
REVIEW ARTICLE | FOCUS
https://doi.org/10.1038/s41593-019-0503-3

1Biology Department, Hunter College, City University of New York, New York, NY, USA. 2The Graduate Center, City University of New York, New York, NY, 
USA. 3RIKEN Center for Brain Science, Laboratory for Neural Circuitry of Learning & Memory, Wako, Japan. 4Department of Life Sciences, Graduate School 
of Arts and Sciences, University of Tokyo, Tokyo, Japan. *e-mail: el1417@hunter.cuny.edu; jjohans@brain.riken.jp

Neuromodulation shapes emotional learning in distributed 
circuits across the brain. Studies using tracing, lesions, 
recordings and pharmacology have provided important 

information about projection pathways and neuromodulator con-
tributions to shifting behavioral state during learning1–14. This field 
continues to benefit from genetic and molecular developments in 
cell-specific circuit techniques that build on the existing foundation 
to create a more detailed analysis of how neuromodulatory systems 
connect with and influence different cell types at target structures 
during learning. Although a wide array of neurotransmitters and 
neuropeptides can act as neuromodulators, here we focus on ace-
tylcholine (Ach), noradrenaline (NA) and dopamine (DA) in 
mammals, and we highlight their actions in sculpting circuit-level 
processing to change fear learning, extinction and fear-discrimina-
tion learning. Although not discussed here, other neuromodulatory 
systems, such as serotonin, also exhibit some degree of projection 
specificity and regulate aversive emotional learning15,16. We high-
light recent findings in fear-related functions (for example, learned 
passive Pavlovian defensive responses, as opposed to other types of 
aversive learning or conscious emotional processes17), as a great deal 
of progress has been made in understanding general principles of 
neuromodulation using these behavioral approaches, and previous 
reviews have covered classical lesion and pharmacological find-
ings18–20. This emerging literature on neuromodulation of fear learn-
ing and extinction reveals fundamental features of Ach, NA and DA 
that are applicable to how they generally regulate brain function.

We first discuss how Ach sharpens the signal-to-noise ratio, cue 
processing and communication in the amygdala, cortex and hip-
pocampus during emotional learning. Next, we examine how NA 
exerts its effects on target microcircuitry and molecular signaling 
during fear and extinction learning. We then discuss recent work 
demonstrating how the anatomical organization of the locus coe-
ruleus–NA system allows it to flexibly control the balance between 
these opposing states at anatomically distributed sites. Finally, we 
discuss the role of the DA system in fear learning and examine how 
it acts as a detector of when fear responding is no longer adaptive 
to switch behavioral strategies to extinction. Overall, we identify 
several mechanisms by which neuromodulators adjust circuit-level 
communication during emotional learning, including synchro-
nization of distal areas, gain control of sensory stimuli, shifting 

of signal-to-noise dynamics and context-dependent coding coor-
dinated by modular organization of neuromodulatory nuclei. We 
describe how these neuromodulatory functions are fundamentally 
different from neuro-regulation: the latter acts via feedback loops to 
maintain homeostasis, whereas neuromodulators are geared more 
toward shifting circuits to a new baseline during learning.

Roles of Ach in emotional learning
Acetylcholine modulates amygdala, prefrontal cortex and hip-
pocampus in emotional learning. Ach is a critical neurotransmit-
ter for several functions in the central nervous system, including 
setting sleep–wake rhythms, attention, cue detection, working and 
spatial memory1,20–23. Ach signals through nicotinic (ionotropic) 
and muscarinic (Gq- or Gi-coupled) receptors. There are two main 
cholinergic centers that innervate the brain: the basal forebrain 
(BF) and the pedunculopontine and laterodorsal tegmental nuclei  
(Fig. 1)3,23–26. The role of BF cholinergic projections in process-
ing emotional learning and memory has been mostly extensively 
studied. The BF is an umbrella term for a collection of telencepha-
lon nuclei that include the septum, the nucleus basalis of Meynert 
(NBM), the substantia innominata (SI), the ventral pallidum (VP) 
and the diagonal band2,3. Notably, the BF contains more GABAergic 
and glutamatergic neurons than cholinergic neurons27,28. All three 
cell types project to the cortical mantle, including medial prefron-
tal cortex (mPFC), and to subcortical regions that partake in fear 
and extinction learning5,29–33. BF innervation is roughly organized 
along the anterior–posterior axis34,35 and has modular connectiv-
ity: anatomically distributed cholinergic BF cell groups innervate 
targets that contribute to different aspects of emotional learning. 
During fear conditioning, neural spiking in the dorsal hippocampus 
(dHPC) coincides with context encoding, in the lateral and basolat-
eral amygdala (LA/B) it coincides with encoding the conditioned 
cue, and in the mPFC it coincides with both cue and context36,37. 
The modular pattern of BF cholinergic innervation of these regions 
allows for its multipronged impact on emotional learning, whereby 
in the amygdala, cholinergic input modulates cue-based aversive 
learning; in the dHPC, spatial processing; and in the mPFC, cue 
encoding and consolidation of extinction (Fig. 2). Accordingly, opto-
genetic activation of cholinergic BF afferents to the BLA enhances 
acquisition and retention of cued fear38, whereas inactivation  
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of muscarinic cholinergic receptors in the dHPC before contextual 
fear conditioning impairs recall of the fear-associated context but 
does not affect freezing to the cue (Fig. 3)39.

Cholinergic signaling also plays an important role in encoding 
spatial information during fear extinction, and lesions of BF cho-
linergic cells impair extinction acquisition40. Furthermore, block-
ing Ach muscarinic receptors before extinction training eliminated 
fear renewal in a nonextinguished context, suggesting that down-
regulating cholinergic signaling during extinction training blocks 
hippocampus-dependent encoding of contextual information, 
rendering extinction less context-dependent (Fig. 3)41. Similarly, 
BF-mediated cholinergic signaling in the mPFC plays a role in con-
solidation of extinction learning: deleting the p75 neurotrophin 
receptor from BF cholinergic cells altered BF connectivity with the 
mPFC, impaired extinction consolidation and diminished activ-
ity in the infralimbic cortex (IL) of the mPFC, an area known for 
its role in extinction42. Thus, cholinergic innervation from the BF 
modulates emotional learning circuitry at multiple nodes, and 
depending on the time and target site of Ach release, cholinergic 
input shapes responses to aversive cues, extinguished cues and/or 
to the context of such cues (Fig. 2).

Acetylcholine modulates circuit-level communication in emo-
tional learning. Generation of theta oscillations (4–12 Hz), which 
largely reflect pacing of inputs but also local firing, has been stud-
ied extensively in the dHPC. Cellular activity in the dHPC is orga-
nized by theta oscillations during spatial exploration and contextual 
fear memory retrieval, when oscillations synchronize neural activ-
ity across the rostrocaudal span of the dHPC and between dHPC 
and distal sites, such as the ventral hippocampus and the mPFC43,44. 
During spatial encoding, cholinergic group 1/2 and GABAergic 
medial septum and diagonal limb of the diagonal band (MS/DBB) 
projections to the dHPC, along with entorhinal inputs and the 
internal dynamics of hippocampal circuitry, pace dHPC neurons 
to oscillate at the theta frequency7,36,45–50. Likewise, theta oscillations 
coordinate BF neurons during a spatial attention task51,52, suggest-
ing that BF theta oscillations organize BF activity during different 
cognitive demands.

The interactions between BF cell types are not yet well under-
stood; however, their dynamics prominently contribute to the 
aroused state, which in turn modulates learning. One notable 
microcircuit in the BF is cholinergic excitation of local parvalbu-
min-expressing (PV+) GABAergic neurons22, cells that promote 
arousal and project to the LA/B, the dHPC and the mPFC6,22,29,53–56. 
GABAergic projections from the BF target GABAergic and gluta-
matergic cells in dHPC, LA/B and mPFC, constituting a critical 
component for pacing downstream membrane oscillations that 
arise during cognition29,30,50,55,57,58. Furthermore, BF recordings 
show a variety of population firing dynamics that are modulated 
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Fig. 1 | Neuromodulatory projections overlap at their target sites. 
Regions containing cell bodies that synthesize the neuromodulatory 
neurotransmitters NA (solid orange), DA (solid red), and Ach (solid yellow) 
are shown in a sagittal cross-section of the adult mouse brain. Regions 
that partake in aversive emotional learning and are innervated by these 
neuromodulatory neurotransmitter systems are shown in the ovals, which 
denote the strength of innervation by the corresponding neuromodulatory 
system. Multiple systems innervate each region with different strength. 
Amy, amygdala; Ctx, cortex (sensory); HPC, hippocampus; LT, laterodorsal 
tegmental nucleus; ppn, pedunculopontine nucleus; PT, pontine 
tegmentum; Str, striatum.
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Fig. 2 | Basal forebrain connectivity with the aversive emotional learning 
network. Cholinergic (Ach, yellow), GABAergic from PV+ cells (blue) 
and glutamatergic (Glu, green) cells in the medial septum–diagonal 
limb of the diagonal band (MS/DBB)—also known as the cholinergic 
group 1/2 (Ch1/2) region of the BF—innervate the hippocampus (HPC) 
and contribute to the generation and pacing of HPC theta oscillations. 
Cholinergic and GABAergic projections from the MS/DBB to the HPC 
also contribute to contextual fear conditioning and extinction. There is 
a separate module of cholinergic, glutamatergic and GABAergic cells in 
the cholinergic group 4 region (Ch4) of BF, which is comprised of the 
ventral pallidum, substantia innominata (VP/SI) and the nucleus basalis 
of Meynert (NBM). The Ch4 region projects to the LA/B and mPFC. 
Cholinergic projections to the LA/B enhance neural activity during 
cued fear conditioning. The role of PV+ GABAergic and glutamatergic 
projections to the LA/B is less well studied, and it is not yet known 
whether BF projections to the LA/B contribute to theta generation in 
the amygdala during fear conditioning. Ach and PV+ projections to the 
mPFC upregulate cue discrimination during attention-based tasks and 
contribute to prefrontal theta and gamma oscillations and to theta–gamma 
coupling during cue discrimination. How these inputs and glutamatergic 
inputs contribute to aversive learning and extinction is not yet well 
understood. Likewise, the role of the BF in mPFC–LA/B or mPFC–HPC 
synchronization during cued or contextual fear conditioning, respectively, 
is not well understood (black broken lines). Inset: local interactions in 
the BF. Cholinergic activation of PV+ GABAergic cells increases cortical 
desynchronization and promotes the awake state. Glutamatergic activation 
of cholinergic cells and PV+ GABAergic cells also promotes the awake state.
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by selective-attention tasks, indicating that local communication in 
this region contributes to cognitive performance51, suggesting an 
important area for further investigation.

When animals show defensive freezing during aversive cues, 
exploration-related theta in the dHPC is low, but there are promi-
nent aversive-cue-evoked lower-frequency theta oscillations in the 
LA/B and mPFC (peak 4–7 Hz)59–62. Critically, defensive freezing 
doesn’t modulate dHPC theta in this range59, and silencing the MS/
DBB impairs dHPC movement-related theta but leaves defensive 
freezing and aversive-cue-driven mPFC theta intact63. This leaves 
open the question whether a parallel projection from the VP–SI–
NBM cell group could pace aversive-cue evoked theta oscillations in 
the mPFC and/or LA/B (Fig. 2). Much of the key cholinergic group 
1/2–dHPC connectivity that paces hippocampal theta is similar in 
the VP–SI–NBM–LA/B module. For example, PV+ neurons project 
from the MS/DBB and the VP–SI–NBM to GABAergic cells in the 
dHPC and the LA/B, respectively6,30,49,53. Further, cholinergic cells 
project from the MS/DBB to pyramidal and GABAergic neurons in 

the dHPC and from the VP–SI–NBM to pyramidal and GABAergic 
neurons in the LA/B8,31,64, where activation of BF cholinergic ter-
minals enhances oscillatory fluctuation in membrane potentials 
in vitro and theta power in vivo24.

Recordings in vitro and in vivo show that BF VP–SI–NBM cells 
discharge in high-frequency bursts at the theta frequency (peak 6–7 
Hz) and that cholinergic inputs to the mPFC are associated with 
increased prefrontal theta and gamma power during cue detec-
tion55,65,66. Given that detection of rewarding cues is modulated by 
a combination of cholinergic and non-cholinergic BF inputs to the 
mPFC, it will be important to determine whether these projections 
are also active during differential fear conditioning, when animals 
learn to discriminate aversive from non-aversive cues. Notably, 
parallel to detection of rewarding cues, mPFC gamma power also 
increases during discrimination of non-aversive cues, whereas 
theta–gamma coupling in the mPFC and in the LA/B is enhanced 
during detection of aversive cues59,65,67. However, it remains unknown 
whether cholinergic BF inputs mediate these changes. Likewise, the 
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Fig. 3 | Acetylcholine affects emotional learning via nicotinic and muscarinic receptors that enhance signal-to-noise ratios across regions. a, A summary 
of how nicotinic (ionotropic) and muscarinic (metabotropic) cholinergic receptors are involved in different aspects of aversive emotional learning. The 
contributions of different receptor types to fear conditioning, extinction and discrimination learning are shown. Receptor contributions are based on 
primary research and reviews, as referred to in the text. b, Mechanisms for cholinergic mediation of signal-to-noise ratio. At the network level (i), in low 
cholinergic states, cortical neurons have synchronized membrane potentials whereby they fluctuate between Up and Down states that are characteristic 
of sleep. Cortical Ach release stabilizes cortical membrane potentials into a unimodal state, which allows for more efficient signal processing. At the 
microcircuit level (ii), Ach drives a disinhibitory circuit in the visual and primary auditory cortices, whereby GABAergic interneurons (black circles) 
located in L1 are depolarized via nAchR and inhibit GABAergic interneurons located in L2/3, thereby disinhibiting pyramidal cell firing (red triangle). The 
Ach-mediated disinhibition in auditory cortex is necessary for fear conditioning. (iii) Top: at the cellular level, BF Ach input to cortical and amygdala cells 
shifts the excitatory–inhibitory balance toward excitation. Bottom: amygdala neurons are inhibited by Ach when they are at rest, but become excited 
when they are more depolarized via a combination of nicotinic and muscarinic receptor activation. Prolonged after-depolarizing potentials increase long-
term potentiation of cortical input to the amygdala. E, excitatory; HPC, hippocampus; I, inhibitory; E-I, excitatory–inhibitory balance; mAChR, muscarinic 
acetylcholine receptor; nAChR, nicotinic acetylcholine receptor; L1, cortical layer 1; L2/3, cortical layers 2 and 3; Vm, membrane potential.
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potential synchronizing role of the BF in mPFC–LA/B communica-
tion during emotional learning needs further investigation. Human 
imaging data demonstrate that when the BF is active, functional 
mPFC–LA/B connectivity increases68, suggesting that the BF may 
synchronize these regions. However, the mPFC–LA/B is also a 
highly reciprocally connected circuit, in which communication is 
key for aversive and extinction learning. Additionally, the mPFC 
is reciprocally connected with the BF, and prefrontal inactivation 
decreases Ach release at other cortical sites during sensory stimu-
lation69, indicating that bidirectional mPFC–BF and mPFC–LA/B 
communication constitutes an important pathway for learning.

Acetylcholine upregulates the signal-to-noise ratio in amygdala 
and cortex. Ach enhances cue detection across multiple regions via 
a combination of inhibitory and excitatory currents that amplify sig-
nal-to-noise ratios. In the amygdala, in vitro recordings show that 
at resting membrane potentials, cholinergic input strongly inhib-
its principal neurons via a combination of feedforward inhibition 
and direct postsynaptic hyperpolarization via muscarinic receptors  
(Fig. 3)24,33,70. However, when amygdala principal cells are depolar-
ized, as during fear conditioning when sensory inputs drive the 
LA/B, cholinergic input enhances firing and elongates after depolar-
izing potentials for multiple seconds at a time33,38. These prolonged 
depolarizing currents create the right conditions for associative 
synaptic plasticity (Figs. 2 and 3). Accordingly, stimulation of BF 
cholinergic inputs to the amygdala strengthens long-term potentia-
tion of cortical input onto LA/B pyramidal neurons38, and blocking 
muscarinic receptors in the LA/B impairs trace fear conditioning, 
a paradigm in which the cue and aversive outcome are separated 
by several seconds71. Notably, stimulation of cholinergic BF inputs 
amplifies signatures of amygdala physiology in the presence of fear 
conditioned stimuli, such as increased LA/B low-frequency theta 
oscillations24 and responses of LA/B principal neurons to theta-
frequency stimulation of cortical afferents38,59,61,67.

Aversive learning occurs during an enhanced state of arousal that 
shifts sensory cortical processing, alters sensory perceptual thresh-
olds and widens stimulus generalization72. The mPFC receives input 
about the aversive cue from the visual and auditory cortices that 
process it first. The role of Ach in shifting cortical sensory process-
ing during increased attention is due to a convergence of neural 
mechanisms that include disinhibition and shifting signal-to-noise 
dynamics. For example, in the visual cortex, Ach strengthens sig-
nal transmission relative to background activity by shifting neural 
membrane potentials away from the synchronous up and down 
oscillations characteristic of sleep toward a unimodal low-amplitude 
steady state (Fig. 3)73,74. This is proposed to be a population-level 
effect that underlies the cholinergic role in enhancement of visual 
cue processing during attention. Cortical Ach release also enhances 
the presence of excitatory relative to inhibitory postsynaptic cur-
rents and disinhibits pyramidal cells during sensory stimulation. In 
the primary auditory cortex, a short period of BF stimulation paired 
with a particular frequency tone can disinhibit pyramidal neural 
response and shift preferred frequency firing toward the paired tone 
for up to several hours75. Likewise, during fear conditioning, cholin-
ergic activation of the primary auditory cortex disinhibits cortical 
pyramidal cells during tone–shock associations, a process that was 
shown to be necessary for fear conditioning (Fig. 3)76.

Cholinergic modulation of the mPFC has been primarily studied 
during tasks that require attention to cues during decision mak-
ing, when Ach release drives a combination of nicotinic and mus-
carinic receptor-mediated responses that enhance signal-to-noise 
ratios, theta–gamma coupling and cue discrimination (Fig. 2)65,66,77. 
Notably, mPFC theta power also increases when animals discrimi-
nate an aversive cue during differential fear conditioning, whereas 
mPFC gamma power increases when animals discriminate the non-
aversive cue59,61,67. Thus, although cholinergic impact on the mPFC 

during aversive discrimination learning remains to be explored, its 
role in cue discrimination overall suggests that it is likely to play a 
role. Overall, Ach amplifies cue encoding during increased atten-
tion at sensory cortical sites that communicate with the mPFC76,78 
and by acting at postsynaptic mPFC targets directly65,66. The effect of 
Ach on the mPFC during aversive learning and cue discrimination, 
when attention is high, will be an important area for further study.

Roles of noradrenaline in emotional learning
The noradrenergic system is comprised of a number of brain-
stem nuclei, including the locus coeruleus (LC), pontine teg-
mentum and nucleus tractus solitarius (NTS; Fig. 1) and signals 
through β-adrenergic (β-AR, Gs-coupled), α1-adrenergic (α1-AR, 
Gq-coupled) and α2-adrenergic (α2-AR, Gi-coupled) receptors. NA 
was traditionally thought of as an arousal system79,80, but new evi-
dence suggests that it serves a variety of functions due to its anatom-
ical organization and flexible, context-dependent coding modes81–84. 
In this section, we will illustrate the multifunctional aspects of NA 
in fear learning and extinction, which arise through the anatomical 
organization of a prominent brainstem NA center, the LC.

Noradrenergic regulation of amygdala during emotional learn-
ing and memory. Aversive experiences produce a surge in NA levels 
in the brain, including the amygdala85. This promotes aversive asso-
ciative learning and memory through activation of β-AR signaling 
in BLA86,87. β-AR activation in BLA neurons enhances excitability 
through recruitment of protein kinase A (PKA) and subsequent 
downregulation of SK channels, which normally reduce excitabil-
ity, at excitatory synapses (Fig. 4)88. Furthermore, NA boosts syn-
aptic plasticity in LA/B pyramidal cells by reducing excitability of 
GABAergic interneurons89. In behavioral studies, β-AR activation 
is necessary during, but not after, auditory fear learning, modu-
lating both its acquisition and consolidation through facilitation 
of Hebbian plasticity mechanisms and AMPA receptor insertion 
as well as recruitment of MAP kinase86,87. Conversely, for contex-
tual aversive learning or for emotional modulation of non-aversive 
forms of spatial memory, NA activity and its interaction with cir-
culating corticosterone is required specifically during the memory 
consolidation period occurring after learning90,91.

Anatomical studies indicate that the amygdala is innervated by 
noradrenergic neurons in the LC, pontine tegmentum and NTS, any 
of which could drive adrenergic receptor activity in BLA or regu-
late the central amygdala (CeA; Fig. 1)92,93. However, recent studies 
using optogenetic manipulations demonstrated the importance of 
LC projections to the BLA in aversive learning and behavior84,94,95. 
Specifically, inhibiting the activity of a distinct population of LC 
neurons that project to the BLA or inhibiting their synaptic ter-
minals in the BLA during the shock period of auditory fear condi-
tioning reduces learning84. However, stimulating LC inputs to the 
BLA enhances fear learning and anxiety84,94. These findings suggest 
a linear contribution of the LC-to-amygdala NA pathway in aver-
sive learning. Furthermore, LC neurons are phasically activated by 
aversive stimuli, and manipulations of LC neurons or their inputs 
to the BLA change amygdala neuronal firing rates84,94,96. While this 
suggests that aversive-stimulus-evoked LC engagement modulates 
LA/B to enhance fear learning, it is also possible that this occurs 
through more persistent NA activity, occurring through sustained 
evoked volume transmission in amygdala or heightened basal fir-
ing rates of LC neurons. Together, these studies suggest that dur-
ing aversive experiences, LC neurons release NA in the amygdala, 
which binds to β-ARs there, enhancing excitatory signaling and 
neuronal plasticity, thereby modulating aversive memory acquisi-
tion and consolidation mechanisms (Fig. 4).

Different LC projections, as well as other noradrenergic nuclei, 
also participate in aversive processes. LC projects strongly to the 
hippocampus (Fig. 4), where it can release both NA and DA, both of 
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which are important for contextual and spatial forms of learning97,98. 
Furthermore, pharmacological stimulation of NTS enhances aver-
sive memory consolidation as well as NA levels in amygdala99.

In addition to responding to primary aversive events, LC neu-
rons exhibit enhancement of sensory cue responsiveness following 
fear conditioning100, and increases in NA are evident in amygdala 
following fear conditioning85. Consistent with a pro-fear function of 
LC-to-amygdala projections, inhibition of LC NA terminals in the 
amygdala facilitates fear extinction, while their excitation enhances 
fear learning and responding84,95. Relatedly, extinction retention is 
impaired if extinction training occurs just after fear conditioning, 
and this immediate extinction deficit is blocked if β-AR antagonists 
are injected into the BLA101. Further, blockade of α1-ARs in amyg-
dala before fear conditioning enhances subsequent extinction102. In 
addition to effects on fear extinction, β-AR activation in BLA is also 
required for fear memory reconsolidation and for enhancing the 
expression of fear-related behaviors95,103. Together, these findings 
suggest that in addition to facilitating fear learning, NA release in 
the amygdala in response to aversive cues opposes extinction learn-
ing and enables fear-memory reconsolidation (Fig. 4). However, 
it is still possible that subtler variations in NA levels could facili-
tate extinction learning in some conditions. It will be important in 
future studies to determine the circuit and molecular mechanisms 
occurring in specific amygdala cell types underlying these effects 
and to use newly developed genetically encoded molecular sensors 
to monitor NA activity during extinction learning104,105.

There are several potential consequences of NA release on BLA 
network encoding of fear learning and memory. One possibility is 
that it serves a purely gain-control function by signaling the inten-
sity of a threat and regulating the strength of fear learning. This 

is supported by findings showing that stimulation of LC inputs 
to BLA enhances fear learning and that NA receptor activation 
increases excitatory signaling in BLA pyramidal neurons84,87,88,94. 
Another possibility is that β-AR activity helps to select the BLA cell 
populations that encode a particular fear memory. Memory allo-
cation studies report that CREB phosphorylation and excitability 
levels, both of which are modulated by β-AR signaling, control the 
selection of cells that participate in memory encoding106. Thus, 
higher expression levels or sensitivity of β-AR signaling in certain 
BLA subcircuits could bias learning-induced plasticity to distinct 
LA/B cell populations. Possibly related to this, NA activity in BLA 
could set an aversive network context that modulates other inputs 
and biases BLA ensembles toward encoding aversive learning. 
Determining the effect of NA signaling on BLA network compu-
tations and subnetwork cellular selection will be important future 
research directions.

Noradrenergic regulation of mPFC during extinction of aver-
sive memories. Contrasting with the pro-aversive learning and 
memory function of NA in the amygdala, NA in the IL regulates 
fear extinction learning. For example, pharmacological blockade of 
β-AR signaling in IL before fear extinction learning reduces reten-
tion of extinction 24 h later107. One possible mechanism for this is 
altered IL neuronal excitability, which is enhanced in IL neurons 
by β-AR activation. The IL receives NA innervation from a specific 
population of LC neurons, which also project to other mPFC sub-
regions but have limited collateralization to other brain regions84. 
Inhibition of these IL-projecting LC neurons or their terminals in 
the IL reduces fear extinction84. However, unlike the linear gain-
control function of LC NA in the amygdala, the effects of NA in 
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Fig. 4 | Context-dependent control of fear learning and extinction by the LC. a, During fear conditioning, most LC neurons are strongly activated (inset: 
example spike rasters during shock period (gray bar)), causing high NA release (red dots) in amygdala and mPFC. Through activation of β-ARs in the BLA, 
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During later extinction, some mPFC-projecting LC cells are moderately activated (inset: example spike rasters during tone period) and enhance mPFC 
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the mPFC on fear-extinction learning (and other PFC-dependent 
functions) vary depending on NA concentration and the activated 
receptor subtypes108. Accordingly, blocking β-AR activity reduces 
normal fear extinction107. Conversely, extinction is impaired when 
LC inputs to IL are overstimulated, an effect which is dependent 
on α1-AR activation84. α1-ARs, but not β-ARs, increase GABAergic 
signaling in mPFC109, suggesting that different receptor subtypes 
regulate distinct subnetworks in the IL to impair or enhance extinc-
tion, respectively.

While it isn’t known how NA and LC innervation affect IL neu-
ronal processing, physiology studies examining their effects on 
single-unit and local field potential responses offer some clues. 
IL neuronal responses to auditory cues increase following extinc-
tion, and stimulation of LC NA neurons reduces this increase110. 
Furthermore, there are dynamic changes in IL neuronal activity 
during fear learning and extinction; and coordination of oscilla-
tory activity between mPFC, amygdala and hippocampus occurs 
during fear extinction111,112. Although it is unclear whether or how 
LC activity regulates this neuronal processing and synchrony, LC 
does modulate mPFC oscillatory activity. For example, in both 
mPFC and hippocampus, stimulation of LC in anesthetized animals 
increases gamma and decreases theta oscillations, desynchronizes 
neuronal activity and produces biphasic effects on neuronal firing 
rates113,114. While the effect of LC stimulation on IL oscillations dur-
ing waking has not been studied, some work suggests that the effects 
of LC stimulation on hippocampal oscillations may be state-spe-
cific. In awake animals, LC stimulation enhances theta and reduces 
gamma115, whereas during sleep it reduces theta oscillations116. LC 
modulation of rhythmic activity could be important in understand-
ing distributed oscillatory coupling between IL, amygdala and hip-
pocampus during fear learning, discrimination and extinction. As 
NA has been implicated in sleep dysregulation in post-traumatic 
stress disorder (PTSD)117, this research direction could have impor-
tant clinical implications.

Context-dependent modular LC coding for global and specific 
neuromodulation. Delineating how LC NA operates in specific 
target brain regions has provided valuable insights into how it can 
modulate individual functions, but it does not fully explain how 
this small population of cells regulates global brain activity in some 
instances and regulates specific, even opposing, functions in other 
situations14,118. Classical models postulated that LC neurons were 
homogeneous, responding to attention-arousing events in a simi-
lar way, with each cell maintaining broad, divergent connectivity 
throughout the brain. Although some LC cells are indeed broadly 
collateralized and project extensively throughout the brain81,82, 
recent work has shown that distinct populations of LC neurons can 
encode information in specific ways and that some individual cell 
populations are more precisely connected with their target struc-
tures and have distinct behavioral functions81–84,119,120. This is sup-
ported by a recent in vivo electrophysiology study in anesthetized 
animals, which found that spontaneous and stimulus-evoked LC 
neuronal spiking tended to be non-correlated, but that a small pro-
portion of LC neurons formed cell assemblies through correlated 
spiking activity121 (but see ref. 122 showing more correlated LC neu-
ronal activity in other brain and behavioral states). Related specifi-
cally to fear and extinction learning, a recent study reported that 
separate populations of LC neurons innervate BLA or IL84. These 
cells are not broadly collateralized, but maintain somewhat specific 
connectivity with amygdala or mPFC. As discussed above, amyg-
dala-projecting cells linearly facilitate fear learning and oppose 
extinction learning, whereas IL-projecting LC neurons are nec-
essary for extinction learning, but their overstimulation reduces 
extinction (Fig. 4). Notably, LC neurons display distinct firing 
modes during fear and extinction learning. During fear condition-
ing, most cells respond robustly to aversive shocks, resembling the 
classic LC arousal signal. By contrast, during fear extinction, firing 
rate responses are more modest and heterogeneous. Subpopulations 
of LC neurons respond to fear-inducing cues early in training, and 
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Fig. 5 | Potential network architecture for state-dependent modular coding in LC. Distinct coding modes result from a mixture of specific and distributed 
afferent connectivity to different classes of LC neurons defined by their efferent projections (‘broadly projecting’ to many brain regions versus those 
exhibiting more ‘specific connectivity’ with distinct efferent brain region targets). In certain conditions, such as under arousal, stress, strong aversive 
stimuli or task disengagement, this allows for a ‘global coding mode” (left) driven both by coordinated activity in extrinsic inputs that are broadly 
connected with all LC cell types and by neuromodulators (the ‘state-dependent global modulator’ in the figure, for example, corticotropin-releasing 
factor) that coordinate LC subnetworks and enhance global phasic or tonic changes in LC activity. Though not shown here, local pericoeruleus GABAergic 
networks that modulate LC can add another layer of input processing. A ‘discrete coding mode’ (right) could result from more selective activity in inputs 
that are specifically connected with LC cells that themselves have specific efferent connectivity. This could be coupled with modular gap-junction coupling 
within specifically connected cell populations or with modular effects of local NA release (not shown).
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a different LC cell population responds later in extinction when 
fear responses are being reduced. Importantly, amygdala-projecting 
LC cells respond early in extinction, and mPFC projecting cells 
respond more during later extinction.

Together, these findings support a model of context-dependent 
neural coding in LC, in which different activation modes (global 
vs discrete) that incorporate precise control of activity level and 
breadth of activation (number of cells) are coordinated with projec-
tion-specific cell populations (Figs. 4 and 5). Related to emotional 
processing, this provides a brain-wide NA arousal signal during 
more intense aversive states or more-targeted, dynamic and moder-
ate release during different phases of extinction learning. Coupled 
with the linear facilitating effect of NA in the amygdala and the 
inverted-U function of NA in the mPFC, this could explain how 
higher brain-wide levels of NA facilitate aversive learning (and dis-
engagement of mPFC extinction networks), whereas during extinc-
tion more moderate levels of NA in amygdala or mPFC opposes 
or facilitates extinction at different time points. Other behavioral 
conditions also engage either global or discrete changes in LC firing 
rates14, suggesting that this framework may offer a general mecha-
nistic model for understanding LC NA function (Fig. 5).

How this context-dependent modular coding arises is not clear, 
but several possibilities exist (Fig. 5). First, the degree to which a 
particular afferent input is specifically or broadly connected with LC 
neurons might produce discrete or global coding, respectively, when 
these inputs are active. This could be coupled with context specific 
neuromodulatory signals, such as CRF or other neuropeptides that 
alter basal firing rates or local circuit interactions, to change tonic 
levels of LC activity more globally. Alternatively, neuromodulatory 
inputs to LC could alter the sensitivity or responsivity of LC neurons 
to external sensory afferent drive and help select phasic global or 
discrete coding modes. A final, not necessarily mutually exclusive, 
possibility is that local circuit interactions facilitate context-depen-
dent LC coding. This could occur through differential connectiv-
ity or gap-junction coupling within distinct networks of LC cells 
or through specific connectivity of pericoeruleus GABAergic net-
works (which ring the LC) with different LC modules123,124. Thus, 
combinations of specific or promiscuous afferent connectivity, as 

well as context-dependent neuromodulation, could underlie the 
flexible, context-specific LC neural computations.

Roles of dopamine in emotional learning
Dopaminergic regulation of fear learning in the amygdala. 
Dopamine neurons are found in the ventral tegmental area (VTA) 
and substantia nigra (SN) as well as in the periaqueductal gray 
(PAG), hypothalamus and retrorubral field, and they signal through 
the DA receptor 1,5 family (D1-R, Gs-coupled) and DA receptor 
2,3,4 receptor family (D2-R, Gi-coupled) (Fig. 6a). The DA sys-
tem is important for many aspects of behavior, including reward 
learning, motivation, decision-making, motor control and work-
ing memory. While much research has focused on the role of DA 
in reward-related behaviors, how DA regulates aversive processes 
is only now being clarified. Early pharmacological studies demon-
strated the importance of D1-R and D2-R activation in the amyg-
dala on fear learning, as well as for the expression of behavioral fear 
responses (Fig. 6a)18. Through actions on BLA pyramidal neurons 
and microcircuits, DA enhances signal-to-noise ratios and synaptic 
plasticity. Similarly to NA, D1-R and D2-R activation reduces feed-
forward and feedback inhibition and enhances long-term poten-
tiation125,126. Counterintuitively, both receptor subtypes produce 
similarly inhibitory effects on GABAergic inhibition in BLA despite 
the fact that D1-Rs are normally Gs-coupled. Possible explanations 
for this could be that (i) in some conditions, D1-R signaling is non-
canonical127, or (ii) these effects could be mediated through more 
elaborated local microcircuits. Conversely, DA agonists increase the 
excitability of inhibitory interneurons in the LA128. This suggests 
that DA increases signal-to-noise ratios by generally augmenting 
inhibition in the BLA while enhancing firing in activated cell popu-
lations by reducing stimulus-evoked GABAergic inhibition. In vivo, 
DA agonists have a more nuanced effect, differentially regulating 
distinct afferent inputs to BLA. D1-R activation reduces evoked 
activity and afferent drive from both auditory cortex and thalamus, 
whereas D2-R activity increases thalamic input-evoked responses 
while decreasing auditory cortex-evoked responses129. This sug-
gests that in addition to cellular effects on inhibitory and excitatory 
transmission, DA can also differentially modulate specific afferent 
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Fig. 6 | Projection-specific dopaminergic regulation of fear learning and extinction. a, Summary of dopaminergic receptor-mediated contributions to 
aversive emotional learning in the hippocampus (HPC), BLA and mPFC. The contributions of different receptor types to fear conditioning, extinction and 
discrimination learning are shown. Receptor contributions are based on primary research and reviews, as referred to in the text. b, Neurons in the VTA 
detect when an expected aversive shock does not occur and facilitate extinction of fear, partially through projections to the NAc, whose activity during 
shock omission contributes to the retention of extinction learning. Red cells participate in aversive processes and blue cells participate in extinction, while 
green cells are interneurons. Dopaminergic projections from VTA to LA and CeA and from PAG to CeA facilitate fear learning and discrimination, whereas 
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inputs. This type of circuit-selective neuromodulatory mechanism 
could differentiate the role of distinct neuromodulators on amyg-
dala function.

An important source of DA to the BLA and CeA is the VTA and 
SN (Fig. 1). Similarly to the LC NA and ACh systems, distinct popu-
lations of DA neurons project to individual target sites10. Notably, 
separate populations of VTA DA neurons project to the amygdala, 
mPFC and striatum (Fig. 6b). DA neurons in VTA and SN encode 
reward prediction error: they respond more strongly to unexpected 
rewards, which functions as an instructive signal for appetitive 
learning9,11. However, some DA neurons respond to aversive events 
as well and may encode saliency of reward or aversive outcomes and 
sensory predictive cues130–132. Demonstrating a causal role of VTA 
DA in fear conditioning, knocking down NMDA receptors in VTA 
neurons reduces shock-evoked activity in putative DA neurons 
and reduces stress-induced anxiety133. Furthermore, DA-synthesis-
deficient mice are impaired in fear conditioning, and this can be 
partially rescued by restoring DA function specifically in BLA-
projecting DA cells134. To more specifically isolate the time period in 
which DA neurons contribute to fear learning, a recent study opto-
genetically stimulated DA neurons during the early tone cue period 
and found that this manipulation facilitates fear discrimination135. 
Furthermore, the enhancement of discrimination depends on pro-
jections to the CeA135. The CeA is also modulated by dopamine 
neurons in the PAG, and the projections of these cells to CeA are 
necessary for fear learning as well as for fear conditioning-induced 
synaptic strengthening of BLA-to-CeA connections136. Interestingly, 
this connection is reciprocal, as PAG dopamine neurons receive 
direct inhibitory innervation from CeA cells. This reveals a poten-
tial mechanism for the learning induced inhibition of aversive pro-
cessing apparent in PAG neurons136,137. Collectively, these studies 
demonstrate that DA projections from different midbrain regions 
regulate fear learning through projections to BLA and CeA (Figs. 1 
and 6) and suggest local synaptic, cellular and microcircuit mecha-
nisms through which DA can regulate this learning function.

In addition to modulating fear learning through projections to 
the amygdala, separate populations of projection-defined DA cells 
also regulate aversive learning132,138. More specifically, VTA DA 
input to the mPFC and DA-receptor signaling there facilitates aver-
sive learning and behavior139, possibly by temporally coupling neu-
ral oscillations or firing between mPFC and amygdala. Accordingly, 
4-Hz oscillations coordinate neuronal assemblies across mPFC, 
hippocampus and amygdala to facilitate fear behaviors61. Further, 
the VTA, mPFC and hippocampus display coordinated 4-Hz oscil-
lations during working memory tasks140. Other populations of VTA 
DA neurons that participate in aversive processes include those pro-
jecting to the ventromedial shell of the nucleus accumbens (NAc) 
and SN DA cells projecting to the tail of the striatum131,132. These 
dopaminergic populations respond to unexpected aversive events 
and cues that predict them. DA-receptor signaling in the hippocam-
pus is also important for contextual fear learning141, but the VTA 
and SN projections to hippocampus are sparse (Fig. 1). However, 
recent work suggests that the LC releases DA in the hippocampus to 
modulate some forms of contextual learning98.

Dopamine modulation of fear-extinction learning. Fear extinc-
tion occurs when predictive cues induce an anticipation of an 
aversive outcome and this outcome does not occur. One intrigu-
ing idea proposed by computational models of DA function is 
that the omission of an expected aversive experience is similar to 
a rewarding event in its recruitment of the DA system. Providing 
direct support for this idea, the DA system is not only activated by 
reward but also by the omission of expected aversive events130,142,143. 
However, some studies have failed to detect increases in VTA DA 
neural activity in response to omission of expected aversive out-
comes (for example, see ref. 144). This could be due to differences 

in task design or because this only occurs in a subset of VTA DA 
neurons. Supporting the latter idea, DA release and the activity of 
VTA DA axonal terminals in the NAc medial shell region increase 
when expected aversive outcomes are omitted132,142, while this signal 
is not apparent in other VTA DA projection fields. The omission-
related activity in DA neurons is necessary for aversive extinction 
learning and is mediated partially by projections to the NAc medial 
shell, which contribute during learning to the long-term retention 
of extinction143,145 (Fig. 6b). This is consistent with prior pharmacol-
ogy studies demonstrating the importance of DA-receptor signaling 
in the NAc146,147. Notably, activity in DA projections to mPFC and 
amygdala during shock omission does not facilitate extinction145. In 
fact, optogenetic inhibition of VTA DA projections to the mPFC 
and pharmacological blockade of D1-Rs, which are less sensitive to 
DA, in mPFC enhances extinction. Conversely, blockade of the more 
sensitive D2-Rs in mPFC impairs extinction. Because of their differ-
ent sensitivities, D1-Rs and D2-Rs are thought to detect phasic and 
tonic DA levels, respectively. Together with the differential effects of 
D1 and D2 antagonists, this suggests unique roles for phasic vs tonic 
release modes in mPFC during fear extinction. In humans, enhanc-
ing tonic DA levels also modulates extinction of fear148, indicating 
the therapeutic potential of targeting of this system for anxiety dis-
orders and PTSD. Together, these findings demonstrate that the 
VTA DA system and its projections to the NAc detect the absence of 
an expected aversive event and thereby promote extinction learning 
and memory. Future studies may define the role of the NAc in aver-
sive extinction learning and determine how the basal ganglia func-
tions in concert with mPFC and amygdala during extinction—this 
may provide valuable insights into how aversive emotional learning 
and motivated, instrumental behaviors are coordinated.

Context-dependent modular coding in the DA system?. The 
fact that specific populations and projections of DA cells respond 
to aversive events, while the majority of the population encodes 
reward prediction error, suggests that DA neurons may also exhibit 
a form of context-dependent modular coding. In fact, a recent study 
reported that distinct populations of VTA and SN neurons respond 
to different sensory, motor and contextual variables, while the larger 
population encodes reward more homogeneously149. Notably, the 
smaller subsets of response-defined neurons were topographically 
clustered, and their localization may correspond to distinct popu-
lations of projection-defined cell populations149,150. Together, this 
supports the idea that, like the LC, the DA system can multiplex 
local and global signals that may be coordinated with distinct sets of 
projection-target-specific output neurons.

Themes in neuromodulation of aversive emotional learning
Neuromodulators play a critical role in regulating neural activity 
during emotional learning. Fear conditioning, extinction and dis-
crimination learning are highly dependent on the general state of 
the organism, including arousal, cognitive and motivational states. 
These factors alter sensory processing and in turn change how sur-
roundings are perceived and remembered. For example, during 
periods of high arousal, neuromodulators shift neural physiology 
away from baseline, thereby fundamentally altering the way cells 
respond to incoming stimuli and communicate at the systems level. 
Accordingly, one common theme for all three neuromodulatory 
systems discussed here is their causal role in determining context-
dependent coding at their postsynaptic targets. Another common 
characteristic of these systems is their distributed, brain-wide 
projection patterns, as well as the specificity of projections from 
individual subpopulations of neuromodulatory cells. This pattern 
creates functional spheres of influence that allow for modulation of 
specific regions or wider domains, depending on how much of the 
neuromodulatory system is engaged. We do not yet know whether 
activation thresholds or microcircuit connectivity varies for  
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neuromodulatory cells that are wired into different pathways, which 
would provide an additional layer of control for their differential, 
state-dependent activation. In this respect, uncovering how neu-
romodulatory systems are themselves modulated at the local level 
will be a fruitful area for research. Nevertheless, the known distrib-
uted—but modular—anatomical layout, coupled with variations in 
strength and breadth of activation across a given neuromodulatory 
neuronal pool, allows for global versus more-restricted downstream 
modulation. Thus, phasic or tonic stimuli that drive small subpopu-
lations of neuromodulatory neurons produce a more modular and 
localized effect downstream, whereas activity across many different 
subpopulations results in more widespread changes.

In all cases, however, the net result of neuromodulatory activity 
is to shift downstream neurons away from baseline, changing their 
mode of encoding. Notably, this is a fundamentally different mode 
of action than via regulatory systems, such as the hypothalamic–
pituitary–adrenal axis, which in response to stress has feedback 
loops geared toward maintaining homeostasis and keeping neural 
activity close to baseline. During emotional learning in a highly 
aroused state, such as in conditions of stress, the neuromodulatory 
and regulatory systems work together to shift the neural state and to 
establish a new homeostasis baseline, respectively. Notably, the way 
in which different neuromodulator systems affect encoding in dif-
ferent states varies. For instance, whereas the cholinergic and dopa-
minergic systems are geared toward altering the signal-to-noise 
ratio through a plethora of changes at the cellular and network lev-
els, NA modulation has context-dependent effects. NA increases the 
gain of incoming stimuli by enhancing excitability in target neurons 
in some situations, whereas it disrupts network function in others. 
Therefore, regulatory systems work to re-establish homeostasis in 
the face of a wide range of changes that alter neural activity. An 
important area for further research is to uncover how the differ-
ent systems work in concert at downstream targets and how they 
impact each other during emotional learning (Fig. 1). Furthermore, 
a deeper understanding of how the regulatory and neuromodula-
tory systems interact during different states will provide an impor-
tant avenue for developing novel therapeutic approaches to alleviate 
stress-induced disruption in emotional learning.
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