PFC plays an important role in the recognition of cocaine-associated
cues in the cocaine CPP, whereas the DA response in the NAc is related to motivated exploration of cocaine reward. Ionotropic glutamate receptor signaling in the
PFC is activated during the cocaine conditioning, leading to the development of cocaine CPP and the induction of the DA response to the cocaine-associated cues in
the PFC. The DA responses in the PFC did not differ between 2-separated and 2-connected chambers. In contrast, dopamine in the NAc is responsive to the cocaine-
associated cues when 2-connected chambers, but not 2-separated chambers, are used, suggesting that DA in the NAc plays important roles in the exploratory process
of the cocaine-associated cues. DA in the PFC also responded to the saline-associated cues via mechanisms involving ionotropic glutamate receptor and DA D1 receptor
signaling. In addition, the locomotor response to cocaine is mediated through activation of DA D1 and D2 receptor signaling in the PFC.

Induction of the Dopamine Response to Cocaine-
Associated Cues and Development of Cocaine CPP
Are Regulated by Ionotropic Glutamate Receptors in
the PFC

Activation of glutamatergic pyramidal neurons in the medial
PFC (mPFC) is clearly shown to mediate both the development
and expression of cocaine CPP using chemogenetic techniques
(Zhang et al., 2020). In addition, optogenetic stimulation of VTA-
PFC dopaminergic circuits has been shown to activate mPFC

pyramidal neurons (Buchta et al., 2017) via mechanisms involving
D1 receptors (Shinohara et al.,, 2017). In this study, pharmaco-
logical blockade of ionotropic glutamate NMDA/AMPA receptors in
the PFC during conditioning abolished the induction of the dopa-
mine response to cocaine-associated cues and the development
of cocaine CPP. The present results are in agreement with previous
reports that showed that repeated cocaine administration induces
the alteration of the synaptic plasticity of excitatory synapses in
the layer V. mPFC (Huang et al., 2007). Ionotropic NMDA/AMPA re-
ceptor signaling may be required for the enhanced activation of
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a subset of pyramidal neurons in the PFC during cocaine condi-
tioning. We hypothesize that cocaine conditioning induces the
activation of glutamatergic neurotransmission in the PFC via
mechanisms involving VTA-PFC dopaminergic circuits. After
conditioning, the cocaine-associated cues invoke retrieval of the
cocaine-context association by activating the subset of pyramidal
neurons in the PFC, which sends output projections to the VTA
(Carr and Sesack, 2000), activates VTA-PFC dopamine neurons,
and induces the dopamine response in the PFC (Enrico et al., 1998;
Butts and Phillips, 2013).

Pharmacological blockade of dopamine D1 or D2 receptors
or chemogenetic inhibition of D1 receptor-expressing neurons
in the PFC during conditioning had no effect on the induction
of the dopamine response to cocaine-associated cues and the
development of cocaine CPP. It has been reported that D1 re-
ceptor signaling in the PFC is required for the expression of co-
caine CPP (Shinohara et al., 2017). It is likely that D1 receptor
signaling in the PFC plays a critical role in the expression of
cocaine CPP but a limited role in the development of cocaine
CPP. However, D1 receptors, but not D2 receptors, are reported to
play an essential role in the development of cocaine CPP (Cervo
and Samanin, 1995; Gu et al., 2020). In fact, cocaine CPP does
not develop in D1 receptor knockout mice (Chen and Xu, 2010).
In the mesocorticolimbic reward pathway, D1 receptors are
highly expressed in D1-type MSNs in the NAc. The CPP acqui-
sition test induces activation of ERK in the PFC and NAc via D1
receptor-mediated mechanisms (Chen and Xu, 2010). D1-type
MSNs in the NAc core are recruited in the hippocampus (ventral
CA1)-NAc core engram cell circuit, which stores cocaine reward-
associated contextual information (Zhou et al., 2019). This in-
formation suggests that D1 receptors in the NAc and PFC may
be involved in the induction of the dopamine response and the
development of cocaine CPP, but D1 receptors in the NAc play a
dominant role compared with those in the PFC. Therefore, co-
caine CPP could be developed under blockade of D1 receptors in
the PFC during conditioning in our CPP paradigms.

Cocaine-Induced Locomotion Is Regulated by
Dopamine Receptors in the PFC

Pharmacological blockade of D1 receptors and chemogenetic
inhibition of D1 receptor-expressing neurons in the PFC
during conditioning suppressed the locomotor response to
cocaine, suggesting the requirement of D1 receptor signaling
in the PFC for cocaine-induced locomotion. Several studies in-
dicate that region-specific D1 receptor signaling in the PFC
contributes to the locomotor response to cocaine in sensitized
animals (Sorg et al., 2001; Cosme et al., 2018). mPFC neurons
expressing D1 receptors project strongly to the motor con-
trol loop, especially to the components of the motor cortex,
striatum, and thalamic nuclei (Han et al., 2017). PFC neurons
expressing D1 receptors could be activated by dopamine fol-
lowing cocaine injections and mediate the motor effect of co-
caine through activation of the motor control loop. Indeed,
cocaine injection induces activation of ERK in D1-type MSNs
in the striatum via mechanisms involving dopamine and glu-
tamate (Valjent et al., 2005).

Pharmacological blockade of D2 receptors in the PFC during
conditioning also suppressed cocaine-induced locomotion.
However, there are several reports showing that activation of
D2 receptors in the PFC suppresses the excitability of pyramidal
neurons (Seamans and Yang, 2004), blocks the acute locomotor
response to cocaine (Beyer and Steketee, 2000), and suppresses
the development and expression of behavioral sensitization to

cocaine (Beyer and Steketee, 2002). The reason for the discrepancy
is not currently understood, and further studies are required.

Dopamine Responses to Saline-Associated Cues Are
Regulated by Ionotropic Glutamate and D1 Receptors
in the PFC

Dopamine levels in the PFC increased in response to saline in-
jection and saline-associated cues, suggesting that repeated
saline injections were recognized as aversive stimuli. This inter-
pretation is supported by our findings that the mice subjected to
handling and/or transferring to chambers without repeated in-
jections of saline/cocaine did not show the increase in dopamine
levels in the PFC. Activation of ionotropic glutamate and D1 re-
ceptor signaling during conditioning is required for the induction
of the dopamine response to saline-associated cues. Glutamate
transmission evokes dopamine release when stressful stimuli
are applied (Kawahara et al., 2002). Stressful stimuli may induce
plastic changes in the subset of pyramidal neurons in the PFC
due to activated ionotropic glutamate and dopamine D1 receptor
signaling. Saline-associated cues can be recognized as aversive
cues when the subset of aversive stimuli-associated pyramidal
neurons and VTA-PFC dopamine circuits is activated.

Dopamine increased in the PFC in response to both cocaine-
and injection stress-associated cues, but these conditioned
dopamine responses likely involved different mechanisms: the
involvement of D1 receptor signaling in addition to ionotropic
glutamate receptor signaling in saline conditioning but not in
cocaine conditioning. It was surprising that, in the 2-connected
chamber apparatus, the dopamine response in mice subjected to
saline conditioning (saline/saline) was larger than that in mice
subjected to cocaine conditioning (saline/cocaine). This raises the
possibility that the dopamine response to aversive cues in the PFC
is quite large, but it can be attenuated when the repeated injec-
tions of cocaine, which induce rewarding effects, are combined.

Dopamine in the NAc Responds to the Exploratory
Process of Cocaine-Associated Cues

The dopamine response to the cocaine-associated cue was ab-
sent in the NAc when mice were directly placed in the cocaine-
associated chamber (2-separated chamber apparatus), although
there was a report showing a dopamine response in the NAc
core in rats using a 1-chamber apparatus (Duvauchelle et al.,
2000). The absence of a dopamine response was unexpected, be-
cause dopamine neurotransmission in the NAc has been linked
to reward-associated cues (Volkow and Morales, 2015). The ab-
sence of dopamine response in this study is not likely due to
the localization of dialysis probes at the small anatomical struc-
ture of mouse NAc, which are placed between shell and core and
can collect dopamine from the NAc core. Various differences of
experimental conditions involving strain (mouse vs rat), route
of cocaine administration (i.p. injection vs i.v. administration)
(Wenzel et al., 2015; Estave et al., 2020), and conditioning (forced
administration vs self-administration) (Ito et al., 2000) could
account for the inconsistency between this and the previous
studies (Duvauchelle et al., 2000), respectively.

However, the dopamine response in the NAc was observed
when mice were placed in 2-connected chambers requiring a
motivated exploratory process. Interestingly, in line with our
findings, D1-type MSNs in the NAc encode contextual informa-
tion on cocaine reward, and the increased activity of D1-type
MSNs precedes entry into the cocaine-associated context
(Calipari et al., 2016). Together with the present results, the



difference in the CPP apparatus between 1-chamber and 2-con-
nected chambers critically affects the dopamine response in the
NAc in mice, and dopamine in the NAc responds to motivated
exploration associated with cocaine reward or alternatively to
decision-making that involves weighing 2 choices.

Daily cocaine administration has been shown to induce co-
caine expectation associated with the increased basal dopamine
levels in the rat NAc core at the time of chronic cocaine injection
(Puig et al., 2012). Because dopamine in the NAc was measured
at the time of cocaine conditioning (midafternoon), a possibility
that cocaine expectation affects the dopamine response in the
NAc cannot be ruled out. However, dopamine responded to ex-
posure to 2-connected chambers, but not to 2-separated cham-
bers, despite the measurement at the similar time, suggesting
that the differences of the dopamine response are attributable to
apparatus configuration rather than cocaine expectation at the
specific time. It is not known whether cocaine expectation at the
time of chronic cocaine injection affects the dopamine levels in
the PFC. The contribution of cocaine expectation to the dopamine
response in the PFC needs to be clarified in future studies.

In conclusion, the present study provided evidence for the dis-
tinct roles of the mesocortical and mesolimbic dopamine pathways
in the recognition of cocaine-associated context and drug-seeking
behaviors. Full elucidation of the mechanisms of the activation of
the mesocortical and mesolimbic dopamine pathways in response
to drug-associated contextual cues may facilitate the development
of novel therapeutic strategies for drug addiction.
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