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A B S T R A C T   

The nucleus accumbens (NAc) plays a crucial role in various mental activities, including positive and negative 
reinforcement. We previously hypothesized that a balance between dopamine (DA) and adenosine signals reg-
ulates the PKA-Rap1 pathway in medium spiny neurons expressing DA D1 receptors (D1R-MSNs) or D2 receptors 
(D2R-MSNs) and demonstrated that the PKA-Rap1 pathway in D1R-MSNs is responsible for positive reinforce-
ment. Here, we show the role of the PKA-Rap1 pathway in accumbal D2R-MSNs in negative reinforcement. Mice 
were exposed to electric foot shock as an aversive stimulus. We monitored the phosphorylation level of Rap1gap 
S563, which leads to the activation of Rap1. Electric foot shocks increased the phosphorylation level of GluN1 
S897 and Rap1gap S563 in the NAc. The aversive stimulus-evoked phosphorylation of Rap1gap S563 was 
detected in accumbal D2R-MSNs and inhibited by pretreatment with adenosine A2a receptor (A2aR) antagonist. 
A2aR antagonist-treated mice showed impaired aversive memory in passive avoidance tests. AAV-mediated 
inhibition of PKA, Rap1, or MEK1 in accumbal D2R-MSNs impaired aversive memory in passive avoidance 
tests, whereas activation of this pathway potentiated aversive memory. Optogenetic inactivation of mesolimbic 
DAergic neurons induced place aversion in real-time place aversion tests. Aversive response was attenuated by 
inhibition of PKA-Rap1 signaling in accumbal D2R-MSNs. These results suggested that accumbal D2R-MSNs 
regulate aversive behaviors through the A2aR-PKA-Rap1-MEK pathway. Our findings provide a novel molecu-
lar mechanism for regulating negative reinforcement.   

1. Introduction 

Nucleus accumbens (NAc) plays a pivotal role in various mental 
activities, including positive and negative reinforcement (Hu 2016). 
Approximately 95% of the neurons in NAc are medium spiny neurons 
(MSNs), which are subdivided into dopamine (DA) D1 receptor 
(D1R)-expressing MSNs (D1R-MSNs) and DA D2 receptor 
(D2R)-expressing MSNs (D2R-MSNs) (Surmeier et al., 2007; Smith et al., 
2013). D1R-MSNs and D2R-MSNs are thought to be involved in positive 
reinforcement and negative reinforcement, respectively (Bromberg--
Martin et al., 2010; Ferguson et al., 2011; Kravitz et al., 2012; Lobo 

et al., 2013). The functional segregation of D1R-MSNs and D2R-MSNs 
primarily depends on various neuromodulators and neurotransmitters, 
including DA and adenosine in the NAc (Nakanishi et al., 2014). 

It is well-known that striatal DA-D1R-protein kinase A (PKA) 
signaling regulates reward-related behavior (Cepeda et al., 1993; Sur-
meier et al., 1995). When extracellular DA increases after reward 
acquirement or abused drug intake, D1R stimulation leads to the acti-
vation of PKA and its downstream substrates through D1R coupling to 
Golf proteins. We previously carried out a phosphoproteomic analysis to 
explore D1R downstream PKA substrates and found more than 100 PKA 
substrate candidates, including Rasgrp2 and Rap1gap (Nagai et al., 
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2016a). Rasgrp2 is a guanine nucleotide exchange factor (GEF) for small 
GTPase Rap1; PKA-mediated phosphorylation of Rasgrp2 at S116, S117, 
S554, and S586 leads to Rap1 activation (Nagai et al., 2016a). Rap1gap 
is a GTPase-activating protein (GAP) and negatively regulates Rap1. 
PKA-mediated phosphorylation of Rap1gap S563 has been shown to 
inactivate GAP activity on Rap1 and lead to Rap1 activation (McAvoy 
et al., 2009; Zhang et al., 2019). PKA efficiently promotes Rap1 acti-
vation through Rasgrp2 and Rap1gap phosphorylation. Rap1 activation 
increases the excitability of accumbal D1R-MSNs through MEK1-MAPK 
and eventually induces reward-related behaviors (Nagai et al., 2016a). 

PKA-Rap1 signaling is also found in D2R-MSNs and regulated by D2R 
and adenosine A2a receptors (A2aR) (Zhang et al., 2019). D2R is a 
Gi-coupled receptor and has a high affinity for DA compared with D1R. 
Therefore, PKA signaling transmission is suppressed under basal DA 
concentration (Nair et al., 2015). A2aR is exclusively expressed on 
D2R-MSNs in the NAc, and stimulation of A2aR promotes PKA signaling 
pathway through Golf protein (Fink et al., 1992; O’Neill et al., 2012; 
Svenningsson et al., 1999). We have demonstrated that D2R inhibition 
or A2aR stimulation promotes Rap1 activation through Rap1gap phos-
phorylation in D2R-MSNs of NAc (Zhang et al., 2019). 

Aversive stimuli, including pinch, air puff, and electric shock, are 
known to modulate the activity of DAergic neurons (McCutcheon et al., 
2012; Badrinarayan et al., 2012). Electric foot shock has been shown to 
decrease the amount of DA in the NAc (de Jong et al., 2019) and activate 
PKA signaling in D2R-MSNs (Yamaguchi et al., 2015). However, the role 
of the PKA-Rap1 pathway in negative reinforcement remains unknown 
in accumbal D2R-MSNs. 

In this study, we aimed to clarify how adenosine-A2aR signaling in 
D2R-MSN regulates negative reinforcement. We monitored the phos-
phorylation level of Rap1gap S563 and the effect of A2aR antagonist on 
Rap1gap phosphorylation after electric foot shock aversive stimulus. We 
also examined the impact of AAV-mediated manipulation of PKA-Rap1- 
MEK pathway in accumbal D2R-MSN on aversive behaviors in passive 
avoidance tests and real-time place aversion tests. Our findings sug-
gested that accumbal D2R-MSNs regulate aversive behaviors through 
the A2aR-PKA-Rap1-MEK pathway. 

2. Materials and methods 

2.1. Animals 

All mice were kept at a density of four mice per cage (17 cm wide ×
28 cm long × 13 cm high) in a specific pathogen-free animal facility 
under standard conditions (23 ± 1 ◦C, 50 ± 5% humidity) with a 12-h 
light/dark cycle. Food and water were available ad libitum. The 
following male mouse lines at the age of 7 weeks were used for exper-
iments: C57BL/6J jms (Japan SLC, Inc., Shizuoka, Japan), Drd1-YFP 
(RBRC03111, Riken BRC, Tsukuba, Japan), Drd2-YFP (RBRC02332, 
Riken BRC), DAT-PF-tTA (027178, Jackson Laboratory, Bar Harbor, ME, 
USA), Adora 2a-Cre (4361654, MMRC, UC Davis, CA, USA) and Drd1a- 
Cre (MMRC, UC Davis, CA, USA). All heterozygous transgenic mice were 
obtained by crossing heterozygous or homozygous transgenic mice with 
C57BL/6J jms mice. PCR for genotyping was carried out according to 
the protocols provided by each company. The primers for genotyping 
were as followed; Drd1-YFP, TCC TGA TGG AAC ACC ATT GTG for 
primer 1, GCA GAT TAA CTT CAG GGT CAG C for primer 2, CAA ATG 
TTG CTT GTC TGG TG for primer 3, GTC AGT CGA GTG CAC AGT TT for 
primer 4; Drd2-YFP, CAG TAT CTA TTA TTT CTT TTA GAA CG for 
primer 1, GCA GAT TAA CTT CAG GGT CAG C for primer 2, CTA GGC 
CAC AGA ATT GAA AGA TCT for primer 3, GTA GGT GGA AAT TCT AGC 
ATC ATC C for primer 4; DAT-PF-tTA, TGA TGA GGG TGG AGT TGG TC 
for primer 1, AGA AGA AGG AAA CAG ACT TCC TC for primer 2, GCT 
TGT TCT TCA CGT GCC AGT for primer 3; Adora 2a-Cre, CGT GAG AAA 
GCC TTT GGG AAG CT for primer 1, CGG CAA ACG GAC AGA AGC ATT 
for primer 2; Drd1a-Cre, GCG GTC TGG CAG TAA AAA CTA TC for 
primer 1, GTG AAA CAG CAT TGC TGT CAC TT for primer 2, CAC GTG 

GGC TCC AGC ATT for primer 3, TCA CCA GTC ATT TCT GCC TTT G for 
primer 4. All animal experiments were approved (reference number: 
20094) and performed in the laboratory in accordance with the guide-
lines for the care and use of laboratory animals established by the animal 
experiments committee of Nagoya University Graduate School of Med-
icine. This study was not pre-registered. 

2.2. Drugs 

KW6002 was purchased from Medchemexpress (HY-10888, Mon-
mouth Junction, NJ, USA). The preparation and dosages of KW6002 
were adapted from a previous report (Asaoka et al., 2019) with minor 
modifications. KW6002 was dissolved in DMSO at 24 mg/ml as a stock 
solution and stored at − 20 ◦C until use. Stock solution was diluted with 
0.001% Tween 80/saline (v/v) to desired working concentrations. Mice 
were intraperitoneally injected with vehicle (0.001% Tween 80/saline) 
or KW6002 (0.1 mg/kg and 0.25 mg/kg) 20 min before the training 
session of the passive avoidance test and returned to the home cage until 
behavioral experiments. 

2.3. Antibodies 

The antibody against phosphorylated Rap1gap S563 was previously 
described (Zhang et al., 2019). The following antibodies were obtained 
commercially: rabbit anti-Rap1gap (RRID: AB_777621) from Abcam 
(Cambridge, UK), rabbit anti-phospho-NMDAR1 S897 (RRID: 
AB_2112139) from Cell Signaling Technology (Danvers, MA, USA), 
mouse anti-NMDAR1 (RRID: AB_350446) from Novus Biologicals (Col-
orado, NJ, USA), rat anti-GFP antibody (RRID: AB_10013361) from 
Nacalai Tesque (Kyoto, Japan), rabbit anti-tyrosine hydroxylase (TH) 
antibody (RRID:AB_390204) from Millipore (Burlington, MA, USA), 
mouse anti-RFP (AB_1278880) from MBL Life Science (Aichi, Japan), 
goat anti-rat Alexa fluor 488 (RRID: AB_2534074), goat anti-rabbit 
Alexa fluor 568 (RRID: AB_143157) and goat anti-rabbit alexa fluor 
680 (RRID: AB_10375714) from Thermo Fisher Scientific (Waltham, 
MA, USA), and goat anti-mouse IgG (H + L) Dylight 800 conjugate 
antibody (RRID: AB_10693543) from Cell Signaling Technology. 

2.4. Passive avoidance test 

Passive avoidance tests were carried out according to previous re-
ports with minor modifications (Yamada et al., 1999; Ögren and Stiedl 
2010). The experimental apparatus consisted of one illuminated cham-
ber (25 × 15 × 15 cm high) and one dark chamber with a grid floor. The 
grid floors consisted of 15 parallel steel rods (0.2 cm in diameter) set 1 
cm apart. These two chambers were separated by a guillotine door. On 
day 0, mice were placed into the illuminated chamber. Fifteen seconds 
later, the door was opened. When the mouse entered the dark chamber, 
the door was closed, and the mouse was put back to the home cage. The 
mice that entered the dark chamber within 1 min were used in subse-
quent experiments. On day 1, a training session was carried out. Each 
mouse was placed into the illuminated chamber. Fifteen seconds later, 
the door was opened. The door was immediately closed after the mice 
entered the dark chamber, and electric foot shock (0.4 mA, 60 Hz for 2 s 
or 0.3 mA, 60 Hz for 1 s) was delivered to the grid floor by an isolated 
stimulator (NS-SG01, Neuroscience, Tokyo, Japan). The step-through 
latency was recorded. The test session was carried out 24 h after the 
training session. Each mouse was placed into the illuminated chamber 
again, and step-through latency was recorded up to a maximum cut-off 
time of 5 min. All the procedures were conducted within 1 p.m.–5 p.m. 

2.5. Immunoblotting 

Immediately after decapitation, mice skulls were immersed in liquid 
nitrogen for 4 s. The brains were removed, and the NAc was punched out 
onto an ice-cold plate. Each brain tissue sample was immediately frozen 
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in liquid nitrogen and stored in a freezer at − 80 ◦C until immunoblotting 
assays. Samples were homogenized in 1% SDS and immediately heated 
to 99 ◦C for 10 min. The protein concentration was determined using a 
Pierce BCA protein assay kit (Thermo Fisher Scientific), and 30 μg 
protein of each sample was loaded on 10% acrylamide gels. For total 
protein immunoblotting, 10 μg protein of each sample was loaded on 
10% acrylamide gels. After electrophoresis, the proteins were trans-
ferred onto a polyvinylidene difluoride membrane (Millipore). Mem-
branes were blocked for 1 h with Blocking-One (Nacalai Tesque) at room 
temperature and incubated overnight at 4 ◦C with primary antibodies. 
Primary antibodies and their dilution were as follows: anti-phospho- 
Rap1gap S563 (1:1000), anti-Rap1gap (1:1000), anti-phospho- 
NMDAR1 S897 (1:1000) and anti-NMDAR1 (1:1000). After 3 times 
wash with tris-buffered saline (TBST; 20 mM Tris, 150 mM NaCl, 0.05% 
Tween 20, pH 7.6), the membranes were incubated with goat anti-rabbit 
Alexa fluor 680 or goat anti-mouse IgG (H + L) Dylight 800 conjugate 
antibody (1: 20,000) at room temperature (RT) for 1 h and washed 3 
times with TBST. Signals of antibodies were detected by an infrared 
imaging system (LI-COR Biosciences, Lincoln, NE, USA). Signal in-
tensities were quantified using Imagestudio software (LI-COR Bio-
sciences). The quantified data were normalized with each total protein. 

2.6. Immunohistochemistry 

Immunohistochemical analysis was performed according to a pre-
vious report (Saifullah et al., 2018). Mice were anesthetized with tri-
bromoethanol (200 mg/kg, i.p.) for rapid and deep anesthesia and 
further perfused intracardially with isotonic 4% paraformaldehyde 
(PFA) in PBS, pH 7.4. The brains were post-fixed in 4% PFA overnight at 
4 ◦C. After cryoprotection in 20–30% sucrose in PBS on the following 
days, samples were frozen using OCT compound (Sakura Finetechnical, 
Tokyo, Japan). Coronal brain slices (between +0.86 and +1.5 mm from 
bregma, 20 μm-thick) were fixed with 4% PFA for 5 min and incubated 
with 0.3% Triton X-100/PBS for 10 min at RT. After three times washes 
with 0.3% Triton X-100/PBS, the slices were incubated for 1 h at RT in 
blocking one P (Nacalai Tesque) and stained overnight at 4 ◦C in the 
presence of the primary antibody (anti-GFP antibody, 1:500; 
anti-phospho-Rap1gap S563 antibody, 1:200; anti-TH antibody, 1:500; 
anti-mCherry, 1:500) diluted in blocking one P. The next day, slices were 
washed three times with 0.3% Triton X-100/PBS and incubated with the 
secondary antibody (goat anti-rat Alexa fluor 488, 1:1000; goat 
anti-rabbit Alexa fluor 568, 1:1000, DAPI 1:2000 in blocking one P) for 
1 h at RT. Image acquisition was performed by confocal microscope 
(LSM780, Carl Zeiss, Jena, Germany) using a 63 × objective with 
identical pinhole, dwell time, gain, and laser settings. Three sections 
from each mouse were collected for the analysis. No post-processing was 
performed on any images, and the number of pRap1gap or YFP-positive 
cells was quantified using ImageJ software in three sections in each 
mouse. ROIs (300 μm × 300 μm areas) in the NAc core were acquired at 
the same focal level. The number of target cells in each ROI was 
manually counted using the cell counter plugin of the ImageJ software. 
The results from the ROIs were added to determine the total number of 
positive cells in the NAc core. 

2.7. Plasmid construction and AAV preparation 

mCherry was cloned to replace the EGFP of the pAAV-CAGGS-Flex- 
EGFP-P2A-MCS-WPRE (Nagai et al., 2016a). PKAwt, PKAca, PKAdn 
(Imai et al., 2006; Orellana and Mcknight 1992), Rap1wt, Rap1ca, and 
SPA1ca were each cloned into the multiple cloning site (MCS) of the 
pAAV-CAGGS-Flex-mCherry-P2A-MCS-WPRE. PKAdn and SPA1ca were 
each cloned into the MCS of the 
pAAV-CAGGS-Flex-EGFP-P2A-MCS-WPRE. We cloned mCherry and 
ArchT from pAAV-TetO(3G)-ArCHT-EGFP into pTREtight2 (Addgene 
plasmid # 19407, RRID: addgene_19407). The preparation of AAV 
vectors was as previously described (Sooksawate et al., 2013). AAV 

plasmids, pHelper (Cell Biolabs, Inc., SD, CA), and pAAV-DJ (Cell Bio-
labs, Inc.) were transfected into AAV293 cells (Cell Biolabs, Inc.). After 
72 h incubation, cells were collected, and the viruses were purified by 
two times CsCl-gradient ultracentrifugation. CsCl was subsequently 
removed by dialysis. AAV titers were estimated via qPCR. After titration, 
the concentration of AAV virus solution was diluted to 1.0 × 1012 

genome copies/mL. The illustrations of AAV injection site were shown in 
Fig. S1. 

2.8. Surgery 

Stereotaxic injections were performed on 7-week-old mice with tri-
bromoethanol (250 mg/kg, i.p.) anesthesia using a stereotaxic instru-
ment (David Kopf, Tujunga, CA, USA). A concentrated AAV virus 
solution (0.5 μL, 1.0 × 1012 genome copies/mL) was injected into the 
NAc through a glass capillary at a 10◦ angle and a rate of 0.1 μL/min (0.5 
μL/site, four sites: bregma +1.6, ±1.5, and − 4.4; and +1.0, ±1.6, and 
− 4.5.) or VTA/SNc (0.5 μL/site, two sites: bregma − 3.1, ±0.5 and 
− 4.5). To manipulate in accumbal D2R-MSN, AAV-FLEX-mutant PKA or 
SPA1 was injected into the NAc of Adora2a-Cre transgenic mice. In 
accumbal D1R-MSN manipulation, AAV-FLEX-mutant PKA or SPA1 was 
injected into the NAc of Drd1a-Cre transgenic mice. For the manipula-
tion of mesolimbic DAergic neurons, AAV-tetO-ArchT was injected into 
the VTA/SNc of DAT-PF-tTA transgenic mice. Three weeks after virus 
injection, the mice were subjected to the following experiments. For 
real-time conditioned place aversion test, an optic fiber guide cannula 
(diameter is 500 μm, Eicom, Kyoto, Japan) was placed at least 500 μm 
above the NAc and cemented onto the skull using dental cement (Kur-
aray, Ibaraki, Japan). After surgery, a dummy cannula (diameter is 350 
μm, Eicom, Kyoto, Japan) was inserted into the optic fiber cannula until 
the behavioral test. Mice were allowed at least 3 weeks to recover and to 
express the virus before behavioral experiments. 

2.9. Real-time conditioned place aversion test 

Real-time conditioned place aversion test was done according to 
previously reported methods (Zhu et al., 2016). The experimental 
apparatus consisted of two compartments: an illuminated plexiglass 
chamber and a dark plexiglass chamber (W 16 cm × D 16 cm × H 17 
cm). To render the mice being able to distinguish these two chambers, 
the floor of the white chamber was an uneven plexiglass and the floor of 
the black chamber was a smooth black plexiglass. All sessions were 
conducted under conditions of dim illumination (40 lux). After con-
necting the optical fiber (370 μm, Eicom, Kyoto, Japan), the mice were 
placed in the experimental apparatus for 15 min to record their baseline 
place preference without laser stimulation (Zhu et al., 2016). One side of 
the chamber was randomly assigned as the laser stimulation side. One 
hour after the baseline recording session, mice were put in the non-light 
stimulation side, and the time spent in each compartment was recorded. 
When the mouse entered the light stimulation side of the chamber, 
yellow light was delivered to the NAc (575 nm, 20 ms pulses, 20 Hz) 
until the mouse left the stimulation side. Place aversion score was 
calculated by subtracting the time spent in the stimulation side during 
the baseline (without light stimulation) from the time spent in the 
stimulation side during the test (with light stimulation). 

2.10. Experimental design and statistical analysis 

Time-line diagrams of the experiment were shown in figures. 
Randomization and blinding were not carried out in brain punch out 
samples. Behavioral experiments were conducted using experimentally 
naive animals. No animals were excluded from analyses. The sample 
sizes were not pre-determined. The sample number of passive avoidance 
test are referred to Ögren and Stiedl (2010). Slices were obtained from a 
minimum of 3 different animals. All data are expressed as the mean ±
SEM. One-way or two-way analysis of variance (ANOVA) was used, 
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followed by the Tukey test when the F ratios were significant (p < 0.05). 
Student’s-t test was used to determine the significance of comparisons 
between two groups. Statistical analyses were conducted in Prism 6.0 
(Graphpad software, San Diego, CA, USA). 

3. Results 

3.1. Aversive stimulus activates PKA-Rap1 signaling in the NAc of mice 

To examine whether an aversive stimulus activates PKA in the NAc as 
previously suggested (Nakanishi et al., 2014), we monitored the phos-
phorylation level of NMDA receptor GluN1 subunit S897, which is a 
well-known PKA substrate, in C57BL/6J mice after exposure to electric 
foot shock (0.4 mA, 60 Hz, 2 s) (Fig. 1A). The phosphorylation level of 
GluN1 S897 significantly increased 15, 30, and 60 min after the electric 
foot shock compared with non-foot shocked control mice (p < 0.01 for 
15 and 60 min, p < 0.05 for 30 min, Fig. 1B). Next, we analyzed the 
phosphorylation level of Rap1gap S563 in the NAc after exposure to foot 
shock. The phosphorylation of Rap1gap S563 was promoted 15 min 
after the foot shock exposure, and a significant increase in the phos-
phorylation level was detected 30 min after the exposure compared with 
control mice (p < 0.01, Fig. 1C). These results indicated that the 

PKA-Rap1 signaling in the NAc was activated by aversive stimulus. 

3.2. A2aR mediates Rap1gap phosphorylation evoked by aversive 
stimulus 

It is well-known that A2aR is selectively and highly expressed in 
D2R-MSNs of the NAc (Stockwell et al., 2017). We speculated that A2aR 
might be the key receptor that activates the PKA-Rap1 signaling caused 
by aversive stimulus in the NAc. We injected an A2aR antagonist 
KW6002 or vehicle (0.001% Tween 80/saline) to C57BL/6J mice 20 min 
before electric foot shock (0.4 mA, 60 Hz, 2 s) and monitored Rap1gap 
S563 phosphorylation in the NAc (Fig. 2A). The electric foot shock 
promoted the phosphorylation levels of Rap1gap S563 in the NAc of 
vehicle-treated mice (p < 0.01, Fig. 2B). The electric foot shock-evoked 
Rap1gap S563 phosphorylation was inhibited by pretreatment with 
KW6002 (p < 0.05, Fig. 2B). KW6002 itself had no effect on the phos-
phorylation level of Rap1gap S563 (Fig. 2B). 

To determine whether Rap1gap phosphorylation in accumbal D2R- 
MSNs responds to aversive stimulus, we investigated the anatomical 
expression profile of phosphorylated Rap1gap-positive cells in the NAc 
of Drd2-YFP transgenic mice, in which D2R-MSNs express a variant of 
YFP. The number of phosphorylated Rap1gap S563-positive cells in the 

Fig. 1. Aversive stimulus activates PKA-Rap1 signaling in the NAc of mice. (A) Time-line diagram. C57BL/6J mice were exposed to electric foot shock (0.4 mA, 60 
Hz, 2 s). The phosphorylation level of Rap1gap S563 and GluN1 subunit S897 in the NAc were measured 15, 30, and 60 min after the foot shock. (B, C) Electric foot 
shock increased the phosphorylation level of NMDA receptor GluN1 subunit (B) and Rap1gap (C). Left panels show representative immunoblots. Quantification of the 
immunoblotting assay is shown in the right panels. Data are represented as the mean ± SEM (n = 7 for each group). One-way ANOVA; F(3, 24) = 14.23, p < 0.01 for 
Fig. 1B; F(3, 24) = 7.57, p < 0.01 for Fig. 1C. *p < 0.05 and **p < 0.01. 
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NAc significantly increased in vehicle-treated Drd2-YFP transgenic mice 
60 min after exposure to electric foot shock (0.4 mA, 60 Hz, 2 s) 
compared with that in vehicle-treated control mice without electric foot 
shock (p < 0.05, Fig. 2C and D). The electric foot shock-evoked phos-
phorylation of Rap1gap S563 was dominant in D2R-MSNs of vehicle- 
treated Drd2-YFP transgenic mice (p < 0.05, Fig. 2C and E). Pretreat-
ment with KW6002 decreased the number of phosphorylated Rap1gap 
S563-positive cells evoked by the electric foot shock (p < 0.05, 
Fig. 2C–E). A similar experiment was performed in Drd1a-YFP trans-
genic mice. A significant increase in the number of phosphorylated 
Rap1gap S563-positive cells was observed after electric foot shock 
exposure (Fig. S2). However, phosphorylated Rap1gap S563 immuno-
reactivity co-localized to non-D1R–YFP cells in the NAc of Drd1a-YFP 
transgenic mice. These results suggested that aversive stimulus activates 
PKA-Rap1 signaling mainly through A2aR in accumbal D2R-MSNs but 
not D1R-MSNs. 

3.3. Inhibition of PKA-Rap1 signaling in accumbal D2R-MSNs impairs 
aversive memory in passive avoidance test 

It is well-known that aversive experiences easily form negatively 
charged memory (Hamann et al., 1999; Harris and Pashler 2005; 
Hoscheidt et al., 2014; Meyer and Louilot 2014). Aversive memory may 
be affected by the activation or inactivation of A2aR-PKA-Rap1 
signaling in accumbal D2R-MSNs following aversive stimulus. To 
further understand the causal relationship between signaling pathway 
and aversive behaviors, we performed passive avoidance tests, which 
are fear-motivated tests classically used to assess memory on laboratory 
animals (Ader et al., 1972; Drago et al., 1999; Ögren and Stiedl 2010). 
Mice were administered KW6002 20 min before training sessions with 
electric foot shock (0.4 mA, 60 Hz, 2 s) of the passive avoidance test, and 
step-through latency was recorded in the test session 24 h after training 
(Fig. 3A). Vehicle-treated mice showed a marked increase in the 
step-through latency in the test session (Fig. 3B). KW6002 decreased the 
step-through latency in a dose-dependent manner, indicating an 
impairment of aversive memory (p < 0.05, Fig. 3B). 

To further investigate the role of PKA in D2R-MSNs, we established a 
system in which dominant negative mutant PKA (PKAdn) was expressed 
in the NAc under the control of the A2aR promoter gene (Adora2a) using 
adeno-associated virus (AAV)-mediated flip-excision (FLEX) conditional 
transgenic techniques (Fig. 3C and D). The PKAdn is a cAMP-binding 
domain that leads to the inhibition of PKA activity [G324D] (Clegg 
et al., 1987; Correll et al., 1989). Three weeks after the AAV injection, 
Adora2a-Cre transgenic mice were subjected to the passive avoidance 
test. Compared with an mCherry-expressed control group, Adora2a-Cre 
mice expressing PKAdn showed significantly decreased step-through 
latency (p < 0.01, Fig. 3D). When DA D1R promoter gene (Drd1a) 
transgenic mice were injected with AAV-PKAdn into the NAc, no sig-
nificant differences were observed between PKAdn and the 
mCherry-expressed control in the Drd1a-Cre mice (Fig. S3). We moni-
tored the effect of constitutive active mutant SPA1 (SPA1ca), which is a 
RapGAP and can inactivate Rap1 (Fig. 3E). SPA1ca was used in the 

present study to inhibit the Rap1 activity in D2R-MSNs instead of 
dominant negative mutant Rap1 (Rap1dn) because Rap1dn has been 
reported to fail to bind to Rap1 GEFs (Reedquist et al., 2000; Berghe 
et al., 1997). SPA1ca-transfected Adora2a-Cre transgenic mice showed 
memory impairment in the passive avoidance test (p < 0.01, Fig. 3E). 
Both PKAdn and SPA1ca had no effect on pain threshold levels in the 
Adora2a-Cre transgenic mice (Figs. S4A and B). These results indicated 
that the inhibition of A2aR-PKA-Rap1 signaling pathway in D2R-MSNs 
impairs aversive memory. 

3.4. Activation of PKA-Rap1 signaling in accumbal D2R-MSN enhances 
aversive memory 

We investigated whether activation of PKA-Rap1 signaling in 
accumbal D2R-MSN could enhance aversive memory. Adora2a-Cre 
transgenic mice were injected with AAV encoding wild-type PKA 
(PKAwt), constitutively active mutant PKA (PKAca), wild-type Rap1 
(Rap1wt), or constitutively active mutant Rap1 (Rap1ca) into the NAc. 
PKAca is a PKA catalytic subunit that is not regulated by cAMP [H87Q 
and W196R] (Orellana and Mcknight 1992). Rap1ca is a fast-cycling 
variant of Rap1a [F28L] (Reinstein et al., 1991). Three weeks later, 
training sessions in the passive avoidance test with low level electric foot 
shocks (0.3 mA, 60 Hz, 1 s) were carried out, and step-through latency 
was recorded in test sessions 24 h after the training (Fig. 4A and B). As 
expected, the step-through latency of PKAca or Rap1ca-expressed 
Adora2a-Cre transgenic mice significantly increased compared with 
mCherry-expressed control mice (p < 0.01 and p < 0.05, respectively, 
Fig. 4C and D). The PKAwt and Rap1wt-expressed Adora2a-Cre trans-
genic mice also showed an increase in step-through latency, but not 
significant, compared with mCherry-expressed control mice (Fig. 4C and 
D). Both PKAca and Rap1ca had no effect on pain threshold levels in the 
Adora2a-Cre transgenic mice (Fig. S4C). These results indicated that 
activation of PKA-Rap1 signaling in accumbal D2R-MSN facilitates 
aversive memory. 

3.5. MAPK signaling in accumbal D2R-MSN mediates aversive memory 

MAPK1/3 (also ERK1/2) is known to be activated by Rap1 by acti-
vating B-raf-MEK1/2 signaling (Nagai et al., 2016a; Waltereit and 
Weller 2003). Therefore, to further examine the role of MAPK signaling 
in aversive memory, we investigated the effects of dominant negative 
mutant MEK1 (MEK1dn) or constitutively active mutant MEK1 
(MEK1ca) expression in accumbal D2R-MSN on the performance in 
passive avoidance tests (Fig. 5A and B). MEK1dn-transfected Ador-
a2a-Cre transgenic mice showed reduced step-through latency in the test 
session of the passive avoidance test (p < 0.01, Fig. 5C). Conversely, the 
step-through latency of MEK1ca-transfected Adora2a-Cre transgenic 
mice increased compared with that of control mice (p < 0.01, Fig. 5D), 
suggesting that MAPK1/3 in accumbal D2R-MSN may be one down-
stream PKA-Rap1 molecule that mediates aversive memory. 

Fig. 2. A2aR mediates Rap1gap phosphorylation evoked by aversive stimulus. (A) Time-line diagram. We intraperitoneally injected an A2aR antagonist KW6002 
(0.25 mg/kg) or vehicle (0.001% Tween 80/saline) to C57BL/6J or Drd2-mVenus transgenic mice 20 min before electric foot shock (0.4 mA, 60 Hz, 2 s) and 
monitored Rap1gap S563 phosphorylation in the NAc. (B) A2aR antagonist KW6002 inhibited phosphorylation of Rap1gap S563 after electric foot shock. Left panels 
show representative immunoblots. Quantification of the immunoblotting assay is shown in the right panels. Data are represented as the mean ± SEM (n = 6 for each 
group). Two-way ANOVA; foot shock, F(1, 20) = 9.449, p = 0.006; A2aR antagonist, F(1, 20) = 2.776, p = 0.111; interaction, F(1, 20) = 8.178, p = 0.010. (C–E) 
Rap1gap phosphorylation was detected in accumbal D2R-MSNs after electric foot shock. Rap1gap phosphorylation was inhibited by the pretreatment with A2aR 
antagonist. The diagrammatic representation shows the brain area examined for immunohistochemical analysis (left panel). The red square indicates the region of 
interest. Immunofluorescence staining image using the anti-phosphorylated Rap1gap S563 (upper panel) or overlay of anti-phosphorylated Rap1gap S563, anti-GFP 
antibody, and DAPI (bottom panels) is shown. Magenta, phosphorylated Rap1gap S563; green, D2R-MSN; blue DAPI. Scale bar indicates 20 μm. Quantification of 
phosphorylated Rap1gap S563-positive cells is shown (D). Two-way ANOVA; foot shock, F(1, 8) = 32.75, p < 0.001; A2aR antagonist, F(1, 8) = 33.58, p < 0.001; 
interaction, F(1, 8) = 27.17, p = 0.001. (E) Percentage of phosphorylated Rap1gap S563 and YFP double-positive cells in all YFP-positive cells in each mouse. Data 
are represented as the mean ± SEM (n = 3 for each group). Two-way ANOVA; foot shock, F(1, 8) = 44.6, p < 0.001; A2aR antagonist, F(1, 8) = 38.6, p < 0.001; 
interaction, F(1, 8) = 37.01, p < 0.001. *p < 0.05 and **p < 0.01. 
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Fig. 3. Inhibition of A2aR-PKA-Rap1 signaling in accumbal D2R-MSN impairs aversive memory in passive avoidance tests. (A, B) A2aR antagonist decreased step- 
through latency in passive avoidance tests. (A) Time-line diagram. (B) Step-through latency in passive avoidance tests. Data are represented as the mean ± SEM (n =
8 for vehicle-treated control and 0.1 mg/kg KW6002-treated group, n = 9 for 0.25 mg/kg KW6002-treated group). Two-way ANOVA; training, F(1, 44) = 266.9, p <
0.001; A2aR antagonist, F(2, 44) = 3.283, p = 0.047; interaction, F(2, 44) = 3.435, p = 0.041. (C–E) AAV-mediated expression of PKAdn or SPA1ca in D2R-MSNs 
decreased step-through latency. (C) Time-line diagram. Adora2a-Cre mice were injected with AAV encoding PKAdn or SPA1ca mutant. Passive avoidance tests were 
carried out 3 weeks after the AAV injection. During the training session, mice were given electric foot shock (0.4 mA, 60 Hz, 2 s) following the measurement of step- 
through latency. The test session was carried out 24 h after the training session. Schematic of AAV-mediated PKAdn and SPA1ca expression in accumbal D2R-MSNs. 
The diagram shows the AAV constructs (upper left panel) and stereotaxic injection of AAVs into the NAc of Adora2a-Cre transgenic mice (bottom left panel). 
Representative coronal brain slices showing the expression of mCherry 3 weeks after AAV injection into the NAc (bottom middle and right panel). Representative 
coronal image of mCherry expression in D2R-MSNs (green color) of the NAc (bottom middle panel). The scale bars indicate 100 μm (bottom middle panel), 1 mm 
(bottom right panel). (D, E) Step-through latency of PKAdn (D) or SPA1ca (E)-injected Adora2a-Cre mice. Data are represented as the mean ± SEM (n = 8 for control/ 
Adora2a-Cre, PKAdn/Adora2a-Cre for Fig. 3D; n = 7 for control/Adora2a-Cre and n = 8 for SPA1ca/Adora2a-Cre for Fig. 3E). Two-way ANOVA; training, F(1, 28) =
142.8, p < 0.001; PKAdn, F(1, 28) = 31.54, p < 0.001; interaction F(1, 28) = 27.9, p < 0.001 for Fig. 3D; training, F(1, 26) = 63.9, p < 0.001; SPA1ca, F(1, 26) =
6.777, p = 0.015; interaction, F(1, 26) = 6.439, p = 0.018 for Fig. 3E. **p < 0.01. 
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3.6. Inhibition of PKA-Rap1 signaling in accumbal D2R-MSN attenuates 
the aversive response caused by optogenetic inactivation of mesolimbic 
DAergic neurons 

DAergic activity in the ventral tegmental area (VTA) has been re-
ported to decrease after aversive stimulus or absence of a predicted 
reward (Cohen et al., 2012; Matsumoto and Hikosaka 2009; Mirenowicz 
and Schultz 1996; Ungless et al., 2004). Optogenetic activation of the 
striatal D2R-MSNs induces avoidance behavior (Kravitz et al., 2012). We 
previously showed that adenosine positively regulates PKA in 
D2R-MSNs through A2aR, whereas this effect is blocked by basal DA in 
the NAc (Zhang et al., 2019). These findings raised the possibility that 
activating A2aR-PKA-Rap1-MAPK signaling in accumbal D2R-MSNs 
following hypofunction of mesolimbic DAergic neurons enhanced 

aversive response to stimulus thereby promoting aversive memory. To 
demonstrate our hypothesis, we applied an optogenetic technique to 
inhibit mesolimbic DAergic neurons. ArchT-mCherry was expressed in 
the VTA/SNc under the control of the DA transporter (DAT) promoter 
gene (Slc6a3) using AAV-mediated conditional transgenic techniques 
(Fig. 6A). Immunohistochemistry revealed exclusive expression of 
ArchT-mCherry with a DAergic neuronal marker TH (Fig. 6B). To 
manipulate D2R-MSNs, we injected AAV-PKAdn or SPA1ca, and 
AAV-tetO-ArchT-mCherry into the NAc and VTA/SNc of Adora2a-Cre:: 
DAT-PF-tTA double transgenic mice, respectively. Real-time place 
aversion test was carried out 3 weeks after the AAV injection (Fig. 6C). 
Optogenetic inhibition of the mesolimbic DAergic pathway reduced the 
time spent in a chamber with yellow light stimulation (p < 0.05, 
Fig. 6C). No changes in locomotor activity was observed among all 

Fig. 4. Activation of PKA-Rap1 signaling in accumbal D2R-MSN enhances aversive memory. (A) Time-line diagram. Adora2a-Cre mice were injected with AAV 
encoding PKAwt, PKAca, Rap1wt, or Rap1ca mutant. Passive avoidance tests were carried out 3 weeks after the AAV injection. During the training session, mice were 
given electric foot shock (0.3 mA, 60 Hz, 1 s) following the measurement of step-through latency. The test session was carried out 24 h after the training session. (B) 
Schematic of AAV-mediated PKA and Rap1 expression in accumbal D2R-MSNs. The diagram shows the AAV constructs (upper and left panel) and stereotaxic in-
jection of AAVs into the NAc of Adora2a-Cre transgenic mice (right panel). Representative coronal brain slices showing the expression of mCherry 3 weeks after AAV 
injection into the NAc (right panel). The scale bars indicate 1 mm. (C, D) AAV-mediated expression of PKAwt and PKAca (C) or Rap1wt and Rap1ca (D) in D2R-MSNs 
potentiated step-through latency. Data are represented as the mean ± SEM (n = 14 for control/Adora2a-Cre, n = 8 for PKAwt/Adora2a-Cre and PKAca/Adora2a-Cre 
for Fig. 4C; n = 14 for control/Adora2a-Cre, n = 8 for Rap1wt/Adora2a-Cre and n = 9 for Rap1ca/Adora2a-Cre for Fig. 4D). Two-way ANOVA; training, F(1, 54) =
109.2, p < 0.001; PKA mutant, F(2, 54) = 9.012, p < 0.001; interaction, F(2, 54) = 6.393, p = 0.003 for Fig. 4C; training, F(2, 56) = 83.360, p < 0.001; Rap1 mutant, 
F(2, 56) = 3.668, p = 0.032; interaction, F(2, 56) = 2.885 p = 0.064 for Fig. 4D.*p < 0.05 and **p < 0.01. 
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groups in real-time place aversion test (Fig. S5). These results indicate 
that inhibiting mesolimbic DAergic neuron causes aversive behavior. 
This aversive response was suppressed by PKAdn and SPA1ca expression 
in accumbal D2R-MSNs (p < 0.01 and p < 0.05, respectively, Fig. 6C). 

These data clearly indicated that PKA-Rap1 signaling in accumbal 
D2R-MSNs controls aversive response. 

Fig. 5. MAPK signaling in accumbal D2R-MSN mediates aversive memory. (A) Time-line diagram. Adora2a-Cre mice were injected with AAV encoding MEK1dn or 
MEK1ca mutant. Passive avoidance tests were carried out 3 weeks after the AAV injection. During the training session, mice were given electric foot shock (0.4 mA, 
60 Hz, 2 s for MEK1dn, 0.3 mA, 60 Hz, 1 s for MEK1ca) following measurement of step-through latency. The test session was carried out 24 h after training session. 
(B) Schematic of AAV-mediated MEK1 expression in accumbal D2R-MSNs. The diagram shows the AAV constructs (upper panel) and stereotaxic injection of AAVs 
into the NAc of Adora2a-Cre transgenic mice (bottom left panel). Representative coronal brain slices showing the expression of mCherry 3 weeks after AAV injection 
into the NAc (bottom right panel). The scale bars indicate 1 mm. (C) AAV-mediated expression of MEK1dn reduced step-through latency. (D) AAV-mediated 
expression of MEK1ca in D2R-MSNs extended step-through latency. Data are represented as the mean ± SEM (n = 7 for control/Adora2a-Cre, n = 8 for 
MEK1dn/Adora2a-Cre for Fig. 5C; n = 14 for control/Adora2a-Cre, n = 8 for MEK1ca/Adora2a-Cre for Fig. 5D). Two-way ANOVA; training, F(1, 28) = 62.81, p <
0.001; MEK1dn, F(1, 28) = 10.7, p = 0.003; interaction, F(1, 28) = 16.39, p < 0.001 for Fig. 5C; training, F(1, 40) = 62.72, p < 0.001; MEK1ca, F(1, 40) = 9.606, p 
= 0.004; interaction, F(1, 40) = 7.512, p = 0.009 for Fig. 5D. **p < 0.01. 
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4. Discussion 

The basal ganglia circuit, which includes mesolimbic DAergic neu-
rons, has long been implicated in positive and negative reinforcements, 
such as reward-related behaviors, addiction, aversive processing, and 
depression. However, the encoding of aversive processing in this circuit 
remains largely unclear. In this study, we proposed a new perspective on 
the balance between activation of A2aR and inactivation of D2R in 

accumbal D2R-MSN using a combination of neurochemical, histo-
chemical, AAV expression system, optogenetics, and behavioral tech-
niques. In basal condition, adenosine tonically stimulates PKA-Rap1 
through A2aR, but the activation of PKA-Rap1 is inhibited by D2R 
activation under basal DA concentration. The decrease of dopamine 
release and the subsequent inactivation of D2R in response to aversive 
stimuli activates PKA-Rap1 signaling due to disinhibition. Thus, the NAc 
may mediate aversive behavior through the A2aR-PKA-Rap1 signaling 

Fig. 6. Inhibition of PKA-Rap1 signaling in accumbal D2R-MSN attenuates the aversive response caused by the inactivation of DAergic neurons in real-time place 
aversion test. (A) Time-line diagram (B) Schematic of AAV-mediated inactivation of DAergic neurons. The diagram shows the AAV constructs (upper left panel) and 
stereotaxic injection of AAVs into the VTA/SNc of DAT-PF-tTA transgenic mice (bottom left panel). Representative coronal brain slices showing the expression of 
mCherry (red), TH (green), and DAPI staining (blue) in the NAc (upper right panel) and VTA/SNc (bottom middle panel) 3 weeks after AAV injection of tetO-ArchT- 
mCherry into the VTA/SNc. The scale bar indicates 1 mm. Large magnification of VTA/SNc was shown in bottom right panel. The scale bar indicates 200 μm. (C) 
Expression of PKAdn and SPA1ca in accumbal D2R-MSNs attenuates the aversive response induced by light-stimulus in real-time place aversion test. Adora2a-Cre:: 
DAT-PF-tTA double transgenic mice were injected AAV encoding PKAdn or SPA1ca into the NAc, and tetO-ArchT into the VTA/SNc (upper left panel). Mice were 
subjected to real-time place aversion test 3 weeks after the AAV injection (bottom left panel). Place aversion scores of AAV-injected mice were shown in the right 
panel. Data are represented as the mean ± SEM (n = 4 for mCherry-EGFP/Adora2a-Cre::DAT-PF-tTA, mCherry-PKAdn/Adora2a-Cre::DAT-PF-tTA, mCherry-SPA1ca/ 
Adora2a-Cre::DAT-PF-tTA, ArchT-SPA1ca/Adora2a-Cre::DAT-PF-tTA and n = 5 for ArchT-EGFP/Adora2a-Cre::DAT-PF-tTA, ArchT-PKAdn/Adora2a-Cre::DAT-PF-tTA). 
Two-way ANOVA; ArchT, F(1, 20) = 1.738, p = 0.202; mutants, F(2, 20) = 5.186, p = 0.015; interaction, F(2, 20) = 6.325, p = 0.007. *p < 0.05 and **p < 0.01. 
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pathway following the reduction of DA release from mesolimbic DAergic 
neurons in the NAc after aversive stimuli (Fig. 7). Furthermore, we 
found evidence that MAPK signaling pathway in accumbal D2R-MSN 
plays a role in aversive behaviors. 

The phosphorylation levels of NMDA receptor GluN1 subunit at S897 
and Rap1gap S563 have been used to monitor PKA activity because they 
are well-known PKA substrates (Maldve et al., 2002; Zhang et al., 2019). 
Phosphorylation of NMDA receptor GluN1 subunit S897 by PKA is 
required for the surface expression of GluN1 followed by alteration of 
the size and threshold of synaptic plasticity (Scott et al., 2001). The 
phosphorylation of Rap1gap S563 inactivates its GAP activity (McAvoy 
et al., 2009). Therefore, Rap1gap is a strongly recommended candidate 
for observing the activity of both PKA and Rap1 activity. In vivo FRET 
imaging reveals that PKA activation is observed in accumbal D2R-MSNs 
when mice are exposed to electric foot shock (Yamaguchi et al., 2015). 
Zhang et al. (2019) found that the phosphorylation of NMDA receptor 
GluN1 subunit S897 and Rap1gap S563 are promoted by A2aR agonists 
in striatal slices. In the present study, phosphorylation levels of NMDA 
receptor GluN1 subunit S897 and Rap1gap S563 increased in the NAc of 
mice exposed to electric foot shock (Fig. 1), indicating that the aversive 
stimulus activates PKA-GluN1 and the PKA-Rap1 signaling pathway in 
the NAc. 

We previously reported that A2aR-stimulated Rap1gap S563 phos-
phorylation is inhibited by D2R agonists in striatal slices (Zhang et al., 

2019). However, the role of A2aR signaling in aversive behavior remains 
unclear. Here, we demonstrated that electric foot shock-evoked phos-
phorylation of Rap1gap S563 was evident in D2R-MSNs of the NAc and 
that this phosphorylation was inhibited by A2aR antagonist KW6002. 
This suggests that A2aR in accumbal D2R-MSN is the upstream receptor 
involved in aversive responses. In fact, A2aR antagonist attenuated 
aversive memory and reduced PKA-Rap1 signaling caused by electric 
footshock in accumbal D2R-MSNs. These findings indicate that A2aR is a 
trigger that promotes PKA-Rap1 signaling after aversive stimuli. 

To investigate how PKA-Rap1 signaling contributes to aversive 
behavior, we used AAV-mediated cell-type specific PKA and Rap1 
manipulation in accumbal D2R-MSNs. Inhibition of PKA-Rap1 signaling 
suppressed the step-through latency in passive avoidance tests, whereas 
the activation of PKA-Rap1 signaling potentiated the latency. PKA- 
mutant-injected Adora2a mice showed an equal pain threshold level to 
control mice. These results indicated that PKA-Rap1 signaling controls 
aversive memory and that this is not due to a sensitivity to nociceptive 
pain. 

Previous studies have reported that Rap1 is associated with synaptic 
plasticity and mental disorders (Pan et al., 2008; Stornetta and Zhu 
2011). MAPK1/3 can be activated by PKA-Rap1 signaling cascade 
(Nagai et al., 2016a; Waltereit and Weller 2003). We also tested the role 
of MAPK in aversive memory through the AAV-mediated expression of 
MEK1 mutants. Consistent with previous reports (Shalin et al., 2004), 

Fig. 7. Working model of PKA-Rap1 signaling in accumbal D2R-MSN mediating aversive behaviors. (A) Basal condition. Adenosine tonically stimulates PKA-Rap1 
through A2aR. The activation of PKA-Rap1 is inhibited by D2R activation under basal DA concentration. Thus, D2R-MSN activity is suppressed (B) Low DA level. A 
low DA state (e.g., aversive experience). activates D2R-MSN due to the inability of D2R to suppress the PKA-Rap1-MAPK pathway downstream A2aR. The activation 
of accumbal D2R-MSNs regulates aversive response and memory formation. 
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MEK1dn attenuated aversive memory, whereas MEK1ca potentiated 
aversive memory. The A2aR-PKA-Rap1 signaling pathway may promote 
the processing of aversive memory through MAPK. In accumbal 
D1R-MSNs, Rap1-MAPK pathway controls the neuronal excitability 
(Nagai et al., 2016b). MAPK also enhances reward-related learning and 
memory through Npas4 phosphorylation to increase transcriptional 
activity (Funahashi et al., 2019). Further studies are underway to 
investigate the role of MAPK and its downstream targets in accumbal 
D2R-MSNs. 

Inhibition of A2aR, PKA, Rap1, and MEK1 partially suppressed step- 
through latency in the passive avoidance test (Figs. 3 and 5). DA released 
from VTA and paraventricular thalamus to NAc contributes to the sa-
liency (Hu 2016; Zhu et al., 2016). It has been reported that DA release 
from VTA is inhibited by the neurons in the rostromedial tegmental 
nucleus when rats were given aversive stimuli (Jhou et al., 2009; 
Sánchez-Catalán et al., 2017). In addition to DAergic input, the NAc also 
receives several glutamatergic inputs from the ventral hippocampus, 
basolateral amygdala, prefrontal cortex, and thalamus (Scofield et al., 
2016). Serotonin, oxytocin, orexin as well as other neurotransmitters 
have been shown to regulate the activity of the NAc (Klawonn and 
Malenka 2018). It has been demonstrated that melanocortin signaling 
through melanocortin 4 receptors in the anterior part of NAc is critical 
for assigning negative motivational valence to harmful stimuli (Klawonn 
et al., 2018). Recent studies illustrate that the lateral and medial part of 
NAc forms different circuit in controlling reward and aversive response 
(Yang et al., 2018; de Jong et al., 2019). Thus, PKA-Rap1 pathway in the 
accumbal D2R-MSNs is one of the key elements which control aversive 
behavior among various factors involved in aversive behaviors. 

D2R-MSN has been reported to be involved in rapid aversive re-
actions and memory formation (Danjo et al., 2014). PKA inhibition in 
accumbal D2R-MSN has been shown to decrease aversive memory for-
mation and extinction (Yamaguchi et al., 2015). However, the aversive 
reaction appears when accumbal D2R-MSN are excited after the sup-
pression of DAergic terminals in NAc (de Jong et al., 2019). Therefore, to 
further specify the role of A2aR-PKA-Rap1-MAPK signaling in accumbal 
D2R-MSNs in aversive response, we used optogenetic approaches to 
inhibit the DAergic activity in the NAc. According to the results of 
real-time place aversion, the inhibition of PKA-Rap1 signaling in 
accumbal D2R-MSNs can attenuate aversive response induced by pho-
tostimulation. These results suggested that A2aR-PKA-Rap1-MAPK 
signaling mainly plays a role in aversive response; thus, memory for-
mation is impaired. 

Based on the pharmacological and microdialysis analysis in rats, 
basal adenosine concentrations are estimated to be in the range of 
25–250 nM and is capable of tonically activating A2aR (Dunwiddie and 
Masino 2001). It has been reported that handling as an aversive stimulus 
did not significantly change extracellular adenosine levels in the NAc of 
rats although there was no report that A2aR is upregulated in response 
to aversive stimuli (Nagel and Hauber, 2002). If aversive stimulus alters 
neither release of adenosine nor expression of A2aR, it is reasonable that 
inhibition of D2R activates the signaling downstream A2aR. 

The deficiencies of aversive behaviors are associated with various 
neuropsychological disorders, such as anxiety disorders and post- 
traumatic stress disorder (PTSD) (Borsook et al., 2007; Elman et al., 
2018). Our study provides a novel application of an A2aR antagonist 
that has been approved for the adjunctive treatment of patients with 
Parkinson’s disease (Franco and Navarro 2018) in controlling aversive 
behaviors. The present study would provide clues to therapeutic stra-
tegies for treating neuropsychological disorders. 

5. Conclusion 

We have recently proposed that the balance between DA and aden-
osine signals regulates the PKA-Rap1 pathway in D1R-MSNs and D2R- 
MSNs (Zhang et al., 2019). Basal DA concentration cannot activate 
D1R but activates D2R to suppress D2R-MSN activity. A high DA state (e. 

g., reward acquirement and abused drugs intake) activates D1R-MSN 
and inactivates D2R-MSN, whereas a low DA state (e.g., aversive expe-
rience) activates D2R-MSN due to the inability of D2R to suppress the 
A2aR-PKA-Rap1-MAPK pathway. The activation of accumbal D2R-MSNs 
regulates aversive response and memory formation. Our findings pro-
vide a novel negative reinforcement regulating mechanism managed by 
the activation of PKA-Rap1 in D2R-MSNs. 
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Ögren, S.O., Stiedl, O., 2010. Passive avoidance. In: Stolerman, I.P. (Ed.), Encyclopedia 
of Psychopharmacology. Springer, Berlin, Heidelberg, pp. 1–10. https://doi.org/ 
10.1007/978-3-540-68706-1_160. 

Orellana, S.A., Mcknight, S.G., 1992. Mutations in the catalytic subunit of cAMP- 
dependent protein kinase result in unregulated biological activity. Proc. Natl. Acad. 
Sci. U.S.A. 89, 4726–4730. https://doi.org/10.1073/pnas.89.10.4726. 

Pan, B.X., Vautier, F., Ito, W., Bolshakov, V.Y., Morozov, A., 2008. Enhanced cortico- 
amygdala efficacy and suppressed fear in absence of Rap1. J. Neurosci. 28, 
2089–2098. https://doi.org/10.1523/JNEUROSCI.5156-07.2008. 

Reedquist, K.A., Ross, E., Koop, E.A., Wolthuis, R.M.F., Zwartkruis, F.J.T., Kooyk, Y.V., 
Salmon, M., Buckley, C.D., Bos, J.L., 2000. The small GTPase, Rap1, mediates CD31- 
induced integrin adhesion. J. Cell Biol. 148, 1151–1158. https://doi.org/10.1083/ 
jcb.148.6.1151. 

Reinstein, J., Schlichting, I., Frech, M., Goody, R.S., Wittinghofer, A., 1991. p21 with a 
phenylalanine 28 to leucine mutation reacts normally with the GTPase activating 
protein GAP but nevertheless has transforming properties. J. Biol. Chem. 266, 
17700–17706. 

Saifullah, M.A., Bin, Nagai, T., Kuroda, K., Wulaer, B., Nabeshima, T., Kaibuchi, K., 
Yamada, K., 2018. Cell type-specific activation of mitogen-activated protein kinase 
in D1 receptor-expressing neurons of the nucleus accumbens potentiates stimulus- 
reward learning in mice. Sci. Rep. 8, 1–12. https://doi.org/10.1038/s41598-018- 
32840-1. 

Sánchez-Catalán, M., Faivre, F., Yalcin, I., Muller, M., Massotte, D., Majchrzak, M., 
Barrot, M., 2017. Response of the tail of the ventral tegmental area to aversive 
stimuli. Neuropsychopharmacology 42, 638–648. https://doi.org/10.1038/ 
npp.2016.139. 

Y.-H. Lin et al.                                                                                                                                                                                                                                  

https://doi.org/10.1523/ENEURO.0366-18.2019
https://doi.org/10.1523/JNEUROSCI.3557-12.2012
https://doi.org/10.1038/sj.onc.1201407
https://doi.org/10.1038/sj.onc.1201407
https://doi.org/10.1016/j.ejpain.2005.12.005
https://doi.org/10.1016/J.Neuron.2010.11.022
https://doi.org/10.1016/J.Neuron.2010.11.022
https://doi.org/10.1073/pnas.90.20.9576
https://doi.org/10.1073/pnas.90.20.9576
http://refhub.elsevier.com/S0197-0186(20)30326-0/sref8
http://refhub.elsevier.com/S0197-0186(20)30326-0/sref8
http://refhub.elsevier.com/S0197-0186(20)30326-0/sref8
https://www.jbc.org/content/262/27/13111.full.pdf
https://www.jbc.org/content/264/28/16672.full.pdf
https://www.jbc.org/content/264/28/16672.full.pdf
https://doi.org/10.1073/pnas.1404323111
https://doi.org/10.1016/j.neuron.2018.11.005
https://doi.org/10.1016/j.neuron.2018.11.005
https://doi.org/10.1016/s0924-977x(98)00032-7
https://doi.org/10.1146/annurev.neuro.24.1.31
https://doi.org/10.1146/annurev.neuro.24.1.31
https://doi.org/10.1038/s41398-018-0292-6
https://doi.org/10.1038/nn.2703
https://doi.org/10.1016/0169-328x(92)90173-9
https://doi.org/10.3389/fpsyt.2018.00068
https://doi.org/10.3389/fpsyt.2018.00068
https://doi.org/10.1016/j.celrep.2019.10.116
https://doi.org/10.1016/j.celrep.2019.10.116
https://doi.org/10.1038/6404
https://doi.org/10.1037/1528-3542.5.2.191
https://doi.org/10.1037/1528-3542.5.2.191
https://doi.org/10.1016/j.nlm.2013.09.008
https://doi.org/10.1016/j.nlm.2013.09.008
https://doi.org/10.1146/annurev-neuro-070815-014106
https://doi.org/10.1146/annurev-neuro-070815-014106
https://doi.org/10.1126/science.1131794
https://doi.org/10.1016/j.neuron.2009.02.001
https://doi.org/10.1101/sqb.2018.83.037457
https://doi.org/10.1101/sqb.2018.83.037457
https://doi.org/10.1172/JCI97854
https://doi.org/10.1038/nn.3100
https://doi.org/10.1038/nn.3100
https://doi.org/10.1523/JNEUROSCI.1875-13.2013
https://doi.org/10.1038/nn877
https://doi.org/10.1038/nature08028
https://doi.org/10.1038/nature08028
https://doi.org/10.1073/pnas.0813263106
https://doi.org/10.1073/pnas.0813263106
https://doi.org/10.3389/fnins.2012.00137
https://doi.org/10.3389/fnins.2012.00137
https://doi.org/10.3389/fnbeh.2014.00118
https://doi.org/10.1038/379449a0
https://doi.org/10.1038/379449a0
https://doi.org/10.1016/j.neuron.2015.12.019
https://doi.org/10.1016/j.tips.2016.07.003
https://doi.org/10.1016/S0166-4328(02)00062-1
https://doi.org/10.1523/JNEUROSCI.0730-15.2015
https://doi.org/10.1016/j.neuroscience.2014.04.026
https://doi.org/10.1038/npp.2011.312
https://doi.org/10.1038/npp.2011.312
https://doi.org/10.1007/978-3-540-68706-1_160
https://doi.org/10.1007/978-3-540-68706-1_160
https://doi.org/10.1073/pnas.89.10.4726
https://doi.org/10.1523/JNEUROSCI.5156-07.2008
https://doi.org/10.1083/jcb.148.6.1151
https://doi.org/10.1083/jcb.148.6.1151
http://refhub.elsevier.com/S0197-0186(20)30326-0/sref46
http://refhub.elsevier.com/S0197-0186(20)30326-0/sref46
http://refhub.elsevier.com/S0197-0186(20)30326-0/sref46
http://refhub.elsevier.com/S0197-0186(20)30326-0/sref46
https://doi.org/10.1038/s41598-018-32840-1
https://doi.org/10.1038/s41598-018-32840-1
https://doi.org/10.1038/npp.2016.139
https://doi.org/10.1038/npp.2016.139


Neurochemistry International 143 (2021) 104935

14

Scofield, M.D., Heinsbroek, J.A., Gipson, C.D., Kupchik, Y.M., Spencer, S., Smith, A.C., 
Roberts-Wolfe, D., Kalivas, P.W., 2016. The nucleus accumbens: mechanisms of 
addiction across drug classes reflect the importance of glutamate homeostasis. 
Pharmacol. Rev. 68, 816–871. https://doi.org/10.1124/pr.116.012484. 

Scott, D.B., Blanpied, T.A., Swanson, G.T., Zhang, C., Ehlers, M.D., 2001. An NMDA 
receptor ER retention signal regulated by phosphorylation and alternative splicing. 
J. Neurosci. 21, 3063–3072. https://doi.org/10.1523/JNEUROSCI.21-09- 
03063.2001. 

Shalin, S.C., Zirrgiebel, U., Honsa, K.J., Julien, J., Miller, F.D., Kaplan, D.R., Sweatt, J.D., 
2004. Neuronal MEK is important for normal fear conditioning in mice. J. Neurosci. 
Res. 75, 760–770. https://doi.org/10.1002/jnr.20052. 

Smith, R.J., Lobo, M.K., Spencer, S., Kalivas, P.W., 2013. Cocaine-induced adaptations in 
D1 and D2 accumbens projection neurons (a dichotomy not necessarily synonymous 
with direct and indirect pathways). Curr. Opin. Neurobiol. 23, 546–552. https://doi. 
org/10.1016/j.conb.2013.01.026. 

Sooksawate, T., Isa, K., Matsui, R., Kato, S., Kinoshita, M., Kobayashi, K., Watanabe, D., 
Kobayashi, K., Isa, T., 2013. Viral vector-mediated selective and reversible blockade 
of the pathway for visual orienting in mice. Front. Neural Circ. 7, 1–11. https://doi. 
org/10.3389/fncir.2013.00162. 

Stockwell, J., Jakova, E., Cayabyab, F.S., 2017. Adenosine A1 and A2A receptors in the 
brain: current research and their role in neurodegeneration. Molecules 22, 1–18. 
https://doi.org/10.3390/molecules22040676. 

Stornetta, R.L., Zhu, J.J., 2011. Ras and Rap signaling in synaptic plasticity and mental 
disorders. Neuroscientist 17, 54–78. https://doi.org/10.1177/1073858410365562. 

Surmeier, D.J., Bargas, J., Hemmings, H.C., Nairn, A.C., Greengard, P., 1995. Modulation 
of calcium currents by a D1 dopaminergic protein kinase/phosphatase cascade in rat 
neostriatal neurons. Neuron 14, 385–397. https://doi.org/10.1016/0896-6273(95) 
90294-5. 

Surmeier, D.J., Ding, J., Day, M., Wang, Z., Shen, W., 2007. D1 and D2 dopamine- 
receptor modulation of striatal glutamatergic signaling in striatal medium spiny 

neurons. Trends Neurosci. 30, 228–235. https://doi.org/10.1016/j. 
tins.2007.03.008. 

Svenningsson, P., Le, Moine C., Fisone, G., Fredholm, B.B., 1999. Distribution, 
biochemistry and function of striatal adenosine A2A receptors. Prog. Neurobiol. 59, 
355–396. https://doi.org/10.1016/S0301-0082(99)00011-8. 

Ungless, M.A., Magill, P.J., Bolam, J.P., 2004. Uniform inhibition of dopamine neurons 
in the ventral tegmental area by aversive stimuli. Science 303, 2040–2042. https:// 
doi.org/10.1126/science.1093360. 

Waltereit, R., Weller, M., 2003. Signaling from cAMP/PKA to MAPK and synaptic 
plasticity. Mol. Neurobiol. 27, 99–106. https://doi.org/10.1385/MN:27:1:99. 

Yamada, K., Tanaka, T., Han, D., Senzaki, K., Kameyama, T., Nabeshima, T., 1999. 
Protective effects of idebenone and α-tocopherol on β-amyloid-(1-42)-induced 
learning and memory deficits in rats: implication of oxidative stress in β-amyloid- 
induced neurotoxicity in vivo. Eur. J. Neurosci. 11, 83–90. https://doi.org/10.1046/ 
j.1460-9568.1999.00408.x. 

Yamaguchi, T., Goto, A., Nakahara, I., Yawata, S., Hikida, T., Matsuda, M., Funabiki, K., 
Nakanishi, S., 2015. Role of PKA signaling in D2 receptor-expressing neurons in the 
core of the nucleus accumbens in aversive learning. Proc. Natl. Acad. Sci. U.S.A. 112, 
11383–11388. https://doi.org/10.1073/pnas.1514731112. 

Yang, H., de Jong, J.W., Tak, Y., Peck, J., Bateup, H.S., Lammel, S., 2018. Nucleus 
accumbens subnuclei regulate motivated behavior via direct inhibition and 
disinhibition of VTA dopamine subpopulations. Neuron 97, 434–449. https://doi. 
org/10.1016/j.neuron.2017.12.022. 

Zhang, X., Nagai, T., Uddin, R., Kuroda, K., Nakamuta, S., Nakano, T., Yukinawa, N., 
Funahashi, Y., Yamahashi, Y., Amano, M., Yoshimoto, J., Yamada, K., Kaibuchi, K., 
2019. Balance between dopamine and adenosine signals regulates the PKA/Rap1 
pathway in striatal medium spiny neurons. Neurochem. Int. 122, 8–18. https://doi. 
org/10.1016/j.neuint.2018.10.008. 

Zhu, Y., Wienecke, C.F.R., Nachtrab, G., Chen, X., 2016. A thalamic input to the nucleus 
accumbens mediates opiate dependence. Nature 530, 219–222. https://doi.org/ 
10.1038/nature16954. 

Y.-H. Lin et al.                                                                                                                                                                                                                                  

https://doi.org/10.1124/pr.116.012484
https://doi.org/10.1523/JNEUROSCI.21-09-03063.2001
https://doi.org/10.1523/JNEUROSCI.21-09-03063.2001
https://doi.org/10.1002/jnr.20052
https://doi.org/10.1016/j.conb.2013.01.026
https://doi.org/10.1016/j.conb.2013.01.026
https://doi.org/10.3389/fncir.2013.00162
https://doi.org/10.3389/fncir.2013.00162
https://doi.org/10.3390/molecules22040676
https://doi.org/10.1177/1073858410365562
https://doi.org/10.1016/0896-6273(95)90294-5
https://doi.org/10.1016/0896-6273(95)90294-5
https://doi.org/10.1016/j.tins.2007.03.008
https://doi.org/10.1016/j.tins.2007.03.008
https://doi.org/10.1016/S0301-0082(99)00011-8
https://doi.org/10.1126/science.1093360
https://doi.org/10.1126/science.1093360
https://doi.org/10.1385/MN:27:1:99
https://doi.org/10.1046/j.1460-9568.1999.00408.x
https://doi.org/10.1046/j.1460-9568.1999.00408.x
https://doi.org/10.1073/pnas.1514731112
https://doi.org/10.1016/j.neuron.2017.12.022
https://doi.org/10.1016/j.neuron.2017.12.022
https://doi.org/10.1016/j.neuint.2018.10.008
https://doi.org/10.1016/j.neuint.2018.10.008
https://doi.org/10.1038/nature16954
https://doi.org/10.1038/nature16954

	Accumbal D2R-medium spiny neurons regulate aversive behaviors through PKA-Rap1 pathway
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Drugs
	2.3 Antibodies
	2.4 Passive avoidance test
	2.5 Immunoblotting
	2.6 Immunohistochemistry
	2.7 Plasmid construction and AAV preparation
	2.8 Surgery
	2.9 Real-time conditioned place aversion test
	2.10 Experimental design and statistical analysis

	3 Results
	3.1 Aversive stimulus activates PKA-Rap1 signaling in the NAc of mice
	3.2 A2aR mediates Rap1gap phosphorylation evoked by aversive stimulus
	3.3 Inhibition of PKA-Rap1 signaling in accumbal D2R-MSNs impairs aversive memory in passive avoidance test
	3.4 Activation of PKA-Rap1 signaling in accumbal D2R-MSN enhances aversive memory
	3.5 MAPK signaling in accumbal D2R-MSN mediates aversive memory
	3.6 Inhibition of PKA-Rap1 signaling in accumbal D2R-MSN attenuates the aversive response caused by optogenetic inactivatio ...

	4 Discussion
	5 Conclusion
	Declaration of interests
	Author contribution
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


