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Abstract: Neural circuits that control aversion are essential for motivational regulation and survival
in animals. The nucleus accumbens (NAc) plays an important role in predicting aversive events
and translating motivations into actions. However, the NAc circuits that mediate aversive behaviors
remain elusive. Here, we report that tachykinin precursor 1 (Tac1) neurons in the NAc medial shell
regulate avoidance responses to aversive stimuli. We show that NAcTac1 neurons project to the lateral
hypothalamic area (LH) and that the NAcTac1→LH pathway contributes to avoidance responses.
Moreover, the medial prefrontal cortex (mPFC) sends excitatory inputs to the NAc, and this circuit is
involved in the regulation of avoidance responses to aversive stimuli. Overall, our study reveals a
discrete NAc Tac1 circuit that senses aversive stimuli and drives avoidance behaviors.
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1. Introduction

Reward and aversion are critical for motivated behaviors and are associated with
many mood disorders. Unexpected stimuli and threats drive aversive behaviors, an innate
response crucial to the survival of animals [1]. Aversive stimuli engage negative emotions
and contribute to prominent psychiatric disorders. Enormous advances have been made in
understanding the neural circuits underlying reward [2–7]. However, the neural circuits
underlying aversion remain elusive.

It is widely thought that the nucleus accumbens (NAc) is a critical brain region in
the reward and aversion circuits that integrate different inputs, leading to motivated
behaviors [8–14]. Anatomically, the NAc can be divided into the core, lateral shell, and
medial shell [15]. It has been found that distinct NAc neural circuits are involved in
different brain functions [16–21]. Dopamine transmissions from the ventral tegmental
area have been linked to reward and aversion processing [18]. Glutamatergic inputs
from the thalamic paraventricular nucleus to the NAc regulate aversion [19,22]. How the
NAc regulates opposite behaviors at the same time remains elusive. Thus, it is worth
investigating whether distinct NAc subregions are included in discrete neural circuits
involved in aversion.

The major projection neurons in the NAc are medium spiny neurons (MSNs), distin-
guished by their dopamine receptor expression (D1-MSNs and D2-MSNs) [23–25]. Mark-
ers for D1-MSNs and D2-MSNs also include the expression of different peptides [26,27].
Substance P, the major peptide encoded by tachykinin precursor 1 gene (TAC1), and dynor-
phin are exclusively expressed in D1-MSNs [28–30]. Previous work demonstrated that
dynorphin-containing neurons in the NAc mediate negative affective states [16,31,32]. This
raises the possibility that Tac1 neurons in the NAc medial shell may be involved in the
regulation of aversion.

The NAc has received attention as a crucial convergence point of reward and aversion
circuits, as it receives multiple projections from the ventral tegmental area (VTA), medial
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prefrontal cortex (mPFC), basolateral amygdala (BLA), and hippocampus [33,34]. The
mPFC is strongly related to neural circuits encoding aversion and decision making [35–37].
The prelimbic and infralimbic regions of the mPFC have been implicated in aversion [38–40].
However, studies have yielded conflicting findings. How the mPFC regulates aversion
through specific neural circuits remains underexplored.

Here, we show that tachykinin precursor 1 (Tac1) neurons in the NAc medial shell
mediate avoidance responses to aversive stimuli. Neural tracing and electrophysiological
data show that NAcTac1 neurons project inhibitory signals to the lateral hypothalamic area
(LH) and modulate avoidance behavior in the presence of aversive stimuli. Additionally,
neurons in the NAc medial shell receive inputs from mPFC glutamatergic (mPFCGlut)
neurons, and optogenetic manipulation of the mPFCGlut → NAc circuit regulates aversive
behaviors. These results indicate the essential role of Tac1 neurons in encoding aversive
stimuli and regulating behavioral responses.

2. Results

2.1. NAcTac1 Neurons Regulate Avoidance Behavior in Response to Aversive Stimuli

To investigate the expression of Tac1 neurons in the NAc, we crossed the Tac1-internal
ribosome entry site 2 (IRES2)-Cre mouse line [41] with a Cre-dependent tdTomato reporter
line, Ai9 [42] (Figure 1A). We observed that Tac1-tdTomato cellular expression closely
matched endogenous substance P and Dopamine Receptor 1 (Figure 1B–G). To mimic aver-
sion in mice, Tac1-Cre male mice were given an injection of formalin in the plantar surface
of a hindpaw, as previously described [43,44]. Patch-clamp recordings were performed on
Tac1 neurons in the NAc (Figure 1H). We observed decreased excitability of Tac1 neurons
in the medial shell, but not in the lateral shell (Figures 1I,J and S1A,B). These data indicate
that Tac1 neurons in the NAc medial shell are involved in the circuit regulating aversion.

To determine whether NAcTac1 neurons in the NAc medial shell regulate aversive
behaviors, we performed chemogenetics using designer receptors exclusively activated
by designer drugs (DREADDS). To selectively manipulate the activity of Tac1 neurons,
we bilaterally injected AAV-DIO-hM3D(Gq)-mCherry, AAV-DIO-hM4D(Gi)-mCherry, and
AAV-DIO-mCherry into the NAc medial shell of Tac1-Cre male mice (Figure 1K). Formalde-
hyde has been shown to act as an unfamiliar aversive stimulus for rodents without altering
their motor activity [45]. We thus measured the approach-avoidance behaviors of male
mice to an aversive stimulus (formaldehyde) while inhibiting or activating the activity
of NAcTac1 neurons. A piece of cotton dipped in 5% formaldehyde was placed on one
side of a three-chamber arena. Mice tend to explore a novel object, but animals display
strong avoidance behaviors when exposed to formaldehyde. Mice were introduced into
the chamber containing formaldehyde. Interactions with formaldehyde were recorded for
5 min. The opposite chambers of the arena were designated the ‘safe’ area and ‘center’
area. We observed that hM3D(Gq)-injected mice spent significantly more time exploring
the aversive stimulus than hM4D(Gi)- and mCherry (control)-injected mice (Figure 1L–O).
To investigate whether the activity of Tac1 neurons regulates interactions with a neutral
stimulus in mice, we performed the approach experiment and replaced the piece of 5%
formaldehyde cotton with a piece of regular cotton. We found that the activity of NAc
Tac1 neurons did not affect time spent interacting with neural stimuli (Figure S2A–C).
Moreover, olfaction and locomotion were not affected by hM4D(Gi) or hM3D(Gq) injection
(Figure S3A,B). These results suggest that NAcTac1 neurons in the medial shell are crucial to
avoidance behaviors in response to aversive stimuli.
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Figure 1. NAcTac1 neurons mediate aversive behaviors: (A) Coronal images demonstrating the ap-
plication of Tac1-IRES2-Cre and Ai9-tdTomato reporter mice to label Tac1-positive neurons in the 
NAc, compared to the Allen Institute for Brain Science. Scale bar: 500 µm and 100 µm, respectively. 

Figure 1. NAcTac1 neurons mediate aversive behaviors: (A) Coronal images demonstrating the
application of Tac1-IRES2-Cre and Ai9-tdTomato reporter mice to label Tac1-positive neurons in the
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NAc, compared to the Allen Institute for Brain Science. Scale bar: 500 µm and 100 µm, respectively. D:
dorsal; V: ventral; L: lateral; M: medial. (B) Representative image of acute striatal slice from Tac1-Cre;
Ai9 mice stained with antibodies against substance P. Scale bar: 20 µm. (C) Percentage of Tac1-
positive neurons that co-localized with substance P; co-localization ratio (TdT/DAPI: 43.55 ± 4.096%,
SP/DAPI: 43.55 ± 4.096%, TdT/SP: 100%; one-way ANOVA test, F (2,12) = 1.669, p < 0.0001). N = 5.
(D) Representative image of acute striatal slice from Tac1-Cre; Ai9 mice stained with antibodies
against NeuN. Scale bar: 20 µm. (E) Percentage of Tac1-positive neurons that co-localized with
NeuN; co-localization ratio (TdT/DAPI: 43.90 ± 4.801%, NeuN/DAPI: 77.43 ± 3.455%, TdT/NeuN:
54.72 ± 5.014%; one-way ANOVA test, F (2, 9) = 14.61, p = 0.0015). N = 4. (F) Representative image
of acute striatal slice from Tac1-Cre; Ai9 mice stained with antibodies against DRD1. Scale bar:
20 µm. (G) Percentage of Tac1-positive neurons that co-localized with DRD1; co-localization ratio
(TdT/DAPI: 44.90 ± 2.846%, DRD1/DAPI: 44.90 ± 2.846%, TdT/DRD1: 100%; one-way ANOVA test,
F (2,6) = 2.541, p < 0.0001). N = 3. Mann–Whitney U-tests were used for all panels. (H) Experimental
timeline. (I) Spikes elicited in Tac1 neurons in NAc medial shell in response to current injection.
(J) Action potentials elicited after 200 pA current injection for 500 ms (ctrl, hindpaw saline injection:
N = 4, N = 12; aversive, hindpaw formalin injection: N = 4, N = 12). Scale bar: 50 ms, 10 mV.
(K) Schematic of strategies used to express AAV-DIO-mCherry, AAV-DIO-hM3D(Gq)-mCherry, and
AAV-DIO-hM4D(Gi)-mCherry in NAc medial shell of Tac1-Cre mice. (L) Coronal view documenting
viral expression in NAc medial shell. Scale bar: 200 µm. (M) Schematic of avoidance assay (F: form,
5% formaldehyde solution). Control, hM3D(Gq), and hM4D(Gi) mice were i.p. injected with CNO
(5 mg/kg). Heat maps display time spent in different regions of the chamber (warmer colors indicate
more time). (N) Averaged time of control, hM4D(Gi), and hM3D(Gq) mice spent in different areas of
the chamber (safe: mCherry: 158.1 ± 15.84 s, hM4D(Gi): 196.7 ± 7.395 s, hM3D(Gq): 95.21 ± 10.46 s;
center: mCherry: 92.51 ± 12.12 s, hM4D(Gi): 82.33 ± 10.79 s, hM3D(Gq): 106.2 ± 7.140 s; form:
mCherry: 49.42 ± 7.939 s, hM4D(Gi): 18.54 ± 4.591 s, hM3D(Gq): 104.1 ± 9.48 s. One-Way ANOVA
test, safe: F(2,19) = 19.83, p < 0.0001; center: F(2,19) = 1.479, p = 0.2529; form: F(2,19) = 31.43, p < 0.0001).
(O) Averaged difference (time in form area – time in safe area) for control, hM4D(Gi), and hM3D(Gq)
mice (one-way ANOVA test, safe – form: F(2,19) = 31.51, p < 0.0001). mCherry + CNO: N = 7;
hM4D + CNO: N = 7; hM3D + CNO: N = 8. N: animal number. NAc msh: nucleus accumbens medial
shell. All data are means ± s.e.m. * p < 0.05; ** p < 0.01; *** p < 0.001; n.s.: not significant.

2.2. NAcTac1 Neurons Project to the LH

To identify possible downstream targets of NAcTac1 neurons that may encode aver-
sive stimuli, we injected AAV-DIO-mCherry into the NAc medial shell of Tac1-Cre mice.
Four weeks later, the animals were euthanized, and the distribution of neurons that NAcTac1

neurons target in the brain was examined (Figure 2A–C). The whole-brain mapping results
indicated that dense mCherry-labeled terminals were found in the lateral hypothalamic
area (LH) (Figure 2D–F, Figure S4).

We next assessed the synaptic function of NAcTac1 neurons projecting to the LH. We
first expressed channel rhodopsin-2 (ChR2) in NAcTac1 neurons, and then, selectively acti-
vated the terminals of NAcTac1 neurons in the LH via optogenetic stimulation (5 ms pulse,
20 Hz) (Figure 2G,H). In the whole-cell patch-clamp configuration, inhibitory postsynaptic
currents (IPSCs) were recorded in 17 out of 42 LH neurons (Figure 2I). However, no excita-
tory postsynaptic currents were recorded. IPSCs were eliminated via pretreatment with
the GABA-A receptor antagonist bicuculline (Figure 2J,K, Figure S5). These results suggest
that NAcTac1 neurons send inhibitory inputs to the LH.
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Figure 2. Output mapping of Tac1 neurons in the NAc medial shell: (A) Representative images 
showing virus expression in the NAc medial shell. Scale bar: 500 µm. (B,C) Coronal view document-
ing viral expression in NAc medial shell. Scale bar: 200 µm and 50 µm, respectively. (D) Images of 
tracing output from the NAc lateral shell to LH. Scale bar: 500 µm. (E,F) Anterograde tracing of 
Tac1NAc neurons showing fibers in the LH. Scale bar: 200 µm and 50 µm, respectively. (G) Schematic 
of strategies used to express AAV-DIO-ChR2-mCherry in Tac1 neurons. (H) Representative images 
of injection and projection sites. Scale bar: 200 µm. (I) Pie chart indicating that oIPSCs were recorded 
in 40% of cells (17 of 42 cells), and 60% were non-responsive in 3 mice. (J) The GABA-A receptor 
antagonist bicuculline totally inhibited oIPSCs in the LH neurons induced via optical stimulation. 
(K) Average amplitude of oIPSCs recorded (two-tailed paired t-test, t12 = 6.396, p < 0.0001). 
APV+CNQX: N = 3, n = 8; APV+CNQX+Bicuculline: N = 3, n = 6. N: animal number; n: cell number. 
NAcc: nucleus accumbens core; NAc msh: nucleus accumbens medial shell; LH: lateral hypotha-
lamic area. All data are means ± s.e.m. *** p < 0.001. 
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To assess whether the NAcTac1→LH circuit regulates avoidance responses to aversive 
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AAV-DIO-ChR2-mCherry (Figure 3A,B). Six weeks later, we carried out an approach-
avoidance assay for evaluation (Figure 3C). A piece of cotton dipped in 5% formaldehyde 

Figure 2. Output mapping of Tac1 neurons in the NAc medial shell: (A) Representative images show-
ing virus expression in the NAc medial shell. Scale bar: 500 µm. (B,C) Coronal view documenting
viral expression in NAc medial shell. Scale bar: 200 µm and 50 µm, respectively. (D) Images of tracing
output from the NAc lateral shell to LH. Scale bar: 500 µm. (E,F) Anterograde tracing of Tac1NAc neu-
rons showing fibers in the LH. Scale bar: 200 µm and 50 µm, respectively. (G) Schematic of strategies
used to express AAV-DIO-ChR2-mCherry in Tac1 neurons. (H) Representative images of injection
and projection sites. Scale bar: 200 µm. (I) Pie chart indicating that oIPSCs were recorded in 40% of
cells (17 of 42 cells), and 60% were non-responsive in 3 mice. (J) The GABA-A receptor antagonist
bicuculline totally inhibited oIPSCs in the LH neurons induced via optical stimulation. (K) Average
amplitude of oIPSCs recorded (two-tailed paired t-test, t12 = 6.396, p < 0.0001). APV+CNQX: N = 3,
n = 8; APV+CNQX+Bicuculline: N = 3, n = 6. N: animal number; n: cell number. NAcc: nucleus
accumbens core; NAc msh: nucleus accumbens medial shell; LH: lateral hypothalamic area. All data
are means ± s.e.m. *** p < 0.001.
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2.3. NAcTac1-to-LH Projection Mediates Avoidance Behaviors in Response to Aversive Stimuli

To assess whether the NAcTac1→LH circuit regulates avoidance responses to aversive
stimuli. Male Tac1-Cre mice were unilaterally injected with AAV-DIO-mCherry and AAV-
DIO-ChR2-mCherry (Figure 3A,B). Six weeks later, we carried out an approach-avoidance
assay for evaluation (Figure 3C). A piece of cotton dipped in 5% formaldehyde was placed in
one corner of a square chamber. Mice were introduced into the chamber. Their interactions
with formaldehyde were recorded. Compared with the control stimulation, the selective
delivery of blue light (5 ms pulse, 20 Hz for 5 min) to the LH of ChR2-expressing terminals
elicited a significant increase in interaction time with formaldehyde (Figure 3D,E). We also
calculated the total distance traveled by the mice in the arena and found that locomotion
was not affected (Figure 3F).
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injection and projection sites. Scale bar: 200 µm. (C) Schematic of approach-avoidance assay (F: form,
5% formaldehyde solution). (D) Heat maps display time spent in different regions of the chamber
(warmer colors indicate more time). (E) Mice expressing ChR2, but not mCherry, spent significantly
more time interacting with formaldehyde with 20 Hz optical stimulation (two-tailed paired t-test,
t13 = 5.885, p < 0.0001). (F) Mean total distance traveled in the chamber (two-tailed paired t-test,
t13 = 1.566, p = 0.1415). mCherry: N = 8; ChR2: N = 7. (G) Schematic showing bilateral optogenetic
inhibition of NAcTac1 inputs to LH by NpHR. (H) Representative images of injection and projection
sites. Scale bar: 200 µm. (I) Schematic of approach-avoidance assay (F: form, 5% formaldehyde
solution). (J) Heat maps display time spent in different regions of the chamber (warmer colors indicate
more time). (K) Mice expressing NpHR, but not eYFP, spent significantly less time interacting with
formaldehyde with continuous optical stimulation (two-tailed paired t-test, t10 = 3.475, p = 0.006).
(L) Mean total distance traveled in the chamber (two-tailed paired t-test, t10 = 0.01222, p = 0.9905).
eYFP: N = 6; NpHR: N = 6. N: animal number. NAc msh: nucleus accumbens medial shell; LH: lateral
hypothalamic area. All data are means ± s.e.m. ** p < 0.01, *** p < 0.001; n.s.: not significant.

We then selectively inhibited the NAcTac1 terminals in the LH by delivering continuous
yellow light to the LH of male mice bilaterally infected with AAV-DIO-NpHR-eYFP in
the NAc medial shell (Figure 3G,H). In the approach-avoidance assay, the photoinhibition
of NAcTac1→LH projection significantly decreased interaction time with formaldehyde
without affecting locomotion (Figure 3I–L). We also carried out a real-time place aver-
sion (RTPA) assay and found that the photoinhibition of NAcTac1→LH projection elicited
avoidance of the photoinhibition-paired chamber (Figure S6A–D). Taken together, these
data indicate that the NAcTac1→LH circuit is crucial to avoidance behaviors in response to
aversive stimuli.

2.4. mPFCGlut Inputs Activate NAc Neurons

Next, we sought to identify upstream brain regions of NAcTac1 neurons that might
mediate aversive behaviors. We employed a monosynaptic viral tracing strategy in Tac1-Cre
mice. The NAc medial shell of Tac1-Cre mice was injected with AAV-DIO-RVG and AAV-
DIO-TVA-GFP. Four weeks later, RV-EnVA-dsRed was injected into the LH (Figure 4A–C).
We found that the medial prefrontal cortex (mPFC) was projected to NAcTac1 neurons
(Figure 4D). Based on emerging studies [37,38,46–48] showing that the mPFC is critical
for neural circuits of aversion, we focused on neurons in the mPFC projecting to NAcTac1

neurons. To determine the kinds of mPFC neuron that are involved in the NAcTac1 circuit,
we performed immunofluorescence experiments and found that mCherry-labeled neurons
co-expressed the glutamatergic marker VGLUT2 (Figures 4E and S7).

We next evaluated the synaptic function of mPFCGlut neurons projecting to NAc neu-
rons. We first expressed ChR2 in mPFCGlut neurons by injecting AAV-CaMKIIα-ChR2-eYFP
into the mPFC, and then, selectively activated NAc neurons that were receiving projections
from mPFCGlut neurons via optogenetic stimulation (5 ms pulse, 20 Hz) (Figure 4F,G). In
the whole-cell patch-clamp configuration, excitatory postsynaptic currents (EPSCs) were
recorded in 32 out of 60 NAc neurons (Figure 4H). However, no inhibitory postsynaptic
currents were recorded. EPSCs were eliminated via pretreatment with the AMPA receptor
antagonist CNQX (Figures 4I,J and S8). To identify whether Tac1 neurons in the NAc
medial shell received inputs from the mPFCGlut, we expressed ChR2 in mPFCGlut neurons
in Tac1-Cre; Ai9 mice. In the patch-clamp recording, EPSCs were recorded in Tac1 neurons
in the NAc medial shell (Figure S9A–D). These results suggest that mPFCGlut neurons
project excitatory signals to Tac1 neurons in the NAc medial shell.
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µm, respectively. (H) Pie chart indicates that oEPSCs were recorded in 53% of cells (32 of 60 cells), 
and 47% were non-responsive in 5 mice. (I) The AMPA receptor antagonist CNQX totally inhibited 
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+ Bicuculline: N = 3, n = 8. N: animal number; n: cell number. mPFC: medial prefrontal cortex; NAc 
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Figure 4. Monosynaptic viral tracing identifies the inputs of LH-projecting NAcTac1 neurons:
(A,B) Schematic of rabies-based cell type-specific monosynaptic tracing procedure. (C) Representative
images showing NAcTac1 starter cells (blue: DAPI; red: RV-ENVA-∆G-dsRed; green: AAV-EF1α-
DIO-EGFP-TVA. Scale bar: 100 µm and 20 µm, respectively. (D) Representative images showing a
substantial rabies-deRed signal from LH-projecting NAcTac1 neurons in the mPFC. Scale bar: 200 µm
and 20 µm, respectively. (E) Representative mPFC image showing retrograde labeling in the mPFC
from NAc msh Tac1 neurons, co-labeled with VGLUT2. (red: rabies-dsRed; green: VGLUT2; blue:
DAPI. Scale bar: 10 µm). (F) Schematic of strategies used to express AAV-CaMKIIα-ChR2-eYFP
in C57 neurons. (G) Representative images of injection and projection sites. Scale bar: 1 mm and
100 µm, respectively. (H) Pie chart indicates that oEPSCs were recorded in 53% of cells (32 of
60 cells), and 47% were non-responsive in 5 mice. (I) The AMPA receptor antagonist CNQX totally
inhibited oEPSCs in the NAc neurons induced by optical stimulation. (J) Average amplitude of
oEPSCs recorded (two-tailed paired t-test, t14 = 12.02, p < 0.0001). APV + Bicuculline: N = 3, n = 8;
APV + CNQX + Bicuculline: N = 3, n = 8. N: animal number; n: cell number. mPFC: medial pre-
frontal cortex; NAc msh: nucleus accumbens medial shell; LH: lateral hypothalamic area. All data
are means ± s.e.m. *** p < 0.001.

2.5. The mPFCGlut-to-NAc Circuit Modulates Avoidance Behaviors in Response to Aversive Stimuli

To investigate whether activation of the mPFCGlut →NAc circuit decreases avoidance
behaviors in response to aversive stimuli. Male mice were unilaterally injected with AAV-
CaMKIIα-eYFP and AAV-CaMKIIα-ChR2-eYFP (Figure 5A,B). Six weeks later, we carried
out an approach-avoidance assay for evaluation (Figure 5C). Compared with the control
stimulation, the selective delivery of blue light (5 ms pulse, 20 Hz for 5 min) to ChR2-
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expressing terminals in the NAc medial shell elicited a significant increase in interaction
time with formaldehyde (Figure 5D,E). We also calculated the total distance traveled by
mice in the arena and found that locomotion was not affected (Figure 5K).
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Figure 5. The mPFCGlut inputs to NAc modulate aversive behaviors in mice (A) Schematic showing
unilateral optogenetic stimulation of mPFCGlut inputs to NAc msh by ChR2. (B) Representative
images of injection and projection sites. Scale bar: 1 mm and 100 µm, respectively. (C) Schematic
of approach-avoidance assay (F: form, 5% formaldehyde solution). (D) Heat maps displaying time
spent in different regions of the chamber (warmer colors indicate more time). (E) Mice expressing
ChR2, but not mCherry, spent significantly more time interacting with formaldehyde with 20 Hz
optical stimulation (two-tailed paired t-test, t15 = 5.451, p < 0.0001). (F) Mean total distance traveled
in the chamber (two-tailed paired t-test, t15 = 0.1827, p = 0.8575). eYFP: N = 9; ChR2: N = 8.
(G) Schematic showing bilateral optogenetic inhibition of mPFCGlut inputs to NAc msh by NpHR.
(H) Representative images of injection and projection sites. Scale bar: 1 mm and 100 µm, respectively.
(I) Schematic of approach-avoidance assay (F: form, 5% formaldehyde solution). (J) Heat maps
displaying time spent in different regions of the chamber (warmer colors indicate more time). (K) Mice
expressing NpHR, but not eYFP, spent significantly less time interacting with formaldehyde with
continuous optical stimulation (two-tailed paired t-test, t10 = 5.493, p = 0.0003). (L) Mean total
distance traveled in the chamber (two-tailed paired t-test, t10 = 0.3778, p = 0.7135). eYFP: N = 6;
NpHR: N = 6. N: animal number. mPFC: medial prefrontal cortex; NAc msh: nucleus accumbens
medial shell. All data are means ± s.e.m. *** p < 0.001; n.s.: not significant.
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Next, we selectively inhibited mPFCGlut terminals in the NAc medial shell by deliver-
ing continuous yellow light to the LH of male mice bilaterally infected with AAV-CaMKIIα-
eNpHR3-mCherry in the mPFC (Figure 5G,H). In the approach-avoidance assay, inhibition
of the mPFCGlut→NAc pathway significantly reduced interaction time with formaldehyde
without affecting locomotion (Figure 5I–L). We also carried out a real-time place aversion
(RTPA) assay and found that inhibition of the mPFCGlut→NAc pathway elicited avoidance
of the photoinhibition-paired chamber (Figure S10A–D).

Furthermore, we determined whether the activation of mPFCGLUT neurons could
attenuate aversive behaviors following the inhibition of NAcTac1 neurons. AAV-CaMKIIα-
hM3D(Gq)-mCherry or AAV-CaMKIIα-mCherry was injected in the mPFC, while AAV-DIO-
hM4D(Gi)-mCherry was injected in the NAc (Figure S10A). We found that the activation
of the mPFC neurons was able to attenuate avoidance behaviors in response to aversive
stimuli (Figure S11B,C). Taken together, these data indicate that the mPFCGlut→NAc circuit
is crucial to avoidance behaviors in response to aversive stimuli.

3. Discussion

Using neural circuit tracing, chemogenetics, electrophysiology, and optogenetics ap-
proaches, we found that NAcTac1 neurons in the medial shell mediate avoidance responses
to aversive stimuli in 10–14-week-old male mice. NAcTac1 neurons send inhibitory inputs to
the LH, and the NacTac1→LH circuit is required for aversive behaviors in mice. Moreover,
Nac neurons receive glutamatergic inputs from mPFCGlut neurons, and mPFCGlut→Nac
projection regulates behavioral responses in the presence of aversive stimuli.

Our mapping study of output circuits demonstrated that NacTac1 neurons in the medial
shell project to LH neurons. The LH is a brain region that contains heterogeneous cell
populations [49] and is involved in the regulation of multiple behaviors, such as feeding,
aversion, and reward-seeking [50,51]. Previous studies have reported that the activation of
LH neurons causes avoidance and aversive behaviors [52–54]. This is consistent with our
data, which show that the optogenetic inhibition of NAcTac1 terminals in the LH induced
aversive behaviors in mice. However, the LH receives multiple excitatory and inhibitory
inputs from both cortical and subcortical structures, further research is needed to fully
resolve the neuron populations receiving inhibitory inputs from NAcTac1 neurons and the
mechanisms underlying aversion in the LH.

Previous studies have reported that mPFC neurons project to the NAc and that these
neurons are able to elicit avoidance [55]. It has also been reported that projections from the
mPFC to the NAc have no effect on aversion [37]. These conflicting results may partially
be caused by the heterogeneity of the different regions of the NAc: the core, medial shell,
and lateral shell. These regions contain similar classes of medial spiny projection neurons
(MSNs). NAc medial shell MSNs have been described as “medium-small spiny neurons”
with low density [56]. In addition, the NAc medial shell shows a perplexing phenotype that
opposes the classical direct and indirect pathway model [16,57,58]. In addition, previous
work indicates that D1 neurons in the NAc also represent a portion of the classical indirect
pathway and are activated by aversive stimuli [59,60]. Taken together, the classical striatal
direct and indirect pathway models are not applied to the NAc. In this study, we found that
mPFCGlut neurons send excitatory signals to neurons in the NAc medial shell. Moreover,
this mPFCGlut→NAc circuit is involved in the regulation of aversion. However, aversion is
a multidimensional construct, and we cannot rule out the possibility that other neurons in
the NAc receive inputs from the mPFC and contribute to aversive behaviors.

In summary, we delineated distinct Tac1 neurons as encoding aversive stimuli. Fur-
thermore, we dissected the dedicated function of this circuit and identified it as a critical
component of the aversion circuit. These results may improve our understanding of the
aversion circuit. By understanding the structure and mechanisms underlying aversion and
negative prediction, it will be possible to design intervention strategies for pathological
depressive conditions.
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4. Materials and Methods
4.1. Animals

All experimental procedures were approved by the Animal Advisory Committee of
Northeast Normal University, China. The laboratory was kept under specific pathogen-free
(SPF) conditions. All mice were maintained on a 12–12 h light–dark cycle (lights on from
6:00 to 18:00 every day), with food and water provided ad libitum. All behavioral tests were
performed during the light period. C57BL/6J mice were obtained from Huafukang Animal
Center, Beijing, China. Tac1-IRES2-Cre mice (Jax No. 021877) were obtained from Jackson
Laboratory (USA). Ai9 mice (Jax No. 007905) were kindly provided by Prof. Chunjie Zhao
from Southeast University.

4.2. Viral Vector Generation

For monosynaptic tracing, AAV-EF1α-DIO-His-EGFP-2a-TVA (AAV2/9, 5.53 × 1012

particles mL−1), AAV-EF1α-DIO-RG (AAV2/9, 5.22 × 1012 particles mL−1), and RV-ENVA-
∆G-dsRed (3.10 × 108 particles mL−1) were purchased from BrainVTA (Wuhan, China).
AAV-EF1α-DIO-mCherry (AAV2/9, 1.47 × 1013 particles mL−1) was purchased from
GeneChem (Shanghai, China).

For functional analysis, AAV-EF1α-DIO-hM4D(Gi)-mCherry (AAV2/9, 1.044 × 1012

particles mL−1), AAV-EF1α-DIO-hM3D(Gq)-mCherry (AAV2/9, 2.205 × 1012 particles mL−1),
and AAV-EF1α-DIO-ChR2-mCherry (AAV2/9, 1.25 × 1013 particles mL−1) were purchased
from GeneChem (Shanghai, China). AAV-CaMKIIα-ChR2(H134R)-eYFP-WPRE-hGH
polyA (AAV2/9, 2.77 × 1012 particles mL−1), AAV-CaMKIIα-eYFP-WPRE-hGH polyA
(AAV2/9, 6.6 × 1012 particles mL−1), AAV-CaMKIIα-eNpHR3.0-mCherry-WPRE-hGH
polyA (AAV2/9, 4.25 × 1012 particles mL−1), and AAV-CaMKIIα-mCherry-WPRE-hGH
polyA (AAV2/9, 2.29 × 1012 particles mL−1) were purchased from BrainVTA (China).

4.3. Viral Tracing

For output mapping, the NAc medial shell of Tac1-Cre mice was injected with with
AAV-EF1α-DIO-mCherry (200 nL). For input mapping, AAV-EF1α-DIO-His-EGFP-2a-TVA
and AAV-EF1α-DIO-RG (1:1, total 150 nL) were injected into the NAc medial shell of
Tac1-Cre mice. Four weeks later, 300 nL of RV-ENVA-∆G-dsRed was injected into the LH.
Thus, we only infected NAcTac1 neurons in the medial shell that projected to the LH, and
traced their inputs. The mice were sacrificed one week after RV injection.

4.4. Stereotaxic Injection

Mice were anesthetized with 1.0% sodium pentobarbital (0.1 g/kg body weight, i.p.).
Viruses were delivered at a rate of 100 nL/min using a stereotaxic instrument (RWD Co,
Shenzhen China) and a 5 µL syringe (Hamilton, Sigma, USA). After each injection, the
syringe was left in place for 15 min, and then, slowly withdrawn. Experiments were
performed at least 4–6 weeks after virus injection.

Stereotaxic coordinates were derived from the Paxinos and Franklin Mouse Brain Atlas
and empirically adjusted. The coordinates for injection into the NAc medial shell (total
volume of 400 nL) were +1.9 mm AP, ±0.6 mm ML, and −4.4 mm DV. The coordinates
for injection into the LH (total volume of 150 nL) were −1.5 mm AP, ±0.9 mm ML, and
−5.1 mm DV. The coordinates for injection into the mPFC (total volume of 400 nL) were
+2.2 mm AP, ±0.3 mm ML, and −1.35 mm DV. For monosynaptic circuit tracing and the
ChR2 experiment, viruses were delivered unilaterally. For other functional analysis, viruses
were delivered bilaterally.

4.5. Implantation of Optical Fibers

Optogenetic behavioral experiments were performed as previously described [16,18,19],
and optic fibers (NA: 0.37; INPER, Wuhan, China) were unilaterally (ChR2) or bilaterally
(NpHR3.0) implanted over the LH (AP: −1.5 mm; ML: ±0.9 mm; DV: −4.9 mm) and NAc
medial shell (AP: +1.9 mm; ML: ±0.5 mm; DV: −4.2 mm). The mice were subjected to
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behavioral tests after 2 weeks of recovery. For optogenetic activation experiments, both
control and ChR2-injected mice were stimulated using a 20 Hz 465 nm blue laser (INPER,
China) with 2–5 mW light power at the fiber tips. For optogenetic inhibition experiments,
both control and NpHR-injected mice were continuously stimulated using a 589 nm yellow
laser (INPER, China) with 2–5 mW light power at the fiber tips.

4.6. Immunohistochemistry

As previously described [61], mice were deeply anesthetized with sodium pento-
barbital (0.5 g/kg, i.p.) and perfused transcardially with 0.1 M PBS followed by 4%
paraformaldehyde (PFA) in PBS. Their brains were then post-fixed overnight at 4 ◦C and
transferred to 30% sucrose solution. Sagittal and coronal sections were cut on a freezing
microtome (Leica, CM 1950, USA) at a thickness of 40 µm. The sections were rinsed in
PBS, and then, incubated in blocking solution (0.2% Triton X-100, 10% serum, and 2% BSA
in 0.1 M PBS) for 2 h. After washing with PBS, the sections were counterstained with
DAPI (1:2000, Life Technologies, D3571, USA) for 8 min. The sections were then covered
with ProLong gold mounting media (Thermo Fisher, P36930, USA). The following primary
antibodies were used: NeuN (1:1000; EMD Millipore, MAB377, USA), substance P (1:1000;
Abcam, ab10353, USA), VGLUT2 (1:500; Synaptic Systems, 135 402, Germany), and DRD1
(1:500; Novus Biologicals, NB110-60017, USA). The following secondary antibodies were
used: Alexa Fluor 488-conjugated goat anti-mouse (1:1000; Invitrogen, A21121, USA), Alexa
Fluor 488-conjugated goat anti-rabbit (1:1000; Invitrogen, A11008, USA), and Alexa Fluor
488-conjugated goat anti-guinea pig (1:1000; Invitrogen, A11073, USA). All images were
acquired using a Zeiss LSM 880 confocal microscope (USA).

4.7. Ex Vivo Electrophysiology

Mice were deeply anesthetized with sodium pentobarbital and quickly decapitated to
remove their brains. Acute slices (300 µm thick) were cut using a vibrating microtome (Leica,
VT 1000S). The sections were quickly transferred to a recovery chamber and incubated
at 35 ◦C for 30 min in recovery solution comprising 93 mM NMDG, 1.2 mM NaH2PO4,
30 mM NaHCO3, 20 mM HEPES, 25 mM D-Glucose, 5 mM Na-ascorbate, 2 mM Thiourea,
3 mM Na-pyruvate, 3 mM KCl, 10 mM MgSO4, 0.5 mM CaCl2, 93 mM HCl, and 12 mM
NAC (pH 7.4). The slices were then incubated at room temperature for 1 h in carbogenated
artificial cerebral spinal fluid (aCSF) comprising 120 mM NaCl, 2.5 mM KCl, 1.0 mM
NaH2PO4, 26 mM NaHCO3, 11 mM D-glucose, 2.0 mM MgCl2, and 2.0 mM CaCl2 (pH 7.4)
before recording. Recordings were made at 33 ◦C (TC-324B; Warner Instruments, USA). All
solutions were saturated with 95% O2/5% CO2.

Whole-cell patch-clamp recordings were performed using an EPC-10/2 amplifier
(HEKA, Germany). The recording pipettes were pulled from borosilicate glass tubes (Sutter
Instruments, USA) and had a resistance of 3–6 MΩ; only whole-cell patches with a series
resistance < 15 MΩ were used for recordings. EPSC and IPSC were recorded by holding
the membrane potential at −70 mV.

For optical recording in the LH, AAV-DIO-ChR2-mCherry was injected into the NAc
medial shell of Tac1-Cre mice, and LH neurons in areas with a high density of mCherry
terminals were patched. ChR2 with 465 nm blue light was delivered via a laser (INPER-
B1–465, INPER, China). To record optically evoked IPSCs (oIPSCs) in LH neurons, CNQX
(50 µM, Tocris Bioscience, 1045, USA) was added to the aCSF. Patch pipettes were filled
with 135 mM CsCl, 1 mM EGTA, 4 mM Mg-ATP, 0.6 mM Na-GTP, and 10 mM HEPES
(pH 7.4).

For optical recording in the NAc medial shell, AAV-CaMKIIα-ChR2-mCherry was
injected into the mPFC of C57 mice, and NAc medial shell neurons in the areas with
a high density of mCherry terminals were patched. ChR2 with 465 nm blue light was
delivered via a laser (INPER-B1–465, INPER, China). To record optically evoked EPSCs
(oEPSCs) in NAc medial shell neurons, bicuculline (20 µM, Tocris Bioscience, 0130) was
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added to the aCSF. Patch pipettes were filled with 130 mM K-gluconate, 1 mM EGTA, 5 mM
Na-phosphocreatine, 2 mM Mg-ATP, 0.3 mM Na-GTP, and 10 mM HEPES (pH 7.4).

Data were acquired using PATCHMASTER 1.3 (HEKA, Germany) and analyzed
using MiniAnalysis 1.0 (Synaptosoft), Clampfit 10.0 (Molecular Devices), and Igor 5.03
(Wavemetrics) software.

4.8. Behavioral Assays

All mice used for the behavioral assays were male mice and their littermates. An
experimenter blinded to the genotypes performed all the tests.

4.9. Approach-Avoidance Test

The avoidance test was conducted to measure avoidance of an unfamiliar aversive
stimulus. For the chemogenetics experiments, control-, hM3D(Gq)-, and hM4D(Gi)-injected
mice were i.p. injected with clozapine N-oxide (CNO; 5 mg/kg or JHU37160; 0.5 mg/kg),
and introduced into the chamber half an hour later. The chamber (70 cm× 70 cm) contained
three sides (safe, center, and form). A piece of cotton dipped in 5% formaldehyde was
placed on the form side. The opposite sides of the chamber were designated the ‘safe’ area
and ‘center’ area. As previously described [18], mice tend to explore a novel object, but
animals display strong avoidance behaviors when exposed to formaldehyde. Interactions
with formaldehyde were recorded and analyzed by the EthoVision XT system (Noldus,
Wageningen, The Netherlands).

For the optogenetics (ChR2 and NpHR) experiments, after recovery from the surgery for
virus injection and fiber implantation, mice were introduced into an arena (40 cm × 40 cm). A
piece of cotton dipped in 5% formaldehyde was place in a corner of the arena. Interactions
with formaldehyde were recorded in 5 min segments and analyzed using the EthoVision
XT system (Noldus, Wageningen, The Netherlands).

4.10. RTPA Assay

On the day of habituation, the mice were introduced into a Plexiglas box with two
chambers (30 cm × 30 cm × 50 cm each) and allowed to explore the chamber freely for
15 min. One chamber was randomly designated the stimulation side, and the other was
designated the non-stimulation side. The time spent in each of the chambers was recorded.
Mice that spent more than 60% of the total time in either compartment were excluded from
the experiments. On the day of the experiment, the mice were randomly introduced into
either chamber and received continuous 589 nm yellow light (or 20 Hz 465 nm blue light)
every time they entered the stimulation chamber until they moved into the non-stimulation
chamber. The time spent in each chamber was recorded and analyzed using the EthoVision
XT system.

4.11. Olfaction Test

Before the test, all pellets were removed from the home cage, but the water bottle was
kept in place. On the day of the experiments, a mouse was introduced into a clean cage
containing clean bedding with a depth of 3 cm. The animal was allowed to explore the
arena freely for 5 min. The animal was then transferred to an empty clean cage. In the
cage containing the bedding, food was buried approximately 1 cm beneath the surface
in a random corner. The surface of the bedding was smoothed out, and the animal was
reintroduced into the cage. The latency to find the buried food was recorded. The food was
considered uncovered when the mouse started to eat it.

4.12. Quantification and Statistical Analyses

All experimental procedures and data analyses were conducted in a blinded manner.
The number of replicates (N or n) indicated in the figure legends refers to the number of
experimental subjects independently treated in each experiment. All statistical analyses
were performed in Graph Pad Prism (GraphPad Software) unless otherwise stated. For
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normally distributed data, a Student’s test and one-way ANOVA, followed by Scheffe’s
post hoc test, were used to analyze the significance between groups. For non-normally
distributed data, Mann–Whitney U-tests were used to calculate the significance between
groups. All statistical data can be found in the figure legends. Statistical significance was
set at * p < 0.05, ** p < 0.01, and *** p < 0.001. The data are presented as the means ± s.e.m.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24054346/s1.

Author Contributions: Z.-X.H. designed and conducted all the experiments; Z.-X.H. and K.X. carried
out the behavioral tests and immunohistochemistry work; Y.-Y.Y., L.L., K.-J.L., M.-H.Y. and Z.-K.X.
conducted the virus experiments; Y.W., X.-X.H. and H.-L.Y. helped collect the data; Z.-X.H. and X.-J.Z.
co-wrote the article; X.-J.Z. supervised all aspects of the project. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the STI 2030—Major Projects 2021ZD0204000 (2021ZD0204003)
and the National Natural Science Foundation of China (32071018).

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article and its Supplementary materials. Raw data that support the findings
of this study are available from the corresponding author, upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mongeau, R.; Miller, G.A.; Chiang, E.; Anderson, D.J. Neural Correlates of Competing Fear Behaviors Evoked by an Innately

Aversive Stimulus. J. Neurosci. 2003, 23, 3855–3868. [CrossRef]
2. Mogenson, G.J.; Jones, D.L.; Yim, C.Y. From motivation to action: Functional interface between the limbic system and the mo-tor

system. Prog. Neurobiol. 1980, 14, 69–97. [CrossRef]
3. Hu, H. Reward and Aversion. Annu. Rev. Neurosci. 2016, 39, 297–324. [CrossRef]
4. Tye, K.M. Neural Circuit Motifs in Valence Processing. Neuron 2018, 100, 436–452. [CrossRef]
5. Wise, R.A.; Rompre, P.P. Brain dopamine and reward. Annu. Rev. Psychol. 1989, 40, 191–225. [CrossRef]
6. Berridge, K.C.; Kringelbach, M.L. Pleasure Systems in the Brain. Neuron 2015, 86, 646–664. [CrossRef]
7. Luo, M.; Zhou, J.; Liu, Z. Reward processing by the dorsal raphe nucleus: 5-HT and beyond. Learn. Mem. 2015,

22, 452–460. [CrossRef]
8. Klawonn, A.M.; Malenka, R.C. Nucleus Accumbens Modulation in Reward and Aversion. Cold Spring Harb. Symp. Quant. Biol.

2018, 83, 119–129. [CrossRef]
9. Volkow, N.D.; Wise, R.A.; Baler, R. The dopamine motive system: Implications for drug and food addiction. Nat. Rev. Neurosci.

2017, 18, 741–752. [CrossRef]
10. Carlezon, W.A., Jr.; Thomas, M.J. Biological substrates of reward and aversion: A nucleus accumbens activity hypothesis.

Neuropharmacology 2009, 56, 122–132. [CrossRef]
11. Kenny, P.J. Common cellular and molecular mechanisms in obesity and drug addiction. Nat. Rev. Neurosci. 2011,

12, 638–651. [CrossRef]
12. Mccutcheon, J.E.; Ebner, S.R.; Loriaux, A.L.; Roitman, M.F. Encoding of Aversion by Dopamine and the Nucleus Accumbens.

Front. Neurosci. 2012, 6, 137. [CrossRef] [PubMed]
13. Kim, C.K.; Sanchez, M.I.; Hoerbelt, P.; Fenno, L.E.; Malenka, R.C.; Deisseroth, K.; Ting, A.Y. A Molecular Calcium Integrator

Reveals a Striatal Cell Type Driving Aversion. Cell 2020, 183, 2003–2019.e16. [CrossRef]
14. He, Z.-X.; Yin, Y.-Y.; Xi, K.; Xing, Z.-K.; Cao, J.-B.; Liu, T.-Y.; Liu, L.; He, X.-X.; Yu, H.-L.; Zhu, X.-J. Nucleus Accumbens

Tac1-Expressing Neurons Mediate Stress-Induced Anhedonia-like Behavior in Mice. Cell Rep. 2020, 33, 108343. [CrossRef]
15. Castro, D.C.; Bruchas, M.R. A Motivational and Neuropeptidergic Hub: Anatomical and Functional Diversity within the Nu-cleus

Accumbens Shell. Neuron 2019, 102, 529–552. [CrossRef]
16. Al-Hasani, R.; McCall, J.G.; Shin, G.; Gomez, A.M.; Schmitz, G.P.; Bernardi, J.M.; Pyo, C.O.; Park, S.I.; Marcinkiewcz, C.M.;

Crowley, N.A.; et al. Distinct Subpopulations of Nucleus Accumbens Dy-norphin Neurons Drive Aversion and Reward. Neuron
2015, 87, 1063–1077. [CrossRef]

17. Blomeley, C.; Garau, C.; Burdakov, D. Accumbal D2 cells orchestrate innate risk-avoidance according to orexin signals. Nat.
Neurosci. 2017, 21, 29–32. [CrossRef]

18. De Jong, J.W.; Afjei, S.A.; Dorocic, I.P.; Peck, J.R.; Liu, C.; Kim, C.K.; Tian, L.; Deisseroth, K.; Lammel, S. A Neural Circuit
Mechanism for Encoding Aversive Stimuli in the Mesolimbic Dopamine System. Neuron 2018, 101, 133–151.e7. [CrossRef]

19. Zhu, Y.; Wienecke, C.F.R.; Nachtrab, G.; Chen, X. A thalamic input to the nucleus accumbens mediates opiate dependence. Nature
2016, 530, 219–222. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms24054346/s1
https://www.mdpi.com/article/10.3390/ijms24054346/s1
http://doi.org/10.1523/JNEUROSCI.23-09-03855.2003
http://doi.org/10.1016/0301-0082(80)90018-0
http://doi.org/10.1146/annurev-neuro-070815-014106
http://doi.org/10.1016/j.neuron.2018.10.001
http://doi.org/10.1146/annurev.ps.40.020189.001203
http://doi.org/10.1016/j.neuron.2015.02.018
http://doi.org/10.1101/lm.037317.114
http://doi.org/10.1101/sqb.2018.83.037457
http://doi.org/10.1038/nrn.2017.130
http://doi.org/10.1016/j.neuropharm.2008.06.075
http://doi.org/10.1038/nrn3105
http://doi.org/10.3389/fnins.2012.00137
http://www.ncbi.nlm.nih.gov/pubmed/23055953
http://doi.org/10.1016/j.cell.2020.11.015
http://doi.org/10.1016/j.celrep.2020.108343
http://doi.org/10.1016/j.neuron.2019.03.003
http://doi.org/10.1016/j.neuron.2015.08.019
http://doi.org/10.1038/s41593-017-0023-y
http://doi.org/10.1016/j.neuron.2018.11.005
http://doi.org/10.1038/nature16954


Int. J. Mol. Sci. 2023, 24, 4346 15 of 16

20. Zhou, K.; Xu, H.; Lu, S.; Jiang, S.; Hou, G.; Deng, X.; He, M.; Zhu, Y. Reward and aversion processing by input-defined parallel
nucleus accumbens circuits in mice. Nat. Commun. 2022, 13, 1–12. [CrossRef]

21. Christoffel, D.J.; Walsh, J.J.; Heifets, B.D.; Hoerbelt, P.; Neuner, S.; Sun, G.; Ravikumar, V.K.; Wu, H.; Halpern, C.H.; Malenka,
R.C. Input-specific modulation of murine nucleus accumbens differentially regulates hedonic feeding. Nat. Commun. 2021,
12, 1–12. [CrossRef]

22. Beas, B.S.; Wright, B.; Skirzewski, M.; Leng, Y.; Hyun, J.H.; Koita, O.; Ringelberg, N.; Kwon, H.-B.; Buonanno, A.; Penzo, M.A. The
locus coeruleus drives disinhibition in the midline thalamus via a dopaminergic mechanism. Nat. Neurosci. 2018, 21, 963–973.
[CrossRef] [PubMed]

23. Gerfen, C.R.; Engber, T.M.; Mahan, L.C.; Susel, Z.; Chase, T.N.; Monsma, F.J., Jr.; Sibley, D.R. D1 and D2 dopamine recep-tor-
regulated gene expression of striatonigral and striatopallidal neurons. Science 1990, 250, 1429–1432. [CrossRef] [PubMed]

24. Kreitzer, A.C. Physiology and Pharmacology of Striatal Neurons. Annu. Rev. Neurosci. 2009, 32, 127–147. [CrossRef] [PubMed]
25. Smith, R.J.; Lobo, M.K.; Spencer, S.; Kalivas, P.W. Cocaine-induced adaptations in D1 and D2 accumbens projection neurons

(a dichotomy not necessarily synonymous with direct and indirect pathways). Curr. Opin. Neurobiol. 2013, 23, 546–552.
[CrossRef] [PubMed]

26. Steiner, H.; Gerfen, C.R. Role of dynorphin and enkephalin in the regulation of striatal output pathways and behavior. Exp. Brain
Res. 1998, 123, 60–76. [CrossRef] [PubMed]

27. Surmeier, D.J.; Song, W.J.; Yan, Z. Coordinated expression of dopamine receptors in neostriatal medium spiny neurons. J. Neurosci.
1996, 16, 6579–6591. [CrossRef]

28. Anderson, K.D.; Reiner, A. Extensive co-occurrence of substance P and dynorphin in striatal projection neurons: An evolu-tionarily
conserved feature of basal ganglia organization. J. Comp. Neurol. 1990, 295, 339–369. [CrossRef]

29. Blomeley, C.P.; Kehoe, L.A.; Bracci, E. Substance P mediates excitatory interactions between striatal projection neurons. J. Neurosci.
2009, 29, 4953–4963. [CrossRef]

30. Francis, T.C.; Yano, H.; Demarest, T.G.; Shen, H.; Bonci, A. High-Frequency Activation of Nucleus Accumbens D1-MSNs Drives
Excitatory Potentiation on D2-MSNs. Neuron 2019, 103, 432–444.e3. [CrossRef]

31. Tejeda, H.A.; Wu, J.; Kornspun, A.R.; Pignatelli, M.; Kashtelyan, V.; Krashes, M.J.; Lowell, B.B.; Carlezon, W.A.; Bonci, A. Pathway-
and Cell-Specific Kappa-Opioid Receptor Modulation of Excitation-Inhibition Balance Differentially Gates D1 and D2 Accumbens
Neuron Activity. Neuron 2017, 93, 147–163. [CrossRef]

32. Pignatelli, M.; Tejeda, H.A.; Barker, D.J.; Bontempi, L.; Wu, J.; Lopez, A.; Ribeiro, S.P.; Lucantonio, F.; Parise, E.M.; Torres-Berrio,
A.; et al. Cooperative synaptic and intrinsic plasticity in a disynaptic limbic circuit drive stress-induced anhedonia and passive
coping in mice. Mol. Psychiatry 2020, 26, 1860–1879. [CrossRef] [PubMed]

33. Britt, J.P.; Benaliouad, F.; McDevitt, R.A.; Stuber, G.D.; Wise, R.A.; Bonci, A. Synaptic and behavioral profile of multiple
glu-tamatergic inputs to the nucleus accumbens. Neuron 2012, 76, 790–803. [CrossRef]

34. Russo, S.J.; Nestler, E.J. The brain reward circuitry in mood disorders, Nature reviews. Neuroscience 2013, 14, 609–625.
35. Monosov, I.E.; Hikosaka, O. Regionally distinct processing of rewards and punishments by the primate ventromedial pre-frontal

cortex. J. Neurosci. 2012, 32, 10318–10330. [CrossRef]
36. Friedman, A.; Homma, D.; Gibb, L.G.; Amemori, K.-I.; Rubin, S.J.; Hood, A.S.; Riad, M.H.; Graybiel, A.M. A Corticostriatal Path

Targeting Striosomes Controls Decision-Making under Conflict. Cell 2015, 161, 1320–1333. [CrossRef]
37. Weele, C.M.V.; Siciliano, C.A.; Matthews, G.A.; Namburi, P.; Izadmehr, E.M.; Espinel, I.C.; Nieh, E.H.; Schut, E.H.S.; Padilla-

Coreano, N.; Burgos-Robles, A.; et al. Dopamine enhances signal-to-noise ratio in cortical-brainstem encoding of aversive stimuli.
Nature 2018, 563, 397–401. [CrossRef]

38. Moscarello, J.M.; LeDoux, J.E. Active avoidance learning requires prefrontal suppression of amygdala-mediated defensive
reactions. J. Neurosci. 2013, 33, 3815–3823. [CrossRef]

39. Joel, D.; Tarrasch, R.; Feldon, J.; Weiner, I. Effects of electrolytic lesions of the medial prefrontal cortex or its subfields on
4-arm baited, 8-arm radial maze, two-way active avoidance and conditioned fear tasks in the rat. Brain Res. 1997, 765, 37–50.
[CrossRef] [PubMed]

40. Holson, R.R. Mesial prefrontal cortical lesions and timidity in rats. I. Reactivity to aversive stimuli. Physiol. Behav. 1986,
37, 221–230. [CrossRef] [PubMed]

41. Harris, J.A.; Hirokawa, K.E.; Sorensen, S.A.; Gu, H.; Mills, M.; Ng, L.L.; Bohn, P.; Mortrud, M.; Ouellette, B.; Kidney, J.; et al.
Anatomical characterization of Cre driver mice for neural circuit mapping and manipulation. Front. Neural Circuits 2014,
8, 76. [CrossRef]

42. Madisen, L.; Zwingman, T.A.; Sunkin, S.M.; Oh, S.W.; Zariwala, H.A.; Gu, H.; Ng, L.L.; Palmiter, R.D.; Hawrylycz, M.J.; Jones,
A.R.; et al. A robust and high-throughput Cre reporting and characterization system for the whole mouse brain. Nat. Neurosci.
2009, 13, 133–140. [CrossRef]

43. Deyama, S.; Yamamoto, J.; Machida, T.; Tanimoto, S.; Nakagawa, T.; Kaneko, S.; Satoh, M.; Minami, M. Inhibition of glutama-
tergic transmission by morphine in the basolateral amygdaloid nucleus reduces pain-induced aversion. Neurosci. Res. 2007,
59, 199–204. [CrossRef]

44. Lammel, S.; Ion, D.I.; Roeper, J.; Malenka, R.C. Projection-Specific Modulation of Dopamine Neuron Synapses by Aversive and
Rewarding Stimuli. Neuron 2011, 70, 855–862. [CrossRef]

http://doi.org/10.1038/s41467-022-33843-3
http://doi.org/10.1038/s41467-021-22430-7
http://doi.org/10.1038/s41593-018-0167-4
http://www.ncbi.nlm.nih.gov/pubmed/29915192
http://doi.org/10.1126/science.2147780
http://www.ncbi.nlm.nih.gov/pubmed/2147780
http://doi.org/10.1146/annurev.neuro.051508.135422
http://www.ncbi.nlm.nih.gov/pubmed/19400717
http://doi.org/10.1016/j.conb.2013.01.026
http://www.ncbi.nlm.nih.gov/pubmed/23428656
http://doi.org/10.1007/s002210050545
http://www.ncbi.nlm.nih.gov/pubmed/9835393
http://doi.org/10.1523/JNEUROSCI.16-20-06579.1996
http://doi.org/10.1002/cne.902950302
http://doi.org/10.1523/JNEUROSCI.6020-08.2009
http://doi.org/10.1016/j.neuron.2019.05.031
http://doi.org/10.1016/j.neuron.2016.12.005
http://doi.org/10.1038/s41380-020-0686-8
http://www.ncbi.nlm.nih.gov/pubmed/32161361
http://doi.org/10.1016/j.neuron.2012.09.040
http://doi.org/10.1523/JNEUROSCI.1801-12.2012
http://doi.org/10.1016/j.cell.2015.04.049
http://doi.org/10.1038/s41586-018-0682-1
http://doi.org/10.1523/JNEUROSCI.2596-12.2013
http://doi.org/10.1016/S0006-8993(97)00334-X
http://www.ncbi.nlm.nih.gov/pubmed/9310392
http://doi.org/10.1016/0031-9384(86)90224-6
http://www.ncbi.nlm.nih.gov/pubmed/3737731
http://doi.org/10.3389/fncir.2014.00076
http://doi.org/10.1038/nn.2467
http://doi.org/10.1016/j.neures.2007.06.1473
http://doi.org/10.1016/j.neuron.2011.03.025


Int. J. Mol. Sci. 2023, 24, 4346 16 of 16

45. Sorg, B.A.; Davidson, D.L.; Hochstatter, T.; Sylvester, P.W. Repeated cocaine decreases the avoidance response to a novel aver-sive
stimulus in rats. Psychopharmacology 2002, 163, 9–19. [CrossRef]

46. Burgos-Robles, A.N.; Kimchi, E.Y.; Izadmehr, E.M.; Porzenheim, M.J.; Ramos-Guasp, W.A.; Nieh, E.H.; Felix-Ortiz, A.C.; Namburi,
P.; Leppla, C.A.; Presbrey, K.N.; et al. Amygdala inputs to prefrontal cortex guide behavior amid conflicting cues of reward and
punishment. Nat. Neurosci. 2017, 20, 824–835. [CrossRef]

47. Euston, D.R.; Gruber, A.J.; McNaughton, B.L. The Role of Medial Prefrontal Cortex in Memory and Decision Making. Neuron
2012, 76, 1057–1070. [CrossRef]

48. Bravo-Rivera, C.; Roman-Ortiz, C.; Brignoni-Perez, E.; Sotres-Bayon, F.; Quirk, G.J. Neural structures mediating expression and
extinction of platform-mediated avoidance. J. Neurosci. 2014, 34, 9736–9742. [CrossRef]

49. Berthoud, H.-R.; Münzberg, H. The lateral hypothalamus as integrator of metabolic and environmental needs: From electrical
self-stimulation to opto-genetics. Physiol. Behav. 2011, 104, 29–39. [CrossRef]

50. Stuber, G.D.; Wise, R.A. Lateral hypothalamic circuits for feeding and reward. Nat. Neurosci. 2016, 19, 198–205. [CrossRef]
51. Jennings, J.H.; Rizzi, G.; Stamatakis, A.M.; Ung, R.L.; Stuber, G.D. The inhibitory circuit architecture of the lateral hypothala-mus

orchestrates feeding. Science 2013, 341, 1517–1521. [CrossRef]
52. Lazaridis, I.; Tzortzi, O.; Weglage, M.; Märtin, A.; Xuan, Y.; Parent, M.; Johansson, Y.; Fuzik, J.; Fürth, D.; Fenno, L.E.; et al. A

hypothalamus-habenula circuit controls aversion. Mol. Psychiatry 2019, 24, 1351–1368. [CrossRef]
53. Stamatakis, A.M.; Van Swieten, M.; Basiri, M.L.; Blair, G.A.; Kantak, P.; Stuber, G.D. Lateral Hypothalamic Area Glutamatergic

Neurons and Their Projections to the Lateral Habenula Regulate Feeding and Reward. J. Neurosci. 2016, 36, 302–311. [CrossRef]
54. Lecca, S.; Meye, F.J.; Trusel, M.; Tchenio, A.; Harris, J.; Schwarz, M.K.; Burdakov, D.; Georges, F.; Mameli, M. Aversive stimuli

drive hypothalamus-to-habenula excitation to promote escape behavior. Elife 2017, 6, e30697. [CrossRef]
55. Lee, A.T.; Vogt, D.; Rubenstein, J.L.; Sohal, V.S. A class of GABAergic neurons in the prefrontal cortex sends long-range projec-tions

to the nucleus accumbens and elicits acute avoidance behavior. J. Neurosci. 2014, 34, 11519–11525. [CrossRef]
56. Meredith, G.; Agolia, R.; Arts, M.; Groenewegen, H.; Zahm, D. Morphological differences between projection neurons of the core

and shell in the nucleus accumbens of the rat. Neuroscience 1992, 50, 149–162. [CrossRef]
57. Bertran-Gonzalez, J.; Bosch-Bouju, C.; Maroteaux, M.; Matamales, M.; Herve, D.; Valjent, E.; Girault, J.-A. Opposing Patterns of

Signaling Activation in Dopamine D1 and D2 Receptor-Expressing Striatal Neurons in Response to Cocaine and Haloperidol.
J. Neurosci. 2008, 28, 5671–5685. [CrossRef]

58. Kupchik, Y.M.; Brown, R.; Heinsbroek, J.; Lobo, M.K.; Schwartz, D.J.; Kalivas, P.W. Coding the direct/indirect pathways by D1
and D2 receptors is not valid for accumbens projections. Nat. Neurosci. 2015, 18, 1230–1232. [CrossRef]

59. Kupchik, N.M.; Bridges, E.P. Improving Outcomes from In-Hospital Cardiac Arrest. AJN Am. J. Nurs. 2015, 115, 51–54. [CrossRef]
60. Liu, Z.; Le, Q.; Lv, Y.; Chen, X.; Cui, J.; Zhou, Y.; Cheng, D.; Ma, C.; Su, X.; Xiao, L.; et al. A distinct D1-MSN subpopulation

down-regulates dopamine to promote negative emotional state. Cell Res. 2021, 32, 139–156. [CrossRef]
61. Shen, C.J.; Zheng, D.; Li, K.X.; Yang, J.M.; Pan, H.Q.; Yu, X.D.; Fu, J.Y.; Zhu, Y.; Sun, Q.X.; Tang, M.Y.; et al. Cannabinoid CB(1)

receptors in the amygdalar cholecystokinin glutamatergic afferents to nucleus accum-bens modulate depressive-like behavior.
Nat. Med. 2019, 25, 337–349. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s00213-002-1133-z
http://doi.org/10.1038/nn.4553
http://doi.org/10.1016/j.neuron.2012.12.002
http://doi.org/10.1523/JNEUROSCI.0191-14.2014
http://doi.org/10.1016/j.physbeh.2011.04.051
http://doi.org/10.1038/nn.4220
http://doi.org/10.1126/science.1241812
http://doi.org/10.1038/s41380-019-0369-5
http://doi.org/10.1523/JNEUROSCI.1202-15.2016
http://doi.org/10.7554/eLife.30697
http://doi.org/10.1523/JNEUROSCI.1157-14.2014
http://doi.org/10.1016/0306-4522(92)90389-J
http://doi.org/10.1523/JNEUROSCI.1039-08.2008
http://doi.org/10.1038/nn.4068
http://doi.org/10.1097/01.NAJ.0000465032.97598.3e
http://doi.org/10.1038/s41422-021-00588-5
http://doi.org/10.1038/s41591-018-0299-9
http://www.ncbi.nlm.nih.gov/pubmed/30643290

	Introduction 
	Results 
	NAcTac1 Neurons Regulate Avoidance Behavior in Response to Aversive Stimuli 
	NAcTac1 Neurons Project to the LH 
	NAcTac1-to-LH Projection Mediates Avoidance Behaviors in Response to Aversive Stimuli 
	mPFCGlut Inputs Activate NAc Neurons 
	The mPFCGlut-to-NAc Circuit Modulates Avoidance Behaviors in Response to Aversive Stimuli 

	Discussion 
	Materials and Methods 
	Animals 
	Viral Vector Generation 
	Viral Tracing 
	Stereotaxic Injection 
	Implantation of Optical Fibers 
	Immunohistochemistry 
	Ex Vivo Electrophysiology 
	Behavioral Assays 
	Approach-Avoidance Test 
	RTPA Assay 
	Olfaction Test 
	Quantification and Statistical Analyses 

	References

