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Dopamine is heavily studied for its role in reward learning, but it is
becoming increasingly appreciated that dopamine can also
enable learning from aversion. Dopamine neurons modulate their
firing and neurotransmitter release patterns in response to
aversive outcomes. However, there is considerable heterogeneity
in the timing and directionality of the modulation. Open questions
remain as to the factors that determine this heterogeneity and how
varying patterns of responses to aversion in different dopamine-
receptive brain regions contribute to value learning, decision-
making, and avoidance. Here, we review recent progress in this
area and highlight important future directions.
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Introduction

Most dopamine neurons fire when unexpected rewards
are received [1,2]. Dopamine responses to unexpected
rewards are heavily studied for their roles in supporting
learning from positive reinforcement. As cues and ac-
tions that lead to rewards are identified, dopamine re-
sponses shift toward representing predictive stimuli,
reinforcing behaviors that lead to beneficial outcomes.

Dopamine is also proposed to allow organisms to weigh
the potential benefits of their actions against potential
downsides, supporting cost-benefit decision-making

[3,4]. However, to properly support cost-benefit assess-
ments that involve the risk of loss or punishment, the
dopamine system needs access to information about
these aversive outcomes. Therefore, researchers have
increasingly probed the dopamine system to assess its
responses to aversion and to determine its role in aver-
sive learning.

Dopamine neurons respond heterogeneously
to aversive stimuli

Dopamine research over the last 15 years has demon-
strated that dopamine neurons modulate their firing and
neurotransmitter release in response to aversive stimuli
such as electrical shocks, air puffs, and aversive tastes
[5-11]. However, there is considerable heterogeneity
among subpopulations of dopamine neurons in the
timing and directionality of modulation. Some dopamine
neurons decrease their activity during aversive stimuli,
and some zzcrease their activity (for review, see Ref. [5])
(Table 1). In aversive Pavlovian conditioning experi-
ments, for example, de Jong et al. [7] found that while
dopamine signaling is suppressed by aversive cues and
outcomes in many nucleus accumbens (NAc) sub-
regions, it is increased specifically in the NAc ven-
tromedial shell.

Both decreases and increases in dopamine concentra-
tions in downstream dopamine-receptive brain regions
may be computationally meaningful and have con-
sequences for circuit function (Figure 1). Dopamine
decreases during aversive stimuli conform to reward
prediction error models in which punishments can often
be understood as negative reward prediction errors (i.c.
moments when outcomes are worse than expected).
Dopamine increases during punishment could be com-
patible with salience encoding [12,13]. Alternatively,
there could be encoding of aversive salience (the desire
to avoid a predicted aversive outcome) or encoding of
threat prediction error [7,13,14]. Distinguishing between
these possibilities will be important. Since the answer
may differ for subpopulations of dopamine neurons,
these subpopulations must be carefully delineated in
future studies.

Defining dopamine neuron subpopulations

Reaching agreed-upon definitions of heterogeneous do-
pamine neuron subpopulations is desirable to ensure
reproducibility across studies and provoke productive
debate about function. Defining subpopulations by dis-
tinct gene expression patterns is an approach that holds

www.sciencedirect.com

Current Opinion in Behavioral Sciences 2025, 61:101476


http://www.sciencedirect.com/science/journal/23521546
mailto:talia.lerner@northwestern.edu
https://twitter.com/@GLopez_924
https://www.sciencedirect.com/special-issue/10GLVX0TWTN
https://www.sciencedirect.com/special-issue/10GLVX0TWTN
https://doi.org/10.1016/j.cobeha.2024.101476
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cobeha.2024.101476&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cobeha.2024.101476&domain=pdf

2 Dopamine

UOISSIWO Y00Us + X20ys + and Ag paseaioul
AuAI30B UOXE Y/ :OYN [BAIUSA PUE [BISIET
UOISSIWO X20ys

AQ pasealoul Yooys + and Aq pesesiosp

(suoibaigns

suoxe va

€20¢ “le 1°

UOIOUIIX® pUE ‘UOISSILIO

3O0US ‘Y00ys}00}

AJIAOB UOXe Y[ :OVN [elpawoisiuy a(diynw) oOyYN ul diNeon ‘Aiswoloyd uaqiy 9sSno|\  ZepueussH-SeulleS pajolpaid and suo |
uolounNXxe
PUE UOISSIWO YO0YS YHM USSSS| S9sealoul Yq
%001 4on0 Aljigeqoud 9408 404 sesuodsal uoI}oUIIXd PUE ‘UOISSILIO
J91e3.16 “Yooys Aq paseaiou| ssesjal ya O0ys ‘}90ys100}
sand Aq pasealosp ases|al ya 9109 oYN Josuss yq ‘Aiswoloyd uaqiy 90IN 1202 “le 1© NNy pajolpaid and suo|
¥o0ys + and suoJnau yqa 0202 “|e 1 »00YS}00}
paseaJoul AHAIOE UoINaU YA NS INS ul diNeon ‘Aswoloyd Jaqiy asno Biaquiers pajolpaid and suo |
pouad Alejes Buunp peseasoul IENES »o0Ys}00}
Yo0ys + and Aq pasesosp ases|al YQ  [elpaw/a100 OyN  AJjSWIWEOA O[040 uBdS-1SES 1ey 6102 “[e 1 AI91S  pa1oipaid and suo} + b
3ooys Agq paseasosp ‘end
Aq pabueyoun AlAijoe uoxe v :|Idys [essre]
¥o0ys + and Ag paseasoul
AUAIIOB UOXE Y/ :[[9US [BIPOWIOUDA
¥o0ys + and Ag pasesosp
ANAoe UOXe Y :||1dys [elpswosioq
}ooys + ano (suoibaigns suoxe yd »00ys100}
AQ paseaiosp AJAIIOE UOXE YQ 810D a|diinw) owN ul diNeoon ‘Anawoloyd Jagi4 asno|N 6102 e 1@ Buor ep pajoipaid and auo |
and Aq paseasoul asesjal [ :||dus [BIPSIN lI8Ys |elpaw 210z ‘e w© »00Ys}00}
ano Aq pasesiosp ases|al Yy 910D pue 2100 OyYN  AJjSWWIe}|OA O1|9AD UBDS-}seq 1ey ue/eseulpeg pajolpaid and suo|
Buluoipuod Jsye sinoy g »o0Ys}00}
‘and aAoIpalId ayy Aq pasealosp asesjal vd 2100 OyN  Auawiweyon 21j9A0 ueos-ise ey 2L0zg “|e 1® uoss|0 pajoipaid ano auo |
'synd Jle pue sano ay} Aq paoxe
sem uone|ndod Jayjoue g ‘ewil 8y} 1e Aujngeqoud
pa1oadxa se ‘synd Jie pue send aAoIpald sy} (VLA/ONS) va aAneind arewd 6002 ‘BYESOMIH Buifren yum ynd Bujuonipuod
AqQ palqgIyul 819M JBY} PUNO} 8J9M SUOINBU Vg uleIgpIN ‘sbuipiooal jun-s|buis uewnyuon R ojownsiely Jie pajolpaid sano [ensip uelnojAed SAISIONY
und Jie Aq pasealosp ases|al Ya VN (OWN) Josuss yQ ‘(V.LA) suoinau
ynd Jre Aq payqiyul suoinau g V1A  ©J0D [ei9}e|0JjusA va Ul dINeDD + Josuss
ynd Jle Ag pasea.oul 8ses|al NiY VIA OWN PUB V1A areweln|b ‘Aiyewoloyd Jaqgi4 901N €202 “'[e 1@ owy und Jre pajoipasdun
#nd are Aq psuqiyur AyAiRoe uoxe g +ginIbA
und Je (sedAigns Jejnosjow) suoxe yq
Aq pauoxa AlAIROE UOXE Y +|eXuy ‘+|qeD wnieus ul diNeon ‘Aiswoloyd Jaqiy QOIN €202 “’|e 10 euodZyY und Jie pajoipaidun
auluinb jo s|ang) auluinb pue
ybiy Aq pue yooys Aq pasealoul yq 9400 OYN 2100 OYN Josuss y(q ‘Anawoloyd Jagi4 Q0IIN 1202 “le 1 njny 300ys100} pajoipaidun
synd Jie Aq payoxs suoxe yYa S1 suoxe yq
synd Jie A psiqgiyul SUoxe 8109 oyYN Sl ‘@102 oyYN ul diNeoy ‘Aiswoloyd Jaqiy QOIN 8102 “’|e 10 sebaus|y synd Jie pajoadxaun
suo|Baigns J4ay1o Ul S}Nsai paxiN
[IBUS [BIPSWIOLUSA (suoibaigns Suoxe v ul diNeDD youid |iey pue ‘euluinb
OWN Ul Uoisidne Aq pasealoul suoxe ya,vad a|dinw) oOyYN Jo Josuss Y ‘Apswoloyd Jaqi4 Q0IIN 6102 “'[e 1@ ueni %ooys}oo} paloipaidun
3ooys Aq pajoxe suoinau ST1d<ONS suoJnau yq paulep-uoinosfoid
¥ooys AQq pa1qiyul suoinau SING<INS ONS ul diNeoy ‘Aiswoloyd Jaqiy Q0IN G102 “[e 18 Joule 300ys}00} pajoipaidun
¥o0ys AQ palioxe suoinau YA [eJiusp va aAneind 6002 “|e 1° I|NWIIS SAISIONE
¥o0ys AQ pauqgiyul suoinau YA [esioq VIA ‘sbuipiooal yun-s|buis siey xnoyosug »o0ys}00} pajdipaidun s|gejolpaidun
SSWO09INO0 U\ ayis Buipiodsy anbiuyoa} buipiodsy sol0adg ERIIEYETEN| Joineysqg wbipesed uoisiony

‘suoifaigns [ejen}s BulfieA SsoioB SBWODIN0 pUe SaNd AAISISAR 0} sasuodsas auiwedop Buluiwexa SaIpn}s JuUadail Jo Alewwing

I alqel

www.sciencedirect.com

Current Opinion in Behavioral Sciences 2025, 61:101476



3

How dopamine enables learning from punishment Lopez and Lerner

‘winjel)s [esaje|osiop ‘gq ‘eulwedop ‘v

JuswWUoAIAUS paysuaAodwi ue ul synd Jie
JO UolBJISIUILIPE AJBIUN|OA 10} PESEBIOUl Y

109[go [9A0U B WoJ) Jeasiad Buunp esesioul
asesjal Y S1 pue AlAnoe uoxe ya S
‘Buuiesyaid Jaybiy Ayajes

Jo} 8sesal yq ‘Buluresn-isod Jaybiy yooys
Jo} 8ses|al yQ "Buluiesy souepione-}sod pue
-aid ano ay} Aq paseaJoul Ape|iwis asesjal Y
*Jolneyaq adeose ooys

paJoisal [eubis pus-}o0ys 8y} JO uoljeiolsay
‘pajuN|q SBM pus-4o0ys 1e AlIAIloe uoinau
va ‘syooys a|qedeosaul Jo pus 8y} Ag ‘pus
-00ys Je pasealoul pue Yooys a|qedeosaul
Bunnp paseasosp Ajfeniul AjAIzOE uoinau yq
*Alea A|pajoadxaun palinddo H JI JJO YO0Us IO}
ases|al Y parens|3 ‘(sisules| Joy Jobuoiis)
sdnoub yjoq Joj Aajes Bunp paseasoul
ases|al Y[ ‘(sisutesjuou Joy Jabuois) sdnoib
yiog Jo} and Buunp paseslosp ases|al Y
‘SJauJes|uou

10 siaules| se pazuobeies alam siey

ssaud

J9A3| Jaye spouad ajes Buunp paseasoul Qg
s[el] 9ouUeplone

|NJSSO20NS UO PaseaIoUl INQ S[el} 9OUBPIOAE
pajie} Uo pasealosp ases|al g 2100
‘aouewJIopad padxs yum apey ‘bujuies|
Aea ul moib sesealoul and ‘sYo0ys + sand
Aq pasealoul YQ :|dys [BIpaWwoIius

Ayoses o} Buinys Agq pases.oul

vqa ‘Buiuies| yum Jabie| swooaq sasealosp
ano ‘SY00ys + sand AQ Pasealoap Y 8400
UOISSIWO Yo0ys

AQ paseaioul ‘Yooys + and Aq pabueyoun
AAIOB UOXe Y :OYN [elpaWwoI8]1sod

llsys
[eiae|/8100 OyN

S1

2100 OYN

VIA

lisys
[eIpaWw/a109 oYN

8100 OYN

(suoibaigns
a|dinw) ovYN

Josuss yQq ‘Answoloyd Jaqi4
(1}y) Josuss

V@ 4o (sebaus|y) suoxe yq
ut dweon ‘Aiswoloyd Jeqi4

Josuss y(q ‘Aiawoloyd Jagi4

suounau yq
ur dweon ‘Aiswoloyd Jeqi4

Ayswiweyon 21j0A0 ueos-jse

Aiyswiweyon 21j0A0 ueos-jse

Josuss yq ‘Aiswoloyd saqiy

90IN

201N

90IN

201N

fed

fed

201N

€202 “|e 10 BleMeA
geoe e e

My :8Log

“e 10 sebaus|p

120z “Ie 18 NNy

120z “le 1@ N\

6102 “e 1 Ae1s

2102 “[e 18 uose|O

20z “[e 18 zedo

und Je

aAI8081 0} 8yjodasoN

}SE} uojjoelalul
109[qo |9A0ON

uoljeuIWIB} YO0Us e 8nd
1yb| ‘eoueplone eyodasoN

(syo0ys

a|qedeosaul Joye adeosa
O0ys Ul uononpa.)
ssoaussa|djay paulesT

aoueploAe ssaud JanaT

2oueploAe ssaid JanaT

90UEBpIOAR B|INYS

oyl0

(Buiuonipuod
[ejuSWINJ}SUI)
9OUBPIOAB SAOY

SOWO09IN0 UlBIA|

a1Is Buipiooay

anbiuyos} buipioosy

sal0adg

aoualajey

Joineyag

wbipeled uoisiany

(penunuod) | s|qeL

Current Opinion in Behavioral Sciences 2025, 61:101476

www.sciencedirect.com



4 Dopamine
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Dopamine may play diverse computational roles in aversion learning. (a) Schematic showing how Pavlovian and instrumental aversive learning
behaviors differ as training progresses. During Pavlovian aversive learning, subjects learn associations between a conditioned stimuli (CS) and an
aversive unconditioned stimuli (US) but cannot control US exposure. Freezing behavior increases and plateaus (red dashed line), while avoidance
actions do not develop (blue dashed line) since they are not part of the task design. During instrumental aversive learning, subjects learn a CS-US
association and then learn to react to the CS to prevent or stop aversive stimuli. The successful performance of this avoidance behavior steadily
increases over training (blue solid line), while freezing decreases over time (red solid line). (b) Schematic showing predicted dopamine dynamics during
aversive learning under various theories of dopamine function. If dopamine encodes reward prediction error (RPE; top left ), then dopamine should
decrease in response to the US early in training, shifting toward the CS as CS-US associations form. If dopamine encodes salience (top right), then
both the CS and US should trigger increases in dopamine release. Initial responses to the CS will occur due to novelty and remain salient due to
CS-US associations. As the CS becomes more informative, US-related dopamine release may decline. Some dopamine subcircuits may also encode
aversive salience, also known as fearful salience, the aversive counterpart to incentive salience. Here, the predictions for Pavlovian versus instrumental
learning differ (bottom). In Pavlovian learning (no control over the US), the CS becomes highly salient as a fear-inducing predictor of an aversive
outcome. In instrumental learning (US is avoidable), the CS will initially become a fear-inducing predictor of an aversive outcome but will later lose this
property as most aversive outcomes are avoided. The US remains aversive when experienced later in training but may lack aversive salience due to

well-understood rules for controllability.

promise in bringing clarity to the field, but knowledge of
gene expression differences must be interfaced with
circuit and systems neuroscience perspectives. One re-
cent exemplary effort focused on motor and reward re-
presentations in dopaminergic projections to the dorsal
striatum and found a unique class of Anxal+ dopamine
neurons that encode movement (responses correlated
with accelerations on a treadmill) but not reward (no
responses for unexpected water delivery in thirsty mice)
[15]. A similar approach could likely be taken to define
aversion-encoding dopamine subpopulations. For ex-
ample, positive-going dopaminergic responses to aver-
sive events have been reported in NAc core, NAc
ventromedial  shell, and  dorsolateral  striatum
[7,10-12,16,17], so searching for molecular markers for
aversion- or salience-encoding dopamine neurons within
these projection-defined populations may prove fruitful
in understanding how to interpret these responses.

Dopamine and aversive learning
Aversive outcomes facilitate the learning of actions that
can be taken to avoid such experiences in the future.

Avoidance actions can be either passive (avoiding sce-
narios associated with aversive outcomes) or active (en-
gaging in behaviors that proactively prevent aversive
outcomes from occurring). Dopamine responses to
aversive stimuli have been characterized reasonably
well, but a major frontier remains in understanding how
dopamine responses to these stimuli are utilized to guide
various types of learning.

Remarkably, the dopaminergic dependence of avoid-
ance learning may be preserved across species in or-
ganisms with very simple nervous systems. In C. elegans,
a tiny nematode worm with only four pairs of dopamine
neurons, two of these four pairs were found to specifi-
cally participate in natural bacterial avoidance behavior
induced by physiological stress [18].

In rodents, dopamine in the NAc Core has received
particular attention for its role in active avoidance. In a
task where rodents could perform a lever press to pre-
vent footshock during a brief warning cue, NAc Core
dopamine increased during cues where an avoidance

Current Opinion in Behavioral Sciences 2025, 61:101476
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action was performed but decreased during cues with no
avoidance action [19]. Optogenetic stimulation of NAc
Core dopamine terminals promoted avoidance [20].
Consistently, Lopez et al. [17] found that although NAc
Core dopamine reliably decreased in response to a
warning cue, it increased specifically when an avoidance
action (in this case, crossing to a safe chamber) was
performed. Thus, it is important to differentiate in time
when warning cues and avoidance actions take place in
time during a task to disambiguate related neural re-
sponses. In Lopez et al. [17], decreases in NAc Core
dopamine in response to warning cues deepened as
avoidance learning progressed, while decreases in re-
sponse to shock itself on unsuccessful avoidance trials
lessened, consistent with a notion of reward or safety
prediction error previously proposed by Stelly et al. [21].
Another study found that NAc Core dopamine is also
increased when expected aversive outcomes are omitted,
which could be interpreted as a positive reward or safety
prediction error. However, other experiments in this
study showed increases in NAc Core dopamine for
aversive stimuli, and the authors therefore proposed that
the dopamine signals they had recorded were encoding
perceived salience [16]. Sources of variability in the re-
ported direction of NAc Core dopamine signaling are not
clear, but small differences in anatomical location,
especially when comparing across different model or-
ganisms (e.g. rats vs mice) and different recording
techniques (e.g. voltammetry vs fiber photometry) will
be important to explore further to align the literature (for
a comparison of aversion-related dopamine findings by
behavioral event, species, recording site, and recording
technique, see Table 1).

Consistent with findings from aversive Pavlovian con-
ditioning experiments [7,22], Lopez et al [17] found that
dopamine in the NAc ventromedial shell increased for
shocks and warning cues during active avoidance
learning. However, unlike under Pavlovian conditioning,
during avoidance learning, NAc ventromedial shell do-
pamine representations of warning cues waned late in
training, as aversive outcomes were consistently avoided.
These findings contrast with findings from the NAc Core
(where warning cue representations strengthened with
avoidance learning). Importantly, these findings con-
strain models of NAc ventromedial shell dopamine
function in avoidance learning to processes important for
early learning, such as aversive salience. In contrast, the
NAc Core or other striatal regions may participate in
consolidating avoidance rules through reward prediction
error (Figure 1).

Moving beyond the NAc, yet further dopamine neuron
subpopulations are important for alerting organisms to
potential threats, thereby guiding behavior away from
these stimuli. For example, dopamine release in the tail
of the striatum (T'S) suppresses engagement with novel

objects [14,23]. When T'S dopamine neurons are ablated,
animals interact more with novel objects, suggesting that
dopamine in this region facilitates cautionary behavior
and threat avoidance in the absence of learning about
explicit warning cues.

Aversive outcomes also guide learning and decision-
making in scenarios involving conflict between seeking
rewards and avoiding aversion. Dopamine release in the
dorsomedial striatum (DMS) tracks an animal’s will-
ingness to endure punishment to obtain rewards [24].
TS dopamine release can also influence an animal’s
tendency to pursue rewards in the presence of potential
threats. In the TS, activation of direct and indirect
pathway striatal neurons oppose each other to balance
threat avoidance with reward pursuit [25]. Together,
these findings suggest that multiple aspects of the do-
pamine system and its downstream targets in the dorsal
striatum are crucial in weighing risks and rewards during
complex decision-making tasks.

Finally, a recent study analyzed how dopamine may be
involved under atypical circumstances in which aversive
stimulation is actively pursued [26]. This study observed
that mice would sometimes seek aversive air puffs in
impoverished environments, suggesting a motivation to
seck information or sensory stimulation despite aversive
qualities. Accordingly, dopamine increased in the ven-
trolateral striatum (approximately in the NAc core/lateral
shell) right before air puff-seeking nosepokes. These
observations could be consistent with novelty or salience
encoding [12,27] and are notable in the context of de-
signing tasks to isolate aversion encoding from salience.
Experiments that can manipulate the same sensory sti-
muli to be perceived as rewarding or aversive may be
especially informative.

A role for neurotransmitter co-release in
aversion encoding by dopamine neurons

A building understanding of dopamine neuron hetero-
geneity at the level of neurotransmitter release [28-31] is
adding to our understanding of aversion encoding by
dopamine neurons. Notably, a recent study by Warlow
etal. [31] suggested that dopamine released from ventral
tegmental area (VTA) dopamine neurons that co-release
glutamate is aversive, driving place avoidance. Mean-
while, glutamate release from these same neurons is
reinforcing. Of note, VGLUT2+ VTA dopamine neu-
rons project primarily to the NAc medial shell, adding to
mounting but not conclusive evidence that at least a
subset of dopamine signals in the NAc medial shell,
especially the ventromedial shell, may specifically signal
aversion [7,17,32] (‘(I'able 1).

More work is needed to determine how neurotransmitter
co-release from dopamine neurons contributes to
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behavior. Careful molecular biology and synaptic phy-
siology work in VI'A and substantia nigra pars compacta
(SNc) dopamine neurons suggests that the co-release of
dopamine, glutamate, and gamma-aminobutyric acid
(GABA) can be independently regulated by differing
presynaptic release machinery [33,34]. This independent
regulation of release in neurons from naive mice could
provide a molecular basis for plasticity mechanisms that

alter the balance of co-release as learning progresses.

How do dopamine neuron inputs shape
responses to aversion?

Monosynaptic input tracing using modified rabies
viruses has provided valuable insights into how inputs to
different dopamine neuron subtypes influence their re-
sponses to punishment. VT'A, SN¢, and substantia nigra
pars lateralis (SNL) dopamine neurons ecach display
distinct input connectivity motifs [11,35-37], and further
differences between subregions or cell types are likely.
Recently, Salinas-Hernandez et al. [38] used rabies tra-
cing to identify differences between inputs to dopamine
neurons projecting to the anterior versus posterior
medial NAc. They found that inputs to VI'A dopamine
neurons from the dorsal raphe are critical for fear ex-
tinction learning by modulating dopamine signaling in
the anterior medial NAc.

Although rabies tracing is useful, it has limitations, in-
cluding cell-type tropisms, activity dependence, and the
inability to measure synaptic strength or other properties.
‘Opto-seq’ [39] is a recently developed and complementary
approach, which also provides a global unbiased perspec-
tive. In Opto-Seq, selected inputs to dopamine neurons are
optogenetically stimulated, then patterns of immediate-
early gene expression among neuronal subtypes are read
out by signal-nucleus RNA sequencing. This approach can
be used to identify new molecular markers for functionally
relevant dopamine neuron subpopulations as well as
identify their key input structures. It could be applied to
understanding dopamine responses to aversion if inputs
known to carry aversive information to dopamine neurons
were stimulated.

Another innovative new approach called ‘DART’ (drug
acutely restricted by tethering) [40] allows specific local
pharmacology that can be used to target and modulate
inputs to dopamine neurons. Using DART, Burwell
et al. [41] blocked GABA4 receptors on VT'A dopamine
neurons and observed a surprising acceleration of fear
extinction, perhaps due to changes in the detection of
punishment omission.

While Burwell et al. [41] examined inhibitory inputs to
dopamine neurons, another recent study [42] examined
excitatory inputs by expressing a glutamate sensor in
VTA. During aversive air puffs, glutamate in lateral VTA

is increased, but downstream dopamine release in the
NAc lateral shell is inhibited. This effect can be ex-
plained by the activation of glutamatergic inputs onto
inhibitory GABA neurons in the VTA during aversion,
inhibiting dopamine neurons.

Although many glutamatergic inputs representing aver-
sive information synapse primarily onto VI'A GABA
neurons, some synapse directly onto dopamine neurons.
One example is glutamatergic lateral hypothalamus
(LLH-Glut) neurons, which synapse specifically onto do-
pamine neurons projecting to the NAc ventromedial
shell. LH-Glut inputs are required for the positive-going
responses of NAc ventromedial shell-projecting dopa-
mine neurons to aversive events. Stimulating these in-
puts causes place avoidance [7].

Finally, SNL. dopamine neurons receive a unique motif
of inputs [37]. The roles of these inputs are not yet well
understood, but some recent research shows that sal-
ience information may be communicated from the cen-
tral amygdala, which is important for learning from both
rewarding and aversive outcomes [23,43,44].

How do downstream circuits read out
dopamine responses to aversion?

Equally important to understanding how inputs shape
dopamine responses is understanding how output
structures read out dopamine signals to refine behavior.
Recent studies have been particularly productive in
dissecting how distinct striatal projection neuron (SPN)
subtypes in the NAc, which express abundant dopamine
D1 and D2 receptors, are involved in representations of
aversion and avoidance learning. In single-unit record-
ings, NAc SPNs respond heterogencously to aversive
stimuli and associated cues [45]. Some SPN populations
appear to specifically signal aversion, and genetic mar-
kers for these populations are becoming apparent. T'shz1
is a transcription factor that marks a primarily D1 re-
ceptor-expressing SPN population within the striosome/
patch compartment of the striatum that is specifically
excited by aversion [46-48]. Inhibiting T'shz1+ SPNs in
the dorsal striatum impairs avoidance learning [47].
Meanwhile, Cartpt+ SPNs in the NAc medial shell are
inhibited by reward [49]. Activation of either Tshz1+ or
Cartpt+ SPNs induces place avoidance, suggesting these
SPN types may play important roles in allowing learning
from aversion [47,49]. This work adds an important
functional perspective on the types of instrumental be-
haviors that genetically heterogeneous SPN subtypes
may support [48,50-52].

The Cartpt+ SPN population includes D1- and D2-re-
ceptor-expressing SPNs. A key question is how D1- and
D2-SPNs interact to produce avoidance learning. Recent
research on the NAc microcircuits required for aversive
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learning has described a mechanism in which aversive
stimuli evoke substance P release from D1-SPNs, which
activates cholinergic interneurons. Acetylcholine, in
turn, promotes potentiation at glutamatergic synapses
onto D2-SPNs [53,54]. How dopamine contributes to
this circuit mechanism by layering additional levels of
control over D1- and D2-SPN plasticity remains to be
determined.

Understanding the interaction between D1- and D2-
SPN activity in aversive learning is essential for ex-
plaining their coactivation during behavior [55,56]. Fiber
photometry experiments measuring calcium reporter
fluorescence in D1- and D2-SPNs report co-activity
during movement, reward, and aversion [17,55], which
may reflect common excitatory input patterns [57,58].
Despite this shared input, SPNs expressing different
dopamine receptors (Gs-coupled D1 vs Gi-coupled D2)
respond oppositely to dopamine, leading to nuanced and
potentially opposing functional changes that affect
learning over time. Along these lines, recent literature
suggests phasic dopamine’s primary role might be to
modulate the timing of synaptic plasticity events rather
than immediate changes in SPN excitability [59-63].

Moving forward: relevance for depression and
addiction

Understanding how dopamine signaling contributes to
learning from aversion has implications for psychiatry,
including for depression, addiction, and other disorders.
For example, recent findings suggest that dopamine re-
sponses at the termination of an aversive stimulus are
important for motivated behavior to escape aversion,
with likely relevance for depression. Wu et al. [64] found
that VI'A dopamine responses to the termination of
shock diminished during repeated uncontrollable
shocks, and that the reduction of this dopamine response
to aversion is related to the development of learned
helplessness. A complementary finding from Dong et al
[65] showed that elevations of dopamine in the NAc
lateral shell at the termination of chronic restraint stress
support active coping in the forced swim test.

In addiction-relevant paradigms where ‘compulsive’ (i.e.
punishment resistant) reward-seeking is observed,
strong reward-evoked dopamine transients can promote
continued reward-secking behavior even under threat of
punishment [24,66,67]. Dopamine’s additional roles in
aversive instrumental learning may also be important for
understanding how animals incorporate knowledge of
aversive contingencies during conflict paradigms. Un-
derstanding the operation of dopamine signals during
aversion may also inform models of relapse and with-
drawal in addiction. The extent to which withdrawal
states engage different aspects of the aversive-
responsive dopaminergic machinery is not well

understood, but recent evidence suggests that the
medial and lateral NAc shell show distinct responses,
indicating region-dependent machinery [68]. Although it
was recently reported that the expression of mu-opioid
receptors in VTA is not required for somatic symptoms
of opioid withdrawal [69], a relationship with affective
symptoms is still likely. In all, applications of basic dis-
coveries about the role of dopamine in aversive learning
stand to improve treatment approaches in psychiatry
across several diagnostic categories.
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