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A B S T R A C T   

The nucleus accumbens (NAc), consisting of core (NAcC) and shell (NAcS) sub-regions, has primarily been 
studied as a locus mediating the effects of drug reward and addiction. However, there is ample evidence that this 
region is also involved in regulating aversive responses, but the exact role of the NAc and its subregions in 
regulating associative fear processing remains unclear. Here, we investigated the specific contribution of the 
NAcC and NAcS in regulating both fear expression and fear extinction in C57BL/6J mice. Using Arc expression as 
an indicator of neuronal activity, we first show that the NAcC is specifically active only in response to an 
associative fear cue during an expression test. In contrast, the NAcS is specifically active during fear extinction. 
We next inactivated each subregion using lidocaine and demonstrated that the NAcC is necessary for fear 
expression, but not for extinction learning or consolidation of extinction. In contrast, we demonstrate that the 
NAcS is necessary for the consolidation of extinction, but not fear expression or extinction learning. Further, 
inactivation of mGluR1 or ERK signaling specifically in the NAcS disrupted the consolidation of extinction but 
had no effect on fear expression or extinction learning itself. Our data provide the first evidence for the 
importance of the ERK/MAPK pathway as the underlying neural mechanism facilitating extinction consolidation 
within the NAcS. These findings suggest that the NAc subregions play dissociable roles in regulating fear recall 
and the consolidation of fear extinction, and potentially implicate them as critical regions within the canonical 
fear circuit.   

1. Introduction 

Excessive associative fear and the inability to extinguish learned fear 
are some of the major hallmarks of several disabling anxiety disorders 
and trauma disorders such as post-traumatic stress disorder (PTSD) 
(Rothbaum and Davis, 2003; Cain et al., 2012; Mahan and Ressler, 
2012). In a clinical setting, anxiety disorders, apart from a broad spec
trum of co-existing symptoms, are also highly comorbid with substance 
abuse (Merikangas et al., 1998; Lai et al., 2015; Stewart et al., 2016). 
While failure to extinguish fear is an underlying mechanism contrib
uting to anxiety disorders and PTSD, failure to extinguish appetitive 
behavior can lead to drug relapse, and PTSD patients have some 
increased likelihood of relapse to drugs of abuse (Brown et al., 1996; 
Breslau et al., 1997; Najavits et al., 2007). Thus, identifying common 
neural circuits associated with conditioned aversive responses and drug 
reinforcement will be fundamental to elucidating the pathophysiology 

of anxiety disorders and for developing broad pharmacologic in
terventions. One putative component of such a circuit is the nucleus 
accumbens (NAc), which acts as a hub guiding both aversive and 
appetitive behaviors (For review see Berridge, 2019). While the 
contribution of the NAc in appetitive behaviors, such as drug seeking, is 
well-established, its role in aversive conditioning remains less clear. 

The NAc, a critical node for limbic-motor integration, is a heterog
enous structure divided into core and shell subregions that differ in their 
connectional and cellular framework (Voorn et al., 1994; Meredith et al., 
1996; Baliki et al., 2013). In addition, the two NAc subregions show 
distinctive innervation patterns by brain regions heavily implicated in 
emotional learning (Brog et al., 1993; Brauer et al., 2000). Data from a 
number of labs using a wide variety of behavioral methods suggest that 
the NAc is critically involved in aversive behavior and fear learning 
(McCullough et al., 1993; Salamone, 1994; Beck and Fibiger, 1995; 
Levita et al., 2002a; Reynolds and Berridge, 2002, 2003; Thomas et al., 
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2002; Schwienbacher et al., 2004; Muschamp et al., 2011; Richard and 
Berridge, 2011; Wendler et al., 2014a; Ramirez et al., 2015), but the 
underlying neurobiology is poorly understood and only a few studies 
have made functional distinctions in NAc anatomy in the same study 
(Reynolds and Berridge, 2002; Richard and Berridge, 2011, 2013). In 
fact, the specific dissociable role of the two sub-regions in Pavlovian fear 
learning remains unclear. 

In addition to identifying brain regions involved in fear expression 
and extinction, it is also imperative to study the underlying mechanisms 
within the NAc regulating fear processing. In addition to AMPA and 
NMDA receptors, the NAc expresses large numbers of postsynaptic 
group I metabotropic glutamate receptors (mGluRs; mGluR1 and 
mGluR5) that are substantially contacted by terminals from the baso
lateral amygdala and infralimbic cortex (Mitrano and Smith, 2007; 
Mitrano et al., 2010). mGluRs, widely distributed across brain regions 
critical for aversive emotional regulation, have been implicated in 
memory consolidation, fear learning and extinction, and synaptic plas
ticity (Riedel et al., 2003; Kim et al., 2007; Xu et al., 2009; Menard and 
Quirion, 2012). At the molecular level, signaling via mGluR1 is coupled 
to the extracellular signal-regulated kinases/mitogen-activated protein 
kinases (ERK/MAPK) pathway which has also been strongly implicated 
in the acquisition, consolidation and retention of extinction memory 
(Schafe et al., 2000; Santini et al., 2004; Herry et al., 2006; Fischer et al., 
2007). However, no study has investigated how mGluR1s and the 
ERK/MAPK signaling pathway within the NAc regulate fear learning 
processes. 

In the current study we found that the NAc core is important for fear 
expression, but not extinction learning or the consolidation of extinc
tion. We found that the NAc shell regulates the consolidation of 
extinction through mGluR1 activation and ERK/MAPK signaling. Our 
findings strongly implicate the NAc as an important node in the ca
nonical fear circuit but also demonstrate that the NAc core and shell 
subregions have dissociable roles in fear processing. 

2. Methods 

2.1. Animals 

All experiments used 7–9 weeks old adult male C57BL/6J mice 
which were generated from a breeding colony in the Department of 
Psychological Sciences at Kent State University, from breeders originally 
purchased from Jackson Laboratories (Stock# 000664). Mice were of F4 
generation or less to avoid genetic drift, group housed with 2–5 mice/ 
cage, and on a 12:12 light/dark cycle with free access to food and water. 
Mice used for experiments were seven weeks or older. All experiments 
were conducted with approval from the Kent State University Institu
tional Animal Care and Use Committee (IACUC) and in a facility 
accredited by the Association for Assessment and Accreditation and 
Laboratory Animal Care (AALAC), in accordance with the NIH guide
lines for the Care and Use of Laboratory Animals, 8th edition. 

2.2. Stereotaxic surgery 

Mice at 7–9 weeks of age underwent stereotaxic surgery for cannula 
implantation. Mice were anesthetized with a subcutaneous injection of 
Ketamine (75 mg/kg) + Xylazine (10 mg/kg) and Acepromazine (2 mg/ 
kg) cocktail prior to the surgery. Following anesthesia, the mice received 
a single subcutaneous administration of ketoprofen (5 mg/kg) for 
analgesia. The mice were then mounted on a stereotaxic apparatus 
(David Kopf instruments, Tujunga, CA) and the scalp of each mouse was 
retracted. The skull was adjusted so that lambda and bregma were 
within 0.5 mm of each other. Two guide cannulae (26-gauge, 4 mm 
pedestal height; Plastics One, Ranaoke, VA) were bilaterally implanted 
aimed at the nucleus accumbens core (+1.18 mm AP; +2.20 mm ML; 
− 4.52 mm DV; angled at 14◦) or nucleus accumbens shell (+1.30 mm 
AP; +1.60 mm ML; − 4.40 mm DV; angled at 10◦), secured with screws 

and cranial cement. Dummy cannulae were inserted in the guide 
cannulae after the completion of the surgeries. Upon completion of 
surgeries, the anesthesia was reversed with a subcutaneous injection of 
atipamezole (0.5 mg/kg). All mice were given one week to recover prior 
to the start of behavioral procedures. 

3. Behavioral procedures 

3.1. Apparatus 

Fear conditioning was performed in four identical conditioning 
chambers containing two Plexiglas walls, two aluminum sidewalls, and 
a stainless-steel grid-shock floor, and positioned inside an isolation 
chamber (Coulbourn Instruments, Allentown, PA). A speaker was posi
tioned along the sidewall to generate a tone to provide the conditional 
stimulus (CS). The cued fear training context, Context A, consisted of the 
conditioning chamber with a polka-dot insert attached to the rear 
Plexiglas wall, dim illumination, and the stainless-steel grid floors were 
cleaned with 70% ethanol. Extinction training and retention tests 
occurred in a distinct context (Context B) which contained no visible 
illumination (illuminated only with an infrared light) and flat brown 
Plexiglas floors which were cleaned with 2% Quatricide (Pharmacal 
Research Laboratories). 

3.2. Cued fear conditioning and extinction 

All animals were handled for 5 min a day, for two consecutive days 
prior to context exposure. Mice were pre-exposed to Context A for 5 min. 
Twenty-four hours later, mice were returned to Context A and after a 
180s acclimation period, received three pairings of a 30 s tone condi
tional stimulus (CS; 75 dB, 6 kHz) and unconditional stimulus (US), foot- 
shock (2s, 0.8 mA). For each of the pairings the US was delivered as soon 
as the CS ended, and each pairing was separated by an inter-tone in
terval of 182 s. Mice were removed from the apparatus 30s after the last 
shock and returned to their home cage. The following day, animals were 
tested for fear expression in Context B which also served as extinction 
training. For expression testing and extinction training, mice received 21 
unreinforced CS presentations of 30 s with an ITI of 60 s. Twenty-four 
hours after extinction training, mice were tested for extinction mem
ory in Context B and were presented with 15 unreinforced 30 s CS 
presentations. Following the extinction memory test, infusion sites were 
verified, and brains collected for immunofluorescence. For experiment 1 
examining immediate early gene activation in response to fear expres
sion or fear extinction, there were three additional control groups: home 
cage, tone only, and explicitly unpaired. For the tone only and explicitly 
unpaired groups, mice were pre-exposed to Context A for 5 min on Day 
1. On Day 2, mice in the tone only group were exposed to 3 tones (CS) 
with an ITI of 182 s and then tested in context B, 24 h later for freezing to 
the same CS as the day before. For animals in the explicitly unpaired 
group, training involved exposure to 3 tones (CS) and 3 shock (US) 
which were unassociated and had an ITI of 60 s in between. Expression 
testing and extinction training paradigm remained the same as above. 

3.3. Pharmacology and procedure 

All localized infusions were performed through an acute infusion 
cannula (Plastics One; 33 gauge) inserted into the guide cannula. Infu
sion cannulae were connected to PE 50 polyethylene tubing that were 
connected to Hamilton syringes, and mounted on an infusion pump. 
Pharmacological inhibitors were bilaterally infused at a rate of 0.1 μl/ 
min for a total infusion volume of 0.2 μl. The infusion needle was left in 
place for an additional minute. To temporarily inactivate the NAc core 
or shell, mice received localized infusions of vehicle (Phosphate buffered 
saline; PBS) or 4% (w/v) lidocaine HCL (pH of ~7.0) dissolved in PBS 
(Frankland et al., 2004; Cullen et al., 2015). Lidocaine is a 
voltage-dependent sodium channel blocker and was used to temporarily 
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inactivate the sub-region of interest (Butterworth and Strichartz, 1990) 
as we have done previously for fear expression (Cullen et al., 2015). 
Mice were trained on the cued fear conditioning task as described above. 
Twenty-four hours later, mice received an infusion of Lidocaine or 
vehicle into the NAc core or shell. Infusions lasted 2 min and expression 
testing/extinction training began 5 min after the end of infusions. The 
mice were then tested for extinction retention 24 h after extinction 
training. To investigate the role of mGluR1s in the core and shell, the 
mice received bilateral infusions of either 0.55nmol/side of the mGluR1 
antagonist, 1-aminoindan-1,5, dicarboxylic acid (AIDA), or the vehicle 
(0.9% NaCl) 5 min prior to extinction training. To test the involvement 
of ERK/MAPK pathway in facilitating extinction consolidation within 
the shell, the mice received bilateral infusions of vehicle (50% DMSO) or 
1,4-diamino-2,3-dicyano-1,4-bis (o-aminophenylmercapto) butadiene 
(U0126; 0.5 μg/side or 1 μg/side), a MEK inhibitor, 5 min prior to, or 
immediately after extinction training based on prior literature (Duvarci 
et al., 2005; Miller and Marshall, 2005; Fischer et al., 2007; Lynch et al., 
2016). The mice were then tested for extinction memory 24 h after 
extinction training in the absence of drug. 

3.4. Locomotor behavior 

Locomotor behavior was assessed using an open field apparatus to 
confirm that freezing behavior was not altered by lidocaine infusions 
into the NAc core. We did not verify if NAc shell inactivation influenced 
locomotion because no immediate difference in freezing behavior was 
observed after lidocaine infusions. Square opaque acrylic open field 
boxes measuring 42 cm W × 42 cm D × 39 cm H (Coulbourn In
struments, Allentown PA) served as testing arenas. The boxes were 
cleaned with 70% ethanol after the testing for each animal was 
completed. Mice underwent stereotaxic surgeries for guide cannula 
implantation targeted at the core subregion. Mice received local in
fusions of vehicle or lidocaine (4%) as previously described and 5 min 
later were gently placed in the center of the open field boxes. Locomotor 
behavior was measured for 5 min using AnyMaze software and total 
distance traveled in meters was analyzed. 

3.5. Histological verification of cannula placements and 
immunofluorescence 

Calbindin immunohistochemistry is commonly used to delineate the 
two NAc sub-regions because the core is more densely populated by 
calbindin positive neurons compared to the shell (Brog et al., 1993; 
Meredith et al., 1996; Tan et al., 1999). Thus, we performed calbindin 
immunofluorescence to delineate the shell and core subregions. In 
addition, to precisely verify canula placements in the respective sub
regions and estimate spread of infused pharmacological substances, 
mice received localized infusions of quisqualic acid (0.012M), an exci
totoxic amino acid which has been used to destroy cholinergic neurons 
when used in higher concentrations (0.12M). However, when infused at 
a lower concentration of 0.012M as above, it results in the induction of 
immediate early genes (IEG) such as cFos and Arc (Page et al., 1993). As 
with all other pharmacological substances, quisqualic acid was bilater
ally infused at a rate of 0.1 μl/min for a total infusion volume of 0.2 μl. 
Thus, we combined local infusions of Quisqualic acid (0.012 M) with 
co-immunofluorescence for calbindin and Arc to verify that our in
fusions were restricted to the shell or core only. 

One hour following completion of infusions, mice were deeply 
anesthetized with sodium pentobarbitol (Fatal plus; Vortech Pharma
ceutics Ltd.). The mice were then transcardially perfused with ice-cold 
0.9% saline for 3 min followed by 4% paraformaldehyde (PFA) in 
0.1M sodium phosphate buffer, Ph 7.4 for 7 min and the brains were 
immediately extracted. Following extraction, the brains were post-fixed 
in PFA overnight, followed by 24–72 h cryoprotection in 30% sucrose in 
0.1M phosphate buffer solution with 0.02–0.05% sodium azide to avoid 
bacterial growth. Coronal sections of 40 μm thickness were cut on a 

cryostat and immunofluorescence was performed for Arc and calbindin 
expression. Coronal brain sections were co-stained with antibodies 
against arc and calbindin. Free floating sections were rinsed in 0.1M 
phosphate buffer (PB), followed by blocking in 0.1M PBS containing 
0.9% NaCl, 0.5% Triton X-100 and 5% normal alpaca serum for 2 h. 
After blocking, the sections were incubated at 4 ◦C for 24 h with primary 
antibodies- 1:2000 rabbit anti-arc (Synaptic systems; 156 003) and 
1:500 mouse anti-calbindin (Abcam; ab108404), diluted in 0.1M PB 
containing 0.5% Triton X-100. The following day, sections were thor
oughly rinsed in 0.1M PB and incubated in secondary antibodies (1:1000 
anti-rabbit alexafluor 488 and 1:500 anti-mouse Cy3; Jackson Immu
noResearch) for 2 h at room temperature followed by 1:2000 DAPI for 1 
h and room temperature. Sections were washed in 0.1M PB, mounted 
onto slides, and coverslipped with Prolong Gold Antifade Mountant 
(Invitrogen). 

3.6. Immunofluorescence for arc analysis 

For arc analysis, mice were deeply anesthetized and transcardially 
perfused as described above either 60 min after the end of a fear 
expression test consisting of 5 tones or 75 min after extinction training as 
described above. Because Arc expression peaks at 60 min and then de
clines thereafter after fear conditioning (Lonergan et al., 2010; Young 
and Williams, 2013), we chose a slightly longer extinction-to-perfusion 
interval for the extinction experiment. This was done to ensure that any 
Arc expression observed was not the result of fear expression to the first 
several presentations of the CS during the extinction session, which 
might have obscured Arc expression due solely to extinction (Fig. 1). 
Three additional control groups were included in this experiment: home 
cage controls, tone only controls, which were only exposed to the CS in 
the absence of shock, and explicit unpaired training in which the tone 
and shock presentations were separated by 60 s. Coronal sections of 40 
μm thickness were cut on a cryostat and immunofluorescence was per
formed for Arc and calbindin protein. Arc is an IEG which has been 
implicated in LTP and memory consolidation. It has been found to be 
localized in dendrites with neuronal stimulation and commonly used as 
a cell activity marker. Immunofluorescence was conducted as described 
above. Imaging was conducted on an Olympus FluoView 3000 confocal 
microscope. The software program FIJI (NIH) was used to quantify the 
signal intensities of the nucleus accumbens subregions of interest. Each 
image was despeckled to filter image noise and the background was 
subtracted using a rolling bar radius of 5.0. Each image had a designated 
upper and lower signal threshold using the auto threshold feature and 
were then converted to a binary image for each of the different channels. 
Binary images were then further adjusted using watershed segmentation 
to automatically separate particles that were touching (Cullen et al., 
2015). Analysis involved counting of the Arc positive cells and DAPI+

cells within each region and expressing the Arc+ cells as a percentage of 
DAPI positive cells (Arc+/DAPI+ x 100) within the NAC core and shell 
for all the different groups keeping the parameters for circularity and 
cell size constant across all analysis (Lacagnina et al., 2019). Three 
bilateral measurements were taken for each region of each mouse from 
every other consecutive section. The Arc+ cell counts as a percentage of 
DAPI+ cells for the 3 sections were then averaged together. There was no 
difference observed in the Arc+ count between animals sacrificed post 
expression and post extinction in the “tone only” and “explicitly un
paired” group and therefore, their measurements were collapsed into 
one. 

3.7. Statistical analysis 

Freezing during extinction training and extinction testing were 
analyzed using a two-way repeated measures factorial analysis of vari
ance (ANOVA) (treatment X tones) on Graphpad Prism statistical soft
ware. Arc+/DAPI+ cell counts were analyzed using a two-way ANOVA 
(subregion X behavioral test). Statistically significant ANOVAs were 
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followed up with Sidak’s multiple comparison. Effect sizes were calcu
lated for completed experiments along with post-hoc power analyses 
using G*Power 3. 

4. Results 

4.1. The NAc core is preferentially active during fear expression but not 
during extinction learning 

To identify if the NAc shell and core are preferentially involved in 

Fig. 1. The nucleus accumbens core is selectively active during fear expression whereas the shell is selectively active following fear extinction. (A) Schematic of 
experimental procedure for analysis of Arc+ neurons in the NAc during fear expression. (B) Schematic of experimental procedure for analysis of Arc+ neurons in the 
NAc following fear extinction. (C) Behavior during training, expression, and extinction. During training (Left), mice receiving traditional tone-shock pairings 
increased freezing with each successive presentation of the tone. Tone only mice displayed minimal freezing in response to the tone presentations. Explicitly unpaired 
mice froze in response to shocks but did not exhibit any association between the shock and tones the next day during the expression or extinction test. Twenty-four 
hours after training, mice underwent an expression test in context B and were presented with 5 tones (Middle). Tone-shock paired mice (Exp Testing) displayed 
significantly more freezing to the 5 tone presentations compared to the Explicitly Unpaired and Tone Only groups. During extinction (Right), mice that were trained 
with tone-shock pairings (Extinction Training) were exposed to 15 tones in the absence of shock and displayed high freezing during the initial tones but then 
exhibited extinction in response to repeated tone presentations. Mice that were in the Tone Only or Explicitly Unpaired groups displayed minimal freezing to tones 
throughout the procedure. Values are displayed as average percent freezing (±SEM). (D) Calbindin staining can be used to differentiate between the NAc core and 
shell regions. Representative image of calbindin expression showing intense staining in the NAc core, but little staining in the shell (Left). Representative image 
showing absence of colocalization between calbindin and Arc in a the NAc shell subregion (Center), and colocalization between Arc and calbindin expression in the 
core (Right). (E) Arc+/DAPI+ cell analysis for mice exposed to 5 tone presentations during a fear expression test. The NAc core subregion is selectively active during 
fear expression. There were significantly more Arc+ cells in the NAc core as compared to the shell after a fear expression test. Arc expression in the NAc shell was near 
baseline and no different than tone only and explicitly unpaired groups. Values are displayed as mean (Arc+/DAPI+) x 100 (±SEM). Significance values were set at p 
< 0.05 (*** = p < 0.01). F) Arc+/DAPI+ cell analysis for mice exposed to 15 tone presentations during fear extinction. The NAc shell subregion is selectively active 
during fear extinction. There were significantly more Arc+ cells in the NAc shell as compared to the core after a fear extinction. Arc expression in the NAc core was 
near baseline and no different than tone only and explicitly unpaired groups. Values are displayed as mean (Arc+/DAPI+) x 100 (±SEM). Significance values were set 
at p < 0.05 (*** = p < 0.01). (G) Representative images of arc expression in the NAc core and shell in mice that underwent normal cued fear conditioning and then 
tested for fear expression (Top; from mice in Fig. 1E) and after fear extinction (Bottom; from mice in Fig. 1F). Arc expression was significantly greater in the NAc core 
during a fear expression test (Fig. 1E and G top left) compared to the NAc shell (Fig. 1E and G top right). In contrast, Arc expression was significantly greater in the 
NAc shell after fear extinction (Fig. 1F and G bottom right) compared to the NAc core (Fig. 1F; Bottom left). 
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fear expression versus extinction, we first ran mice on cued fear condi
tioning, which were sacrificed after fear expression testing (Fig. 1A) or 
after extinction training (Fig. 1B) and brains processed for Arc expres
sion. First, calbindin was used as a marker to delineate the two NAc 
subregions. Calbindin is highly expressed in the NAc core compared to 
the shell. To confirm our analyses were restricted to the core or the shell, 
we first verified colocalization of calbindin positive and Arc positive 
cells in each subregion for each slice. On average across all sections, 27% 
of the Arc positive cells were colocalized with calbindin in the shell, 
whereas 64% of the arc positive cells were colocalized with calbindin 
within the core verifying our neuroanatomical specificity of our analyses 
(Fig. 1D). In addition to a home cage (HC) control group, additional 
control groups were run using tone only training or explicitly unpaired 
training protocols. Freezing behavior was as expected in each of the 

control and experimental groups, with explicitly unpaired and tone only 
groups displaying minimal freezing during the fear expression test and 
extinction training, whereas the normally trained mice displayed 
elevated freezing (Fig. 1C). A total of 48 mice were used in the fear 
expression experiment and a two-way ANOVA revealed a significant 
main effect of behavioral test (F(3,40) = 111.1 p < 0.001), a main effect of 
subregion (F(1,40) = 57.94, p < 0.001) and a significant behavioral test 
× subregion interaction (F(3,40) = 65.22, p < 0.001). There were 
significantly more Arc+/DAPI+ cells in the NAc core as compared to the 
shell during fear expression testing (Fig. 1E, G) (p < 0.05). Further, there 
were significantly more Arc+/DAPI+ cells in the NAc core after mice 
underwent a cued fear expression test as compared to mice that un
derwent the explicitly unpaired training (p < 0.05). There was no sig
nificant difference in Arc expression in the NAc core or shell between 

Fig. 2. Inactivation of the nucleus accumbens core disrupts fear expression but not extinction learning or the consolidation of extinction. (A) Schematic repre
sentation of the experimental paradigm. All mice underwent cued fear conditioning (FC) in Context A. Twenty-four hours later, mice underwent a fear expression test 
that also served as extinction training in Context B (Exp Test/Ext). Mice received infusions of lidocaine (Lid) or vehicle (Veh) 5 min before the expression test/ 
extinction training. Twenty-four hours after extinction training, mice were tested for extinction memory in Context B (Ext Ret). (B) Inactivation of the nucleus 
accumbens core attenuated fear expression during the expression test but did not disrupt extinction learning or the consolidation of extinction. Inactivation of the 
NAc core prior to the fear expression test had no effect on consolidation of extinction. The percent freezing of mice that were infused with lidocaine (filled circles) 
were compared with those that were infused with vehicle (open circles). There were no significant differences between lidocaine-treated and vehicle-treated mice 
during the extinction retention test. Values are represented as % freezing (±SEM). Statistical significance was set at p < 0.05) (C) To verify that temporary inac
tivation of the nucleus accumbens core did not alter freezing by modulating motor activity, mice were tested in an open field apparatus after an infusion of lidocaine 
or vehicle in the nucleus accumbens core. Distance traveled during a 10 min test revealed no significant differences in the total distance traveled between lidocaine- 
treated (filled bars) and vehicle-treated animals (white bars) (t(16) = 0.264, p = 0.7953). (D) Site verification of lidocaine infusions. (Left) Region of interest in the 
representative image of Arc spread used to verify canula placements in the nucleus accumbens core. Verification of infusions were accomplished through colocal
ization of calbindin (Red) and Arc (Green) expression. The core subregion displays elevated calbindin compared to the shell subregion. (Right) Detailed mapping 
representing the maximum spread (light red), and the average spread (dark red) of Arc expression in mice used in this experiment. Arc expression was largely 
restricted to the nucleus accumbens core, with minimal spread into the shell subregion. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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tone only and the explicitly unpaired groups (p > 0.999). Finally, there 
was no significant difference in Arc+/DAPI+ cells in the NAc shell as 
compared to the core or shell of mice in the explicitly untrained group 
suggesting little activation of the NAc shell subregion during the fear 
expression test for the two control groups. These data suggest that the 
increase in the arc activity in the NAc core was due to fear recall and not 
due to exposure to shock or tones alone and was specific to the NAc core. 
In contrast, there was significantly more Arc+/DAPI+ cells in the NAc 
shell as compared to the core in mice that underwent fear extinction 
(Fig. 1F and G) (P < 0.05). A total of 48 animals were used in the fear 
extinction experiment and a two-way ANOVA revealed a significant 

main effect of behavioral test (F(3,40) = 267.4, p < 0.001), a main effect 
of subregion (F(1,40) = 176.1, p < 0.001) and a significant behavioral 
test × subregion interaction (F(3,40) = 163.9, p < 0.001). Again, Arc 
expression in the shell was significantly more in the fear extinction 
group as compared to the core and shell in the explicitly unpaired group 
(Fig. 1F) (p < 0.05). Finally, the number of Arc+/DAPI+ cells in the NAc 
core subregion of mice that underwent fear extinction was no different 
than the core or shell subregions in mice of the explicitly unpaired 
control group suggesting that the NAc core subregion is not active 
during fear extinction (Fig. 1F). Taken together, these data suggest that a 
dissociation between activity of the NAc core and shell subregions 

Fig. 3. Inactivation of the NAc shell disrupts the consolidation of fear extinction but has no effect on fear expression or extinction learning. (A) Schematic repre
sentation of the experimental paradigm. All mice underwent cued fear conditioning in Context A (FC). Twenty-four hours later, mice underwent a fear expression test 
that also served as extinction training in Context B (Exp Test/Ext). Mice received infusions of lidocaine (Lid) or vehicle (Veh) 5 min before the expression test/ 
extinction training. Twenty-four hours after extinction training, mice were tested for extinction memory in Context B (Ext Ret). (B) Inactivation of the nucleus 
accumbens shell had no effect on fear expression or extinction learning. The percent freezing of mice that were infused with lidocaine (filled circles) were compared 
with those that were infused with vehicle (open circles). Values are represented as % freezing (±SEM). Significance was set at p < 0.05. However, when mice were 
tested for extinction retention 24 h later, lidocaine-treated mice froze significantly more to the tone compared to the vehicle-treated mice (p < 0.05) suggesting a 
disrupted consolidation of extinction. (C) (Left) Region of interest in the representative image of Arc spread used to verify canula placements in the nucleus 
accumbens shell. (Right) Representative image of Arc spread in the NAc shell. The nucleus accumbens core shows extensive calbindin staining (Red) which is absent 
in the shell subregion, where Arc expression is restricted (Green). (D) Site verification of lidocaine infusions. Detailed mapping representing the maximum spread 
(light red), and the average spread (dark red) of Arc expression in mice used in this experiment. Arc expression was largely restricted to the nucleus accumbens shell, 
with minimal spread into the core subregion. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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during fear expression versus fear extinction. Whereas the NAc core 
subregion is recruited during fear expression, activity of the NAc shell is 
recruited during fear extinction and the activity in both regions was 
dependent upon associative learning. 

4.2. Inactivation of the NAc core disrupts fear expression but has no effect 
on extinction learning or extinction retention 

To evaluate the influence of the core subregion in regulating fear 
expression and extinction, all mice were trained and tested for cued fear 
conditioning and received local infusions of either lidocaine or vehicle 
into the core subregion 5 min prior to expressing testing/extinction 
training (Fig. 2A). Twenty-four hours later the animals were tested for 
extinction retention. A total of 25 mice were used for these experiments, 
6 animals were removed from the analysis either due to unilateral in
fusions or complete missed targets. Mice that had their core subregion 
inactivated showed attenuated freezing to the tones during the expres
sion testing/extinction training session (Fig. 2B). A two-way ANOVA 
revealed a significant main effect of treatment (F(1, 23) = 11.340, p =
0.003) and a significant tone × treatment interaction (F(14, 322) = 2.02, p 
= 0.016). When tested for extinction retention 24 h later, there was no 
main effect of treatment (F(1, 23) = 0.004, p = 0.948), a main effect of 
tone (F(14, 322) = 2.956, p < 0.001), and no significant interaction (F(14, 

23) = 0.56, p = 0.894). Because the NAc core strongly influences motor 
behavior we wanted to verify that the effects of lidocaine on freezing 
were not due to its effects on locomotor activity. Thus, mice were 
infused with lidocaine into the core subregion and tested in an open 
field. Distance traveled during a 10 min test revealed no significant 
differences in the total distance traveled between lidocaine-treated and 
vehicle-treated animals (t(18) = 0.263, p = 0.7953), suggesting that the 
reduced freezing as a result of NAc core inactivation was not due to 
alterations in NAc control of motor behavior (Fig. 2C). 

4.3. Inactivation of the NAc shell disrupts the consolidation of fear 
extinction but has no effect on fear expression or extinction learning 

Given that Arc expression in the NAc shell was associated with fear 
extinction, we next wanted to evaluate how inactivation of the NAc shell 
would affect fear expression and extinction. A total of 32 mice were used 
for these experiments, 9 mice were removed from the analysis either due 
to unilateral infusions or due to complete missed targets. Mice under
went cued fear conditioning, testing/extinction, and an extinction 
retention test as above (Fig. 3A). Five minutes before the expression 
test/extinction session, mice received bilateral infusions of lidocaine or 
vehicle into the NAc shell (Fig. 3A). During the expression test and 
extinction training session, there was no main effect of treatment (F(1, 

30) = 0.09, p = 0.77), a main effect of tone (F(14, 420) = 8.650, p < 0.001) 
suggesting successful within session extinction, and no significant 
treatment × tone interaction (F(14, 420) = 0.87, p = 0.593) (Fig. 3B). 
However, when the animals were tested for extinction retention 24 h 
later, a two-way ANOVA revealed that there was a main effect of 
treatment (F (1, 30) = 6.86, p = 0.01) and a significant treatment × tone 
interaction (F (14, 420) = 1.854, p = 0.03). Lidocaine-treated mice froze 
significantly more to the tone compared to the vehicle-treated animals 
(Fig. 3B). These data suggest that the shell subregion is necessary for the 
consolidation and retention of extinction. Taken together, these data 
suggest that the NAc shell is necessary for the consolidation of extinc
tion, but not for fear expression or extinction learning itself. 

4.4. Group I metabotropic glutamate receptors within the NAc shell 
mediate the consolidation of extinction 

Given the effects of inactivating the NAc shell on extinction, we next 
investigated if glutamatergic modulation through mGluR1 in the NAc 
shell is necessary for regulating extinction learning or consolidation. A 
total of 15 mice were used in these experiments. As in the experiments 

above, all mice underwent cued fear conditioning and 24 h later were 
infused with either AIDA or vehicle 5 min prior to fear expression 
testing/extinction training (Fig. 4A). There was no main effect of 
treatment (F(1, 13) = 0.750, p = 0.40), a main effect of tone (F (14, 182) =

4.437, p < 0.001) and no significant treatment × tone interaction (F(14, 

182) = 1.554, p = 0.10) on fear expression and extinction training. Thus, 
there was no effect on within session extinction (Fig. 4B). However, 
when the mice were tested 24 h later for extinction retention there was a 
main effect of treatment (F(1, 13) = 20.01, p < 0.001), a main effect of 
tone (F(14,182) = 3.0, p < 0.001) but no tone × treatment interaction 
(F(14,182) = 1.7, p = 0.057). Specifically, AIDA-treated mice displayed 
more freezing compared to the vehicle-treated animals (Fig. 4B). These 
data suggest that signaling through mGluR1 within the shell is not 
necessary for fear expression or within-session extinction but is neces
sary for the consolidation of extinction. 

4.5. Group I metabotropic glutamate receptors within the NAc core do not 
mediate fear expression or extinction learning 

In the above experiments, we demonstrated that the NAc core is 
necessary for the expression of fear as measured by freezing, whereas the 
shell regulates the consolidation of extinction through mGluR1. We next 
investigated if glutamatergic modulation through mGluR1 is necessary 
for regulating these fear processes within the core. We hypothesized that 
inactivation of mGluR1 in the core would have no effect on fear 
expression or extinction. A total of 17 animals were used in this exper
iment., All mice underwent cued fear conditioning as above and 24 h 
later were infused with the mGluR1 antagonist, AIDA, or vehicle 5 min 
prior to expression testing/extinction training (Fig. 4A). A two-way 
repeated measures ANOVA revealed no main effect of treatment (F(1, 

15) = 2.349, p = 0.15) and no significant interaction (F(14, 210) = 1.131, p 
= 0.33) on fear expression and extinction training. Analysis revealed a 
main effect of tone (F(14, 210) = 7.65, p < 0.001) showing that both 
groups extinguished their fear to the tones by the end of the extinction 
session (Fig. 4D). Additionally, when the mice were tested for extinction 
retention 24 h later, there was no main effect of treatment (F(1, 15) =

0.010, p = 0.92), a main effect of tone (F(14,210) = 8.4, p < 0.001) and no 
treatment × tone interaction (F(14, 210) = 0.632, p = 0.84). These data 
suggest that mGluR1 activation in the NAc core is not involved in the 
expression of fear or its extinction and extinction retention (Fig. 4D). 

4.6. The consolidation of fear extinction requires ERK/MAPK in the NAc 
shell 

Given our previous data suggesting that mGluR1 are important for 
the consolidation of fear extinction we hypothesized that their down
stream signaling through the ERK/MAPK pathway within the NAc shell 
would be necessary for fear extinction retention. A total of 66 mice were 
used for these experiments. Nine animals were removed because they 
received unilateral infusions. Mice underwent cued fear conditioning as 
before and initially received bilateral, local infusions of either 0.5 μg/ 
side or 1 μg/side of the MEK inhibitor, U0126, into the NAc shell 5 min 
prior to fear expression testing/extinction training session (Fig. 5A). 
These doses have been used previously in the amygdala to investigate 
the involvement of the ERK/MAPK pathway in auditory fear condi
tioning (Schafe et al., 2000; Duvarci et al., 2005; Herry et al., 2006). 
During the extinction training session, a two-way ANOVA revealed no 
main effect of treatment (F(2, 24) = 0.901, p = 0.42) and no significant 
treatment × tone interaction (F(28, 336) = 0.828, p = 0.72). However, 
when mice were tested 24 h later for extinction memory there was a 
main effect of treatment (F(2, 24) = 19.290, p < 0.001), a main effect of 
tone (F(14,366) = 2.398, p = 0.003) and no treatment × tone interaction 
(F(28,336) = 1.447, p = 0.70). Specifically, mice that received 1 μg/side of 
U0126 displayed enhanced fear as compared to mice that received 0.5 
μg/side U0126 and vehicle-treated mice (Fig. 5B). These data indicate 
that ERK/MAPK signaling within the NAc shell is necessary for the 
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Fig. 4. Group I metabotropic glutamate receptors within the nucleus accumbens shell mediate the consolidation of fear extinction. (A) Schematic representation of 
the experimental paradigm. All mice underwent cued fear conditioning in Context A (FC). Twenty-four hours later, mice underwent a fear expression test that also 
served as extinction training in Context B (Exp Test/Ext). Twenty-four hours after extinction training, mice were tested for extinction memory in Context B (Ext Ret). 
Five minutes prior to the expression testing/extinction training, mice received local infusions of AIDA or vehicle as indicated by the arrow. Twenty-four hours later, 
mice were tested for extinction retention (Ext Ret). (B) mGluR1 within the shell is necessary for the consolidation of extinction. Analysis of freezing between mice 
receiving AIDA (filled circle) and vehicle (open circle), showed no effect of treatment on fear expression and extinction training. However, when the mice were tested 
24 h later for extinction retention there was a main effect of treatment with AIDA-treated mice displaying higher levels of freezing compared to the vehicle-treated 
animals, suggesting disruption of fear extinction consolidation (p < 0.05). (C) Site verification of AIDA infusions within the shell subregion. Detailed mapping 
representing the maximum spread (light red), and the average spread (dark red) of Arc expression in mice used in these experiments. (D) mGluR1 within the core is 
not involved in fear expression, extinction learning or the consolidation of extinction. There was no effect of treatment on fear expression and extinction training 
between mice that received AIDA (filled circle) and those that received vehicle (open circle). Additionally, when the mice were tested for extinction retention 24 h 
later, there was no significant effect of treatment, suggesting no effect on the consolidation of extinction. Values are represented as % freezing (±SEM). Significance 
was set at p < 0.05. (E) Site verification of lidocaine infusions within the core subregion. Detailed mapping representing the maximum spread (light red), and the 
average spread (dark red) of Arc expression in mice used in these experiments. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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consolidation of extinction, but not for fear expression or extinction 
learning. However, we did observe a small non-significant with
in-session extinction training effect of the 1 μg/side dose with 
pre-extinction infusions only during the final 2 tones of extinction 
training. Thus, we ran an additional group of mice that underwent the 
same training procedure and received local infusions of 1 μg/side of 
U0126 immediately after the extinction training session (Fig. 5D). 
During the extinction training there was no main effect of treatment (F(1, 

15) = 0.424, p = 0.525), there was a main effect of tone, (F(14,210) =

2.278, p = 0.006), and no treatment × tone interaction (F(14,210) =

1.734, p = 0.051). During the extinction retention test, there was a 
significant main effect of treatment (F (1,15) = 10.60, p = 0.005), a main 
effect of tone (F(14,210) = 5.394, p < 0.001) but no tone X interaction 
(F(14,210) = 1.333, p = 0.190). Specifically. mice that received local in
fusions of U0126 into the NAc shell immediately after extinction 
exhibited more freezing to the tones compared to the vehicle-treated 
group during the extinction retention test suggesting a disruption of 
extinction consolidation (Fig. 5E). These data are the first to show that 
the ERK/MAPK signaling within the NAc shell is critical for the appro
priate consolidation of extinction. 

5. Discussion 

Several studies using lesions, as well as investigations into dopamine 
signaling within the NAc subregions provide evidence that the core and 
shell have distinct roles regulating memory, approach, fear conditioning 
and instrumental conditioning (Parkinson et al., 1999; Corbit et al., 
2001; Bassareo et al., 2002; Jongen-Relo et al., 2003; Blaiss and Janak, 
2009). Whereas it is clear that this region plays an important role in 
regulating aversive motivation (Levita et al., 2002b, 2009; Reynolds and 
Berridge, 2003; Chen et al., 2012; Wenzel et al., 2015; Soares-Cunha 
et al., 2019), the precise functions of the core and shell in specific fear 
processes have not been fully delineated. Here, we show that the NAc 
core subregion is distinctly activated during fear retrieval but not 
following extinction. In contrast, the NAc shell is active only after 
extinction, but not during fear retrieval. Then, pharmacological inacti
vation of each subregion separately demonstrated that the NAc core 
promotes fear expression but is not necessary for fear extinction 
learning. In contrast, we found that the NAc shell is necessary for the 
consolidation of extinction, but not for fear expression or extinction 
learning itself. Additionally, we demonstrate that mGluR1 and ERK/
MAPK signaling specifically within the nucleus accumbens shell pro
mote the consolidation of extinction but are not necessary for fear 
expression or extinction learning. Combined, the same differential re
sults observed in the NAc core and the NAc shell in fear expression 
versus extinction in Arc expression and three separate pharmacological 
manipulations suggest dissociable roles of the NAc core and shell 

subregions in specific control of fear expression and extinction. 
We show that the NAc core is specifically active during fear retrieval 

versus fear extinction, whereas the NAc shell is specifically active 
following fear extinction (Fig. 1). We note three prior studies in which 
results suggest that the NAc shell is involved in the expression of fear 
memory based on IEG analyses (Campeau et al., 1997; Thomas et al., 
2002; Knapska and Maren, 2009). One of the above studies also found 
the NAc core to be active during fear expression (Thomas et al., 2002), 
which is in agreement with our findings, and a final study found that the 
NAc was not responsive at all for any fear behavior (Huang et al., 2013). 
Several specific methodological differences can explain the discrepancy 
in the findings, including differences in behavioral tasks (fear-po
tentiated startle, fear renewal), IEG analysis (zif 268, c-fos), and that we 
rigorously defined the NAc core and shell based on known differences in 
colocalization of calbindin (Meredith et al., 1996; Tan et al., 1999). 
Overall, our Arc data suggest that the NAc shell is specifically involved 
in the extinction of fear to an explicit CS, which is supported by our 
additional pharmacological and behavioral experiments (Figs. 2–5). 

We next demonstrated that the core promotes freezing, but is not 
necessary for extinction learning, whereas the NAc shell promotes the 
consolidation of extinction (Figs. 2–3). We note a recent study, however, 
that found an opposite role for the NAc shell in fear expression (Pian
tadosi et al., 2020). In that study, investigators used appetitive lever 
suppression ratio as an indirect measure of fear behavior and showed 
that infusions of a mixture of GABAA and GABAB receptor antagonists 
into the NAc shell significantly disrupted CS-induced lever suppression. 
That is, when the NAc shell was inactivated rats expressed less fear 
behavior. Inactivation of the NAc core, on the other hand, had no effect 
on fear expression (Piantadosi et al., 2020). Several methodological and 
pharmacological differences between the current study and the one by 
Piantadosi and colleagues could explain the opposite effect in the NAc 
shell observed in the two studies. The current study used lidocaine to 
inactivate the NAc shell, whereas Piantadosi and colleagues used a 
mixture of Baclofen and Muscimol, GABAB and GABAA receptor antag
onists, respectively. The other major difference is in the behavioral 
measure of fear – CS-induced freezing (current study) versus CS-induced 
suppression of lever pressing (Piantadosi). Freezing is a simple and 
direct measure of threat responding in rodents that does not need to 
account for the effects of motivational states or operant appetitive 
learning. Thus, the NAc shell might be more important for suppressing 
rewarding behaviors (e.g., feeding, drinking, social interaction) when 
threatening stimuli are present than for generating freezing in response 
to threat. This could explain why we did not observe immediate effects 
of lidocaine on fear expression when infused into the NAc shell – we only 
observed effects during an extinction retention test. One issue of note is 
the use of lidocaine in the current study, which has its limitations. 
Because it is a sodium channel blocker it blocks activity in the region of 

Fig. 5. Extinction consolidation requires ERK/MAPK activation in the nucleus accumbens shell. (A) Schematic representation of the experimental paradigm. All mice 
underwent cued fear conditioning in Context A (FC). Twenty-four hours later, mice underwent a fear expression test that also served as extinction training in Context 
B (Exp Test/Ext). Five minutes prior to the expression testing/extinction training, animals received local infusions of either U0126, or vehicle as indicated by the 
arrow. Twenty-four hours after extinction training, mice were tested for extinction memory in Context B (Ext Ret). (B) Pre-extinction infusions of 1ug/side of U0126 
(black filled circles) into the NAc shell disrupted the consolidation of extinction but no effect was observed with a 0.5ug/side (grey circles) infusion as compared to 
vehicle (white circles). Thus, there was no effect of blocking ERK/MAPK on expression of fear or extinction training with either of the doses of U0126. However, 
animals that received 1ug/side of U0126 displayed enhanced fear as compared to the 0.5ug/side U0126-treated and vehicle-treated group (white circles) when tested 
for extinction retention 24 h later. Values are represented as % freezing (±SEM). Significance was set at p < 0.05. These data suggest that the ERK/MAPK signaling 
pathway in the nucleus accumbens shell is necessary for appropriate consolidation of fear extinction. (C) Verification of cannula placements. Detailed mapping 
representing the maximum spread (light red), and the average spread (dark red) of arc expression of animals within the nucleus accumbens shell with pre-extinction 
infusions. (D) Schematic representation of the experimental paradigm. All mice underwent cued fear conditioning in Context A (FC). Twenty-four hours later, mice 
underwent a fear expression test that also served as extinction training in Context B (Exp Test/Ext). Mice received infusions of U0126 or vehicle immediately after 
extinction training as indicated by the arrow. Twenty-four hours later, animals were tested for extinction retention in context B (Ext Ret). (E) Mice infused with 
U0126 post-extinction displayed significantly more freezing to tone when they were tested for extinction memory 24 h later, again suggesting that the ERK/MAPK 
pathway in the NAc shell is necessary for the appropriate consolidation of extinction. Values are represented as % freezing (±SEM). Significance was set at p < 0.05. 
(F) Verification of cannula placements. Detailed mapping representing the maximum spread (light red), and the average spread (dark red) of arc expression of 
animals within the nucleus accumbens shell with post-extinction infusions. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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interest as well as in fibers of passage. It is important to note that mPFC 
fibers pass through the NAc core before they terminate in the NAc shell 
(Gorelova and Yang, 1997). A recent report using an inactivation 
disconnect experiment to disrupt communication between the prelimbic 
cortex and the NAc shell showed that PL projections to the NAc shell are 
important for fear expression when using conditioned lever suppression 
as a measure of fear (Piantadosi et al., 2020). Thus, it is possible that our 
results of NAc core inactivation reducing freezing could be due to 
inactivation of PL fibers of passage that terminate in the NAc shell. We 
think this possibility does not explain our results for the following rea
sons: 1) we did not also observe immediate effects of NAc shell inacti
vation on freezing, 2) our additional experiments using more specific 
pharmacology replicated the regional specificity of the lidocaine ex
periments and lacked immediate effects on freezing. When AIDA was 
infused into the NAc shell only we again observed effects on fear during 
the extinction retention test, but not during the extinction training ses
sion. Moreover, infusions of U0126 into the NAc shell also did not 
disrupt freezing during extinction training. We again only observed ef
fects during the extinction retention test. Thus, we think the differences 
between the current study and that of Piantadosi et al. (2020), are likely 
due to differences in NAc shell control of appetitive behavior versus 
freezing. Further validation of this hypothesis is necessary, however. 

Several studies have implicated dopamine actions in the nucleus 
accumbens in conditioned fear. For example, dopamine activity in the 
nucleus accumbens is implicated in the blocking of learned fear re
sponses (Iordanova et al., 2006). Furthermore, infusions of a dopamine 
receptor-2 antagonist increases fear expression and delays within ses
sion extinction as well as disrupting extinction retention (Holtzma
n-Assif et al., 2010). However, a limited number of studies have 
examined the different contributions of the core and shell and their 
signaling mechanisms in fear learning and its extinction. One study 
examined dopamine release in the nucleus accumbens core and shell 
subregions during context fear expression in the training context or a 
novel context. Elevated dopamine was observed in both the shell and 
core subregions only when rats were tested in the training context, 
suggesting that dopamine release in both regions is associated with 
contextual fear expression (Martinez et al., 2008). In addition, two 
separate studies found that lesioning of the core subregion disrupted fear 
expression to a CS (Parkinson et al., 1999; Wendler et al., 2014b). 
However, in one of the studies the animals were tested in the training 
context, making it difficult to distinguish between context and pure CS 
elicited freezing (Wendler et al., 2014b). Here we provide direct evi
dence that the core subregion is necessary for the expression of cued fear 
but not for its extinction. Temporary inactivation of the NAc core 
attenuated freezing to the CS when mice were tested in a different 
context but had no effect on the consolidation of extinction (Fig. 2B). 
Additionally, the significant difference in arc expression between the 
fear expression group when compared to the tone only or the explicitly 
unpaired group suggests that the NAc core is required for recall of the 
association between the CS and the US (Fig. 1E). These data support 
earlier findings showing increased expression of Zif268 within the core 
during retrieval of cued fear memories (Thomas et al., 2002). Taken 
together, our data suggest that the neuronal activity within the NAc core 
is necessary for fear expression but is not involved in extinction learning. 
We confirmed that the reduction of freezing observed during fear testing 
could not be interpreted as an effect on locomotor activity using an open 
field (Fig. 2C). Thus, our histological and behavioral pharmacology data 
suggest that the nucleus accumbens core contributes to the expression of 
fear during memory recall but is not necessary for extinction learning or 
its consolidation. Pharmacological inactivation of the NAc shell specif
ically disrupted fear extinction consolidation as evidenced by elevated 
freezing during the extinction retention test but did not disrupt 
expression of fear or extinction learning itself (Fig. 3B). It is possible, 
although we think unlikely given our additional more specific phar
macological experiments, that the lack of an effect on freezing during 
extinction training was due to an increase in locomotion. Thus, our 

findings suggest a dissociation between the NAc core and shell in 
regulating fear expression/recall and extinction consolidation. Our ev
idence for behavioral dissociation here is supported by additional 
anatomical evidence in that the core and shell display differential 
innervation patterns from the prefrontal cortices. The core receives 
projections from the prelimbic cortex, which is involved in fear 
expression, whereas the infralimbic cortex, necessary for fear extinction, 
projects preferentially to the shell subregion (Brog et al., 1993; Sier
ra-Mercado et al., 2010). Combined, these data suggest that separate 
inputs from medial prefrontal cortex to the nucleus accumbens may 
support different forms of learned fear responses. 

We next demonstrated that blocking mGluR1 activity within the NAc 
shell subregion prior to extinction training disrupts consolidation of 
extinction but has no effect on fear expression or extinction learning 
(Fig. 4B). In contrast, inactivation of mGluR1 within the NAc core had 
no effect on fear expression, extinction learning, or on the consolidation 
of extinction (Fig. 4D). The current findings, to the best of our knowl
edge, are the first to show that mGluR1 activity within the NAc shell 
subregion is required for consolidation of extinction memories. 

A major signaling pathway downstream of mGluR1 is ERK/MAPK 
(Ferraguti et al., 1999; Thandi et al., 2002; Wang et al., 2007; Mao et al., 
2008; Willard and Koochekpour, 2013; Mao and Wang, 2016; Yang 
et al., 2017). We therefore determined if ERK/MAPK activity is neces
sary for extinction consolidation within the NAc shell. This pathway 
within the amygdala and hippocampus is implicated in extinction 
consolidation of auditory and contextual fear conditioning (Herry et al., 
2006; Fischer et al., 2007; Peng et al., 2010), but has not been examined 
in the NAc. Pre-extinction infusions of U0126 disrupted extinction 
retention, but also had a small non-significant effect on freezing during 
the last few tone presentations during extinction training. To eliminate 
any possible effect of extinction learning on differences observed during 
the extinction retention test we used a post extinction infusion proced
ure in the next experiment. Here, we observed that U0126 infusion into 
the NAc shell disrupted the consolidation of extinction (Fig. 5). These 
data, to the best of our knowledge, are the first to indicate that the 
ERK/MAPK signaling within the NAc shell is necessary for the consoli
dation of fear extinction. 

Excessive associative fear or the inability to suppress fear responses 
is associated with anxiety disorders and stress/trauma-related disorders 
such as PTSD. Brain imaging studies also implicate the nucleus accum
bens in anxiety disorders by showing NAc activation in response to 
aversive stimuli and anxiety-dependent active avoidance behavior 
(Jensen et al., 2003; Levita et al., 2012). There may be some overlap in 
appetitive and aversive circuits within the NAc. For instance, the NAc 
core is involved in the self-administration of rewarding stimuli (LaLu
miere and Kalivas, 2008; Bull et al., 2014), but the NAc shell is reported 
to be involved in the context-dependent control of both reinstatement 
and extinction of drug seeking (Peters et al., 2009; Millan et al., 2010; 
Gibson et al., 2019). Thus, the regional associations have some overlap 
for expression and extinction of appetitive and aversive responses but 
are not strictly segregated. Given the high comorbidity between anxiety 
disorders and substance abuse disorder, understanding the common 
domains that regulate both aversive and appetitive memories is crucial. 
Taken together, our data, in addition to previous findings, suggest that 
the NAc plays a prominent role in regulating fear memory and the 
consolidation of fear extinction and could perhaps be considered part of 
the canonical fear memory circuitry and has potential to be a target for 
the development of combined therapeutic intervention strategies. 
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