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a  b  s  t  r  a  c  t

Dopaminergic  neurotransmission  is considered  to play  an  important  role  not  only  in  reward-based  learn-
ing,  but  also  in  aversive  learning.  Here,  we  investigated  the  role  of  dopaminergic  neurotransmission  via
dopamine  D1  receptors  (D1Rs)  in  aversive  memory  formation  in  a  passive  avoidance  test  using  D1R
knockdown  (KD)  mice,  in which  the  expression  of D1Rs  can conditionally  and  reversibly  be controlled  by
doxycycline  (Dox)  treatment.  We  also  performed  whole-brain  imaging  after  aversive  footshock  stimu-
lation in  activity-regulated  cytoskeleton  protein  (Arc)-dVenus  D1RKD  mice,  which  were  crossbred  from
Arc-dVenus  transgenic  mice  and  D1RKD  mice,  to examine  the distribution  of Arc-controlled  dVenus
expression  in  the  hippocampus  and  cerebral  cortex  during  aversive  memory  formation.  Knockdown  of
rc
rg3.1
enus
hree-dimensional imaging

D1R expression  following  Dox  treatment  resulted  in  impaired  performance  in  the passive  avoidance  test
and was  associated  with  a decrease  in dVenus  expression  in the  cerebral  cortex  (visual,  somatosensory,
and  motor  cortices),  but  not  the  hippocampus,  compared  with  control  mice  without  Dox  treatment.
These  findings  indicate  that  D1R-mediated  dopaminergic  transmission  is  critical  for  aversive  memory
formation,  specifically  by  influencing  Arc expression  in  the  cerebral  cortex.

© 2020  Published  by  Elsevier  B.V.
. Introduction

Dopamine transmission is involved in both reward learning and
versive memory formation (Schultz, 2019). Specifically, the D1
opamine receptor (D1R) or D1-like receptor activity has been
eported to be involved in hippocampal CA1 synaptic plasticity
nd long-term memory related to aversive learning tasks (Lammel

t al., 2011, 2012; Menegas et al., 2015; Broussard et al., 2016;
enegas et al., 2018; Weele et al., 2019). D1Rs are also involved in

nduction of the activity-regulated cytoskeleton protein (Arc, also

Abbreviations: Arc, activity-regulated cytoskeleton protein; D1R, dopamine D1
eceptor; D1RKD, dopamine D1 receptor knockdown; Dox, doxycycline; IEG, imme-
iate early gene; LSF, light sheet fluorescence.
∗ Corresponding author.

E-mail address: sasaoka@bri.niigata-u.ac.jp (T. Sasaoka).

ttps://doi.org/10.1016/j.neures.2020.04.006
168-0102/© 2020 Published by Elsevier B.V.
known as Arg 3.1), which is an immediate-early gene (IEG) in the
hippocampal CA1 region required for the transition from early- to
late-phase long-term potentiation (Granado et al., 2008). As such,
the expression of Arc has been utilized to identify activated neu-
rons during memory formation (Vazdarjanova et al., 2006; Mastwal
et al., 2016; Okuno et al., 2018). Arc has several advantages over
other IEGs as a marker of neuronal activity. For instance, unlike IEGs
that are broadly expressed in many cell types, Arc induction is spe-
cific to behavioral tasks, and occurs only in the hippocampus and
cerebral cortex (Vazdarjanova et al., 2006; Mastwal et al., 2016).
Furthermore, Arc interacts with excitatory postsynaptic receptors
(e.g., AMPA receptors) and adaptors (e.g., clathrin adaptor pro-
tein 2), thereby having a more direct effect in regulating synaptic

functions (Chowdhury et al., 2006; Zhang et al., 2015). The develop-
mental emergence of activity-dependent Arc expression relies on
dopaminergic transmission; consequently, frontal dopamine cir-
cuits require functional Arc to exert their activities (Mastwal et al.,

https://doi.org/10.1016/j.neures.2020.04.006
http://www.sciencedirect.com/science/journal/01680102
http://www.elsevier.com/locate/neures
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neures.2020.04.006&domain=pdf
mailto:sasaoka@bri.niigata-u.ac.jp
https://doi.org/10.1016/j.neures.2020.04.006
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016). Therefore, specific Arc expression patterns can serve as a
arker of the contribution of D1R-mediated dopaminergic trans-
ission in behavioral task-induced neural signals.
In the present study, to analyze Arc signals, we  used Arc-dVenus

ice, which demonstrate high expression of a promoter-
estabilized enhanced protein construct in Arc-expressing cells
Eguchi and Yamaguchi, 2009). Further, we previously generated
1R knockdown (D1RKD) mice in which D1Rs can be conditionally
nd reversibly regulated by doxycycline (Dox) treatment (Chiken
t al., 2015; Okubo et al., 2018). Herein, we crossed D1RKD mice
ith Arc-dVenus mice to generate Arc-dVenus D1RKD mice that

llow for the investigation of the involvement of D1R-mediated
eural transmission in aversive memory formation and Arc expres-
ion. Recently, several imaging systems have been developed that
nable comprehensive analysis of the whole brain, such as Clear,
nobstructed Brain/Body Imaging Cocktails and Computational
nalysis (CUBIC) and ClearMap (Susaki et al., 2014; Renier et al.,
016). Therefore, we performed whole-brain imaging according to
he updated CUBIC protocol (Tainaka et al., 2018) and analyzed the
istribution of the expression of the fluorescent protein dVenus
nder the control of the Arc gene with a light sheet fluorescence
LSF) microscope.

. Material and methods

.1. Mice

C57BL/6 mice were purchased from CLEA Japan (Tokyo, Japan).
he generation of D1R knockdown (KD) mice (D1R homozygous
nockout/Tet/Off system-based compound-transgenic mice) fol-
owed previously published protocols (Chiken et al., 2015; Okubo
t al., 2018). In addition, conditional and reversible Arc-dVenus
1RKD mice were generated by crossing D1RKD mice with Arc-
Venus transgenic mice, which were gifted by Prof. Yamaguchi at
ifu University (Eguchi and Yamaguchi, 2009), according to previ-
usly published methods (Chiken et al., 2015; Okubo et al., 2018).
nly male mice were used in the present study.

Mice were maintained under a 12-h light/dark cycle (lights on
t 7:00 AM), with ad libitum access to food and water in specific-
athogen-free conditions. All experiments were performed in
ccordance with the guidelines of the National Institutes of Health,
nd the Ministry of Education, Culture, Sports, Science and Technol-
gy (MEXT) of Japan and were approved by the Institutional Animal
are and Use Committee of Niigata University.

.2. Grouping and doxycycline (Dox) treatment

In D1RKD mice and Arc-dVenus D1RKD mice, 2.0 mg/mL  doxy-
ycline (Dox; Sigma Aldrich, St. Louis, MO,  USA) was used to knock
own D1R expression, as previously described (Chiken et al., 2015;
kubo et al., 2018). For mice treated with Dox, Dox was admin-

stered via drinking water containing 5% sucrose, for four weeks
rior to behavioral tests and until the completion of the learning
ession during the first phase of the experiment (see Section 2.3
nd Fig. 1A), after which all mice received drinking water with-
ut Dox for the remainder of the experiment. Mice that were not
reated with Dox received Dox-free water for the entire duration
f the experiment. In the passive avoidance (PA) test, D1RKD mice
ere assigned to D1RKD Dox (-) and D1RKD Dox (+) groups with

ight mice per group; eight wild-type (WT) mice were used as the
ontrol group. In the pain sensitivity assessment, D1RKD mice were

ssigned to D1RKD Dox (+) and D1RKD Dox (-) groups with six and
ve mice per group respectively; four WT  mice were used as the
ontrol group. Arc-dVenus D1RKD mice were assigned to the fol-
owing four groups: D1RKD Dox (−) Stimulation (−) (n = 3), D1RKD
search 156 (2020) 58–65 59

Dox (+) Stimulation (−) (n = 4), D1RKD Dox (−) Stimulation (+) (n =
4), and D1RKD Dox (+) Stimulation (+) (n = 5). Stimulation referred
to whether or not the mice received an aversive electric footshock
in the PA test and the pain sensitivity assessment (see Sections
2.3–2.5).

2.3. PA test

A step-through-type apparatus, comprising light and dark com-
partments separated by a removable door, was used for the PA test
(O’Hara & Co., Tokyo, Japan). The task involved a learning session
and a memory-retention test session. In the former, each mouse
was placed in the light compartment on day one. The separating
door was  removed 30 s later, allowing the subject to enter the dark
compartment. At 3 s post-entry, the mouse received a 2 s 0.3-mA
electric footshock through the floor grid. Following the completion
of this learning session D1RKD Dox (+) mice were removed from
Dox administration for the remainder of the experiment. Memory-
retention test sessions were then conducted on days 2, 4, 8, and
15. For these sessions, each mouse was  placed in the light com-
partment, and the door to the dark compartment was  opened 30
s later. The time required for the subjects to enter the dark com-
partment was then recorded; if mice did not enter after 300 s, the
session was ended. Mice were allowed to acclimate to the testing
room for 30 min  before testing. See Fig. 1A for a schematic of the
experiment.

2.4. Pain sensitivity assessment

The pain sensitivity assessment was performed using the same
device as described for the PA test. However, here each mouse was
placed in the light compartment and the removable door was left
open, allowing the mouse to enter the dark compartment at will. At
3 s post-entry, the mouse received a 2 s 0.3-mA electric footshock,
after which the time required for the mouse to return to the light
compartment was  recorded.

2.5. Treatment prior to imaging

Arc-dVenus D1RKD mice were housed in constant darkness for
3 d. Footshock stimulation was performed in a dark room (10 lx) to
avoid visual effects, and was  carried out in the same step-through-
type apparatus as described for the PA test. Specifically, each mouse
received a 2 s 0.3-mA electric footshock. Following footshock stim-
ulation, mice were kept in the dark for 5 h before brain sample
collection.

2.6. Clearing protocol

Arc-dVenus D1RKD mice were anesthetized with a mixture
of medetomidine hydrochloride (0.75 mg/kg body weight [BW]),
midazolam (4 mg/kg BW), and butorphanol tartrate (5 mg/kg BW).
The mice were then perfused with phosphate buffered saline (PBS,
pH 7.4) and 4% paraformaldehyde in PBS through the left ventricle.
The brains were removed, post-fixed overnight in 4% paraformalde-
hyde in PBS at 4 ◦C, and stored in PBS. The brains were made
transparent for imaging according to the updated CUBIC method
(Tainaka et al., 2018). For 4–5 d, the brains were immersed in CUBIC-
L [10/10 wt% chemical cocktail of N-butyldiethanolamine (Tokyo
Chemical Industry, B0725) and Triton X-100 (Nacalai Tesque,
12967-45)] and shaken (80–100 rpm) at 37 ◦C. The brains were
then washed three times with PBS at room temperature for 30

min, then stained for 3 d at room temperature with RedDotTM2
(1:100, Biotium Inc., #40061) in PBS containing 0.5 M NaCl. After
staining, the brains were washed in PBS and shaken gently in 1:1
diluted CUBIC-R [45/30 wt% chemical cocktail of 45 wt% antipyrine
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Fig. 1. Passive avoidance test. (A) Experimental schedule. In the D1RKD Dox (+) group, Dox (2 mg/mL) was  administered for 4 weeks prior to the commencement of the
experiment and until after the completion of the learning session on Day 1 during the first phase of the passive avoidance test, with mice provided drinking water without
Dox  thereafter. The D1RKD Dox (-) and wild-type (WT) groups were always given only Dox-free water. The learning session on day 1 and test sessions on days 2, 4, 8, and 15
were  conducted for both phases in all three groups.
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B) In the first phase, experimenters recorded the latency to enter the dark comp
he  learning session. *p < 0.05; **p < 0.01; ***p < 0.001. (C) In the second phase, a
ompartment was again recorded for all three groups.

Tokyo Chemical Industry, D1876) and nicotinamide (Tokyo Chem-
cal Industry, N0078), pH 10 adjusted by N-butyldiethanolamine]
t room temperature for 6 h, and then shaken gently in CUBIC-

 at room temperature overnight. Subsequently, the brains were
mmersed in new CUBIC-R and again gently shaken at room tem-
erature for at least 6 h.

.7. Imaging and analysis

Fluorescent images were acquired with custom-built LSF micro-
copes (MVX10-LS, Olympus) and a 0.63× objective lens (numerical
perture = 0.15, working distance =87 mm)  with 1–1.6× digital
oom. The LSF microscope was equipped with lasers emitting at 488
m and 637 nm.  The objective lens accompanied stage movement

n the axial direction to avoid defocusing. During image acquisition,
efractive index (RI)-matched samples were immersed in a mixture
RI = 1.525) of silicon oil HIVAC-F4 (RI = 1.555, Shin-Etsu Chem-
cal Co., Ltd.) and mineral oil (RI = 1.467, M8410, Sigma Aldrich).
mages were collected by scanning samples in the z-direction with

 step size of 10 �m.  Fluorescent signals were visualized using a
aser of appropriate wavelength with sequential shifting of light
heet focal positions. The thinnest focal point of the LSF microscope
as horizontally scanned six times per plane to reduce defocusing

rom the beam’s Gaussian shape. Scanning was performed from
ither side of the illumination arm. Images of identical horizontal
ositions (dVenus, bandpass emission filter: 495–540 nm;  auto-
uorescence at 488 nm,  bandpass emission filter: 600–690 nm;
nd RedDotTM2 at 637 nm,  bandpass emission filter: 660–750 nm)
ere merged using customized image software (MVX10-MG-SW
ersion 1.1.3, Olympus). To remove autofluorescence signals in
he finalized dVenus images, autofluorescence images were sub-
racted from the dVenus images in Fiji software. Since hippocampal
egions displayed comparable dVenus signal intensities regard-
nt (or duration remaining in the light compartment) for all three groups during
1R expression was restored in D1RKD Dox(+) mice, the latency to enter the dark

less of experimental conditions, the average signal intensity values
for the hippocampus, calculated using Fiji software, were used to
normalize data from individual Arc-dVenus D1RKD mice. Further,
considering that brains swell in response to the clearing process,
and that the size of the swollen brain differed between experi-
mental groups, the brain size was  calculated and normalized using
the ratio of the size. Acquired brain images were overlapped via
an automatic transformation algorithm (Tainaka et al., 2018) for
quantitative comparisons. Reconstitution and analysis of volume-
rendered images were conducted in Imaris (version 8.1.2, Bitplane).
Using Imaris, a region where the fluorescence intensity of dVenus
higher than a certain threshold was found in the normalized brain
was set as a measurement region. The number of voxels in the
region exhibiting a fluorescence intensity higher than that thresh-
old was calculated. The sum of the number of voxels was converted
to the signal volume of the brain region where Arc was activated
by footshock stimulation. The dVenus signal was overlaid with the
RedDotTM2 signal and the cortical layers were identified depend-
ing on the arrangement of neuronal nuclei staining. The areas of
cerebral cortex and hippocampus were identified by referring to
the Allen Brain Atlas (http://mouse.brain-map.org/).

2.8. Statistical analysis

All data were analyzed in Origin 2019b (OriginLab, Northamp-
ton, MA,  USA). Data from the PA test and the pain sensitivity
assessment were analyzed using Mann-Whitney tests. Normality
was evaluated with the Shapiro test, and homogeneity of variance
was evaluated with F-tests. Student’s t-test was used for compar-

ison of imaging data between groups if they met assumptions of
normality and homogeneity of variance, whereas Welch’s t-test
was applied if the data were normally distributed but had unequal
variance. Significance was judged at p < 0.05.

http://mouse.brain-map.org/
http://mouse.brain-map.org/
http://mouse.brain-map.org/
http://mouse.brain-map.org/
http://mouse.brain-map.org/
http://mouse.brain-map.org/
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Fig. 2. Pain sensitivity assessment. In the D1RKD Dox (+) group, Dox (2 mg/mL)
was  administered for 4 weeks prior to commencing the experiment. D1RKD Dox (-)
and  wild-type (WT) groups were provided Dox-free water. Following elimination of
D1R expression in D1RKD Dox (+) mice, the latency for the mouse to return to the
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because D1R-directed dopamine signaling has multiple functions
ight compartment following an electric footshock in the dark compartment was
ecorded for all three groups.

. Results

.1. PA test and pain sensitivity assessment

The first test phase (Fig. 1A) examined the effects of D1R inhibi-
ion on a passive avoidance test. While all mice did not significantly
iffer in the time taken to enter the dark compartment during the

earning session (Day 1), D1RKD Dox (+) mice entered the dark com-
artment significantly quicker than D1RKD Dox (−) or WT  mice
uring all post-conditioning test sessions (Days 2–15) (p < 0.01)
Fig. 1B). Indeed, all WT  mice avoided the dark compartment until
he session ended (300 s) throughout all post-conditioning test ses-
ions (Days 2–15), while D1RKD Dox (−) mice only began to enter
he dark compartment before the maximum test time on day 8,
ith a significant decreased latency to enter by day 15 (p < 0.05)

Fig. 1B).
The second test phase (Fig. 1A) examined the effects of recovery

f D1R expression on a passive avoidance test. Following footshock
onditioning in the dark compartment during the learning session
n Day 1, D1RKD Dox (+) mice showed a significantly increased
atency to enter the dark compartment on day 2 that was equiv-
lent to WT  and D1RKD Dox (−) mice. Furthermore, D1RKD Dox
+) mice in this second phase showed a similar phenotype to the
erformance of D1RKD Dox (−) mice during both the first and sec-
nd phases, with a gradual decrease in the latency to enter the dark
ompartment beginning on Day 8 and becoming more pronounced
y Day 15 (Fig. 1C).

The pain sensitivity assessment revealed no significant differ-
nce between D1RKD Dox (+) and D1RKD Dox (−) mice in the
atency to return to the light compartment compared to that of
T mice, with all mice returning to the light compartment within
 s: D1RKD Dox (+) mice, 1.3 ± 0.2 s; D1RKD Dox (−) mice, 1.0 ±
.0 s; WT  mice, 1.3 ± 0.3 s (Fig. 2).
search 156 (2020) 58–65 61

3.2. Fluorescent imaging analysis of the Arc-dVenus D1RKD mice

The experimental schedule for electric stimulation and fluo-
rescent image analysis is shown in Fig. 3A. The 3D-reconstituted
brain images of Dox (−) Stimulation (+) and Dox (+) Stimulation (+)
mice (Fig. 3B, C) demonstrated a clear difference in dVenus signals
between the two  groups. Reconstituted dVenus signals in layers
1–3 and 5–6 of the cerebral cortex (including the somatosensory,
motor, and visual cortices) were stronger in the Dox (−) Stimula-
tion (+) group than those in the Dox (+) Stimulation (+) group. In
contrast, reconstituted dVenus signals showed similar intensities
between the two groups in the CA1 and CA2 (Fig. 3C).

Volume reconstruction using dVenus signals revealed three
areas of observable differences: layers 5–6 of the visual cortex, lay-
ers 1–3 of the cerebral cortex (including the somatosensory and
motor cortices and excluding the visual cortex) and layers 5–6 of the
cerebral cortex (including the somatosensory and motor cortices
and excluding the visual cortex) (Fig. 4A–E). Further examination
of the differences in layers 5–6 of the visual cortex showed that the
Dox (−) Stimulation (−) group had a signal volume that was less
than one-third the volume of the Dox (−) Stimulation (+) group (p
< 0.05) (Fig. 4A). In addition, Dox (+) Stimulation (−) mice showed
a slightly lower, but non-significant (p = 0.21), dVenus signal vol-
ume  than that of Dox (+) Stimulation (+) mice (Fig. 4B). Finally, we
found that Dox (+) Stimulation (+) mice had a dVenus signal volume
less than one-half of that of Dox (−) Stimulation (+) mice (p < 0.05)
(Fig. 4C).

Comparisons of the dVenus signal volume in layers 1–3 of the
cerebral cortex (including the somatosensory and motor cortices
and excluding the visual cortex) revealed a lower signal volume
(less than one-half) in the D1RKD Dox (+) group compared with
that of the Dox (−) group (p < 0.05) (Fig. 4D). Furthermore, although
Dox-driven differences in layers 5–6 of the cerebral cortex (includ-
ing the somatosensory and motor cortices and excluding the visual
cortex) were smaller than those in layers 1–3, D1RKD Dox (+) mice
still exhibited an approximately 50 % lower dVenus signal volume
than that of Dox (−) mice (p < 0.05) (Fig. 4E). By contrast, the dVenus
signal volume in the CA1 and CA2 regions did not significantly differ
between Dox administration groups (Fig. 4F). Taken together, these
results indicate that Dox inhibition of D1R decreases Arc-controlled
dVenus expression in the brain following aversive stimulation.

4. Discussion

Previous evidence from our group has highlighted the impor-
tance of D1R-mediated dopaminergic transmission in motor
control via its role in phasic activation of the cortical striatal-
entopeduncular nucleus direct pathway (Nakamura et al., 2014;
Chiken et al., 2015). In addition to this role in motor function, as well
as its established role in reward learning (Bjorklund and Dunnett,
2007; Ikemoto, 2010; Nakanishi et al., 2014; Hikida et al., 2016;
Schultz, 2019), accumulating evidence suggests that D1R-mediated
dopaminergic transmission may  also contribute to aversive learn-
ing processes (Lammel et al., 2011, 2012; Menegas et al., 2015;
Broussard et al., 2016; Menegas et al., 2018; Weele et al., 2019).
Thus, here, we expanded on our earlier work to investigate how
D1Rs influence aversive memory formation.

In order to investigate the possible role of D1Rs in aversive learn-
ing, we  generated D1RKD mice in which D1R  could conditionally
and reversibly be knocked down in response to Dox administra-
tion (Chiken et al., 2015). We used these conditional KD mice
(i.e., as both a mitogen and neurotransmitter) that vary across
developmental stages. Therefore, the use of Dox-inducible D1RKD
mice allows for the circumventing of any developmental functional
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Fig. 3. Three-dimensional (3D)-reconstituted images of Arc-dVenus D1RKD mouse brains using LSF microscopes. Selected images are of the left brain. A, anterior; P, posterior;
L,  lateral; M,  medial; D, dorsal; V, ventral; CA1, hippocampal CA1 region; CA2, hippocampal CA2 region; DG, dentate gyrus. (A) Experimental schedule for stimulation and
fluorescent image analysis. D1RKD Dox (+) mice were given Dox (2 mg/mL) in their drinking water for >4 weeks prior to the commencement of the experiment. D1RKD Dox
(−)  and wild-type (WT) mice were given Dox-free drinking water throughout the entire experiment. Mice in all four groups were maintained under a 12-h light/dark cycle
until  3 days before sampling, and were then maintained under constant darkness. The mice were sacrificed for brain removal 5 h post-footshock stimulation. (B) Horizontal
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iews  of the 3D-reconstituted whole-brain images of footshock-stimulated Arc-dVe
ignals of D1RKD Dox (+) mice. Nuclear staining is in blue. (C) Images of reconstru
hole-brain images from (B). The two figures on the left are maps of respective bra

hanges compensating for the loss of D1Rs. Additionally, to analyze
eural activity in discrete brain regions, indicated by expression of
he IEG Arc, during aversive learning, we crossed D1RKD mice with
rc-dVenus mice. Since these Arc-dVenus mice have remarkably
igh expression of the reporter gene (nearly 100-fold greater than
ndogenous Arc mRNAs) in the brain, the fluorescence signals can
e easily detected. Additionally, the destabilized fluorescent pro-
ein, dVenus, of these mice exhibits a rapid decay to basal levels,
llowing improved accuracy when determining post-stimulation
xpression dynamics over other Arc mouse models, including Arc-
2EGFP knockin mice, which have considerably longer fluorescent
ecay durations that could potentially result in the observation of
on-relevant Arc signals (activation prior to the task) (Wang et al.,
006).

Our findings revealed that suppression of D1R expression dur-
ng memory formation in D1RKD Dox (+) mice resulted in markedly
ower performance in the PA test than in D1RKD Dox (−) or WT
ice. When D1R expression was recovered in these D1RKD Dox (+)
ice, their performance became comparable to that of D1RKD Dox

−) mice. These results suggested that D1R deficiency was  responsi-
1RKD mice. Left panel, dVenus signals of D1RKD Dox(−) mice; right panel, dVenus
oronal sections taken from positions marked 1 (green line) and 2 (yellow line) in
tions.

ble for impaired aversive memory formation. However, it is possible
that the poor performance observed in D1RKD Dox (+) mice during
the PA test may be the result of an impaired ability to sense pain,
rather than an impaired ability for in aversive memory formation.
Therefore, to examine whether D1RKD Dox (+) mice had a similar
ability to sense the electric footshock stimulus, we measured the
latency of D1RKD Dox (+) mice to escape to the light compartment
after delivery of electrical stimulation in the dark compartment.
We observed no significant difference between both D1RKD Dox
(+) and D1RKD Dox (−) mice in the latency required to return to
the light compartment when compared with WT  mice, indicating
that D1R suppression did not block the ability to sense pain. How-
ever, a potential limitation of the current study is that we  did not
quantify the degree of pain sensed by animals in each experimental
group. As the signal intensity at the time of memory formation may
differ depending on the degree of pain felt by the mouse, further
investigation of the role of D1Rs in controlling pain sensitivity is

required in future studies.

Interestingly, we observed a difference between D1RKD Dox (−)
and WT  mice in the latency to enter the shock-conditioned dark
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Fig. 4. Analysis of signal volume using Imaris-rendered reconstituted images of Arc-dVenus D1RKD mouse brains (left brain only). *p < 0.05.
(A)  Comparison of signal volume in visual cortex layers 5–6 between Stimulation (-) and Stimulation (+) groups without Dox administration. (B) Comparison of signal volume
in  visual cortex layers 5–6 between Stimulation (-) and Stimulation (+) groups with Dox administration. (C–F) Comparison of signal volume between the D1RKD Dox (-) and
D1RKD  Dox (+) groups under footshock stimulated conditions. Signal volume measurement areas are shown in blue in the images to the left of the graphs: (A, C) layers 5–6
o sory a
c rtex);
a .

c
1
s
W
s
h
2
e
D

o
d

f  the visual cortex; (D) layers 1–3 of the cerebral cortex (including the somatosen
ortex  (including the somatosensory and motor cortices and excluding the visual co
nd  the box plots show means ± SEM. A, anterior; P, posterior; L, lateral; M,  medial

ompartment in the later test sessions. Specifically, on days 8 and
5 of the first and second phase test sessions, D1RKD Dox (−) mice
howed a shorter latency to enter into the dark compartment than

T mice. While reason for this difference is still unclear, a previous
tudy from our group revealed that D1RKD mice express D1R at a
igher level than WT  mice during the absence of Dox (Chiken et al.,
015). Further research is needed to determine whether D1R over-
xpression may  contribute to the altered performance of D1RKD

ox (−) mice during the later stages of the PA test.

D1Rs are known to play an important role in the regulation
f both hippocamus-dependent plasticity and hipocampus-
ependent memory, and are pivotal in conferring the properties
nd motor cortices and excluding the visual cortex); (E) layers 5–6 of the cerebral
 (F) CA1 and CA2. Black and red dots show the signal volumes of individual samples,

of novelty and reward to information being processed by the
hippocampus (Hansen and Manahan-Vaughan, 2014). Morevover,
recent studies have reported that persistent long-term potentiation
via NMDA and D1R-like receptors activation promotes initial mem-
ory consolidation within the hippocampus (Takeuchi et al., 2016;
Duszkiewicz et al., 2019; Palacios-Filardo and Mellor, 2019). Simi-
larly, D1Rs in the cerebral cortex have repeatedly been implicated in
memory-induced long-term plasticity and memory formation and

are suggested to control the storage of long-term aversive memo-
ries (Puig et al., 2014; Gonzalez et al., 2014). Given the important
roles of D1Rs in these regions in learning and memory, we  investi-
gated the expression levels of Arc, known to be located downstream
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f D1R-mediated neural transmission and suppressed by D1R inac-
ivation, in the hippocampus and cerebral cortex during learning
nd of an aversive memory (Nishi et al., 2011; Charbonnier-Beaupel
t al., 2015). Interestingly, we did not observe any differences
etween D1RKD Dox (+) and D1RKD Dox (−) groups in CA1 and CA2
rc expression. However, D1R-suppressed mice exhibited lower
xpression of Arc in the cortex, including layers 1–3 and 5–6 of
he cerebral cortex (including the somatosensory and motor cor-
ices and excluding the visual cortex), and layers 5–6 of the visual
ortex compared with D1R-expressing mice, indicating that D1R
nhibition led to suppressed Arc expression. As we  controlled for
he confounding effects of visual stimuli (by performing the exper-
ment in a dark room), these observed patterns could be attributed
o the electric footshock.

In conclusion, here, we revealed that D1R-mediated dopamin-
rgic transmission is important for aversive memory formation
nd that its suppression resulted in a decrease in Arc expression
n the cerebral cortex, including the visual, somatosensory, and

otor areas, but not the hippocampus. These findings suggest that
1R-mediated dopaminergic transmission may  facilitate aversive
emory formation at least in part by increasing neural activity
ithin cortical networks. It is still unclear whether D1Rs expressed

ocally in the cerebral cortex were responsible for the increased
eural activity in this area following electric footshock, or whether
1Rs expressed in other brain regions, including the hippocam-
us, may  have indirectly altered cerebral cortex activity. Future

nvestigation using region-specific knockdown of D1Rs may  help
o clarify this issue. Additionally, future investigation of aversive
timulus-induced expression of other IEGs, such as c-Fos, which
re widely expressed in neurons (including within the basal gan-
lia), will likely prove useful for understanding the neural circuit
nd molecular mechanism underlying aversive memory formation.
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