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Abstract 

Over the past decades, studies of fear learning and extinction have advanced our understanding 

of the neurobiology of threat and safety learning. Animal studies can provide mechanistic/causal 

insights into human brain regions and their functional connectivity involved in fear learning and 

extinction. Findings in humans, conversely, may further enrich our understanding of the neural 

circuits in animals by providing macroscopic insights at the level of brain-wide networks. 

Nevertheless, there is still much room for improvement in translation between basic and clinical 

research on fear learning and extinction. Through the lens of neural circuits, in this article, we 

aim to review the current knowledge of fear learning and extinction in both animals and humans, 

and to propose strategies to fill in the current knowledge gap for the purpose of enhancing 

clinical benefits.  

 

 

 

Keywords: fear conditioning, fear extinction, learning and memory, animal, human, translation 



 

 

 3 

Contents 

1. Introduction  

2. Foundational knowledge about fear conditioning and extinction 

 2.1. Overall procedure 

 2.2. Types of fear conditioning paradigms 

 2.3. Phases of fear learning and memory 

3. A systematic overview of the neural circuits in fear conditioning and extinction 

3.1. Rodent studies 

3.1.1. Delay fear conditioning 

3.1.2. Trace fear conditioning 

3.1.3. Contextual fear conditioning 

3.1.4. Fear Extinction 

3.2. Human studies 

3.2.1. Delay fear conditioning 

3.2.2. Trace fear conditioning 

3.2.3. Contextual fear conditioning 

3.2.4. Fear Extinction 

4. Towards better cross-species translation 

4.1. Taking into account methodological disparities  

4.2. Paying attention to a crucial, but underexplored, brain region: the insula 

4.3. Recognizing unintended selection bias in the fear conditioning paradigms 

4.4. Dissecting the neurobiological basis of subjective feelings of fear 

5. Fear conditioning and extinction in neurological and psychiatric disorders: the focus on neural 

circuits 

5.1. PTSD 

5.2. Anxiety disorders 

5.3. Schizophrenia 

5.4. Psychopathy 

5.5. Alzheimer’s disease 

6. Towards enhancing clinical benefits of fear conditioning and extinction 

6.1. The application of fear conditioning and extinction paradigms for mechanistic 

understanding of disease 

6.2. The use of fear conditioning and extinction paradigms for better therapeutic 

intervention 

7. Conclusion 

 

 

 

  



 

 

 4 

1. Introduction 

Over the past decades, the neurobiological basis of fear learning and extinction has been 

extensively studied in both humans and animals (e.g., non-human primates, rodents, flies, etc.) 

using fear conditioning paradigms (Anderson and Adolphs, 2014). Reflecting this advance, 

excellent review articles have recently been reported, most of which focused on molecular or 

brain circuit mechanisms underlying fear learning and/or extinction (Giustino and Maren, 2015; 

Greco and Liberzon, 2016; Herry et al., 2010; Johansen et al., 2011; Maren et al., 2013; Myers 

and Davis, 2007; Sehlmeyer et al., 2009; Tovote et al., 2015). Some review articles have 

addressed within-/between-species methodological coherence, which is important for translation 

across basic and clinical research (Flores et al., 2018; Haaker et al., 2019; Lonsdorf et al., 2017; 

Wotjak, 2019). 

 

The goal of this review is twofold. First, through the lens of neural circuits, we will discuss the 

knowledge gaps that may interfere with smooth cross-species translation in research of fear 

conditioning and extinction in particular between rodents and humans (see sub-sections 2, 3, and 

4). In particular, we will underscore the topics that have not been fully covered in past literature. 

Accordingly, we will discuss the insula, which has not been fully studied at the mechanistic 

levels (sub-section 4.2), and unintended selection bias in the fear conditioning paradigms (sub-

section 4.3). We will extend our discussion and highlight subjective feelings of fear (sub-section 

4.4). 

 

The second goal is to redirect our discussion on the clinical implication of fear learning and 

extinction from a classic nosology based on categorical perspectives to recently-emerging 
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dimensional perspectives. A dimensional approach, represented by the Research Domain Criteria 

(RDoC) from the National Institute of Mental Health (NIMH), enables pathophysiological 

processes to be mapped on functional dimensions of the brain. Taking advantage of this 

perspective, our discussion was extended, beyond post-traumatic stress disorder (PTSD) and 

anxiety disorders, to other brain conditions not previously reviewed, such as schizophrenia, 

psychopathy, and Alzheimer’s disease (sub-section 5). We will discuss how the knowledge of 

fear circuitry may contribute to patient stratification of neuropsychiatric disorders beyond their 

current disease categories, which is followed by mechanistic dissection at molecular, circuitry, 

and behavioral levels, for novel treatment development (sub-section 6).  

 

2. Foundational knowledge about fear conditioning and extinction 

2-1. Overall procedure 

Fear can be innate or learned. Innate fear is expressed, with no prior experience or learning, in 

response to environmental stimuli, including predators, aggressive conspecifics, and sudden 

proximal encounters (Silva et al., 2016). In contrast, learned fear is expressed as a result of 

aversive experiences, such as an experience attacked by a dog and food poisoning.  

 

Fear conditioning, a fundamental form of associative learning, has been the most commonly used 

procedure for inducing learned fear and therefore studying the neural basis of fear learning and 

memory. In this procedure, subjects learn to associate a (typically biologically-neutral) stimulus 

(conditioned stimulus, CS) with an aversive stimulus (unconditioned stimulus, US) generally 

through repeated CS-US pairings (Izquierdo et al., 2016). As a result, the CS acquires emotional 

salience and alone comes to evoke conditioned fear responses without the US. Note that, while it 
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has long been debated whether ‘fear’ is a subjective mental state that cannot be studied in non-

human animals (e.g., rodents) (LeDoux, 2014; Mobbs et al., 2019), in this article the term ‘fear 

response(s)’ (see 2.2) is used in a way that collectively describes defense response(s) elicited by 

threats in both humans and animals, on the basis of a view that these responses capture a central 

state of fear across species (Anderson and Adolphs, 2014; Fanselow and Pennington, 2018; 

Mobbs et al., 2019). 

 

Fear conditioning, in principle, involves adaptive processes to signal potential harm to the 

organism. In research, fear conditioning paradigms enable to fine-tune learning parameters 

(mostly relevant to the CS and US) in a way that reliably elicits measurable fear responses. They 

also have the advantage for mechanistic studies that the association is acquired very rapidly – 

even in a single trial – and retained long,  allowing neurobiological changes associated with 

learning to be investigated in a temporally-controlled manner. Just as fear conditioning is an 

adaptive procedure, on the other hand, learning to extinguish fear responses when threats are no 

longer present is also fundamentally adaptive (Dunsmoor et al., 2015). This procedure, referred 

to as fear extinction, is modeled by repeatedly presenting the CS in the absence of the US, and is 

the foundation of exposure therapy for pathological fear and anxiety (Dunsmoor et al., 2015; 

Herry et al., 2010). 

 

2-2. Types of fear conditioning paradigms 

Two commonly-adopted fear conditioning paradigms are cued and contextual fear conditioning, 

which are differentiated by the type of the CS (Curzon et al., 2009; Haaker et al., 2019; Lonsdorf 

et al., 2017) (Fig. 1). In cued fear conditioning, a subject is placed in a conditioning 
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environment, and then a discrete cue (a cued CS) is delivered to be paired with an aversive event 

(an US). Despite many selectable discrete cues of different sensory modalities, auditory tones are 

the most frequently employed CSs in rodent studies, whereas visual cues (e.g., pictures of 

geometric shapes, differentially-colored lights, and human faces) in human studies (Haaker et al., 

2019; Lonsdorf et al., 2017; Wotjak, 2019). Across species, on the other hand, mild electrical 

stimulation is the most commonly employed US: electric currents through the metal grid floor 

for rodent and those directly to the skin for humans (Haaker et al., 2019). As a result of CS-US 

pairings, the subject shows conditioned fear responses even when the cued CS alone is presented. 

The conditioned fear responses can be measured with a wide range of behavioral and 

physiological responses. In rodents, percent time frozen during the CS presentation is the most 

common behavioral outcome measure (Wotjak, 2019). In humans, however, mainly for ethical 

reasons, the intensity of USs is not strong enough to elicit a remarkable behavioral change. 

Accordingly, physiological outcome measures are frequently used to index conditioned 

responses, for which skin conductance responses (SCRs) and fear-potentiated startle (FPS) reflex 

(eye-blink component) are most common, with those often capturing slightly-different aspects of 

arousal and expectancy (Constantinou et al., 2021; Haaker et al., 2019; Lonsdorf et al., 2017). 

Depending on a temporal gap between the CS and US, cued fear conditioning can be further 

organized into two sub-types (delay and trace) (Curzon et al., 2009; Haaker et al., 2019; 

Lonsdorf et al., 2017) (Fig. 1). In delay fear conditioning, the US is administered to co-terminate 

with (most common) or immediately after the CS, whereas in trace fear conditioning a time 

interval is introduced between the termination of the CS and the start of the US. While the trace 

interval used in rodent studies was as short as 2-5 s or as long as 25-60 s (Curzon et al., 2009), 

that introduced in human studies ranged from 500 ms to 10 s (Lonsdorf et al., 2017; Sehlmeyer 
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et al., 2009). Of note, as the trace interval increases, conditioning to the cued CS decreases, 

whereas conditioning to the training context increases. In trace fear conditioning paradigms, 

accordingly, conditioned fear responses to the cued CS and the context are often measured 

separately during retrieval (i.e., cued and contextual retrieval). 

 

In contextual fear conditioning, an aversive event (an US) is given to a subject in a conditioning 

environment (a contextual CS), without presenting a discrete cue (Curzon et al., 2009; Haaker et 

al., 2019; Lonsdorf et al., 2017) (Fig. 1). Consequently, the subject displays conditioned fear 

responses during re-exposure to the conditioning environment alone (i.e., the contextual CS 

alone). Note that a context can be defined as the set of circumstances (e.g., spatial and temporal 

features, cognitive and social aspects) in which fear conditioning or extinction takes place 

(Maren et al., 2013). In contrast to discrete cues, accordingly, contexts are complex and 

multimodal representations that are formed by constituently binding multisensory and continuous 

elements into a unified representation. In rodent studies, contexts are manipulated by changing 

specific features of the physical chambers (e.g., floor textures and odors) in which animals 

undergo fear conditioning or extinction. On the other hand, in human studies a wide range of 

settings, which are created by computer background screens, complex images of environments, 

room illumination, or virtual reality, are employed for manipulating contexts (Lonsdorf et al., 

2017). 

 

2-3. Phases of fear learning and memory 

Distinct phases of fear learning and memory can be investigated using fear conditioning and 

extinction paradigms (Lonsdorf et al., 2017; Tovote et al., 2015) (Fig. 1). The acquisition of fear 
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memory is characterized by a gradual increase in conditioned fear responses through CS-US 

pairings. Labile short-term memory is stabilized over time into a latent long-term memory via 

consolidation processes (McGaugh, 2000). Subsequently, during the retrieval of fear memory, 

the consolidated fear memory can be retrieved by re-exposure to the cued CS alone (cued fear 

conditioning) or the contextual CS alone (contextual fear conditioning). During the retrieval, the 

extent of fear generalization can also be examined by exposure to a stimulus that resembles the 

originals CS. Note that a certain level of fear generalization is an adaptive process that enables 

(experience-based) defensive responses to a potential threat in complex environments (Asok et 

al., 2018). However, generalization can become maladaptive when a safe stimulus that resembles 

a fearful stimulus is over-interpreted as threatening, as evidenced in some anxiety disorders 

(Dunsmoor and Paz, 2015; Lissek et al., 2014). 

 

The consolidated fear memory can be modulated by subsequent events (Lonsdorf et al., 2017; 

Tovote et al., 2015). Upon a brief re-exposure to the CS alone, it can return to a transiently labile 

state, in which the fear memory requires a reconsolidation process to be re-stabilized (Nader et 

al., 2000; Schiller et al., 2010). However, if the CS alone is presented repeatedly, fear extinction 

occurs, which does not erase the original fear memory but instead generates a competing 

(inhibitory) extinction memory capable of suppressing conditioned fear responses in a context-

dependent manner (Bouton, 2004) (Fig. 1). Accordingly, the acquisition of extinction memory is 

characterized by a gradual decrease in conditioned fear responses. Similarly, the extinction 

memory undergoes a similar but distinct consolidation process (Lin et al., 2003). Subsequently, 

the consolidated extinction memory can be retrieved by re-exposure to the CS alone, evidenced 

by low conditioned fear responses. Even after successful fear extinction, it is possible for 
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conditioned fear responses to reappear through different phenomena of return-of-fear (ROF) that 

encompass spontaneous recovery, reinstatement, and renewal of fear (Fig. 1). Spontaneous 

recovery of the previously-extinguished conditioned fear responses is often observed after some 

passage of time. Fear reinstatement also can occur by exposure to the original US or even a 

different US. Fear renewal can occur by re-exposure to the CS alone in a context other than the 

extinction context, indicating that fear extinction is context-dependent (Bouton, 2004). 

 

There are noteworthy procedural differences between rodent and human paradigms of fear 

conditioning and extinction (Flores et al., 2018; Haaker et al., 2019; Lonsdorf et al., 2017). 

Briefly, while rodent studies usually introduce independent sessions of fear memory acquisition 

and retrieval/extinction with explicit temporal gaps between them (e.g., 24 hr) and with 

appropriate contextual changes, for practical reasons the vast majority of human studies employ 

fear memory retrieval/extinction sessions immediately after fear memory acquisition with no 

temporal delay allowing for fear memory consolidation and sometimes with no appropriate 

contextual changes. In addition, a substantial number of rodent studies use single-cue paradigms 

in which the only one CS is paired with the US, whereas human studies usually use 

discriminative-cue paradigms where one CS (CS+) is paired with the US but another CS (CS-) is 

not. Furthermore, the reinforcement rates, during fear memory acquisition, usually differ 

between rodent and human studies, with those being often lower in human studies. These 

methodological discrepancies represent major cross-species translational challenges (see 4.1), 

and considerable efforts to address these have recently been made (Flores et al., 2018; Haaker et 

al., 2019; Lonsdorf et al., 2017). 
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3. A systematic overview of the neural circuits in fear conditioning and extinction 

3.1. Rodent studies 

Animal studies allow brain manipulations that are essential to address mechanistic dissection and 

causality, complementing the limitation of human studies. Brain regions crucial fear learning and 

extinction have been traditionally investigated by perturbing specific brain regions at different 

timepoints in fear conditioning and extinction paradigms (Do Monte et al., 2016; Vaidya et al., 

2019). The emergence of optogenetics enables us to functionally characterize the necessity and 

sufficiency of individual neural circuit elements and their interactions in a brain network within a 

specific temporal window (Kim et al., 2017). The real-time activity of neural circuits can be 

longitudinally monitored, using in vivo calcium imaging at the single-cell or population level 

over the course of fear conditioning and extinction (Resendez and Stuber, 2015; Siciliano and 

Tye, 2019).  

 

Supported by technological advances, the neural circuits recruited in delay and contextual fear 

conditioning have been under intensive investigation in rodent studies over the past decades. In 

contrast, there has been relatively a dearth of interest in those engaged in trace fear conditioning. 

The insertion of a trace interval between the CS and US in trace fear conditioning is thought to 

impose cognitively demanding processes for learning (e.g., holding the stimulus information in 

working memory/attention) (Connor and Gould, 2016; Gilmartin et al., 2014a; Han et al., 2003), 

and therefore recruits brain systems responsible for these processes. Such higher-level cognitive 

functions are commonly impaired in many brain disorders. Supported by the potential 

significance in clinical conditions, we here bring and compare the neural circuits in delay, trace, 

and contextual fear conditioning as well as those in fear extinction in a balanced manner. 
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3.1.1. Delay fear conditioning 

In delay fear conditioning, the amygdala has traditionally been a focal point of research because 

of its necessary role in both the acquisition and retrieval of conditioned fear responses. In the 

traditional view, during the acquisition of fear memory, sensory inputs carrying information 

about the CS and US converge onto principal neurons in a sub-region of the amygdala [the 

lateral amygdala (LA)], which leads to strengthening of excitatory synapses carrying the CS 

information (McKernan and Shinnick-Gallagher, 1997; Rogan et al., 1997; Rumpel et al., 2005). 

This experience-dependent synaptic strengthening subsequently enables the CS alone to activate 

LA neurons, which eventually influence the central amygdala (CeA) outputs to drive conditioned 

behavioral and physiological responses via downstream brain regions, such as the periaqueductal 

gray and hypothalamus (LeDoux et al., 1988). Distinct from this traditional serial model of 

amygdala information processing, in which emotional processing proceeds in a serial manner 

from the LA (input) to CeA (output), a parallel information processing model is also gaining 

significant support, in which the BLA and CeA function independently and in parallel to control 

distinct aspects of emotional learning (Balleine and Killcross, 2006). According to this model, it 

is likely that the BLA mediates associations between the CS and sensory properties of the US, 

whereas the CeA mediates the associations of the CS with emotional properties of the US. 

Indeed, recent evidence showed that, during fear memory acquisition, a major population of CeA 

neurons [Protein kinase C-δ-expressing (PKC-δ+) neurons] convey information about the US to 

the LA and thereby contribute to shaping the synaptic plasticity in the LA, contradicting the 

serial information flow from the LA to CeA (Yu et al., 2017). Intriguingly, recently-emerging 

evidence shows that neuromodulation of amygdala circuits also plays crucial roles in fear 
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memory acquisition. The BLA-projecting ventral tegmental area (VTA) dopamine neurons 

contribute to fear memory acquisition by signaling the salience of aversive events (Lutas et al., 

2019; Tang et al., 2020). Furthermore, BLA-projecting dorsal raphe (DR) serotonergic neurons 

can facilitate fear memory acquisition by amplifying fear-associated BLA neuronal firing 

(Sengupta and Holmes, 2019). For more detailed information about the role of amygdala 

microcircuits in delay fear conditioning, readers are encouraged to read recent review articles 

thoroughly covering this topic (Duvarci and Pare, 2014; Janak and Tye, 2015b; Krabbe et al., 

2018; Tovote et al., 2015). 

 

The medial prefrontal cortex (mPFC) is not necessary for the acquisition of fear memory, but 

essential for the expression of conditioned fear responses during fear memory retrieval (Corcoran 

and Quirk, 2007) (Fig. 2A). Specifically, the prelimbic cortex (PrL), a sub-region of the mPFC, 

receives inputs from potential ‘fear neurons’ (i.e., neurons exhibiting a selective increase in CS-

evoked activity as a result of fear conditioning) in the basal amygdala (BA) and those from the 

hippocampus (Ishikawa and Nakamura, 2006; Klavir et al., 2017; Senn et al., 2014; Sotres-

Bayon et al., 2012), which in turn drives conditioned fear responses by exerting top-down 

regulation of downstream circuits including the basolateral amygdala (BLA) (Arruda-Carvalho 

and Clem, 2014; Do-Monte et al., 2015b) (Fig. 2A). The precise temporal control of fear 

expression is likely to be achieved via a disinhibitory mechanism within the PrL that the phasic 

inhibition of PrL interneurons disinhibits its projection neurons and synchronizes their firing, 

leading to fear expression via the downstream targets (Courtin et al., 2014; Cummings and Clem, 

2020). Consistently, synchronous 4-Hz oscillations in the PrL-BLA circuits coordinate their 

functional coupling and control the precise timing of conditioned fear response (Dejean et al., 
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2016; Karalis et al., 2016). Notably, the neural circuits recruited for the retrieval of fear memory 

undergo time- and space-dependent reorganization, in line with systems consolidation of 

memory: distinctively-reorganized sets of PrL neuronal ensembles are recruited in a time-

dependent manner to regulate temporally-switched downstream circuits for the retrieval of fear 

memory (DeNardo et al., 2019). In accordance with this notion, fear memory retrieval initially 

depends on PrL-BLA circuits, but likely shifts to PrL-PVT circuits (PVT, the paraventricular 

nucleus of the thalamus) with the passage of time (Do-Monte et al., 2015b) (Fig. 2A). 

 

3.1.2. Trace fear conditioning 

In trace fear conditioning, the association of two stimuli separated in time requires to hold a 

mnemonic ‘trace’ of the first stimulus until the subsequent one occurs. In contrast to delay fear 

conditioning, accordingly, it is believed that brain systems responsible for bridging the 

temporally-disconnected stimuli, such as the mPFC, hippocampus, and entorhinal cortex, are 

recruited for the acquisition of fear memory (Gilmartin et al., 2014a; Kitamura et al., 2015; 

Raybuck and Lattal, 2014). Within the mPFC, a subset of PrL neurons exhibit sustained 

increases in firing in response to the CS and throughout the trace interval (Baeg et al., 2001; 

Gilmartin and McEchron, 2005). Accordingly, the PrL may maintain a neural representation of 

the CS in working memory during the trace interval, therefore bridging the CS- with US-

encoding signals. Supporting this idea, silencing activity of the PrL selectively during the trace 

interval, but not during the CS or inter-trial interval, impaired the acquisition of fear memory 

(Gilmartin et al., 2013). Similar to the PrL, activity of the dorsal hippocampus (dCA1) 

selectively during the trace interval is necessary for the fear memory acquisition (Sellami et al., 

2017). Consistently, the entorhinal cortex layer III inputs to the dorsal hippocampus plays a 
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crucial role in fear memory acquisition (Suh et al., 2011). In contrast to the PrL, however, the 

dorsal hippocampus does not exhibit persistent activity during the trace interval, but instead 

involves broad changes in network activity and the emergence of a sparse and temporally 

stochastic code for stimuli identities (Ahmed et al., 2020). Intriguingly, it is likely that, 

depending on the length of a trace interval, different neural circuits are recruited for processing 

temporally-disconnected stimuli: the association across a short trace interval (5 s) relies on the 

PrL, whereas learning across a longer interval (40 s) becomes dependent on the dorsal 

hippocampus (Guimarais et al., 2011). Altogether, the mPFC likely processes working memory-

like sustained activity across the trace interval, whereas the dorsal hippocampus encodes 

learning-related changes in activation to stimuli that probably reflect CS-US temporal 

information (Connor and Gould, 2016). Of note, there is conflicting evidence showing necessity 

(Gilmartin et al., 2012; Guimarais et al., 2011) and unnecessity (Raybuck and Lattal, 2011) of 

the amygdala in fear memory acquisition, soliciting further systematic efforts to address this 

discrepancy. 

 

The mPFC and hippocampus play key roles not only in the acquisition, but also in the retrieval of 

fear memory (Fig. 2B). Importantly, their involvement likely undergoes temporal evolution, in 

accordance with the notion of systems consolidation. Consistent evidence shows that the mPFC 

is necessary for fear memory retrieval not at a recent time point (1 day after fear acquisition), but 

at remote time points (30 or 200 days later) (Beeman et al., 2013; Quinn et al., 2008). Supporting 

this evidence, cells in the mPFC exhibit temporally-graded increase of firing in response to the 

CS over a period of several weeks after trace fear conditioning, without continued training 

(Takehara-Nishiuchi and McNaughton, 2008). In contrast, the hippocampus is not necessary for 
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remote retrieval, but essential for recent retrieval (Beeman et al., 2013; Hall et al., 2001; Quinn 

et al., 2008). Altogether, it is likely that hippocampal circuits recruited for the retrieval of fear 

memory gradually become functionally inactive with time, whereas mPFC counterparts become 

functionally mature with time, in a similar fashion to systems consolidation of contextual fear 

memory (see 3.1.3) (Fig. 2B). Of note, disruption of the hippocampus 1 day after trace fear 

conditioning did not lead to deficits in fear memory retrieval at a remote time point (30 days 

later), implying that mPFC-mediated remote retrieval may be independent of hippocampal 

function (Beeman et al., 2013). 

 

3.1.3. Contextual fear conditioning 

Supported by its key roles in episodic memory and spatial representation, the dorsal 

hippocampus has traditionally been a target of intensive studies of contextual fear conditioning 

(Maren et al., 2013). Multiple lines of evidence pin down a specific role of the dorsal 

hippocampus in facilitating the acquisition of contextual fear memory. Notably, disruption of the 

dorsal hippocampus made before conditioning (i.e., pre-conditioning disruption) does not 

necessarily eliminate contextual fear acquisition, especially when a pre-exposure to the context 

(i.e., conditioning chamber) is ensured (Maren et al., 1997; Matus-Amat et al., 2004; Young et 

al., 1994). This indicates that extra-dorsal hippocampal encoding of simple elemental cues, 

which collectively constitute a context, is still sufficient for elemental, notwithstanding less 

efficient, conditioning to occur. With no pre-exposure to the context, furthermore, as the time 

interval between placement in the context and US-delivery becomes reduced, conditioned fear 

responses to the context become dampened (Wiltgen et al., 2006). Taken altogether, the dorsal 

hippocampus has a specific role in encoding contextual representations (i.e., contextual 
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encoding), but is not necessary for the association of a context and US. Once the context is 

encoded, the amygdala likely forms the association between the contextual CS and US during the 

acquisition of fear memory (Fanselow and Kim, 1994; Kochli et al., 2015; Wiltgen et al., 2006; 

Zelikowsky et al., 2014). Other than the dorsal hippocampus of a traditional focus, recently-

emerging evidence underscores recruitment of the ventral hippocampus in contextual fear 

memory acquisition. The activity of the ventral hippocampal (vCA1) projections to the BA is 

necessary for contextual fear acquisition, for which selective strengthening of vCA1-BA 

synapses may represents an associated synaptic change (Jimenez et al., 2020; Kim and Cho, 

2020). The ventral hippocampal projections to the PrL also play a necessary role in contextual, 

but not in (trace) cued, fear memory acquisition, possibly by relaying the current contextual state 

(Twining et al., 2020). Given an influential previous insight suggesting distinct functional roles 

for the ventral and dorsal hippocampus, with the ventral hippocampus being associated with 

motivational and emotional behaviors and the dorsal hippocampus being involved in general 

cognitive functions (Fanselow and Dong, 2010), more sophisticated studies, which can address 

the question of how each compartment and their communication play roles in contextual fear 

memory acquisition, are awaited. Of note, as another brain area crucial for fear memory 

acquisition when timing (see 3.1.2) and context contribute to threat prediction, the mPFC serves 

as a potential alternative brain system that compensates for extensive damage to the dorsal 

hippocampus (Zelikowsky et al., 2013). 

 

As the members of episodic memory systems, the neural circuits recruited for the retrieval of 

contextual fear memory largely overlap with those for trace fear memory (Fig. 2C). They are 

also reminiscent of each other due to inverse temporal contributions of the hippocampus and 
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mPFC. The dorsal hippocampus is necessary not for remotely-acquired (longer than 30 days), 

but for recently-acquired (1 day) fear memory (Anagnostaras et al., 1999; Denny et al., 2014; 

Kim and Fanselow, 1992; Maren et al., 1997; Tanaka et al., 2014). The ventral hippocampus is 

also crucial at least for recent retrieval of contextual fear memory (Jimenez et al., 2020; Knapska 

et al., 2012; Xu et al., 2016). In contrast, the mPFC is necessary for fear memory retrieval not at 

recent time points (1 or 3 days), but at remote time points (18, 36, or 200 days) (Frankland et al., 

2004; Quinn et al., 2008). In line with these observations supporting systems consolidation of 

memory, a recent study suggests that hippocampal neuronal ensembles recruited for contextual 

memory retrieval gradually become silent with time, whereas mPFC counterparts become 

functionally mature over time with support from hippocampal inputs (presumably via the medial 

entorhinal cortex) after being generated during initial conditioning by inputs from both the 

hippocampal–entorhinal cortex network and the BLA (Kitamura et al., 2017). For both recent 

and remote retrieval, the amygdala, having inputs from the hippocampus and mPFC, likely 

serves as a common pathway to drive conditioned fear responses. Of note, an accumulating body 

of evidence shows that post-conditioning communication between the hippocampus and mPFC 

for systems consolidation is likely to be mediated by the thalamus. In particular, the reuniens 

(Re) and rhomboid (Rh) nuclei of the ventral midline thalamus (ReRh), which bidirectionally 

connect the hippocampus and mPFC (Hoover and Vertes, 2012; Varela et al., 2014), crucially 

support (off-line) systems consolidation of contextual fear memory, despite no necessity in both 

recent and remote retrieval (Quet et al., 2020). The anterodorsal thalamic nucleus, having inputs 

from the hippocampal CA3, may also be a potentially important brain region for systems 

consolidation of contextual fear memory, given that it becomes more active over the course of 

systems consolidation (Vetere et al., 2021). 
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3.1.4. Fear extinction 

The neural circuits recruited for fear extinction are also embedded in a large-scale brain network 

including the amygdala, mPFC, and hippocampus (Herry et al., 2010). During the acquisition of 

extinction memory, a population of neurons within the BA (so-called ‘extinction neurons’) 

become responsive to the extinguished CS over the course of repeatedly presenting the CS alone 

and associated with a low fear state, which is distinct from a population of ‘fear neurons’ within 

the BA (Herry et al., 2008). Multiple lines of evidence suggest that the acquisition of fear 

extinction enables remodeling of BLA parvalbumin-expression (PV+) inhibitory interneurons to 

suppress fear-encoding neurons selectively (i.e., fear neurons), consequently shifting the balance 

between competitive fear and extinction microcircuits (Davis et al., 2017; Kasugai et al., 2019; 

Trouche et al., 2013). Interestingly, BLA neurons are critical targets of dopamine whose 

neuromodulation is known to influence the acquisition of fear extinction. The VTA dopamine 

neurons are engaged in the acquisition of fear extinction by signaling both prediction errors (by 

the medial VTA) and salience (by the lateral VTA), consequently exerting a causal role in 

facilitating fear extinction (Cai et al., 2020; Luo et al., 2018; Salinas-Hernandez et al., 2018). 

While dopaminergic signaling in the BLA is known to be necessary for the acquisition of fear 

extinction (Shi et al., 2017), whether and how dopamine selectively targets specific types of 

neurons to regulate the activity of and reshape amygdala microcircuits for fear extinction, as well 

as fear conditioning, still need to be answered. Of note, on the basis of a hypothesis that the 

omission of an expected US may be experienced as a rewarding event, recent evidence proposes 

that fear extinction may be an appetitive learning process mediated by reward circuits. Indeed, 

the BLA neuronal ensembles engaged in fear extinction overlap significantly with reward-
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responsive neurons in the BLA, with those being mutually interchangeable in driving appetitive 

behaviors and fear extinction (Zhang et al., 2020). In addition, VTA dopamine neurons encode 

(potentially reward) predictions error signals upon the US omission (Cai et al., 2020). However, 

whether those dopamine neurons actually signal ‘reward’ prediction errors that drive appetitive 

learning further needs to be corroborated by designing a study employing both fear extinction 

and appetitive learning. 

 

For the expression of learned fear and extinction, according to a contemporary view, the PrL 

exerts top-down regulation of the amygdala for promoting conditioned fear responses, whereas 

another sub-region of the mPFC, named the infralimbic cortex (IL), for suppressing fear 

responses (Burgos-Robles et al., 2009; Giustino and Maren, 2015; Milad and Quirk, 2002; 

Sierra-Mercado et al., 2011). Notably, there is conflicting evidence in regard to the pathways 

through which the IL suppresses fear responses during extinction retrieval. Multiple lines of 

evidence suggest that the IL receives cue- and context-associated inputs from the BA and 

hippocampus (Hoover and Vertes, 2007; Ishikawa and Nakamura, 2003, 2006; Jay and Witter, 

1991; Qin et al., 2021), respectively, which in turn suppresses conditioned fear responses by 

directly activating intercalated (ITC) neurons, a cluster of inhibitory neurons interspersed 

between the BLA and CeA, that can produce feed-forward inhibition of CeA outputs (Cho et al., 

2013; Likhtik et al., 2008; McDonald et al., 1996; Pinard et al., 2012; Royer et al., 1999) (Fig. 

2D). In contrast, recent evidence suggests that IL activity affects ITC neurons not directly, but 

di-synaptically via the BA (Strobel et al., 2015) (Fig. 2D). It is possible that, during extinction 

acquisition, IL-to-BA projections contribute to shaping potentiated BA synapses onto ITC 

neurons, which can drive feedforward inhibition of the CeA outputs for suppressing fear 
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responses (Amano et al., 2010). Note that converging evidence implies, during extinction 

retrieval, the BA can activate ITC neurons without IL inputs (Amano et al., 2010; Bukalo et al., 

2015; Do-Monte et al., 2015a) (Fig. 2D). While multiple lines of evidence delineates roles of 

mPFC-amygdala interactions in the retrieval of extinction, roles of the hippocampus and its 

interactions with the mPFC or amygdala in extinction memory retrieval still remain unclear, and 

only a few studies are beginning to find some clues. For instance, a recent study shows that the 

dorsal hippocampus-to-IL pathway essentially mediates extinction memory retrieval (Qin et al., 

2021). Of note, the interaction between hippocampus and mPFC for extinction retrieval can also 

be mediated by a third brain region. Recently-emerging evidence underscores the nucleus 

reuniens (Re), a ventral midline thalamic nucleus that coordinates activity between the mPFC 

and hippocampus, as a potentially-important brain region in processing contextual information, 

therefore being essential for the (context-dependent) retrieval, as well as the acquisition, of 

extinction memory. Specifically, the mPFC-to-Re projections are necessary for both acquisition 

and retrieval of extinction memory (Ramanathan et al., 2018; Ramanathan and Maren, 2019). 

How specifically the Re mediates communications between the mPFC and hippocampus for 

context-dependent fear extinction and fear renewal should be an important subject of future 

studies. 

 

Fear extinction is a context-dependent learning process – that is, responses to the extinguished 

CS are suppressed only in the extinction context, but can be renewed in other contexts. 

Expectedly, a substantial number of studies pin down the hippocampus as a key region of 

regulating the context dependence of extinction memory, context-dependent renewal of fear in 

particular. For instance, inactivation of the hippocampus diminishes the renewal of fear 
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responses to an extinguished CS outside the extinction context, implying deficits in contextual 

retrieval (Corcoran and Maren, 2001; Hobin et al., 2006; Zelikowsky et al., 2012). Furthermore, 

interaction of the hippocampus with amygdala is crucially involved in fear renewal after 

extinction. While the hippocampus regulates context-dependent neuronal activity of the 

amygdala (Maren and Hobin, 2007), there seem to be at least two major pathways from the 

hippocampus to amygdala: direct pathway and indirect pathway via the mPFC. Direct ventral 

hippocampal (and PrL) inputs to the amygdala target neurons activated by fear renewal over 

those activated by extinction retrieval, presumably promoting contextual retrieval of fear (Kim 

and Cho, 2017; Knapska et al., 2012). Indirect hippocampal projections to the amygdala can pass 

via either the PrL or IL. Ventral hippocampal neurons projecting to the PrL are preferentially 

involved in fear renewal (Wang et al., 2016). Consistently, inactivation of the ventral 

hippocampus decreases activity of PrL inhibitory neurons, leading to increased spontaneous 

activity of PrL pyramidal neurons and promoting fear renewal (Sotres-Bayon et al., 2012; 

Vasquez et al., 2019). Given that the IL is involved in suppressing conditioned fear responses 

after fear extinction, it may be surprising that ventral hippocampal neurons projecting the IL are 

also preferentially engaged during fear renewal (Wang et al., 2016). However, a recent study 

explains a mechanism by which IL-projecting ventral hippocampal neurons affect fear renewal. 

According to the study, ventral hippocampal projections to the IL can recruit PV+ interneurons 

to exert feed-forward inhibition of BA-projecting IL pyramidal neurons, consequently countering 

the expression of fear extinction and promoting fear renewal (Marek et al., 2018). Interestingly, 

the ventral hippocampal neurons with collaterals to both PrL and BA may play particularly-

important roles in fear renewal by synchronizing prefrontal-amygdala circuits (Jin and Maren, 

2015). Of note, a recent study shows the formation of two distinct populations of neurons in the 
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dorsal hippocampus that may determine whether fear is expressed or suppressed in a context-

dependent manner after fear extinction (Lacagnina et al., 2019). 

 

3.2. Human studies 

Human functional neuroimaging has illuminated human brain systems involved in fear 

conditioning and extinction. These observations in humans and insights from animal models are 

complementary to each other. Thus, persistent efforts in comparing the animal and human brain 

circuits will be indispensable to gaining a clear mechanistic/causal picture drawn by micro- and 

macro-circuit insights into fear conditioning and extinction. Here, paralleling our review of 

animal studies, we provide a summary of the human brain correlates of delay, trace, and 

contextual fear conditioning in healthy individuals, respectively, as well as those of fear 

extinction. 

 

3.2.1. Delay fear conditioning 

According to a substantial number of fMRI studies (Andreatta et al., 2012; Armony and Dolan, 

2002; Bach et al., 2011; Buchel et al., 1998; Critchley et al., 2002; Dunsmoor et al., 2008; 

Eippert et al., 2012; Etkin and Wager, 2007; Fullana et al., 2016; Knight et al., 2004a; Knight et 

al., 2005; Knight et al., 2009; LaBar et al., 1998; Maier et al., 2012; Marschner et al., 2008; 

Marstaller et al., 2016; Mechias et al., 2010; Milad et al., 2007a; Savage et al., 2020; Sehlmeyer 

et al., 2009; Tabbert et al., 2011; Wood et al., 2013; Wood et al., 2012), the most commonly-

activated brain regions during delay fear conditioning include the amygdala, anterior cingulate 

cortex (ACC), and insula. Interestingly, multiple studies show that amygdala responses to the 

CS+ become diminished over the course of conditioning, possibly indicating a new formation of 
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the CS-US association in the early acquisition of fear memory (Buchel et al., 1998; LaBar et al., 

1998; Marschner et al., 2008). On the other hand, activity of ACC and insula remains more 

consistent, suggesting their persistent engagement in the expression of fear responses (Buchel et 

al., 1998; Critchley et al., 2002; Knight et al., 2004a). It should be noted that there has been 

conflicting evidence in regard to activity of the amygdala, as well as its time-dependent activity 

profile. Most fundamentally, activity of the amygdala was not reliably captured in some studies 

(Fullana et al., 2016; Knight et al., 2004a) including a recent large-scale fMRI meta-analysis that 

further replicates activation of the ACC and insula (Fullana et al., 2016). Moreover, some studies 

show constant amygdala responses to the CS+ over the course of conditioning (Armony and 

Dolan, 2002; Bach et al., 2011), and there is also a study suggesting subregion-specific change of 

the amygdala activity, with the dorsal amygdala showing progressively decreasing activity but 

the ventral amygdala showing constant activity (Morris et al., 2001). These controversial 

findings may arise from multiple reasons that include the following: well-known technical 

challenges in signal detection from this region (Biswal et al., 1996; Boubela et al., 2015; 

Merboldt et al., 2001; Windischberger et al., 2002) that nevertheless accompany persistent 

endeavors to overcome (Geissberger et al., 2020; Sladky et al., 2013); methodological 

differences such as the nature of conditioned stimuli (e.g., angry face vs. neutral face) [refer to 

the discussion of (Armony and Dolan, 2002)]; sparsely-distributed amygdala neurons responding 

to the CS+ (threat) and CS- (safety), which  often leads to obscuring contrastive fMRI responses 

to the CS+ vs. CS- in the case of applying spatial filter (i.e., smoothing) (Bach et al., 2011). 

Regardless, the fact that patients with amygdala lesions show deficits in the acquisition of fear 

memory still supports its crucial necessity (Bechara et al., 1995; Klumpers et al., 2015). 
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Comparative functional neuroanatomy enables to translate our understanding of brain structure 

and function across species (Fig. 2E). Interpreting human studies in light of rodent studies needs 

extra caution particularly when concerning the controversy on the human counterpart of the 

rodent PrL. While the human dorsolateral prefrontal cortex (DLPFC) shares certain functional 

features with the rodent PrL such as attentional control, anatomical features including 

cytoarchitecture and connectivity indicate that the BA32 subregion of human ACC (a part of the 

dorsal ACC, dACC) may be homologous with the rodent PrL (Heilbronner et al., 2016; Hoover 

and Vertes, 2007; Laubach et al., 2018; van Heukelum et al., 2020). However, at least in the field 

of fear learning and memory, a prominent view is that the human dACC, considered as a 

counterpart of the rodent PrL, regulates the expression of fear responses, whereas the human 

ventromedial prefrontal cortex (VMPFC), regarded as a counterpart of the rodent IL, drives the 

suppression of fear response (Giustino and Maren, 2015; Milad et al., 2007a; Phelps et al., 2004) 

(see 3.2.4 for further discussion of the VMPFC). Indeed, in healthy human subjects, the dACC is 

activated by the CS+, its activation is positively correlated with fear responses, dACC thickness 

is positively correlated with fear responses during conditioning, and resting metabolism in the 

dACC positively predicts the acquisition of conditioned fear responses (Linnman et al., 2012b; 

Milad et al., 2007a). Furthermore, the dACC-amygdala functional coupling becomes stronger 

during the consolidation of fear memory in humans (Feng et al., 2014; Feng et al., 2013). Taken 

altogether with insights from rodent studies, human studies imply that the formation of the CS-

US association involves neuroplasticity in the amygdala and consequent top-down regulation by 

the dACC onto the amygdala for the appropriate cue-driven expression of conditioned fear 

responses. Of note, despite its reliable activation, the exact role of the insula in delay fear 

conditioning, as well as other types of conditioning, remains unknown in both human and rodent 
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studies. Recognizing this important knowledge gap, therefore, we further discuss about its 

potential roles in emotional learning and memory in a separately designated section (see 4.2). 

 

3.2.2. Trace fear conditioning 

Compared to delay fear conditioning, a relatively small number of studies have focused on 

understanding the neural circuit basis of trace fear conditioning in humans. Nevertheless, 

multiple lines of evidence consistently suggest that, during the acquisition of trace fear memory, 

brain areas essential for associating temporally-separated events, including the hippocampus and 

DLPFC, are recruited along with the amygdala, ACC, and insula that are engaged in delay fear 

conditioning (Buchel et al., 1999; Clark and Squire, 1998; Haritha et al., 2013; Knight et al., 

2004a). Notably, the DLPFC and anterior insula are activated preferentially during the trace 

interval compared with all other stimulus periods (Buchel et al., 1999; Knight et al., 2004a), 

which is further replicated with trace interval-specific activation of the right DLPFC (i.e., right-

lateralized) and bilateral insula (Haritha et al., 2013).The DLPFC is well-known to play a crucial 

role in the maintenance of information by directing attention to internal representations of 

sensory stimuli (i.e., working memory), as evidenced by the observation of its persistent activity 

during the retention interval of delayed response tasks (Barbey et al., 2013; Curtis and 

D'Esposito, 2003). The anterior insula is known to detect emotionally-salient stimuli and then 

arrange cognitive processes with the DLPFC, such as working memory and attention, for further 

processing them (Namkung et al., 2017) (see 4.2 for further discussion on the insula). 

Accordingly, coactivation of the DLPFC and insula during the trace interval likely encodes the 

maintenance of CS information throughout the trace interval until the occurrence of US. 

However, the hippocampus is not co-activated along with the DLPFC and insula during the trace 
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interval, which is not consistent with recent evidence suggesting persistent activity of the 

hippocampus for the maintenance of working memory (Kaminski et al., 2017). Instead, some 

studies show that, over the course of trace fear conditioning, activity of the hippocampus 

becomes diminished (Buchel et al., 1999; Knight et al., 2004a) as does amygdala activation 

during delay fear conditioning (Buchel et al., 1998; LaBar et al., 1998; Marschner et al., 2008). 

Of note, activity of the ACC and insula remains consistent. 

 

Preferential activity in the DLPFC during the trace interval bears a close resemblance to that of 

the rodent PrL. As discussed (3.2.1), although the human dACC is currently believed to be 

homologous to the rodent PrL in the field, the human DLPFC shares certain functional features 

with the rodent PrL as exemplified in this case. Accordingly, considerable efforts for more fine 

functional mapping between human dACC/DLPFC and mouse mPFC subregions will be crucial 

for enhancing translational insights. Similar to rodent studies, human studies imply that the 

DLPFC, probably in concert with the anterior insula, maintains a neural representation of the CS 

in working memory during the trace interval, thereby bridging the CS- with US-encoding signals 

whose temporal information is processed in the hippocampus particularly in the early stage of 

conditioning. For the expression of conditioned fear responses, top-down regulation of the dACC 

onto the amygdala is likely to be exerted. 

 

3.2.3. Contextual fear conditioning 

Despite a large number of studies of contextual fear conditioning in rodents, relatively few 

studies have directly investigated the neural circuit basis of contextual fear conditioning in 

humans, producing some challenges in cross-species translation. This gap mainly arises from the 
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challenge in establishing different contexts (CTX+ vs. CTX-) in a functional neuroimaging 

environment (Maren et al., 2013). Specifically, while in rodent studies contexts can be easily 

manipulated by changing the animal’s physical location (e.g., different chambers) or spatial 

features (e.g., floor and wall textures), it is much more difficult in human studies to create 

distinct spatiotemporal contexts while rigorously maintaining experimental control, particularly 

in a neuroimaging environment (Kroes et al., 2017). Nevertheless, there have been persistent 

efforts to overcome this inherent difficulty. Several studies used visual cues (e.g., gradual 

background colors, or pictures of some places) to make a certain contextual representation with 

no timed-paring with the US (i.e., temporally-unpredictable US) which is distinct from the 

timed-paring of the CS-US in cued fear conditioning, and as a result found the engagement of 

both the hippocampus and amygdala for the acquisition of contextual fear memory (Lang et al., 

2009; Marschner et al., 2008; Pohlack et al., 2012). Multiple studies employed a differential 

contextual fear conditioning paradigm realized with virtual reality (VR) techniques to create 

various ecologically valid contexts (Alvarez et al., 2011; Baas et al., 2004; Indovina et al., 2011; 

Kroes et al., 2017; Neueder et al., 2019), and consistently found the activation of the 

hippocampus and amygdala during contextual fear acquisition (Alvarez et al., 2008). The activity 

of the hippocampus and amygdala was further replicated in a recent study employing feature-

identical contexts, in which the contexts are constructed with two feature-identical picture 

stimuli only differing in the arrangement of their context components and therefore more ideally 

ensure configural, rather than elemental, processing dependent on the hippocampus. 

Interestingly, integrating cued and contextual fear conditioning in a single paradigm (Grillon et 

al., 2006) in order to compare roles of the hippocampus and amygdala in each, a comparative 

study found that the amygdala is activated in both delay (robustly) and contextual (relatively 
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mildly) fear conditioning, whereas the hippocampus only in contextual fear conditioning, with 

both showing reduced activity over the course of conditioning (Marschner et al., 2008). These 

results likely imply that the amygdala plays a general role in the acquisition of fear conditioning, 

whereas the hippocampus is recruited specifically for contextual processing. It is noteworthy, 

however, that there is evidence suggesting subregion-specific roles of the hippocampus in 

contextual fear conditioning: the posterior hippocampus is active preferentially during the early 

phase of fear acquisition, whereas a more rostro-dorsal hippocampal region during the later 

phase (Lang et al., 2009). This may indicate that the posterior hippocampus participates in 

contextual encoding for initial formation of the context-US association, whereas the more rostro-

dorsal region in memory consolidation and retrieval. Of note, the ACC and insula display 

sustained contextual responses over the course of conditioning (Alvarez et al., 2008; Lang et al., 

2009; Marschner et al., 2008), probably implying their role in the expression of fear responses as 

evidenced in cued fear conditioning despite their possible role in contextual encoding. 

 

It is widely accepted that the posterior portions of the human hippocampus correspond to the 

rodent dorsal hippocampus, while the anterior portions are analogous to the rodent ventral 

hippocampus (Fanselow and Dong, 2010). In light of these homologies, the findings in human 

studies may be further interpreted with insights into rodent studies: the human posterior 

hippocampus (corresponding to the rodent dorsal hippocampus) likely encodes contextual 

information with which the context-US association is formed at an early phase of conditioning; 

subsequently, the newly-formed association is consolidated possibly through the interaction 

between the anterior hippocampus (the rodent ventral hippocampus) and amygdala; contextual 

fear memory is retrieved and expressed by the top-down regulation of the ACC and anterior 
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hippocampus. Of note, the exact role of the insula in the acquisition, consolidation, and retrieval 

of contextual fear memory in both rodents and humans still remains elusive, representing another 

knowledge gap in the field (see 4.2). 

 

3.2.4. Fear extinction 

Supported by its significant clinical implication particularly in posttraumatic stress disorder 

(PTSD) and anxiety disorders, research of fear extinction has attracted considerable scientific 

and clinical attention. Multiple lines of early evidence show the recruitment of a network of brain 

regions, including the VMPFC, hippocampus, amygdala, for fear extinction (Gottfried and 

Dolan, 2004; Kalisch et al., 2006; Knight et al., 2004b; Milad et al., 2007b; Phelps et al., 2004). 

Specifically, most of these studies suggested that the amygdala is activated during the acquisition 

of extinction memory, whereas the VMPFC during the retrieval (24 hr after extinction 

acquisition). The insula and ACC were also found activated during extinction acquisition and 

retrieval (Fullana et al., 2018). In some studies employing contextual manipulations, activity of 

the hippocampus was enhanced during extinction retrieval, and was positively-correlated with 

activity in the VMPFC, implying the role of a hippocampus-VMPFC network in the context-

dependent extinction retrieval (Kalisch et al., 2006; Milad et al., 2007b). The VMPFC was 

shown to mediate inhibition of the amygdala responses for emotion regulation and extinction 

retrieval (Delgado et al., 2008; Motzkin et al., 2015), which was further supported by the 

evidence showing negative functional coupling between the VMPFC and amygdala (Banks et al., 

2007; Linnman et al., 2012a). These findings together with insights into rodent studies reached a 

integrative view that during extinction acquisition a new inhibitory memory is formed in 

amygdala-centered circuits, and subsequently retrieved by the top-down regulation of the 
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amygdala by a VMPFC-hippocampus network in a context-dependent manner (as mentioned 

earlier in 3.2.1, the VMPFC is considered as homologous to the rodent IL). It should be noted 

that, however, there has been contrasting evidence against this view. Notably, in a recent meta-

analysis of fMRI studies, activation of the amygdala during extinction acquisition was 

undetectable (Fullana et al., 2018), which is reminiscent of the inconsistent amygdala activity in 

fear memory acquisition during delay fear conditioning. Similarly, this conflicting finding may 

derive from multiple roots, such as the technical challenges in signal detection from the 

amygdala and its sparse coding of extinction (see 3.2.1). Considering the necessity of the 

amygdala in extinction acquisition proven by multiple rodent studies, further research is awaited 

to reach a resolution. Other than the amygdala, the VMPFC also became subject to some debate 

in regard to its precise roles including those in fear conditioning and extinction (Barron et al., 

2015; Battaglia et al., 2020; Clem and Schiller, 2016; Delgado et al., 2016; Dunsmoor et al., 

2019). In the field of fear extinction, a controversy may exist concerning its precise role in 

extinction acquisition vs. retrieval. Indeed, while some early studies showed activation of the 

VMPFC during extinction acquisition (Gottfried and Dolan, 2004; Milad et al., 2007b), a recent 

meta-analysis did not (Fullana et al., 2018). It was pointed out that this discrepancy may arise 

from some issues including those in experimental designs and/or statistical analysis (Fullana et 

al., 2018; Morriss et al., 2018). For instance, during extinction acquisition, as the CS+ becomes 

extinguished and evolved as a safety signal, contrastive neural responses of the VMPFC to the 

extinguished CS+ (acquired safety) vs. CS- (safety) get diminished and difficult to detect. 

Determining a clear role for the VMPFC in extinction acquisition vs. retrieval was further 

complicated by recent studies in rodents showing that extinction retrieval was not dependent on 

the IL (human VMPFC) (Bukalo et al., 2015; Do-Monte et al., 2015a), thus requiring extra 
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caution in interpreting fMRI responses of the VMPFC during extinction retrieval. Therefore, 

persistent efforts in both rodent and human studies, which may include further standardization of 

experimental protocols and statistical analyses (Lonsdorf et al., 2017; Morriss et al., 2018; Ney et 

al., 2018), need to be applied to resolve these inconsistencies. 

 

4. Towards better cross-species translation 

Fear conditioning and extinction paradigms provide illuminating translational models for 

understanding and treating a wide range of brain disorders including posttraumatic stress 

disorder (PTSD) and anxiety disorders. A key prerequisite for realizing and further enhancing 

their clinical benefits is to facilitate cross-species translation particularly across rodents and 

humans. Before introducing how fear conditioning and extinction are implicated in the etiology 

and pathophysiology of many brain disorders, we discuss potential knowledge gaps that may 

interfere with smooth cross-species translation in research of fear conditioning and extinction. 

 

4.1. Taking into account methodological disparities 

Some fundamental gaps arise from methodological disparities that are inherent to experimental 

protocols in rodent and human studies. Recently, considerable efforts have been made to raise 

awareness in regard to the potential consequences of methodological discrepancies within and 

between species (Haaker et al., 2019; Lonsdorf et al., 2017; Wotjak, 2019). In this sub-section, 

therefore, we highlight and extend several points covered previously. Briefly, essential elements 

that constitute fear conditioning and extinction paradigms are mostly shared across species (e.g., 

CS and US), but are species-specific in some cases (e.g., instruction about the US for human 

participants). These species-specific elements, as well as some divergent settings in presenting 
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species-shared elements, may entail the recruitment of different neural circuit mechanisms that 

can confound trans-species inferences of experimental results. Accordingly, considerable efforts 

could be placed on maximally unifying methodological/procedural discrepancies in a way that 

modifies current animal protocols to better capture realistic circumstances in which human fear 

learning occurs. For example, typically delay fear conditioning paradigms in animals have been 

most extensively adopted to investigate fear learning and, in a clinical context, the 

pathophysiology of many brain disorders relevant to fear and anxiety. However, the 

unambiguous US-predicting CS, which is realized through 100% CS-US contingency with no 

temporal complexity, may construct an artificial situation and does not reflect realistic 

circumstances in human fear learning that in general involve a higher order of probabilistic and 

temporal complexity (Lissek et al., 2006). 

 

From a translational viewpoint, devising modified protocols in a way to enhance 

uncertainty/temporal complexity and consequently better capture processes underlying human 

fear learning may be indispensable to gaining practically-translatable mechanistic insights, as 

exemplified in a recent study applying probabilistic fear conditioning paradigms in animals to 

illuminate a role of midbrain dopamine neurons in regulating threat uncertainty and fear 

generalization (Jo et al., 2018). Admittedly, however, alignment of protocols can only be 

achieved to a certain degree because of inherent differences in experimental demands in animals 

and humans (Haaker et al., 2019). Therefore, identifying the extent to which mechanistic 

inferences can be valid from animals to humans (or vice versa) in the maximally-aligned 

condition will be critical to avoid any misinterpretation. 
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We also note the difficulty of approaching the amyglada in human fMRI studies, which may 

underlie some inconsistency among reports (Geissberger et al., 2020). In particular, addressing 

its sub-regions is almost impossible in humans (Kolada et al., 2017). Given that the amygdala is 

a core brain system of fear circuity, technical improvement of human brain imaging is warranted 

(Bielski et al., 2021; Tyszka and Pauli, 2016). 

 

4.2. Paying attention to a crucial, but underexplored, brain region: the insula 

Consistent evidence of human fMRI studies highlighted the insular cortex, the insula in short, as 

a brain region crucially engaged in fear learning and memory. Nevertheless, it is surprising to 

identify that, in contrast to other brain regions involved, such as the amygdala, hippocampus, and 

mPFC, the precise role of the insula in aversive learning and memory has not been systematically 

studied yet in rodents, in which its causal/mechanistic contribution can be investigated. 

Fortunately, along with a recent surge of interest in both the human and animal insula (Gogolla, 

2017; Namkung et al., 2017), this knowledge gap is coming on researcher’s radars, as evidenced 

by recently-increasing efforts (Casanova et al., 2018; de Paiva et al., 2021; Gehrlach et al., 2019; 

Shi et al., 2020; Shiba et al., 2017). In this sub-section, we briefly review the previous literature 

and discuss future research direction to better understand the precise role of the insula in aversive 

learning and memory. The human insula can be roughly subdivided into posterior and anterior 

sections, with each having different cytoarchitectonic features, connectivity, and functions 

(Gogolla, 2017; Namkung et al., 2017). Similarly, the existence of two major sub-divisions has 

recently been identified in rodents based on remarkably-distinct connectivity profiles along the 

antero-posterior insular axis (Gehrlach et al., 2020), which further supports the homology 

between the human and rodent insula. In rodents, research of the insula in fear learning and 
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memory has primarily focused on characterizing the posterior insula. In a recent study, while 

neurons in the posterior insula are activated in response to foot shocks, their inactivation during 

delay or contextual fear acquisition had no subsequent impact on fear responses during fear 

memory retrieval (Gehrlach et al., 2019), which not only indicates no necessity of the posterior 

insula in delay-cued and contextual fear memory acquisition, but also replicates some early 

studies (Lanuza et al., 2004; Shi and Davis, 1999). Furthermore, post-training lesions or protein 

synthesis inhibition of the posterior insula prevented conditioned fear responses during fear 

memory retrieval in delay, but not in contextual, fear conditioning, indicating a crucial role in 

memory consolidation or retrieval selectively in delay fear conditioning (Brunzell and Kim, 

2001; Casanova et al., 2016; de Paiva et al., 2021; Shi and Davis, 1999). It should be noted that 

post-training lesions do not allow us to differentiate necessity of the posterior insula in 

consolidation and/or retrieval, thus encouraging further study employing tools with better 

temporal resolutions, such as optogenetics and chemogenetics. To our best knowledge, no study 

has directly interrogated a role of the posterior insula in trace fear conditioning. 

 

Other than the posterior insula, a few studies have directly investigated a role of the anterior 

insula in fear conditioning and extinction in rodents. Some studies showed that activity of 

relatively anterior portions of the insula (still not rostral insula with the only agranular 

architecture) is essential for fear memory consolidation in delay and contextual fear 

conditioning, with no impact on pain perception (Alves et al., 2013; Shi et al., 2020). 

Furthermore, inhibition of the same regions during extinction acquisition facilitated fear 

extinction. However, conflicting evidence also exists showing no necessity of the anterior insula 

in fear memory consolidation in both delay and contextual fear conditioning (de Paiva et al., 
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2021). Therefore, substantial efforts should be placed not only to address conflicting findings, 

but also to understand the precise role of the anterior insula in each type and phase of fear 

conditioning and extinction. As highlighted in human fMRI studies, as a core component of the 

fear or extinction network, the anterior insula is one of the most reliably-activated brain regions 

in almost all types of fear conditioning and extinction. To pin down its precise mechanistic roles 

in fear learning and memory, we should go beyond the mere loss-of-function research of local 

insular circuits, but instead have to acquire a network level of understanding in each type and 

phase of fear conditioning and extinction. Given that the anterior insula stands at a network ‘hub’ 

that integrates sensory, emotional, cognitive, and motivational signals, deconstructing its roles 

along each neural pathway is particularly important. For example, in human trace fear 

conditioning (see 3.2.2), it was identified that coactivation of the DLPFC and anterior insula 

occurred preferentially during the trace interval, compared to other stimulus periods. This 

observation may lead us to hypothesize their crucial role in working memory-like functions, and 

subsequently test this hypothesis by optogenetically-manipulating and monitoring activity of 

neuronal pathways between the PrL (the functional counterpart of the human DLPFC) and 

anterior insula selectively during the trace interval, in comparison to during other stimulus 

periods. Meanwhile, given that the anterior insula and amygdala have strong anatomical 

connection and functional correlation particularly in emotional dimensions, we can also dissect 

the precise role of this pathway in each phase of trace fear conditioning, which may be 

functionally-discernible from that of the anterior insula-DLPFC pathway. 

 

4.3. Recognizing unintended selection bias in the fear conditioning paradigms 
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Some other important knowledge gaps may derive from an unintended selection bias in the fear 

conditioning paradigms. As mentioned, the neural circuit mechanisms entailed in trace fear 

conditioning have not been well explored in rodents, compared with those in delay and 

contextual fear conditioning. In trace fear conditioning, the insertion of a temporal gap between a 

CS and an US enables to investigate the neurobiological basis of the associative learning of 

temporally discontinuous (i.e., separated) evens that we frequently encounter in reality but 

cannot be captured by a rudimentary delay fear conditioning paradigm (Gilmartin et al., 2014b; 

Raybuck and Lattal, 2014). Moreover, trace fear conditioning requires brain regions including 

the prefrontal cortex and hippocampus that are not only responsible for higher cognitive 

functions (e.g., working memory and attention) but also frequently impaired in many brain 

disorders (Gilmartin et al., 2014b; Gilmartin and Helmstetter, 2010; McEchron et al., 1998). 

 

In human studies, on the other hand, relatively little research has investigated the neural basis of 

contextual fear conditioning. As mentioned previously, the primary reason may be because of the 

inherent difficulty in establishing different contexts in a fMRI scanner suite (Maren et al., 2013). 

A key advantage of applying contextual fear conditioning may be to capture how the brain 

encodes learning and memory of temporally uncertain threats in an adaptive manner. Therefore, 

it can serve as a great paradigm to capture a key component of pathological (maladaptive) 

anxiety (i.e., an overestimation of uncertain threats), compared with delay fear conditioning 

where the use of an unambiguous predictor does not faithfully capture such a uncertain 

component (Grupe and Nitschke, 2013; Lissek et al., 2006; Pulcu and Browning, 2019). Given 

the significance and challenge in creating distinct contexts in a neuroimaging room while 

rigorously maintaining experimental control, more vigorous employment of immersive VR in 
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contextual fear conditioning and fear extinction paradigms is encouraged, particularly with the 

utility of VR headset, which helps increase the feeling of being immersed in a virtual 

environment and removed from the present physical location (Sanchez-Vives and Slater, 2005). 

It was reported that only a handful of contextual fear conditioning studies have thus far 

incorporated VR headsets (Kroes et al., 2017). Considerable efforts to augment immersive VR-

adopted research, including the commercial release of VR headsets specialized for the purpose 

(Kroes et al., 2017), will be helpful. 

 

4.4. Dissecting the neurobiological basis of subjective feelings of fear 

Fear can be viewed as an integrative, multi-dimensional state whose key constructs encompass 

externally-observable survival responses and subjective feelings, with those constructs not 

necessarily being mutually exclusive (LeDoux and Hofmann, 2018; Mobbs et al., 2019). In 

animals subject to fear conditioning and extinction, the measurement of freezing has long been 

the gold standard of quantifying externally-observable survival responses as a key behavioral 

correlate of learned fear. However, it has often been argued that studying the neural basis of fear 

only via externally-observable survival responses may not be sufficient to understand some 

integral parts of fear, including subjective feelings of fear in particular (Mobbs et al., 2019). 

Dissecting the neurobiological basis of subjective feelings of fear can contribute to obtaining a 

more complete mechanistic understanding of how emotions arise in neural circuits. It is also a 

challenging, but indispensable, component in realizing better intervention particularly for mood-

associated dimensions across many brain disorders. In humans, subjective feelings are frequently 

assessed by some form of self-reporting: participants typically provide either a verbal or a non-

verbal report of information to which they have introspective access (LeDoux and Hofmann, 
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2018). In non-verbal animals, however, non-verbal reporting is the only option. From 

translational viewpoints, therefore, establishing a trans-species, non-verbal readout for 

quantitative and objective assessments of subjective emotional experience is critical for 

exploring its neurobiological basis. 

 

Facial expressions are emerging as particularly promising, trans-species readouts of subjective 

emotional states. Charles Darwin suggested that facial expressions are evolutionarily well-

conserved across species and the richest source of information about emotional states in both 

animals and humans (Darwin, 1872). Substantial efforts have already been made to identify and 

correlate facial expressions with emotional states in numerous organisms including humans, 

monkeys, horses, sheep, dogs, and rodents (Bloom and Friedman, 2013; Ekman, 1992; Fureix et 

al., 2012; Parr et al., 2005). Of note, recent break-throughs in machine-vision and -learning 

approaches analyzing facial expressions have made a huge leap toward reliable quantification of 

subjective emotional states even in rodents (Dolensek et al., 2020). It has long been considered 

that conscious, subjective emotional states are not realized solely by subcortical circuits that 

drive externally-observable survival responses in animals, but crucially by an assembly of 

cortical circuits with subcortical inputs to them (Mobbs et al., 2019). Indeed, human 

neuroimaging studies proposed several key cortical bases of subjective feeling states, including 

the anterior insula which is known to integrate interceptive signals into subjective feeling states 

(Craig, 2009; Namkung et al., 2017). In line with this, single neurons in the anterior insula of 

mice have been shown to be closely correlated with specific emotional facial expressions. 

Moreover, optogenetic manipulation of their activity directly affected specific emotional facial 

expressions, altogether supporting the eligibility of facial expressions as promising, trans-species 
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readouts of subjective emotional states (Dolensek et al., 2020). Supported by facial expressions 

as reliable readouts, therefore, fear conditioning and extinction may serve as critical tools to 

study the neurobiological basis of subjective feelings of learned fear in both physiological and 

pathophysiological conditions, although we should take into account a pitfall that humans can 

pose facial expressions even in the absence of an underlying emotion (i.e., not genuine facial 

expressions). 

 

5. Fear conditioning and extinction in neurological and psychiatric disorders: the focus on 

neural circuits 

Fear conditioning and extinction paradigms have been extensively used to investigate the 

neurobiology of associative learning and memory, which are impaired in a wide array of 

psychiatric and neurological disorders. Focusing on certain emotional dimensions associated 

with fear, a substantial number of studies have been conducted for post-traumatic stress disorder 

(PTSD) and anxiety disorders, mainly due to the direct relevance of fear conditioning and 

extinction to the etiology and pathophysiology as well as potential treatment of these conditions. 

However, fear conditioning and extinction paradigms also have their clinical utility in other 

psychiatric and neurological conditions where neural and molecular processes involved in 

associative learning and memory are affected. We here summarize, through the lens of neural 

circuits, multiple categories of brain disorders in which investigations of fear conditioning and 

extinction hold promise for advancing the understanding of pathophysiology with potential for 

therapeutic benefits (Fig. S1). 

 

5.1. PTSD 
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As the index traumatic experience in PTSD is easily regarded as an explicit conditioning 

episode, PTSD has frequently been conceptualized in the framework of fear learning and 

memory (VanElzakker et al., 2014). Even though an traumatic event that can contribute to the 

development of PTSD is typically much more aversive than an US employed in human 

experimental settings, similar underlying processes involved in fear conditioning paradigms have 

proven to be valuable in understanding neural circuit mechanisms of PTSD. A series of fMRI 

studies have been conducted to capture an abnormal pattern of brain activity in patients with 

PTSD who undergo a delay fear conditioning-extinction procedure. While persistent and 

exaggerated fear response, a central feature of PTSD, is seemingly predictive of hyperactivation 

of the fear network including the amygdala, unexpectedly divergent findings have emerged thus 

far. A recent meta-analysis of fMRI studies found increased activation of the amygdala, along 

with the ACC and insula, during fear memory acquisition in PTSD (Suarez-Jimenez et al., 2020), 

in line with a positron emission tomography (PET) study (Bremner et al., 2005). In contrast, 

some studies have reported reduced activity of the amygdala when trauma-related pictures were 

used as the US during the acquisition of delay fear conditioning (Diener et al., 2016). 

Furthermore, no change in amygdala activation during fear acquisition has been reported 

(Garfinkel et al., 2014; Milad et al., 2009). Of note, these inconsistent findings may reflect the 

well-recognized heterogeneity within the diagnosis of PTSD (Neria, 2021). Other than the 

perspective of abnormal fear learning, deficits in extinction learning have also been proposed as 

a central mechanism of persistently heightened fear responses in PTSD (Liberzon and Abelson, 

2016; Neria, 2021). Supportively, enhanced activation of the amygdala during extinction 

acquisition (Milad et al., 2009; Suarez-Jimenez et al., 2020) and extinction retrieval (Garfinkel et 

al., 2014; Suarez-Jimenez et al., 2020) has been reported in patients with PTSD who exhibit 
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heightened fear responses during extinction retrieval. Furthermore, reduced activation of the 

VMPFC and hippocampus in patients with PTSD has been reported during extinction retrieval 

(Milad et al., 2009; Rougemont-Bucking et al., 2011; Suarez-Jimenez et al., 2020). As mentioned 

earlier, it is believed that, during extinction retrieval, the VMPFC in concert with the 

hippocampus suppresses fear responses by top-down inhibition of the amygdala in a context-

dependent manner. Accordingly, the dysregulation of the VMPFC-hippocampus network also 

leads to impairment in (context-dependent) fear renewal (Garfinkel et al., 2014). Collectively, 

dysregulation of the amygdala, probably arising from dysfunctional VMPFC-hippocampal 

network in PTSD, likely underlies a failure to inhibit fear responses to the CS that no longer 

yields an aversive outcome in a context-dependent manner. 

 

5.2. Anxiety disorders 

Patients with specific phobia (SP) show excessive and persistent fear of a specific object, 

situation, or activity that is generally not harmful (e.g., dogs, flying, small spaces, etc.). 

According to the biological preparedness theory which is one of the most influential ideas in 

explaining the origin of SP, certain classes of stimuli are biologically-prepared for fear learning 

because of their particular importance for survival throughout our evolution (Ahs et al., 2018; de 

Silva et al., 1977; Seligman, 2016). Supported by its direct relevance to the etiology and 

maintenance, the neural circuits recruited in fear learning and extinction have been studied in 

patients with SP. Two independent surveys, which comprehensively analyzed the papers 

published before 2012, consistently pinned down hyperactivation of the fear network of the 

amygdala, ACC, and insula mostly to phobia-relevant (vs. phobia-irrelevant) stimuli in SP 

patients, most of whom were patients with small animal phobia (Del Casale et al., 2012; Linares 
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et al., 2012). The hyperactivation of the amygdala and insula has further been replicated in a 

recent meta-analysis of fMRI studies (Penate et al., 2017), along with the DLPFC that was also 

overactivated to spider pictures in patients with spider phobia (Wiemer et al., 2015). 

Collectively, evidence is binding to suggest that an over-attribution of salience to a phobia-

relevant stimulus mediated by the anterior insula and ACC (together constituting the key nodes 

in the salience network) occupies executive resource through the DLPFC (a key node of the 

central executive network) to drive the amygdala-mediated fear response in patients with SP 

(Menon and Uddin, 2010; Namkung et al., 2017). Interestingly, a recent study showed, in 

patients with spider phobia, that repeated exposure to spider stimuli attenuates the amygdala 

reactivity, and the degree of attenuation predicts subsequent avoidance to spider pictures, with 

larger attenuation predicting less avoidance (Bjorkstrand et al., 2020). Other than the SP, the 

neural circuits of fear learning and extinction have also been impaired in other types of anxiety 

disorders. In contrast to SP, for instance, neural responses to fear-associated stimuli are not likely 

to be apparent in patients with generalized anxiety disorder (GAD). Patients with GAD showed 

less discriminative activation in the VMPFC to safety- versus danger-signaling stimuli during the 

acquisition of fear memory in delay fear conditioning (Britton et al., 2013; Cha et al., 2014; 

Greenberg et al., 2013). Similarly, patients with GAD showed indiscriminately increased 

amygdala activation to the safety- and danger-signaling stimuli (Nitschke et al., 2009). Given 

that the VMPFC specifically encodes safety-, but not danger-, signaling stimuli (Marstaller et al., 

2017; Raber et al., 2019; Schiller et al., 2008), dysfunction of the VMPFC can result in a failure 

to inhibit amygdala activity in response to safety-signaling stimuli, contributing to fear 

generalization in GAD. The neural circuits of threat and safety learning have also been 

implicated in social anxiety disorders (SAD). Multiple lines of evidence reported hyperactivation 
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of the amygdala, ACC, and insula, in response to socio-emotional stimuli (e.g., fearful faces) in 

SAD patients (Etkin and Wager, 2007; Evans et al., 2008; Phan et al., 2006; Prater et al., 2013; 

Schneider et al., 1999; Stein et al., 2002; Veit et al., 2002), despite no replication in a recent 

study (Marin et al., 2020). In regard to safety learning, patients with SAD displayed diminished 

activation of the VMPFC to safety- vs. threat-signaling stimuli, which is a finding broadly 

observed across a wide arrange of anxiety disorders (Marin et al., 2020; Marin et al., 2017). 

These findings imply that dysfunction of the fear network likely contributes to overactivation to 

socio-emotional stimuli, whose maintenance may arise from impaired safety learning of 

discriminating safety from threat stimuli. 

 

5.3. Schizophrenia (SZ) 

Studies of fear conditioning and extinction have been applied to studying the neurobiology of 

aberrant learning and memory in SZ. Notably, Bleuler’s earliest description of SZ emphasized 

alterations in association formation as a core element of the condition resulting in associated 

emotional changes, and molecular genetic studies implicate synaptic processes of relevance to 

associative learning in the etiology of the condition (Bleuler and Bleuler, 1986; Hall et al., 2015; 

Peralta and Cuesta, 2011). Studies of fear conditioning represent one means to probe the impacts 

of changes in associative learning in SZ (Hall et al., 2009). Impairment in fear extinction has 

been reported in patients with SZ using a delay fear conditioning-fear extinction procedure, with 

patients showing reduced VMPFC activation, along with elevated fear responses, during 

extinction memory retrieval (Holt et al., 2012; Holt et al., 2009). Furthermore, SZ patients show 

aberrant functional coupling between the VMPFC and hippocampus, with the abnormality being 

correlated with the severity of paranoid delusions (Godsil et al., 2013). Amygdala hyperactivity 
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and altered midbrain activation have also been associated with paranoid symptoms in SZ 

(Pinkham et al., 2015; Romaniuk et al., 2010). There is also evidence that genetic risk factors for 

SZ, including copy number variants, impact molecular pathways involved in fear extinction 

(Clifton et al., 2017). These findings can be integrated in the interpretation that dysregulation of 

fear circuitry including the amygdala, possibly affected by VMPFC-hippocampal dysfunction, 

may underlie deficits in inhibiting fear responses in response to safety-signaling stimuli, 

contributing to persistence of paranoid ideation, a core symptomatic dimension of SZ (Clifton et 

al., 2017; Fletcher and Frith, 2009; Griffin and Fletcher, 2017). Of note, the aberrant response to 

a safety-signaling stimulus can be manifest as impaired fear generalization that has recently been 

reported in psychotic illness (Tuominen et al., 2021). 

 

5.4. Psychopathy 

Fear conditioning paradigms provide a route for understanding the neurobiological basis of 

abnormal fear processing observed in patients with psychopathy who lack the capability to 

anticipate punishment and are deficient in autonomic responding in anticipation of threating 

events (Hare et al., 1978). In some studies of delay fear conditioning, while the patients acquired 

knowledge about the association between the CS and US, they were not able to learn emotional 

significance of the association (Birbaumer et al., 2005), in accordance with the notion of 

emotional detachment in psychopathy (Patrick et al., 1993). fMRI studies have shown an 

abnormal reduction in the activities of multiple brain regions including the amygdala, insula, and 

ACC in psychopaths during fear memory acquisition in delay fear conditioning (Birbaumer et 

al., 2005; Veit et al., 2002). Given that the network composed of these regions plays a key role in 

processing emotional valence of stimuli in an anticipatory manner (Bush et al., 2000; Goodkind 
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et al., 2012; Janak and Tye, 2015b, a; Namkung et al., 2017), dysfunction of this network can 

result in a failure in emotional prediction in patients categorized as psychopathy (Birbaumer et 

al., 2005). Of note, a recent study argued that impairment in emotional prediction is observable 

only in a subset of patients with psychopathy, implying the heterogeneity within the diagnosis 

(Schultz et al., 2016). 

 

5.5. Alzheimer’s disease (AD) 

AD involves pathologically-progressive alterations of brain structures, including (but not limited 

to) the amygdala and hippocampus, which are crucially involved in fear learning and extinction. 

Of note, medial temporal lobe structures such as the hippocampus are differentially impacted 

early in the disease. Accordingly, deficits in fear memory acquisition are observed not only in 

delay fear conditioning (Hamann et al., 2002; Hoefer et al., 2008), but also in trace fear 

conditioning (Woodruff-Pak et al., 1990; Woodruff-Pak et al., 1996) in AD patients. As AD is a 

progressive disease with pre-symptomatic stages spanning many years, it is particularly 

important to identify diagnostic and prognostic biomarkers (Jack et al., 2013). A recent study 

comparing three groups of healthy elderly, subjects with amnesic mild cognitive impairment 

(aMCI) that often precedes AD, and patients with AD tested a potential utility of (delay) fear 

conditioning-extinction paradigm as a prognostic biomarker for the pathological progression 

(Nasrouei et al., 2020). Intriguingly, a gradient of diminished acquisition of fear and extinction 

memory has been observed from healthy elderly to subjects with aMCI to patients with AD 

(Nasrouei et al., 2020). Notably, these progressive alterations were most evidently represented in 

self-report measures (valence and US-expectancy ratings) indexing certain aspects of 

conditioned fear responses, with a slightly weaker contrast in skin conductance response. These 
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results likely reflect the progressive damage to specific brain regions implicated in AD, including 

the amygdala and hippocampus, as well as associated cortical circuitry (Poulin et al., 2011; 

Sabuncu et al., 2011), therefore suggesting that declining of fear conditioning and extinction 

(particularly captured by self-reported measures) may serve as useful prognostic biomarkers for 

AD onset (Nasrouei et al., 2020). Nevertheless, these findings need to be further replicated in 

large independent cohorts. 

 

In summary, persistent and exaggerated fear responses are core clinical features of PTSD and 

anxiety disorders, for which fear conditioning and extinction paradigms not only allow for 

studying their neurobiological underpinnings, but also provide a cornerstone of exposure 

therapy. Fear conditioning and extinction paradigms are also relevant as a part of behavioral 

dimensions in other brain conditions (e.g., SZ, psychopathy, and AD). Although these paradigms 

may not capture the central features of these conditions, the dimensional approach such as RDoC 

(see the Introduction section) will utilize the knowledge for better patient stratification beyond 

their current disease categories, which is followed by mechanistic dissection at molecular, 

circuitry, and behavioral levels, for novel treatment development. This will be discussed further 

in the next sub-section.  

 

6. Towards enhancing clinical benefits of fear conditioning and extinction 

We have thus far reviewed that fear conditioning and extinction paradigms can greatly enrich our 

understanding of their relevant neural circuits across basic and clinical research. In this section, 

we discuss how this understanding can lay the groundwork for further enhancing clinical benefits 
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in a wide range of brain disorders. The discussions are approached from two angles: mechanism 

and therapy. 

 

6.1. The application of fear conditioning and extinction paradigms for mechanistic 

understanding of disease 

Despite significant efforts for the treatment of neuropsychiatric conditions, there have been 

relatively few advances in therapeutics. The heterogeneity among patients within the same 

diagnosis often leads to inconsistent treatment outcomes, and challenges the biological validity 

of existing categorical approaches in clinical nosology (Namkung et al., 2018; O'Donovan and 

Owen, 2016). Alternatively, a dimensional approach enables pathophysiological processes to be 

mapped on functional dimensions of the brain, thereby providing a framework for mechanism-

based reclassification of brain disorders (Namkung et al., 2018; O'Donovan and Owen, 2016). In 

particular, RDoC provides a framework constructed by fundamental circuit-based behavioral 

dimensions that can cut across traditional diagnostic categories (Cuthbert, 2014; Insel et al., 

2010).  

 

The acute threat (fear) and potential threat (anxiety) are the major constructs of a particular 

RDoC domain, named negative valence systems, for which fear conditioning and extinction 

paradigms can serve as powerful routes to dissect neurobiological mechanisms particularly 

starting from the neural circuit level. As each type/phase of fear conditioning and extinction 

involves well-characterized sets of neural circuits, the systematic mapping of brain disorders 

onto a circuit-defined framework can enable stratifying a clinical population beyond their current 

disease categories (Fig. 3). Once this functional circuit-based stratification is achieved, we can 
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then extend our exploration of their pathophysiological mechanisms to the genetic, molecular, 

synaptic, and cellular levels. Discovering a central pathophysiological molecular pathway of 

relevance to pathogenic factors (e.g., genetic risk factors) may be particularly important in 

dissecting the overall pathological cascade from the pathogenesis to pathophysiology and 

symptomatic phenotypes (Namkung et al., 2018). A well-appreciated approach for causal 

inference on key intermediate (molecular) pathways in clinical research, as well as 

epidemiology, is Mendelian randomization (MR) (Lawlor et al., 2008; Namkung et al., 2018; 

Swerdlow et al., 2012). Supported by recent advances in multi-institutional genome-wide 

association studies (GWAS) and gene expression profiling, application of MR in 

neuropsychiatric research is becoming more promising, in which a genetic variant [e.g., a SNP)] 

is used as an instrumental variable to test for the causative effect of an exposure (e.g., gene 

expression) on an outcome (phenotype) (Lawlor et al., 2008; Namkung et al., 2018).  

 

The molecular pathways can be back-translated into animal models for mechanistic validation. 

Causality between a molecular target and behavioral pattern in fear conditioning/extinction can 

be addressed in animal models that allow for invasive manipulations. In parallel, the 

pathophysiological mechanisms that underlie the causality can also be addressed. Thus, animal 

models have been appreciated in any medical research. However, it is difficult and unlikely that 

an animal model can recapitulate all human clinical features of psychiatric illnesses (Monteggia 

et al., 2018). To reconcile this limitation, investigators have recently applied a dimensional 

approach (e.g., RDoC) to characterize rodent (mouse and rat) models for the mechanistic 

understanding of psychiatric illnesses. Fear conditioning and extinction not only provide reliable 

measures that are translatable across species, but also constitute key dimensions that are impaired 
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in a wide array of neuropsychiatric disorders including PTSD and anxiety disorders. Classically, 

rodent models of deficient fear conditioning and/or extinction (e.g., 129S1/SvImJ mice, HAB 

rats and mice) have been used to understand genetic involvement, neurobiology, and 

pathophysiology of the core clinical features in PTSD and anxiety disorders (Hefner et al., 2008; 

Landgraf and Wigger, 2002; Sartori et al., 2011). More recently, mouse models that utilize the 

information of psychiatric genetics have emerged (e.g., knock-in mice expressing the variant 

brain-derived neurotrophic factor (BDNF) (Soliman et al., 2010). More details are described in 

Table 1. 

 

Taken altogether, our understanding of the neural circuits of fear conditioning and extinction can 

build a promising framework for patient stratification, in which pathophysiological mechanisms 

of dysfunctional dimensions common to multiple brain disorders can be dissected at multi-layers 

starting from genetics, molecular and cellular mediators, and circuitry, to behavior.  

 

6.2. The use of fear conditioning and extinction paradigms for better therapeutic intervention 

There have been considerable efforts to target fear circuits via potential molecular pathways 

particularly in PTSD and anxiety disorders. For example, the antibiotic and partial N-methyl-D-

aspartate (NMDA) agonist D-cycloserine is a representative medication to enhance exposure 

therapy in patients with PTSD (de Kleine et al., 2012; Rothbaum et al., 2014) and those with 

anxiety disorders (Hofmann et al., 2006; Otto et al., 2010; Ressler et al., 2004). The rationale 

behind the use of D-cycloserine and other glutamatergic modulators in concert with exposure 

therapy is to enhance glutamatergic signaling in the PFC that in theory can facilitate fear 

extinction (Sheynin and Liberzon, 2017). Nevertheless, a recent meta-analysis has reported that 
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the clinical benefits of using D-cycloserine in conjunction with exposure therapy are relatively 

small and may easily dissipate over time in patients with PTSD and those with anxiety disorders 

(Mataix-Cols et al., 2017). This may be partly because a subset of patients was not carefully 

selected from the viewpoint of neurobiological mechanisms for the treatment, and/or because the 

optimal molecular drug target may not have been chosen. In addition to the glutamatergic 

pathway, other neurotransmitters and neuromodulators regulate fear circuits. These include  

gamma-aminobutyric acid (GABA), serotonin, dopamine, noradrenaline, and endocannabinoids. 

The efforts of exploring therapeutic effects of these on fear extinction deficits in PTSD and 

anxiety disorders are ongoing (Abdallah et al., 2019; Bukalo et al., 2014; Sartori and Singewald, 

2019). 

 

SZ-associated genetic variants have been shown to be enriched for those associated with NMDA 

receptor-mediated signaling pathways that play a central role in associative learning (Hall et al., 

2015). Indeed, converging evidence has linked hypofunction of NMDA receptors with both 

cognitive abnormalities and psychotic symptoms in SZ (Goff and Coyle, 2001; Javitt et al., 

2012). Accordingly, whether D-cycloserine can enhance cognitive behavioral therapy (CBT) for 

delusions in patients with SZ has been tested (Diminich et al., 2020; Gottlieb et al., 2011). 

Interestingly, while D-cycloserine in combination with CBT did not improve delusions compared 

to placebo during treatment, there was some improvement of delusions at 3-month follow-up, 

despite the need for replication (Diminich et al., 2020). Therefore, further work is required to 

demonstrate its therapeutic efficacy in relevant clinical conditions including PTSD and SZ, for 

which longitudinal monitoring of the neural circuits engaged in fear extinction, as well as 

physiological/behavioral responses, can serve as an objective marker. Targeting the modulation 
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of non-glutamatergic systems for fear extinction deficits is also ongoing. For example, an 

antipsychotic medicine brexpiprazole facilitates fear extinction (Bjorkholm et al., 2017; Sartori 

and Singewald, 2019).  

 

In parallel with these endeavors for pharmacological interventions, considerable efforts are being 

made to improve psychological interventions, such as CBT, for PTSD and other conditions 

characterized by altered fear learning (Beck, 2005; Porto et al., 2009). While psychotherapeutic 

interventions have been devised based on psychological theories and clinical effects, its 

mechanistic understanding is indispensable to appropriately choosing a parallel 

pharmacotherapy, providing outcome measures, and helping the development of new treatment 

protocols (Linden, 2008). Multiple lines of evidence have reported that CBT exerts its 

therapeutic effects on certain symptoms (e.g., anxiety-associated symptoms) in a wide range of 

psychiatric conditions, including PTSD, anxiety, SZ, and obsessive-compulsive disorder (OCD), 

by affecting brain regions in the fear and extinction network (Brooks and Stein, 2015; Gottlich et 

al., 2015; Kumari et al., 2009; Marwood et al., 2018). Accordingly, longitudinal fMRI studies of 

psychotherapeutic effects on fear and extinction circuits relevant to certain symptoms can serve 

as an objective neurobiological measure that can be integrated with patient-reported subjective 

measures to improve the design of psychotherapy for relevant brain disorders (Marwood et al., 

2018). Of particular note, psychotherapeutic effects on emotional memories may be significantly 

enhanced within a specific time window. As introduced earlier, a consolidated memory can 

return to a transiently labile state, in which the fear memory requires a reconsolidation process to 

be re-stabilized. This reconsolidation window is a temporary opportunity in which 

pharmacological and psychotherapeutic interventions can be applied to target the unstable 
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memory. Indeed, considerable evidence reported that extinction (i.e., exposure) training during 

the reconsolidation window, temporally opened by memory reactivation, prevented the return of 

fear (Bjorkstrand et al., 2016; Schiller et al., 2010), which may be further enhanced by post-

retrieval treatment with propranolol, a non-selective 𝛽-adrenergic receptor antagonist, as shown 

in both healthy subjects and clinical populations including those with PTSD (Brunet et al., 2008; 

Kindt et al., 2009; Soeter and Kindt, 2010). 

 

7. Conclusion 

In summary, fear conditioning and extinction paradigms offer powerful routes for investigating 

the neurobiological basis of learning, memory, and behavior. To realize its full translational 

potential, further efforts are required to align animal and human studies of fear conditioning 

studies, and to improve mechanism-guided therapeutic interventions. Once achieved, we 

anticipate further insights will be gained not only into human behavior but also into the 

neurobiology of neuropsychiatric disorders characterized by altered associative fear learning. 

 

Acknowledgements and disclosures 

We thank Shravika Lam for helping prepare the manuscript. This work was supported by 

National Institutes of Mental Health Grants MH-092443 (to AS), MH-094268 (to AS), MH-

105660 (to AS), and MH-107730 (to AS); foundation grants from Stanley, RUSK/S-R, and 

NARSAD/Brain and Behavior Research Foundation (to AS). All authors report no biomedical 

financial interests or potential conflicts of interest. 

 

  



 

 

 54 

References 

Abdallah, C.G., Averill, L.A., Akiki, T.J., Raza, M., Averill, C.L., Gomaa, H., Adikey, A., 

Krystal, J.H., 2019. The Neurobiology and Pharmacotherapy of Posttraumatic Stress Disorder. 

Annu Rev Pharmacol Toxicol 59, 171-189. 

Ahmed, M.S., Priestley, J.B., Castro, A., Stefanini, F., Solis Canales, A.S., Balough, E.M., 

Lavoie, E., Mazzucato, L., Fusi, S., Losonczy, A., 2020. Hippocampal Network Reorganization 

Underlies the Formation of a Temporal Association Memory. Neuron. 

Ahs, F., Rosen, J., Kastrati, G., Fredrikson, M., Agren, T., Lundstrom, J.N., 2018. Biological 

preparedness and resistance to extinction of skin conductance responses conditioned to fear 

relevant animal pictures: A systematic review. Neurosci Biobehav Rev 95, 430-437. 

Alvarez, R.P., Biggs, A., Chen, G., Pine, D.S., Grillon, C., 2008. Contextual fear conditioning in 

humans: cortical-hippocampal and amygdala contributions. J Neurosci 28, 6211-6219. 

Alvarez, R.P., Chen, G., Bodurka, J., Kaplan, R., Grillon, C., 2011. Phasic and sustained fear in 

humans elicits distinct patterns of brain activity. Neuroimage 55, 389-400. 

Alves, F.H., Gomes, F.V., Reis, D.G., Crestani, C.C., Correa, F.M., Guimaraes, F.S., Resstel, 

L.B., 2013. Involvement of the insular cortex in the consolidation and expression of contextual 

fear conditioning. Eur J Neurosci 38, 2300-2307. 

Amano, T., Unal, C.T., Pare, D., 2010. Synaptic correlates of fear extinction in the amygdala. 

Nat Neurosci 13, 489-494. 

Anagnostaras, S.G., Maren, S., Fanselow, M.S., 1999. Temporally graded retrograde amnesia of 

contextual fear after hippocampal damage in rats: within-subjects examination. J Neurosci 19, 

1106-1114. 



 

 

 55 

Anderson, D.J., Adolphs, R., 2014. A Framework for Studying Emotions across Species. Cell 

157, 187-200. 

Andreatta, M., Fendt, M., Muhlberger, A., Wieser, M.J., Imobersteg, S., Yarali, A., Gerber, B., 

Pauli, P., 2012. Onset and offset of aversive events establish distinct memories requiring fear and 

reward networks. Learn Mem 19, 518-526. 

Armony, J.L., Dolan, R.J., 2002. Modulation of spatial attention by fear-conditioned stimuli: an 

event-related fMRI study. Neuropsychologia 40, 817-826. 

Arruda-Carvalho, M., Clem, R.L., 2014. Pathway-Selective Adjustment of Prefrontal-Amygdala 

Transmission during Fear Encoding. J Neurosci 34, 15601-15609. 

Asok, A., Kandel, E.R., Rayman, J.B., 2018. The Neurobiology of Fear Generalization. Front 

Behav Neurosci 12, 329. 

Baas, J.M., Nugent, M., Lissek, S., Pine, D.S., Grillon, C., 2004. Fear conditioning in virtual 

reality contexts: a new tool for the study of anxiety. Biol Psychiatry 55, 1056-1060. 

Bach, D.R., Weiskopf, N., Dolan, R.J., 2011. A stable sparse fear memory trace in human 

amygdala. J Neurosci 31, 9383-9389. 

Baeg, E.H., Kim, Y.B., Jang, J., Kim, H.T., Mook-Jung, I., Jung, M.W., 2001. Fast spiking and 

regular spiking neural correlates of fear conditioning in the medial prefrontal cortex of the rat. 

Cereb Cortex 11, 441-451. 

Balleine, B.W., Killcross, S., 2006. Parallel incentive processing: an integrated view of amygdala 

function. Trends Neurosci 29, 272-279. 

Banks, S.J., Eddy, K.T., Angstadt, M., Nathan, P.J., Phan, K.L., 2007. Amygdala-frontal 

connectivity during emotion regulation. Soc Cogn Affect Neurosci 2, 303-312. 



 

 

 56 

Barbey, A.K., Koenigs, M., Grafman, J., 2013. Dorsolateral prefrontal contributions to human 

working memory. Cortex 49, 1195-1205. 

Barron, H.C., Garvert, M.M., Behrens, T.E., 2015. Reassessing VMPFC: full of confidence? Nat 

Neurosci 18, 1064-1066. 

Battaglia, S., Garofalo, S., di Pellegrino, G., Starita, F., 2020. Revaluing the Role of vmPFC in 

the Acquisition of Pavlovian Threat Conditioning in Humans. J Neurosci 40, 8491-8500. 

Bechara, A., Tranel, D., Damasio, H., Adolphs, R., Rockland, C., Damasio, A.R., 1995. Double 

dissociation of conditioning and declarative knowledge relative to the amygdala and 

hippocampus in humans. Science 269, 1115-1118. 

Beck, A.T., 2005. The current state of cognitive therapy: a 40-year retrospective. Arch Gen 

Psychiatry 62, 953-959. 

Beeman, C.L., Bauer, P.S., Pierson, J.L., Quinn, J.J., 2013. Hippocampus and medial prefrontal 

cortex contributions to trace and contextual fear memory expression over time. Learn Mem 20, 

336-343. 

Bielski, K., Adamus, S., Kolada, E., Raczaszek-Leonardi, J., Szatkowska, I., 2021. Parcellation 

of the human amygdala using recurrence quantification analysis. Neuroimage 227, 117644. 

Birbaumer, N., Veit, R., Lotze, M., Erb, M., Hermann, C., Grodd, W., Flor, H., 2005. Deficient 

fear conditioning in psychopathy: a functional magnetic resonance imaging study. Arch Gen 

Psychiatry 62, 799-805. 

Biswal, B., DeYoe, E.A., Hyde, J.S., 1996. Reduction of physiological fluctuations in fMRI 

using digital filters. Magn Reson Med 35, 107-113. 

Bjorkholm, C., Marcus, M.M., Konradsson-Geuken, A., Jardemark, K., Svensson, T.H., 2017. 

The novel antipsychotic drug brexpiprazole, alone and in combination with escitalopram, 



 

 

 57 

facilitates prefrontal glutamatergic transmission via a dopamine D1 receptor-dependent 

mechanism. Eur Neuropsychopharmacol 27, 411-417. 

Bjorkstrand, J., Agren, T., Ahs, F., Frick, A., Larsson, E.M., Hjorth, O., Furmark, T., Fredrikson, 

M., 2016. Disrupting Reconsolidation Attenuates Long-Term Fear Memory in the Human 

Amygdala and Facilitates Approach Behavior. Curr Biol 26, 2690-2695. 

Bjorkstrand, J., Agren, T., Frick, A., Hjorth, O., Furmark, T., Fredrikson, M., Ahs, F., 2020. 

Decrease in amygdala activity during repeated exposure to spider images predicts avoidance 

behavior in spider fearful individuals. Transl Psychiatry 10, 292. 

Bleuler, M., Bleuler, R., 1986. Dementia praecox oder die Gruppe der Schizophrenien: Eugen 

Bleuler. Br J Psychiatry 149, 661-662. 

Bloom, T., Friedman, H., 2013. Classifying dogs' (Canis familiaris) facial expressions from 

photographs. Behav Processes 96, 1-10. 

Boubela, R.N., Kalcher, K., Huf, W., Seidel, E.M., Derntl, B., Pezawas, L., Nasel, C., Moser, E., 

2015. fMRI measurements of amygdala activation are confounded by stimulus correlated signal 

fluctuation in nearby veins draining distant brain regions. Sci Rep 5, 10499. 

Bouton, M.E., 2004. Context and behavioral processes in extinction. Learn Mem 11, 485-494. 

Bremner, J.D., Vermetten, E., Schmahl, C., Vaccarino, V., Vythilingam, M., Afzal, N., Grillon, 

C., Charney, D.S., 2005. Positron emission tomographic imaging of neural correlates of a fear 

acquisition and extinction paradigm in women with childhood sexual-abuse-related post-

traumatic stress disorder. Psychol Med 35, 791-806. 

Britton, J.C., Grillon, C., Lissek, S., Norcross, M.A., Szuhany, K.L., Chen, G., Ernst, M., 

Nelson, E.E., Leibenluft, E., Shechner, T., Pine, D.S., 2013. Response to learned threat: An 

FMRI study in adolescent and adult anxiety. Am J Psychiatry 170, 1195-1204. 



 

 

 58 

Brooks, S.J., Stein, D.J., 2015. A systematic review of the neural bases of psychotherapy for 

anxiety and related disorders. Dialogues Clin Neurosci 17, 261-279. 

Brunet, A., Orr, S.P., Tremblay, J., Robertson, K., Nader, K., Pitman, R.K., 2008. Effect of post-

retrieval propranolol on psychophysiologic responding during subsequent script-driven traumatic 

imagery in post-traumatic stress disorder. J Psychiatr Res 42, 503-506. 

Brunzell, D.H., Kim, J.J., 2001. Fear conditioning to tone, but not to context, is attenuated by 

lesions of the insular cortex and posterior extension of the intralaminar complex in rats. Behav 

Neurosci 115, 365-375. 

Buchel, C., Dolan, R.J., Armony, J.L., Friston, K.J., 1999. Amygdala-hippocampal involvement 

in human aversive trace conditioning revealed through event-related functional magnetic 

resonance imaging. J Neurosci 19, 10869-10876. 

Buchel, C., Morris, J., Dolan, R.J., Friston, K.J., 1998. Brain systems mediating aversive 

conditioning: an event-related fMRI study. Neuron 20, 947-957. 

Bukalo, O., Pinard, C.R., Holmes, A., 2014. Mechanisms to medicines: elucidating neural and 

molecular substrates of fear extinction to identify novel treatments for anxiety disorders. Br J 

Pharmacol 171, 4690-4718. 

Bukalo, O., Pinard, C.R., Silverstein, S., Brehm, C., Hartley, N.D., Whittle, N., Colacicco, G., 

Busch, E., Patel, S., Singewald, N., Holmes, A., 2015. Prefrontal inputs to the amygdala instruct 

fear extinction memory formation. Sci Adv 1. 

Burgos-Robles, A., Vidal-Gonzalez, I., Quirk, G.J., 2009. Sustained conditioned responses in 

prelimbic prefrontal neurons are correlated with fear expression and extinction failure. J 

Neurosci 29, 8474-8482. 



 

 

 59 

Bush, G., Luu, P., Posner, M.I., 2000. Cognitive and emotional influences in anterior cingulate 

cortex. Trends Cogn Sci 4, 215-222. 

Cai, L.X., Pizano, K., Gundersen, G.W., Hayes, C.L., Fleming, W.T., Holt, S., Cox, J.M., 

Witten, I.B., 2020. Distinct signals in medial and lateral VTA dopamine neurons modulate fear 

extinction at different times. Elife 9. 

Camp, M.C., Macpherson, K.P., Lederle, L., Graybeal, C., Gaburro, S., Debrouse, L.M., Ihne, 

J.L., Bravo, J.A., O'Connor, R.M., Ciocchi, S., Wellman, C.L., Luthi, A., Cryan, J.F., Singewald, 

N., Holmes, A., 2012. Genetic strain differences in learned fear inhibition associated with 

variation in neuroendocrine, autonomic, and amygdala dendritic phenotypes. 

Neuropsychopharmacology 37, 1534-1547. 

Casanova, J.P., Aguilar-Rivera, M., Rodriguez, M.L.A., Coleman, T.P., Torrealba, F., 2018. The 

activity of discrete sets of neurons in the posterior insula correlates with the behavioral 

expression and extinction of conditioned fear. J Neurophysiol 120, 1906-1913. 

Casanova, J.P., Madrid, C., Contreras, M., Rodriguez, M., Vasquez, M., Torrealba, F., 2016. A 

role for the interoceptive insular cortex in the consolidation of learned fear. Behav Brain Res 

296, 70-77. 

Cha, J., Greenberg, T., Carlson, J.M., Dedora, D.J., Hajcak, G., Mujica-Parodi, L.R., 2014. 

Circuit-wide structural and functional measures predict ventromedial prefrontal cortex fear 

generalization: implications for generalized anxiety disorder. J Neurosci 34, 4043-4053. 

Chauveau, F., Lange, M.D., Jungling, K., Lesting, J., Seidenbecher, T., Pape, H.C., 2012. 

Prevention of stress-impaired fear extinction through neuropeptide s action in the lateral 

amygdala. Neuropsychopharmacology 37, 1588-1599. 



 

 

 60 

Cho, J.H., Deisseroth, K., Bolshakov, V.Y., 2013. Synaptic encoding of fear extinction in mPFC-

amygdala circuits. Neuron 80, 1491-1507. 

Clark, R.E., Squire, L.R., 1998. Classical conditioning and brain systems: The role of awareness. 

Science 280, 77-81. 

Clem, R.L., Schiller, D., 2016. New Learning and Unlearning: Strangers or Accomplices in 

Threat Memory Attenuation? Trends Neurosci 39, 340-351. 

Clifton, N.E., Pocklington, A.J., Scholz, B., Rees, E., Walters, J.T., Kirov, G., O'Donovan, M.C., 

Owen, M.J., Wilkinson, L.S., Thomas, K.L., Hall, J., 2017. Schizophrenia copy number variants 

and associative learning. Mol Psychiatry 22, 178-182. 

Connor, D.A., Gould, T.J., 2016. The role of working memory and declarative memory in trace 

conditioning. Neurobiol Learn Mem 134 Pt B, 193-209. 

Constantinou, E., Purves, K.L., McGregor, T., Lester, K.J., Barry, T.J., Treanor, M., Craske, 

M.G., Eley, T.C., 2021. Measuring fear: Association among different measures of fear learning. J 

Behav Ther Exp Psychiatry 70, 101618. 

Cook, S.C., Wellman, C.L., 2004. Chronic stress alters dendritic morphology in rat medial 

prefrontal cortex. J Neurobiol 60, 236-248. 

Corcoran, K.A., Maren, S., 2001. Hippocampal inactivation disrupts contextual retrieval of fear 

memory after extinction. J Neurosci 21, 1720-1726. 

Corcoran, K.A., Quirk, G.J., 2007. Activity in prelimbic cortex is necessary for the expression of 

learned, but not innate, fears. J Neurosci 27, 840-844. 

Courtin, J., Chaudun, F., Rozeske, R.R., Karalis, N., Gonzalez-Campo, C., Wurtz, H., Abdi, A., 

Baufreton, J., Bienvenu, T.C., Herry, C., 2014. Prefrontal parvalbumin interneurons shape 

neuronal activity to drive fear expression. Nature 505, 92-96. 



 

 

 61 

Craig, A.D., 2009. How do you feel - now? The anterior insula and human awareness. Nat Rev 

Neurosci 10, 59-70. 

Critchley, H.D., Mathias, C.J., Dolan, R.J., 2002. Fear conditioning in humans: the influence of 

awareness and autonomic arousal on functional neuroanatomy. Neuron 33, 653-663. 

Cummings, K.A., Clem, R.L., 2020. Prefrontal somatostatin interneurons encode fear memory. 

Nat Neurosci 23, 61-74. 

Curtis, C.E., D'Esposito, M., 2003. Persistent activity in the prefrontal cortex during working 

memory. Trends Cogn Sci 7, 415-423. 

Curzon, P., Rustay, N.R., Browman, K.E., 2009. Cued and Contextual Fear Conditioning for 

Rodents, in: nd, Buccafusco, J.J. (Eds.), Methods of Behavior Analysis in Neuroscience, Boca 

Raton (FL). 

Cuthbert, B.N., 2014. The RDoC framework: facilitating transition from ICD/DSM to 

dimensional approaches that integrate neuroscience and psychopathology. World Psychiatry 13, 

28-35. 

Darwin, C., 1872. The expression of the emotions in man and animals. J. Murray, London,. 

Davis, P., Zaki, Y., Maguire, J., Reijmers, L.G., 2017. Cellular and oscillatory substrates of fear 

extinction learning. Nat Neurosci 20, 1624-1633. 

de Kleine, R.A., Hendriks, G.J., Kusters, W.J., Broekman, T.G., van Minnen, A., 2012. A 

randomized placebo-controlled trial of D-cycloserine to enhance exposure therapy for 

posttraumatic stress disorder. Biol Psychiatry 71, 962-968. 

de Paiva, J.P.Q., Bueno, A.P.A., Dos Santos Correa, M., Oliveira, M.G.M., Ferreira, T.L., 

Fornari, R.V., 2021. The posterior insular cortex is necessary for the consolidation of tone fear 

conditioning. Neurobiol Learn Mem 179, 107402. 



 

 

 62 

de Silva, P., Rachman, S., Seligman, M.E., 1977. Prepared phobias and obsessions: therapeutic 

outcome. Behav Res Ther 15, 65-77. 

Dejean, C., Courtin, J., Karalis, N., Chaudun, F., Wurtz, H., Bienvenu, T.C., Herry, C., 2016. 

Prefrontal neuronal assemblies temporally control fear behaviour. Nature 535, 420-424. 

Del Casale, A., Ferracuti, S., Rapinesi, C., Serata, D., Piccirilli, M., Savoja, V., Kotzalidis, G.D., 

Manfredi, G., Angeletti, G., Tatarelli, R., Girardi, P., 2012. Functional neuroimaging in specific 

phobia. Psychiatry Res 202, 181-197. 

Delgado, M.R., Beer, J.S., Fellows, L.K., Huettel, S.A., Platt, M.L., Quirk, G.J., Schiller, D., 

2016. Viewpoints: Dialogues on the functional role of the ventromedial prefrontal cortex. Nat 

Neurosci 19, 1545-1552. 

Delgado, M.R., Nearing, K.I., Ledoux, J.E., Phelps, E.A., 2008. Neural circuitry underlying the 

regulation of conditioned fear and its relation to extinction. Neuron 59, 829-838. 

DeNardo, L.A., Liu, C.D., Allen, W.E., Adams, E.L., Friedmann, D., Fu, L., Guenthner, C.J., 

Tessier-Lavigne, M., Luo, L., 2019. Temporal evolution of cortical ensembles promoting remote 

memory retrieval. Nat Neurosci 22, 460-469. 

Denny, C.A., Kheirbek, M.A., Alba, E.L., Tanaka, K.F., Brachman, R.A., Laughman, K.B., 

Tomm, N.K., Turi, G.F., Losonczy, A., Hen, R., 2014. Hippocampal memory traces are 

differentially modulated by experience, time, and adult neurogenesis. Neuron 83, 189-201. 

Diener, S.J., Nees, F., Wessa, M., Wirtz, G., Frommberger, U., Penga, T., Ruttorf, M., Ruf, M., 

Schmahl, C., Flor, H., 2016. Reduced amygdala responsivity during conditioning to trauma-

related stimuli in posttraumatic stress disorder. Psychophysiology 53, 1460-1471. 



 

 

 63 

Diminich, E.D., Dickerson, F., Bello, I., Cather, C., Kingdon, D., Rakhshan Rouhakhtar, P.J., 

Hart, K.L., Li, C., Troxel, A.B., Goff, D.C., 2020. D-cycloserine augmentation of cognitive 

behavioral therapy for delusions: A randomized clinical trial. Schizophr Res 222, 145-152. 

Do Monte, F.H., Quirk, G.J., Li, B., Penzo, M.A., 2016. Retrieving fear memories, as time goes 

by. Mol Psychiatry 21, 1027-1036. 

Do-Monte, F.H., Manzano-Nieves, G., Quinones-Laracuente, K., Ramos-Medina, L., Quirk, 

G.J., 2015a. Revisiting the role of infralimbic cortex in fear extinction with optogenetics. J 

Neurosci 35, 3607-3615. 

Do-Monte, F.H., Quinones-Laracuente, K., Quirk, G.J., 2015b. A temporal shift in the circuits 

mediating retrieval of fear memory. Nature 519, 460-463. 

Dolensek, N., Gehrlach, D.A., Klein, A.S., Gogolla, N., 2020. Facial expressions of emotion 

states and their neuronal correlates in mice. Science 368, 89-+. 

Dunsmoor, J.E., Bandettini, P.A., Knight, D.C., 2008. Neural correlates of unconditioned 

response diminution during Pavlovian conditioning. Neuroimage 40, 811-817. 

Dunsmoor, J.E., Kroes, M.C.W., Li, J., Daw, N.D., Simpson, H.B., Phelps, E.A., 2019. Role of 

Human Ventromedial Prefrontal Cortex in Learning and Recall of Enhanced Extinction. J 

Neurosci 39, 3264-3276. 

Dunsmoor, J.E., Niv, Y., Daw, N., Phelps, E.A., 2015. Rethinking Extinction. Neuron 88, 47-63. 

Dunsmoor, J.E., Paz, R., 2015. Fear Generalization and Anxiety: Behavioral and Neural 

Mechanisms. Biol Psychiatry 78, 336-343. 

Duvarci, S., Pare, D., 2014. Amygdala microcircuits controlling learned fear. Neuron 82, 966-

980. 



 

 

 64 

Eippert, F., Gamer, M., Buchel, C., 2012. Neurobiological mechanisms underlying the blocking 

effect in aversive learning. J Neurosci 32, 13164-13176. 

Ekman, P., 1992. Facial expressions of emotion: an old controversy and new findings. Philos 

Trans R Soc Lond B Biol Sci 335, 63-69. 

Etkin, A., Wager, T.D., 2007. Functional neuroimaging of anxiety: a meta-analysis of emotional 

processing in PTSD, social anxiety disorder, and specific phobia. Am J Psychiatry 164, 1476-

1488. 

Evans, K.C., Wright, C.I., Wedig, M.M., Gold, A.L., Pollack, M.H., Rauch, S.L., 2008. A 

functional MRI study of amygdala responses to angry schematic faces in social anxiety disorder. 

Depress Anxiety 25, 496-505. 

Fanselow, M.S., Dong, H.W., 2010. Are the dorsal and ventral hippocampus functionally distinct 

structures? Neuron 65, 7-19. 

Fanselow, M.S., Kim, J.J., 1994. Acquisition of contextual Pavlovian fear conditioning is 

blocked by application of an NMDA receptor antagonist D,L-2-amino-5-phosphonovaleric acid 

to the basolateral amygdala. Behav Neurosci 108, 210-212. 

Fanselow, M.S., Pennington, Z.T., 2018. A return to the psychiatric dark ages with a two-system 

framework for fear. Behav Res Ther 100, 24-29. 

Feng, P., Feng, T., Chen, Z., Lei, X., 2014. Memory consolidation of fear conditioning: bi-stable 

amygdala connectivity with dorsal anterior cingulate and medial prefrontal cortex. Soc Cogn 

Affect Neurosci 9, 1730-1737. 

Feng, T., Feng, P., Chen, Z., 2013. Altered resting-state brain activity at functional MRI during 

automatic memory consolidation of fear conditioning. Brain Res 1523, 59-67. 



 

 

 65 

Fitzgerald, P.J., Whittle, N., Flynn, S.M., Graybeal, C., Pinard, C.R., Gunduz-Cinar, O., Kravitz, 

A.V., Singewald, N., Holmes, A., 2014. Prefrontal single-unit firing associated with deficient 

extinction in mice. Neurobiol Learn Mem 113, 69-81. 

Fletcher, P.C., Frith, C.D., 2009. Perceiving is believing: a Bayesian approach to explaining the 

positive symptoms of schizophrenia. Nat Rev Neurosci 10, 48-58. 

Flores, A., Fullana, M.A., Soriano-Mas, C., Andero, R., 2018. Lost in translation: how to 

upgrade fear memory research. Mol Psychiatry 23, 2122-2132. 

Frankland, P.W., Bontempi, B., Talton, L.E., Kaczmarek, L., Silva, A.J., 2004. The involvement 

of the anterior cingulate cortex in remote contextual fear memory. Science 304, 881-883. 

Fullana, M.A., Albajes-Eizagirre, A., Soriano-Mas, C., Vervliet, B., Cardoner, N., Benet, O., 

Radua, J., Harrison, B.J., 2018. Fear extinction in the human brain: A meta-analysis of fMRI 

studies in healthy participants. Neurosci Biobehav Rev 88, 16-25. 

Fullana, M.A., Harrison, B.J., Soriano-Mas, C., Vervliet, B., Cardoner, N., Avila-Parcet, A., 

Radua, J., 2016. Neural signatures of human fear conditioning: an updated and extended meta-

analysis of fMRI studies. Mol Psychiatry 21, 500-508. 

Fureix, C., Jego, P., Henry, S., Lansade, L., Hausberger, M., 2012. Towards an ethological 

animal model of depression? A study on horses. Plos One 7, e39280. 

Garfinkel, S.N., Abelson, J.L., King, A.P., Sripada, R.K., Wang, X., Gaines, L.M., Liberzon, I., 

2014. Impaired contextual modulation of memories in PTSD: an fMRI and psychophysiological 

study of extinction retention and fear renewal. J Neurosci 34, 13435-13443. 

Gehrlach, D.A., Dolensek, N., Klein, A.S., Roy Chowdhury, R., Matthys, A., Junghanel, M., 

Gaitanos, T.N., Podgornik, A., Black, T.D., Reddy Vaka, N., Conzelmann, K.K., Gogolla, N., 

2019. Aversive state processing in the posterior insular cortex. Nat Neurosci 22, 1424-1437. 



 

 

 66 

Gehrlach, D.A., Weiand, C., Gaitanos, T.N., Cho, E., Klein, A.S., Hennrich, A.A., Conzelmann, 

K.K., Gogolla, N., 2020. A whole-brain connectivity map of mouse insular cortex. Elife 9. 

Geissberger, N., Tik, M., Sladky, R., Woletz, M., Schuler, A.L., Willinger, D., Windischberger, 

C., 2020. Reproducibility of amygdala activation in facial emotion processing at 7T. Neuroimage 

211, 116585. 

Gilmartin, M.R., Balderston, N.L., Helmstetter, F.J., 2014a. Prefrontal cortical regulation of fear 

learning. Trends Neurosci 37, 455-464. 

Gilmartin, M.R., Balderston, N.L., Helmstetter, F.J., 2014b. Prefrontal cortical regulation of fear 

learning. Trends Neurosci 37, 455-464. 

Gilmartin, M.R., Helmstetter, F.J., 2010. Trace and contextual fear conditioning require neural 

activity and NMDA receptor-dependent transmission in the medial prefrontal cortex. Learn Mem 

17, 289-296. 

Gilmartin, M.R., Kwapis, J.L., Helmstetter, F.J., 2012. Trace and contextual fear conditioning 

are impaired following unilateral microinjection of muscimol in the ventral hippocampus or 

amygdala, but not the medial prefrontal cortex. Neurobiol Learn Mem 97, 452-464. 

Gilmartin, M.R., McEchron, M.D., 2005. Single neurons in the medial prefrontal cortex of the 

rat exhibit tonic and phasic coding during trace fear conditioning. Behav Neurosci 119, 1496-

1510. 

Gilmartin, M.R., Miyawaki, H., Helmstetter, F.J., Diba, K., 2013. Prefrontal Activity Links 

Nonoverlapping Events in Memory. J Neurosci 33, 10910-10914. 

Giustino, T.F., Maren, S., 2015. The Role of the Medial Prefrontal Cortex in the Conditioning 

and Extinction of Fear. Front Behav Neurosci 9, 298. 



 

 

 67 

Giza, J.I., Kim, J., Meyer, H.C., Anastasia, A., Dincheva, I., Zheng, C.I., Lopez, K., Bains, H., 

Yang, J., Bracken, C., Liston, C., Jing, D., Hempstead, B.L., Lee, F.S., 2018. The BDNF 

Val66Met Prodomain Disassembles Dendritic Spines Altering Fear Extinction Circuitry and 

Behavior. Neuron 99, 1356. 

Godsil, B.P., Kiss, J.P., Spedding, M., Jay, T.M., 2013. The hippocampal-prefrontal pathway: the 

weak link in psychiatric disorders? Eur Neuropsychopharmacol 23, 1165-1181. 

Goff, D.C., Coyle, J.T., 2001. The emerging role of glutamate in the pathophysiology and 

treatment of schizophrenia. Am J Psychiatry 158, 1367-1377. 

Gogolla, N., 2017. The insular cortex. Curr Biol 27, R580-R586. 

Goodkind, M.S., Sollberger, M., Gyurak, A., Rosen, H.J., Rankin, K.P., Miller, B., Levenson, R., 

2012. Tracking emotional valence: the role of the orbitofrontal cortex. Hum Brain Mapp 33, 753-

762. 

Gottfried, J.A., Dolan, R.J., 2004. Human orbitofrontal cortex mediates extinction learning while 

accessing conditioned representations of value. Nat Neurosci 7, 1144-1152. 

Gottlich, M., Kramer, U.M., Kordon, A., Hohagen, F., Zurowski, B., 2015. Resting-state 

connectivity of the amygdala predicts response to cognitive behavioral therapy in obsessive 

compulsive disorder. Biol Psychol 111, 100-109. 

Gottlieb, J.D., Cather, C., Shanahan, M., Creedon, T., Macklin, E.A., Goff, D.C., 2011. D-

cycloserine facilitation of cognitive behavioral therapy for delusions in schizophrenia. Schizophr 

Res 131, 69-74. 

Greco, J.A., Liberzon, I., 2016. Neuroimaging of Fear-Associated Learning. 

Neuropsychopharmacology 41, 320-334. 



 

 

 68 

Greenberg, T., Carlson, J.M., Cha, J., Hajcak, G., Mujica-Parodi, L.R., 2013. Ventromedial 

prefrontal cortex reactivity is altered in generalized anxiety disorder during fear generalization. 

Depress Anxiety 30, 242-250. 

Griffin, J.D., Fletcher, P.C., 2017. Predictive Processing, Source Monitoring, and Psychosis. 

Annu Rev Clin Psychol 13, 265-289. 

Grillon, C., Baas, J.M., Cornwell, B., Johnson, L., 2006. Context conditioning and behavioral 

avoidance in a virtual reality environment: effect of predictability. Biol Psychiatry 60, 752-759. 

Grupe, D.W., Nitschke, J.B., 2013. Uncertainty and anticipation in anxiety: an integrated 

neurobiological and psychological perspective. Nat Rev Neurosci 14, 488-501. 

Guimarais, M., Gregorio, A., Cruz, A., Guyon, N., Moita, M.A., 2011. Time determines the 

neural circuit underlying associative fear learning. Front Behav Neurosci 5, 89. 

Haaker, J., Maren, S., Andreatta, M., Merz, C.J., Richter, J., Richter, S.H., Meir Drexler, S., 

Lange, M.D., Jungling, K., Nees, F., Seidenbecher, T., Fullana, M.A., Wotjak, C.T., Lonsdorf, 

T.B., 2019. Making translation work: Harmonizing cross-species methodology in the behavioural 

neuroscience of Pavlovian fear conditioning. Neurosci Biobehav Rev 107, 329-345. 

Hall, J., Romaniuk, L., McIntosh, A.M., Steele, J.D., Johnstone, E.C., Lawrie, S.M., 2009. 

Associative learning and the genetics of schizophrenia. Trends Neurosci 32, 359-365. 

Hall, J., Thomas, K.L., Everitt, B.J., 2001. Cellular imaging of zif268 expression in the 

hippocampus and amygdala during contextual and cued fear memory retrieval: selective 

activation of hippocampal CA1 neurons during the recall of contextual memories. J Neurosci 21, 

2186-2193. 



 

 

 69 

Hall, J., Trent, S., Thomas, K.L., O'Donovan, M.C., Owen, M.J., 2015. Genetic risk for 

schizophrenia: convergence on synaptic pathways involved in plasticity. Biol Psychiatry 77, 52-

58. 

Hamann, S., Monarch, E.S., Goldstein, F.C., 2002. Impaired fear conditioning in Alzheimer's 

disease. Neuropsychologia 40, 1187-1195. 

Han, C.J., O'Tuathaigh, C.M., van Trigt, L., Quinn, J.J., Fanselow, M.S., Mongeau, R., Koch, C., 

Anderson, D.J., 2003. Trace but not delay fear conditioning requires attention and the anterior 

cingulate cortex. P Natl Acad Sci USA 100, 13087-13092. 

Hare, R.D., Frazelle, J., Cox, D.N., 1978. Psychopathy and physiological responses to threat of 

an aversive stimulus. Psychophysiology 15, 165-172. 

Haritha, A.T., Wood, K.H., Ver Hoef, L.W., Knight, D.C., 2013. Human trace fear conditioning: 

right-lateralized cortical activity supports trace-interval processes. Cogn Affect Behav Neurosci 

13, 225-237. 

Hefner, K., Whittle, N., Juhasz, J., Norcross, M., Karlsson, R.M., Saksida, L.M., Bussey, T.J., 

Singewald, N., Holmes, A., 2008. Impaired fear extinction learning and cortico-amygdala circuit 

abnormalities in a common genetic mouse strain. J Neurosci 28, 8074-8085. 

Heilbronner, S.R., Rodriguez-Romaguera, J., Quirk, G.J., Groenewegen, H.J., Haber, S.N., 2016. 

Circuit-Based Corticostriatal Homologies Between Rat and Primate. Biol Psychiat 80, 509-521. 

Herry, C., Ciocchi, S., Senn, V., Demmou, L., Muller, C., Luthi, A., 2008. Switching on and off 

fear by distinct neuronal circuits. Nature 454, 600-606. 

Herry, C., Ferraguti, F., Singewald, N., Letzkus, J.J., Ehrlich, I., Luthi, A., 2010. Neuronal 

circuits of fear extinction. Eur J Neurosci 31, 599-612. 



 

 

 70 

Hobin, J.A., Ji, J., Maren, S., 2006. Ventral hippocampal muscimol disrupts context-specific fear 

memory retrieval after extinction in rats. Hippocampus 16, 174-182. 

Hoefer, M., Allison, S.C., Schauer, G.F., Neuhaus, J.M., Hall, J., Dang, J.N., Weiner, M.W., 

Miller, B.L., Rosen, H.J., 2008. Fear conditioning in frontotemporal lobar degeneration and 

Alzheimer's disease. Brain 131, 1646-1657. 

Hofmann, S.G., Pollack, M.H., Otto, M.W., 2006. Augmentation treatment of psychotherapy for 

anxiety disorders with D-cycloserine. CNS Drug Rev 12, 208-217. 

Holt, D.J., Coombs, G., Zeidan, M.A., Goff, D.C., Milad, M.R., 2012. Failure of neural 

responses to safety cues in schizophrenia. Arch Gen Psychiatry 69, 893-903. 

Holt, D.J., Lebron-Milad, K., Milad, M.R., Rauch, S.L., Pitman, R.K., Orr, S.P., Cassidy, B.S., 

Walsh, J.P., Goff, D.C., 2009. Extinction memory is impaired in schizophrenia. Biol Psychiatry 

65, 455-463. 

Hoover, W.B., Vertes, R.P., 2007. Anatomical analysis of afferent projections to the medial 

prefrontal cortex in the rat. Brain Struct Funct 212, 149-179. 

Hoover, W.B., Vertes, R.P., 2012. Collateral projections from nucleus reuniens of thalamus to 

hippocampus and medial prefrontal cortex in the rat: a single and double retrograde fluorescent 

labeling study. Brain Struct Funct 217, 191-209. 

Indovina, I., Robbins, T.W., Nunez-Elizalde, A.O., Dunn, B.D., Bishop, S.J., 2011. Fear-

conditioning mechanisms associated with trait vulnerability to anxiety in humans. Neuron 69, 

563-571. 

Insel, T., Cuthbert, B., Garvey, M., Heinssen, R., Pine, D.S., Quinn, K., Sanislow, C., Wang, P., 

2010. Research domain criteria (RDoC): toward a new classification framework for research on 

mental disorders. Am J Psychiatry 167, 748-751. 



 

 

 71 

Ishikawa, A., Nakamura, S., 2003. Convergence and interaction of hippocampal and amygdalar 

projections within the prefrontal cortex in the rat. J Neurosci 23, 9987-9995. 

Ishikawa, A., Nakamura, S., 2006. Ventral hippocampal neurons project axons simultaneously to 

the medial prefrontal cortex and amygdala in the rat. J Neurophysiol 96, 2134-2138. 

Izquierdo, A., Wellman, C.L., Holmes, A., 2006. Brief uncontrollable stress causes dendritic 

retraction in infralimbic cortex and resistance to fear extinction in mice. J Neurosci 26, 5733-

5738. 

Izquierdo, I., Furini, C.R., Myskiw, J.C., 2016. Fear Memory. Physiol Rev 96, 695-750. 

Jack, C.R., Jr., Knopman, D.S., Jagust, W.J., Petersen, R.C., Weiner, M.W., Aisen, P.S., Shaw, 

L.M., Vemuri, P., Wiste, H.J., Weigand, S.D., Lesnick, T.G., Pankratz, V.S., Donohue, M.C., 

Trojanowski, J.Q., 2013. Tracking pathophysiological processes in Alzheimer's disease: an 

updated hypothetical model of dynamic biomarkers. Lancet Neurol 12, 207-216. 

Janak, P.H., Tye, K.M., 2015a. From circuits to behaviour in the amygdala. Nature 517, 284-292. 

Janak, P.H., Tye, K.M., 2015b. From circuits to behaviour in the amygdala. Nature 517, 284-

292. 

Javitt, D.C., Zukin, S.R., Heresco-Levy, U., Umbricht, D., 2012. Has an angel shown the way? 

Etiological and therapeutic implications of the PCP/NMDA model of schizophrenia. Schizophr 

Bull 38, 958-966. 

Jay, T.M., Witter, M.P., 1991. Distribution of hippocampal CA1 and subicular efferents in the 

prefrontal cortex of the rat studied by means of anterograde transport of Phaseolus vulgaris-

leucoagglutinin. J Comp Neurol 313, 574-586. 

Jimenez, J.C., Berry, J.E., Lim, S.C., Ong, S.K., Kheirbek, M.A., Hen, R., 2020. Contextual fear 

memory retrieval by correlated ensembles of ventral CA1 neurons. Nat Commun 11, 3492. 



 

 

 72 

Jin, J., Maren, S., 2015. Fear renewal preferentially activates ventral hippocampal neurons 

projecting to both amygdala and prefrontal cortex in rats. Sci Rep 5, 8388. 

Jo, Y.S., Heymann, G., Zweifel, L.S., 2018. Dopamine Neurons Reflect the Uncertainty in Fear 

Generalization. Neuron 100, 916-925 e913. 

Johansen, J.P., Cain, C.K., Ostroff, L.E., LeDoux, J.E., 2011. Molecular mechanisms of fear 

learning and memory. Cell 147, 509-524. 

Kalisch, R., Korenfeld, E., Stephan, K.E., Weiskopf, N., Seymour, B., Dolan, R.J., 2006. 

Context-dependent human extinction memory is mediated by a ventromedial prefrontal and 

hippocampal network. J Neurosci 26, 9503-9511. 

Kaminski, J., Sullivan, S., Chung, J.M., Ross, I.B., Mamelak, A.N., Rutishauser, U., 2017. 

Persistently active neurons in human medial frontal and medial temporal lobe support working 

memory. Nat Neurosci 20, 590-601. 

Karalis, N., Dejean, C., Chaudun, F., Khoder, S., Rozeske, R.R., Wurtz, H., Bagur, S., 

Benchenane, K., Sirota, A., Courtin, J., Herry, C., 2016. 4-Hz oscillations synchronize 

prefrontal-amygdala circuits during fear behavior. Nat Neurosci 19, 605-612. 

Kasugai, Y., Vogel, E., Hortnagl, H., Schonherr, S., Paradiso, E., Hauschild, M., Gobel, G., 

Milenkovic, I., Peterschmitt, Y., Tasan, R., Sperk, G., Shigemoto, R., Sieghart, W., Singewald, 

N., Luthi, A., Ferraguti, F., 2019. Structural and Functional Remodeling of Amygdala 

GABAergic Synapses in Associative Fear Learning. Neuron 104, 781-794 e784. 

Kim, C.K., Adhikari, A., Deisseroth, K., 2017. Integration of optogenetics with complementary 

methodologies in systems neuroscience. Nat Rev Neurosci 18, 222-235. 

Kim, J.J., Fanselow, M.S., 1992. Modality-specific retrograde amnesia of fear. Science 256, 675-

677. 



 

 

 73 

Kim, W.B., Cho, J.H., 2017. Synaptic Targeting of Double-Projecting Ventral CA1 

Hippocampal Neurons to the Medial Prefrontal Cortex and Basal Amygdala. J Neurosci 37, 

4868-4882. 

Kim, W.B., Cho, J.H., 2020. Encoding of contextual fear memory in hippocampal-amygdala 

circuit. Nat Commun 11, 1382. 

Kindt, M., Soeter, M., Vervliet, B., 2009. Beyond extinction: erasing human fear responses and 

preventing the return of fear. Nat Neurosci 12, 256-258. 

Kitamura, T., Macdonald, C.J., Tonegawa, S., 2015. Entorhinal-hippocampal neuronal circuits 

bridge temporally discontiguous events. Learn Mem 22, 438-443. 

Kitamura, T., Ogawa, S.K., Roy, D.S., Okuyama, T., Morrissey, M.D., Smith, L.M., Redondo, 

R.L., Tonegawa, S., 2017. Engrams and circuits crucial for systems consolidation of a memory. 

Science 356, 73-78. 

Klavir, O., Prigge, M., Sarel, A., Paz, R., Yizhar, O., 2017. Manipulating fear associations via 

optogenetic modulation of amygdala inputs to prefrontal cortex. Nat Neurosci 20, 836-844. 

Klumpers, F., Morgan, B., Terburg, D., Stein, D.J., van Honk, J., 2015. Impaired acquisition of 

classically conditioned fear-potentiated startle reflexes in humans with focal bilateral basolateral 

amygdala damage. Soc Cogn Affect Neurosci 10, 1161-1168. 

Knapska, E., Macias, M., Mikosz, M., Nowak, A., Owczarek, D., Wawrzyniak, M., Pieprzyk, 

M., Cymerman, I.A., Werka, T., Sheng, M., Maren, S., Jaworski, J., Kaczmarek, L., 2012. 

Functional anatomy of neural circuits regulating fear and extinction. Proc Natl Acad Sci U S A 

109, 17093-17098. 

Knight, D.C., Cheng, D.T., Smith, C.N., Stein, E.A., Helmstetter, F.J., 2004a. Neural substrates 

mediating human delay and trace fear conditioning. J Neurosci 24, 218-228. 



 

 

 74 

Knight, D.C., Nguyen, H.T., Bandettini, P.A., 2005. The role of the human amygdala in the 

production of conditioned fear responses. Neuroimage 26, 1193-1200. 

Knight, D.C., Smith, C.N., Cheng, D.T., Stein, E.A., Helmstetter, F.J., 2004b. Amygdala and 

hippocampal activity during acquisition and extinction of human fear conditioning. Cogn Affect 

Behav Neurosci 4, 317-325. 

Knight, D.C., Waters, N.S., Bandettini, P.A., 2009. Neural substrates of explicit and implicit fear 

memory. Neuroimage 45, 208-214. 

Kochli, D.E., Thompson, E.C., Fricke, E.A., Postle, A.F., Quinn, J.J., 2015. The amygdala is 

critical for trace, delay, and contextual fear conditioning. Learn Mem 22, 92-100. 

Kolada, E., Bielski, K., Falkiewicz, M., Szatkowska, I., 2017. Functional organization of the 

human amygdala in appetitive learning. Acta Neurobiol Exp (Wars) 77, 118-127. 

Krabbe, S., Grundemann, J., Luthi, A., 2018. Amygdala Inhibitory Circuits Regulate Associative 

Fear Conditioning. Biol Psychiatry 83, 800-809. 

Kroes, M.C.W., Dunsmoor, J.E., Mackey, W.E., McClay, M., Phelps, E.A., 2017. Context 

conditioning in humans using commercially available immersive Virtual Reality. Sci Rep 7, 

8640. 

Kumari, V., Peters, E.R., Fannon, D., Antonova, E., Premkumar, P., Anilkumar, A.P., Williams, 

S.C., Kuipers, E., 2009. Dorsolateral prefrontal cortex activity predicts responsiveness to 

cognitive-behavioral therapy in schizophrenia. Biol Psychiatry 66, 594-602. 

LaBar, K.S., Gatenby, J.C., Gore, J.C., LeDoux, J.E., Phelps, E.A., 1998. Human amygdala 

activation during conditioned fear acquisition and extinction: a mixed-trial fMRI study. Neuron 

20, 937-945. 



 

 

 75 

Lacagnina, A.F., Brockway, E.T., Crovetti, C.R., Shue, F., McCarty, M.J., Sattler, K.P., Lim, 

S.C., Santos, S.L., Denny, C.A., Drew, M.R., 2019. Distinct hippocampal engrams control 

extinction and relapse of fear memory. Nat Neurosci 22, 753-761. 

Landgraf, R., Wigger, A., 2002. High vs low anxiety-related behavior rats: an animal model of 

extremes in trait anxiety. Behav Genet 32, 301-314. 

Lang, S., Kroll, A., Lipinski, S.J., Wessa, M., Ridder, S., Christmann, C., Schad, L.R., Flor, H., 

2009. Context conditioning and extinction in humans: differential contribution of the 

hippocampus, amygdala and prefrontal cortex. Eur J Neurosci 29, 823-832. 

Lanuza, E., Nader, K., Ledoux, J.E., 2004. Unconditioned stimulus pathways to the amygdala: 

effects of posterior thalamic and cortical lesions on fear conditioning. Neuroscience 125, 305-

315. 

Laubach, M., Amarante, L.M., Swanson, K., White, S.R., 2018. What, If Anything, Is Rodent 

Prefrontal Cortex? eNeuro 5. 

Lawlor, D.A., Harbord, R.M., Sterne, J.A., Timpson, N., Davey Smith, G., 2008. Mendelian 

randomization: using genes as instruments for making causal inferences in epidemiology. Stat 

Med 27, 1133-1163. 

LeDoux, J.E., 2014. Coming to terms with fear. Proc Natl Acad Sci U S A 111, 2871-2878. 

LeDoux, J.E., Hofmann, S.G., 2018. The subjective experience of emotion: a fearful view. 

Current Opinion in Behavioral Sciences 19, 67-72. 

LeDoux, J.E., Iwata, J., Cicchetti, P., Reis, D.J., 1988. Different projections of the central 

amygdaloid nucleus mediate autonomic and behavioral correlates of conditioned fear. J Neurosci 

8, 2517-2529. 



 

 

 76 

Liberzon, I., Abelson, J.L., 2016. Context Processing and the Neurobiology of Post-Traumatic 

Stress Disorder. Neuron 92, 14-30. 

Likhtik, E., Popa, D., Apergis-Schoute, J., Fidacaro, G.A., Pare, D., 2008. Amygdala intercalated 

neurons are required for expression of fear extinction. Nature 454, 642-645. 

Lin, C.H., Yeh, S.H., Lu, H.Y., Gean, P.W., 2003. The similarities and diversities of signal 

pathways leading to consolidation of conditioning and consolidation of extinction of fear 

memory. J Neurosci 23, 8310-8317. 

Linares, I.M., Trzesniak, C., Chagas, M.H., Hallak, J.E., Nardi, A.E., Crippa, J.A., 2012. 

Neuroimaging in specific phobia disorder: a systematic review of the literature. Braz J Psychiatry 

34, 101-111. 

Linden, D.E., 2008. Brain imaging and psychotherapy: methodological considerations and 

practical implications. Eur Arch Psychiatry Clin Neurosci 258 Suppl 5, 71-75. 

Linnman, C., Zeidan, M.A., Furtak, S.C., Pitman, R.K., Quirk, G.J., Milad, M.R., 2012a. Resting 

amygdala and medial prefrontal metabolism predicts functional activation of the fear extinction 

circuit. Am J Psychiatry 169, 415-423. 

Linnman, C., Zeidan, M.A., Pitman, R.K., Milad, M.R., 2012b. Resting cerebral metabolism 

correlates with skin conductance and functional brain activation during fear conditioning. Biol 

Psychol 89, 450-459. 

Lisboa, S.F., Niraula, A., Resstel, L.B., Guimaraes, F.S., Godbout, J.P., Sheridan, J.F., 2018. 

Repeated social defeat-induced neuroinflammation, anxiety-like behavior and resistance to fear 

extinction were attenuated by the cannabinoid receptor agonist WIN55,212-2. 

Neuropsychopharmacology 43, 1924-1933. 



 

 

 77 

Lissek, S., Kaczkurkin, A.N., Rabin, S., Geraci, M., Pine, D.S., Grillon, C., 2014. Generalized 

anxiety disorder is associated with overgeneralization of classically conditioned fear. Biol 

Psychiatry 75, 909-915. 

Lissek, S., Pine, D.S., Grillon, C., 2006. The strong situation: a potential impediment to studying 

the psychobiology and pharmacology of anxiety disorders. Biol Psychol 72, 265-270. 

Lonsdorf, T.B., Menz, M.M., Andreatta, M., Fullana, M.A., Golkar, A., Haaker, J., Heitland, I., 

Hermann, A., Kuhn, M., Kruse, O., Meir Drexler, S., Meulders, A., Nees, F., Pittig, A., Richter, 

J., Romer, S., Shiban, Y., Schmitz, A., Straube, B., Vervliet, B., Wendt, J., Baas, J.M.P., Merz, 

C.J., 2017. Don't fear 'fear conditioning': Methodological considerations for the design and 

analysis of studies on human fear acquisition, extinction, and return of fear. Neurosci Biobehav 

Rev 77, 247-285. 

Luo, R., Uematsu, A., Weitemier, A., Aquili, L., Koivumaa, J., McHugh, T.J., Johansen, J.P., 

2018. A dopaminergic switch for fear to safety transitions. Nat Commun 9, 2483. 

Lutas, A., Kucukdereli, H., Alturkistani, O., Carty, C., Sugden, A.U., Fernando, K., Diaz, V., 

Flores-Maldonado, V., Andermann, M.L., 2019. State-specific gating of salient cues by midbrain 

dopaminergic input to basal amygdala. Nat Neurosci 22, 1820-1833. 

Maier, S., Szalkowski, A., Kamphausen, S., Perlov, E., Feige, B., Blechert, J., Philipsen, A., van 

Elst, L.T., Kalisch, R., Tuscher, O., 2012. Clarifying the role of the rostral dmPFC/dACC in 

fear/anxiety: learning, appraisal or expression? Plos One 7, e50120. 

Marek, R., Jin, J., Goode, T.D., Giustino, T.F., Wang, Q., Acca, G.M., Holehonnur, R., Ploski, 

J.E., Fitzgerald, P.J., Lynagh, T., Lynch, J.W., Maren, S., Sah, P., 2018. Hippocampus-driven 

feed-forward inhibition of the prefrontal cortex mediates relapse of extinguished fear. Nat 

Neurosci 21, 384-392. 



 

 

 78 

Maren, S., Aharonov, G., Fanselow, M.S., 1997. Neurotoxic lesions of the dorsal hippocampus 

and Pavlovian fear conditioning in rats. Behav Brain Res 88, 261-274. 

Maren, S., Hobin, J.A., 2007. Hippocampal regulation of context-dependent neuronal activity in 

the lateral amygdala. Learn Mem 14, 318-324. 

Maren, S., Phan, K.L., Liberzon, I., 2013. The contextual brain: implications for fear 

conditioning, extinction and psychopathology. Nat Rev Neurosci 14, 417-428. 

Marin, M.F., Hammoud, M.Z., Klumpp, H., Simon, N.M., Milad, M.R., 2020. Multimodal 

Categorical and Dimensional Approaches to Understanding Threat Conditioning and Its 

Extinction in Individuals With Anxiety Disorders. JAMA Psychiatry. 

Marin, M.F., Zsido, R.G., Song, H., Lasko, N.B., Killgore, W.D.S., Rauch, S.L., Simon, N.M., 

Milad, M.R., 2017. Skin Conductance Responses and Neural Activations During Fear 

Conditioning and Extinction Recall Across Anxiety Disorders. JAMA Psychiatry 74, 622-631. 

Maroun, M., 2006. Stress reverses plasticity in the pathway projecting from the ventromedial 

prefrontal cortex to the basolateral amygdala. Eur J Neurosci 24, 2917-2922. 

Maroun, M., Ioannides, P.J., Bergman, K.L., Kavushansky, A., Holmes, A., Wellman, C.L., 

2013. Fear extinction deficits following acute stress associate with increased spine density and 

dendritic retraction in basolateral amygdala neurons. Eur J Neurosci 38, 2611-2620. 

Maroun, M., Richter-Levin, G., 2003. Exposure to acute stress blocks the induction of long-term 

potentiation of the amygdala-prefrontal cortex pathway in vivo. J Neurosci 23, 4406-4409. 

Marschner, A., Kalisch, R., Vervliet, B., Vansteenwegen, D., Buchel, C., 2008. Dissociable roles 

for the hippocampus and the amygdala in human cued versus context fear conditioning. J 

Neurosci 28, 9030-9036. 



 

 

 79 

Marstaller, L., Burianova, H., Reutens, D.C., 2016. Dynamic competition between large-scale 

functional networks differentiates fear conditioning and extinction in humans. Neuroimage 134, 

314-319. 

Marstaller, L., Burianova, H., Reutens, D.C., 2017. Adaptive contextualization: A new role for 

the default mode network in affective learning. Hum Brain Mapp 38, 1082-1091. 

Marwood, L., Wise, T., Perkins, A.M., Cleare, A.J., 2018. Meta-analyses of the neural 

mechanisms and predictors of response to psychotherapy in depression and anxiety. Neurosci 

Biobehav Rev 95, 61-72. 

Mataix-Cols, D., Fernandez de la Cruz, L., Monzani, B., Rosenfield, D., Andersson, E., Perez-

Vigil, A., Frumento, P., de Kleine, R.A., Difede, J., Dunlop, B.W., Farrell, L.J., Geller, D., 

Gerardi, M., Guastella, A.J., Hofmann, S.G., Hendriks, G.J., Kushner, M.G., Lee, F.S., Lenze, 

E.J., Levinson, C.A., McConnell, H., Otto, M.W., Plag, J., Pollack, M.H., Ressler, K.J., 

Rodebaugh, T.L., Rothbaum, B.O., Scheeringa, M.S., Siewert-Siegmund, A., Smits, J.A.J., 

Storch, E.A., Strohle, A., Tart, C.D., Tolin, D.F., van Minnen, A., Waters, A.M., Weems, C.F., 

Wilhelm, S., Wyka, K., Davis, M., Ruck, C., the, D.C.S.A.C., Altemus, M., Anderson, P., Cukor, 

J., Finck, C., Geffken, G.R., Golfels, F., Goodman, W.K., Gutner, C., Heyman, I., Jovanovic, T., 

Lewin, A.B., McNamara, J.P., Murphy, T.K., Norrholm, S., Thuras, P., 2017. D-Cycloserine 

Augmentation of Exposure-Based Cognitive Behavior Therapy for Anxiety, Obsessive-

Compulsive, and Posttraumatic Stress Disorders: A Systematic Review and Meta-analysis of 

Individual Participant Data. JAMA Psychiatry 74, 501-510. 

Matus-Amat, P., Higgins, E.A., Barrientos, R.M., Rudy, J.W., 2004. The role of the dorsal 

hippocampus in the acquisition and retrieval of context memory representations. J Neurosci 24, 

2431-2439. 



 

 

 80 

McDonald, A.J., Mascagni, F., Guo, L., 1996. Projections of the medial and lateral prefrontal 

cortices to the amygdala: a Phaseolus vulgaris leucoagglutinin study in the rat. Neuroscience 71, 

55-75. 

McEchron, M.D., Bouwmeester, H., Tseng, W., Weiss, C., Disterhoft, J.F., 1998. 

Hippocampectomy disrupts auditory trace fear conditioning and contextual fear conditioning in 

the rat. Hippocampus 8, 638-646. 

McGaugh, J.L., 2000. Memory--a century of consolidation. Science 287, 248-251. 

McKernan, M.G., Shinnick-Gallagher, P., 1997. Fear conditioning induces a lasting potentiation 

of synaptic currents in vitro. Nature 390, 607-611. 

Mechias, M.L., Etkin, A., Kalisch, R., 2010. A meta-analysis of instructed fear studies: 

implications for conscious appraisal of threat. Neuroimage 49, 1760-1768. 

Menon, V., Uddin, L.Q., 2010. Saliency, switching, attention and control: a network model of 

insula function. Brain Struct Funct 214, 655-667. 

Merboldt, K.D., Fransson, P., Bruhn, H., Frahm, J., 2001. Functional MRI of the human 

amygdala? Neuroimage 14, 253-257. 

Milad, M.R., Pitman, R.K., Ellis, C.B., Gold, A.L., Shin, L.M., Lasko, N.B., Zeidan, M.A., 

Handwerger, K., Orr, S.P., Rauch, S.L., 2009. Neurobiological basis of failure to recall 

extinction memory in posttraumatic stress disorder. Biol Psychiatry 66, 1075-1082. 

Milad, M.R., Quirk, G.J., 2002. Neurons in medial prefrontal cortex signal memory for fear 

extinction. Nature 420, 70-74. 

Milad, M.R., Quirk, G.J., Pitman, R.K., Orr, S.P., Fischl, B., Rauch, S.L., 2007a. A role for the 

human dorsal anterior cingulate cortex in fear expression. Biol Psychiatry 62, 1191-1194. 



 

 

 81 

Milad, M.R., Wright, C.I., Orr, S.P., Pitman, R.K., Quirk, G.J., Rauch, S.L., 2007b. Recall of 

fear extinction in humans activates the ventromedial prefrontal cortex and hippocampus in 

concert. Biol Psychiatry 62, 446-454. 

Miracle, A.D., Brace, M.F., Huyck, K.D., Singler, S.A., Wellman, C.L., 2006. Chronic stress 

impairs recall of extinction of conditioned fear. Neurobiol Learn Mem 85, 213-218. 

Mobbs, D., Adolphs, R., Fanselow, M.S., Barrett, L.F., LeDoux, J.E., Ressler, K., Tye, K.M., 

2019. Viewpoints: Approaches to defining and investigating fear. Nat Neurosci 22, 1205-1216. 

Monteggia, L.M., Heimer, H., Nestler, E.J., 2018. Meeting Report: Can We Make Animal 

Models of Human Mental Illness? Biol Psychiat 84, 542-545. 

Morris, J.S., Buchel, C., Dolan, R.J., 2001. Parallel neural responses in amygdala subregions and 

sensory cortex during implicit fear conditioning. Neuroimage 13, 1044-1052. 

Morriss, J., Hoare, S., van Reekum, C.M., 2018. It's time: A commentary on fear extinction in 

the human brain using fMRI. Neurosci Biobehav Rev 94, 321-322. 

Motzkin, J.C., Philippi, C.L., Wolf, R.C., Baskaya, M.K., Koenigs, M., 2015. Ventromedial 

prefrontal cortex is critical for the regulation of amygdala activity in humans. Biol Psychiatry 77, 

276-284. 

Muigg, P., Hetzenauer, A., Hauer, G., Hauschild, M., Gaburro, S., Frank, E., Landgraf, R., 

Singewald, N., 2008. Impaired extinction of learned fear in rats selectively bred for high anxiety-

-evidence of altered neuronal processing in prefrontal-amygdala pathways. Eur J Neurosci 28, 

2299-2309. 

Myers, K.M., Davis, M., 2007. Mechanisms of fear extinction. Mol Psychiatry 12, 120-150. 

Nader, K., Schafe, G.E., LeDoux, J.E., 2000. The labile nature of consolidation theory. Nat Rev 

Neurosci 1, 216-219. 



 

 

 82 

Namkung, H., Kim, S.H., Sawa, A., 2017. The Insula: An Underestimated Brain Area in Clinical 

Neuroscience, Psychiatry, and Neurology. Trends Neurosci 40, 200-207. 

Namkung, H., Lee, B.J., Sawa, A., 2018. Causal Inference on Pathophysiological Mediators in 

Psychiatry. Cold Spring Harb Symp Quant Biol 83, 17-23. 

Narayanan, V., Heiming, R.S., Jansen, F., Lesting, J., Sachser, N., Pape, H.C., Seidenbecher, T., 

2011. Social defeat: impact on fear extinction and amygdala-prefrontal cortical theta synchrony 

in 5-HTT deficient mice. Plos One 6, e22600. 

Nasrouei, S., Rattel, J.A., Liedlgruber, M., Marksteiner, J., Wilhelm, F.H., 2020. Fear acquisition 

and extinction deficits in amnestic mild cognitive impairment and early Alzheimer's disease. 

Neurobiol Aging 87, 26-34. 

Neria, Y., 2021. Functional Neuroimaging in PTSD: From Discovery of Underlying Mechanisms 

to Addressing Diagnostic Heterogeneity. Am J Psychiatry 178, 128-135. 

Neueder, D., Andreatta, M., Pauli, P., 2019. Contextual Fear Conditioning and Fear 

Generalization in Individuals With Panic Attacks. Front Behav Neurosci 13, 152. 

Ney, L.J., Wade, M., Reynolds, A., Zuj, D.V., Dymond, S., Matthews, A., Felmingham, K.L., 

2018. Critical evaluation of current data analysis strategies for psychophysiological measures of 

fear conditioning and extinction in humans. Int J Psychophysiol 134, 95-107. 

Nietzer, S.L., Bonn, M., Jansen, F., Heiming, R.S., Lewejohann, L., Sachser, N., Asan, E.S., 

Lesch, K.P., Schmitt, A.G., 2011. Serotonin transporter knockout and repeated social defeat 

stress: impact on neuronal morphology and plasticity in limbic brain areas. Behav Brain Res 220, 

42-54. 



 

 

 83 

Nitschke, J.B., Sarinopoulos, I., Oathes, D.J., Johnstone, T., Whalen, P.J., Davidson, R.J., Kalin, 

N.H., 2009. Anticipatory activation in the amygdala and anterior cingulate in generalized anxiety 

disorder and prediction of treatment response. Am J Psychiatry 166, 302-310. 

O'Donovan, M.C., Owen, M.J., 2016. The implications of the shared genetics of psychiatric 

disorders. Nat Med 22, 1214-1219. 

Otto, M.W., McHugh, R.K., Simon, N.M., Farach, F.J., Worthington, J.J., Pollack, M.H., 2010. 

Efficacy of CBT for benzodiazepine discontinuation in patients with panic disorder: Further 

evaluation. Behav Res Ther 48, 720-727. 

Parr, L.A., Waller, B.M., Fugate, J., 2005. Emotional communication in primates: implications 

for neurobiology. Curr Opin Neurobiol 15, 716-720. 

Patrick, C.J., Bradley, M.M., Lang, P.J., 1993. Emotion in the criminal psychopath: startle reflex 

modulation. J Abnorm Psychol 102, 82-92. 

Penate, W., Fumero, A., Vina, C., Herrero, M., Marrero, R.J., Rivero, F., 2017. A meta-analytic 

review of neuroimaging studies of specific phobia to small animals. Eur J Psychiat 31, 23-36. 

Peralta, V., Cuesta, M.J., 2011. Eugen Bleuler and the schizophrenias: 100 years after. Schizophr 

Bull 37, 1118-1120. 

Phan, K.L., Fitzgerald, D.A., Nathan, P.J., Tancer, M.E., 2006. Association between amygdala 

hyperactivity to harsh faces and severity of social anxiety in generalized social phobia. Biol 

Psychiatry 59, 424-429. 

Phelps, E.A., Delgado, M.R., Nearing, K.I., LeDoux, J.E., 2004. Extinction learning in humans: 

role of the amygdala and vmPFC. Neuron 43, 897-905. 

Pinard, C.R., Mascagni, F., McDonald, A.J., 2012. Medial prefrontal cortical innervation of the 

intercalated nuclear region of the amygdala. Neuroscience 205, 112-124. 



 

 

 84 

Pinkham, A.E., Liu, P., Lu, H., Kriegsman, M., Simpson, C., Tamminga, C., 2015. Amygdala 

Hyperactivity at Rest in Paranoid Individuals With Schizophrenia. Am J Psychiatry 172, 784-

792. 

Pohlack, S.T., Nees, F., Ruttorf, M., Schad, L.R., Flor, H., 2012. Activation of the ventral 

striatum during aversive contextual conditioning in humans. Biol Psychol 91, 74-80. 

Porto, P.R., Oliveira, L., Mari, J., Volchan, E., Figueira, I., Ventura, P., 2009. Does cognitive 

behavioral therapy change the brain? A systematic review of neuroimaging in anxiety disorders. 

J Neuropsychiatry Clin Neurosci 21, 114-125. 

Poulin, S.P., Dautoff, R., Morris, J.C., Barrett, L.F., Dickerson, B.C., Alzheimer's Disease 

Neuroimaging, I., 2011. Amygdala atrophy is prominent in early Alzheimer's disease and relates 

to symptom severity. Psychiatry Res 194, 7-13. 

Prater, K.E., Hosanagar, A., Klumpp, H., Angstadt, M., Phan, K.L., 2013. Aberrant amygdala-

frontal cortex connectivity during perception of fearful faces and at rest in generalized social 

anxiety disorder. Depress Anxiety 30, 234-241. 

Pulcu, E., Browning, M., 2019. The Misestimation of Uncertainty in Affective Disorders. Trends 

Cogn Sci 23, 865-875. 

Qin, C., Bian, X.L., Wu, H.Y., Xian, J.Y., Cai, C.Y., Lin, Y.H., Zhou, Y., Kou, X.L., Chang, L., 

Luo, C.X., Zhu, D.Y., 2021. Dorsal Hippocampus to Infralimbic Cortex Circuit is Essential for 

the Recall of Extinction Memory. Cereb Cortex 31, 1707-1718. 

Quet, E., Majchrzak, M., Cosquer, B., Morvan, T., Wolff, M., Cassel, J.C., Pereira de 

Vasconcelos, A., Stephan, A., 2020. The reuniens and rhomboid nuclei are necessary for 

contextual fear memory persistence in rats. Brain Struct Funct 225, 955-968. 



 

 

 85 

Quinn, J.J., Ma, Q.D., Tinsley, M.R., Koch, C., Fanselow, M.S., 2008. Inverse temporal 

contributions of the dorsal hippocampus and medial prefrontal cortex to the expression of long-

term fear memories. Learn Mem 15, 368-372. 

Raber, J., Arzy, S., Bertolus, J.B., Depue, B., Haas, H.E., Hofmann, S.G., Kangas, M., 

Kensinger, E., Lowry, C.A., Marusak, H.A., Minnier, J., Mouly, A.M., Muhlberger, A., 

Norrholm, S.D., Peltonen, K., Pinna, G., Rabinak, C., Shiban, Y., Soreq, H., van der Kooij, 

M.A., Lowe, L., Weingast, L.T., Yamashita, P., Boutros, S.W., 2019. Current understanding of 

fear learning and memory in humans and animal models and the value of a linguistic approach 

for analyzing fear learning and memory in humans. Neurosci Biobehav Rev 105, 136-177. 

Ramanathan, K.R., Jin, J., Giustino, T.F., Payne, M.R., Maren, S., 2018. Prefrontal projections to 

the thalamic nucleus reuniens mediate fear extinction. Nat Commun 9, 4527. 

Ramanathan, K.R., Maren, S., 2019. Nucleus reuniens mediates the extinction of contextual fear 

conditioning. Behav Brain Res 374, 112114. 

Raybuck, J.D., Lattal, K.M., 2011. Double dissociation of amygdala and hippocampal 

contributions to trace and delay fear conditioning. Plos One 6, e15982. 

Raybuck, J.D., Lattal, K.M., 2014. Bridging the interval: theory and neurobiology of trace 

conditioning. Behav Processes 101, 103-111. 

Resendez, S.L., Stuber, G.D., 2015. In vivo calcium imaging to illuminate neurocircuit activity 

dynamics underlying naturalistic behavior. Neuropsychopharmacology 40, 238-239. 

Ressler, K.J., Rothbaum, B.O., Tannenbaum, L., Anderson, P., Graap, K., Zimand, E., Hodges, 

L., Davis, M., 2004. Cognitive enhancers as adjuncts to psychotherapy: use of D-cycloserine in 

phobic individuals to facilitate extinction of fear. Arch Gen Psychiatry 61, 1136-1144. 



 

 

 86 

Rogan, M.T., Staubli, U.V., LeDoux, J.E., 1997. Fear conditioning induces associative long-term 

potentiation in the amygdala. Nature 390, 604-607. 

Romaniuk, L., Honey, G.D., King, J.R., Whalley, H.C., McIntosh, A.M., Levita, L., Hughes, M., 

Johnstone, E.C., Day, M., Lawrie, S.M., Hall, J., 2010. Midbrain activation during Pavlovian 

conditioning and delusional symptoms in schizophrenia. Arch Gen Psychiatry 67, 1246-1254. 

Rothbaum, B.O., Price, M., Jovanovic, T., Norrholm, S.D., Gerardi, M., Dunlop, B., Davis, M., 

Bradley, B., Duncan, E.J., Rizzo, A., Ressler, K.J., 2014. A randomized, double-blind evaluation 

of D-cycloserine or alprazolam combined with virtual reality exposure therapy for posttraumatic 

stress disorder in Iraq and Afghanistan War veterans. Am J Psychiatry 171, 640-648. 

Rougemont-Bucking, A., Linnman, C., Zeffiro, T.A., Zeidan, M.A., Lebron-Milad, K., 

Rodriguez-Romaguera, J., Rauch, S.L., Pitman, R.K., Milad, M.R., 2011. Altered processing of 

contextual information during fear extinction in PTSD: an fMRI study. CNS Neurosci Ther 17, 

227-236. 

Royer, S., Martina, M., Pare, D., 1999. An inhibitory interface gates impulse traffic between the 

input and output stations of the amygdala. J Neurosci 19, 10575-10583. 

Rumpel, S., LeDoux, J., Zador, A., Malinow, R., 2005. Postsynaptic receptor trafficking 

underlying a form of associative learning. Science 308, 83-88. 

Sabuncu, M.R., Desikan, R.S., Sepulcre, J., Yeo, B.T., Liu, H., Schmansky, N.J., Reuter, M., 

Weiner, M.W., Buckner, R.L., Sperling, R.A., Fischl, B., Alzheimer's Disease Neuroimaging, I., 

2011. The dynamics of cortical and hippocampal atrophy in Alzheimer disease. Arch Neurol 68, 

1040-1048. 



 

 

 87 

Salinas-Hernandez, X.I., Vogel, P., Betz, S., Kalisch, R., Sigurdsson, T., Duvarci, S., 2018. 

Dopamine neurons drive fear extinction learning by signaling the omission of expected aversive 

outcomes. Elife 7. 

Sanchez-Vives, M.V., Slater, M., 2005. From presence to consciousness through virtual reality. 

Nat Rev Neurosci 6, 332-339. 

Sartori, S.B., Hauschild, M., Bunck, M., Gaburro, S., Landgraf, R., Singewald, N., 2011. 

Enhanced fear expression in a psychopathological mouse model of trait anxiety: pharmacological 

interventions. Plos One 6, e16849. 

Sartori, S.B., Singewald, N., 2019. Novel pharmacological targets in drug development for the 

treatment of anxiety and anxiety-related disorders. Pharmacol Ther 204, 107402. 

Savage, H.S., Davey, C.G., Fullana, M.A., Harrison, B.J., 2020. Clarifying the neural substrates 

of threat and safety reversal learning in humans. Neuroimage 207, 116427. 

Schiller, D., Levy, I., Niv, Y., LeDoux, J.E., Phelps, E.A., 2008. From fear to safety and back: 

reversal of fear in the human brain. J Neurosci 28, 11517-11525. 

Schiller, D., Monfils, M.H., Raio, C.M., Johnson, D.C., Ledoux, J.E., Phelps, E.A., 2010. 

Preventing the return of fear in humans using reconsolidation update mechanisms. Nature 463, 

49-53. 

Schneider, F., Weiss, U., Kessler, C., Muller-Gartner, H.W., Posse, S., Salloum, J.B., Grodd, W., 

Himmelmann, F., Gaebel, W., Birbaumer, N., 1999. Subcortical correlates of differential 

classical conditioning of aversive emotional reactions in social phobia. Biol Psychiatry 45, 863-

871. 



 

 

 88 

Schultz, D.H., Balderston, N.L., Baskin-Sommers, A.R., Larson, C.L., Helmstetter, F.J., 2016. 

Psychopaths Show Enhanced Amygdala Activation during Fear Conditioning. Front Psychol 7, 

348. 

Sehlmeyer, C., Schoning, S., Zwitserlood, P., Pfleiderer, B., Kircher, T., Arolt, V., Konrad, C., 

2009. Human fear conditioning and extinction in neuroimaging: a systematic review. Plos One 4, 

e5865. 

Seligman, M.E., 2016. Phobias and Preparedness - Republished Article. Behav Ther 47, 577-

584. 

Sellami, A., Al Abed, A.S., Brayda-Bruno, L., Etchamendy, N., Valerio, S., Oule, M., Pantaleon, 

L., Lamothe, V., Potier, M., Bernard, K., Jabourian, M., Herry, C., Mons, N., Piazza, P.V., 

Eichenbaum, H., Marighetto, A., 2017. Temporal binding function of dorsal CA1 is critical for 

declarative memory formation. Proc Natl Acad Sci U S A 114, 10262-10267. 

Sengupta, A., Holmes, A., 2019. A Discrete Dorsal Raphe to Basal Amygdala 5-HT Circuit 

Calibrates Aversive Memory. Neuron 103, 489-505 e487. 

Senn, V., Wolff, S.B., Herry, C., Grenier, F., Ehrlich, I., Grundemann, J., Fadok, J.P., Muller, C., 

Letzkus, J.J., Luthi, A., 2014. Long-range connectivity defines behavioral specificity of 

amygdala neurons. Neuron 81, 428-437. 

Shan, L., Guo, H.Y., van den Heuvel, C., van Heerikhuize, J., Homberg, J.R., 2018. Impaired 

fear extinction in serotonin transporter knockout rats is associated with increased 5-

hydroxymethylcytosine in the amygdala. CNS Neurosci Ther 24, 810-819. 

Sheynin, J., Liberzon, I., 2017. Circuit dysregulation and circuit-based treatments in 

posttraumatic stress disorder. Neurosci Lett 649, 133-138. 



 

 

 89 

Shi, C., Davis, M., 1999. Pain pathways involved in fear conditioning measured with fear-

potentiated startle: lesion studies. J Neurosci 19, 420-430. 

Shi, T., Feng, S., Wei, M., Zhou, W., 2020. Role of the anterior agranular insular cortex in the 

modulation of fear and anxiety. Brain Res Bull 155, 174-183. 

Shi, Y.W., Fan, B.F., Xue, L., Wen, J.L., Zhao, H., 2017. Regulation of Fear Extinction in the 

Basolateral Amygdala by Dopamine D2 Receptors Accompanied by Altered GluR1, GluR1-

Ser845 and NR2B Levels. Front Behav Neurosci 11, 116. 

Shiba, Y., Oikonomidis, L., Sawiak, S., Fryer, T.D., Hong, Y.T., Cockcroft, G., Santangelo, 

A.M., Roberts, A.C., 2017. Converging Prefronto-Insula-Amygdala Pathways in Negative 

Emotion Regulation in Marmoset Monkeys. Biol Psychiatry 82, 895-903. 

Siciliano, C.A., Tye, K.M., 2019. Leveraging calcium imaging to illuminate circuit dysfunction 

in addiction. Alcohol 74, 47-63. 

Sierra-Mercado, D., Padilla-Coreano, N., Quirk, G.J., 2011. Dissociable roles of prelimbic and 

infralimbic cortices, ventral hippocampus, and basolateral amygdala in the expression and 

extinction of conditioned fear. Neuropsychopharmacology 36, 529-538. 

Silva, B.A., Gross, C.T., Graff, J., 2016. The neural circuits of innate fear: detection, integration, 

action, and memorization. Learn Mem 23, 544-555. 

Sladky, R., Baldinger, P., Kranz, G.S., Trostl, J., Hoflich, A., Lanzenberger, R., Moser, E., 

Windischberger, C., 2013. High-resolution functional MRI of the human amygdala at 7 T. Eur J 

Radiol 82, 728-733. 

Soeter, M., Kindt, M., 2010. Dissociating response systems: erasing fear from memory. 

Neurobiol Learn Mem 94, 30-41. 



 

 

 90 

Soliman, F., Glatt, C.E., Bath, K.G., Levita, L., Jones, R.M., Pattwell, S.S., Jing, D., Tottenham, 

N., Amso, D., Somerville, L.H., Voss, H.U., Glover, G., Ballon, D.J., Liston, C., Teslovich, T., 

Van Kempen, T., Lee, F.S., Casey, B.J., 2010. A genetic variant BDNF polymorphism alters 

extinction learning in both mouse and human. Science 327, 863-866. 

Sotres-Bayon, F., Sierra-Mercado, D., Pardilla-Delgado, E., Quirk, G.J., 2012. Gating of fear in 

prelimbic cortex by hippocampal and amygdala inputs. Neuron 76, 804-812. 

Stein, M.B., Goldin, P.R., Sareen, J., Zorrilla, L.T., Brown, G.G., 2002. Increased amygdala 

activation to angry and contemptuous faces in generalized social phobia. Arch Gen Psychiatry 

59, 1027-1034. 

Strobel, C., Marek, R., Gooch, H.M., Sullivan, R.K.P., Sah, P., 2015. Prefrontal and Auditory 

Input to Intercalated Neurons of the Amygdala. Cell Rep 10, 1435-1442. 

Suarez-Jimenez, B., Albajes-Eizagirre, A., Lazarov, A., Zhu, X., Harrison, B.J., Radua, J., Neria, 

Y., Fullana, M.A., 2020. Neural signatures of conditioning, extinction learning, and extinction 

recall in posttraumatic stress disorder: a meta-analysis of functional magnetic resonance imaging 

studies. Psychol Med 50, 1442-1451. 

Suh, J., Rivest, A.J., Nakashiba, T., Tominaga, T., Tonegawa, S., 2011. Entorhinal cortex layer 

III input to the hippocampus is crucial for temporal association memory. Science 334, 1415-

1420. 

Swerdlow, D.I., Holmes, M.V., Kuchenbaecker, K.B., Engmann, J.E.L., Shah, T., Sofat, R., Guo, 

Y.R., Chung, C., Peasey, A., Ster, R.P., Mooijaart, S.P., Ireland, H.A., Leusink, M., Langenberg, 

C., Li, K., Palmen, J., Howard, P., Cooper, J.A., Drenos, F., Hardy, J., Nalls, M.A., Li, Y.R., 

Lowe, G., Stewart, M., Bielinski, S.J., Peto, J., Timpson, N.J., Gallacher, J., Dunlop, M., 

Houlston, R., Tomlinson, I., Tzoulaki, I., Luan, J., Boer, J.M.A., Forouhi, N.G., Onland-Moret, 



 

 

 91 

N.C., van der Schouw, Y.T., Schnabel, R.B., Hubacek, J.A., Kubinova, R., Baceviciene, M., 

Tamosiunas, A., Pajak, A., Topor-Madry, R., Malyutina, S.A., Baldassarre, D., Sennblad, B., 

Tremoli, E., de Faire, U., Ferrucci, L., Bandenelli, S., Tanaka, T., Meschia, J.F., Singleton, A., 

Navis, G., Leach, I.M., Bakker, S.J.L., Gansevoort, R.T., Ford, I., Epstein, S.E., Burnett, M.S., 

Devaney, J.M., Jukema, J.W., Westendorp, R.G.J., de Borst, G.J., van der Graaf, Y., de Jong, 

P.A., Maitland-van der Zee, A.H., Klungel, O.H., de Boer, A., Doevendans, P.A., Stephens, 

J.W., Eaton, C.B., Robinson, J.G., Manson, J.E., Fowkes, F.G.R., Frayling, T.M., Price, J.F., 

Whincup, P.H., Morris, R.W., Lawlor, D.A., Smith, G.D., Ben-Shlomo, Y., Redline, S., Lange, 

L.A., Kumari, M., Wareham, N.J., Verschuren, W.M.M., Benjamin, E.J., Whittaker, J.C., 

Hamsten, A., Dudbridge, F., Delaney, J.A.C., Wong, A., Kuh, D., Hardy, R., Castillo, B.A., 

Connolly, J.J., van der Harst, P., Brunner, E.J., Marmot, M.G., Wassel, C.L., Humphries, S.E., 

Talmud, P.J., Kivimaki, M., Asselbergs, F.W., Voevoda, M., Bobak, M., Pikhart, H., Wilson, 

J.G., Hakonarson, H., Reiner, A.P., Keating, B.J., Sattar, N., Hingorani, A.D., Casas, J.P., R, I.-

R.M., 2012. The interleukin-6 receptor as a target for prevention of coronary heart disease: a 

mendelian randomisation analysis. Lancet 379, 1214-1224. 

Tabbert, K., Merz, C.J., Klucken, T., Schweckendiek, J., Vaitl, D., Wolf, O.T., Stark, R., 2011. 

Influence of contingency awareness on neural, electrodermal and evaluative responses during 

fear conditioning. Soc Cogn Affect Neurosci 6, 495-506. 

Takehara-Nishiuchi, K., McNaughton, B.L., 2008. Spontaneous changes of neocortical code for 

associative memory during consolidation. Science 322, 960-963. 

Tanaka, K.Z., Pevzner, A., Hamidi, A.B., Nakazawa, Y., Graham, J., Wiltgen, B.J., 2014. 

Cortical representations are reinstated by the hippocampus during memory retrieval. Neuron 84, 

347-354. 



 

 

 92 

Tang, W., Kochubey, O., Kintscher, M., Schneggenburger, R., 2020. A VTA to Basal Amygdala 

Dopamine Projection Contributes to Signal Salient Somatosensory Events during Fear Learning. 

J Neurosci 40, 3969-3980. 

Tovote, P., Fadok, J.P., Luthi, A., 2015. Neuronal circuits for fear and anxiety. Nat Rev Neurosci 

16, 317-331. 

Trouche, S., Sasaki, J.M., Tu, T., Reijmers, L.G., 2013. Fear extinction causes target-specific 

remodeling of perisomatic inhibitory synapses. Neuron 80, 1054-1065. 

Tuominen, L., DeCross, S.N., Boeke, E., Cassidy, C.M., Freudenreich, O., Shinn, A.K., Tootell, 

R.B.H., Holt, D.J., 2021. Neural Abnormalities in Fear Generalization in Schizophrenia and 

Associations With Negative Symptoms. Biol Psychiatry Cogn Neurosci Neuroimaging. 

Twining, R.C., Lepak, K., Kirry, A.J., Gilmartin, M.R., 2020. Ventral Hippocampal Input to the 

Prelimbic Cortex Dissociates the Context from the Cue Association in Trace Fear Memory. J 

Neurosci 40, 3217-3230. 

Tyszka, J.M., Pauli, W.M., 2016. In vivo delineation of subdivisions of the human amygdaloid 

complex in a high-resolution group template. Hum Brain Mapp 37, 3979-3998. 

Vaidya, A.R., Pujara, M.S., Petrides, M., Murray, E.A., Fellows, L.K., 2019. Lesion Studies in 

Contemporary Neuroscience. Trends Cogn Sci 23, 653-671. 

van Heukelum, S., Mars, R.B., Guthrie, M., Buitelaar, J.K., Beckmann, C.F., Tiesinga, P.H.E., 

Vogt, B.A., Glennon, J.C., Havenith, M.N., 2020. Where is Cingulate Cortex? A Cross-Species 

View. Trends Neurosci 43, 285-299. 

VanElzakker, M.B., Dahlgren, M.K., Davis, F.C., Dubois, S., Shin, L.M., 2014. From Pavlov to 

PTSD: the extinction of conditioned fear in rodents, humans, and anxiety disorders. Neurobiol 

Learn Mem 113, 3-18. 



 

 

 93 

Varela, C., Kumar, S., Yang, J.Y., Wilson, M.A., 2014. Anatomical substrates for direct 

interactions between hippocampus, medial prefrontal cortex, and the thalamic nucleus reuniens. 

Brain Struct Funct 219, 911-929. 

Vasquez, J.H., Leong, K.C., Gagliardi, C.M., Harland, B., Apicella, A.J., Muzzio, I.A., 2019. 

Pathway specific activation of ventral hippocampal cells projecting to the prelimbic cortex 

diminishes fear renewal. Neurobiol Learn Mem 161, 63-71. 

Veit, R., Flor, H., Erb, M., Hermann, C., Lotze, M., Grodd, W., Birbaumer, N., 2002. Brain 

circuits involved in emotional learning in antisocial behavior and social phobia in humans. 

Neurosci Lett 328, 233-236. 

Vetere, G., Xia, F., Ramsaran, A.I., Tran, L.M., Josselyn, S.A., Frankland, P.W., 2021. An 

inhibitory hippocampal-thalamic pathway modulates remote memory retrieval. Nat Neurosci. 

Wang, Q., Jin, J., Maren, S., 2016. Renewal of extinguished fear activates ventral hippocampal 

neurons projecting to the prelimbic and infralimbic cortices in rats. Neurobiol Learn Mem 134 Pt 

A, 38-43. 

Wellman, C.L., Izquierdo, A., Garrett, J.E., Martin, K.P., Carroll, J., Millstein, R., Lesch, K.P., 

Murphy, D.L., Holmes, A., 2007. Impaired stress-coping and fear extinction and abnormal 

corticolimbic morphology in serotonin transporter knock-out mice. J Neurosci 27, 684-691. 

Wiemer, J., Schulz, S.M., Reicherts, P., Glotzbach-Schoon, E., Andreatta, M., Pauli, P., 2015. 

Brain activity associated with illusory correlations in animal phobia. Soc Cogn Affect Neurosci 

10, 969-977. 

Wilber, A.A., Walker, A.G., Southwood, C.J., Farrell, M.R., Lin, G.L., Rebec, G.V., Wellman, 

C.L., 2011. Chronic stress alters neural activity in medial prefrontal cortex during retrieval of 

extinction. Neuroscience 174, 115-131. 



 

 

 94 

Wiltgen, B.J., Sanders, M.J., Anagnostaras, S.G., Sage, J.R., Fanselow, M.S., 2006. Context fear 

learning in the absence of the hippocampus. J Neurosci 26, 5484-5491. 

Windischberger, C., Langenberger, H., Sycha, T., Tschernko, E.M., Fuchsjager-Mayerl, G., 

Schmetterer, L., Moser, E., 2002. On the origin of respiratory artifacts in BOLD-EPI of the 

human brain. Magn Reson Imaging 20, 575-582. 

Wohleb, E.S., Hanke, M.L., Corona, A.W., Powell, N.D., Stiner, L.M., Bailey, M.T., Nelson, 

R.J., Godbout, J.P., Sheridan, J.F., 2011. beta-Adrenergic receptor antagonism prevents anxiety-

like behavior and microglial reactivity induced by repeated social defeat. J Neurosci 31, 6277-

6288. 

Wood, K.H., Kuykendall, D., Ver Hoef, L.W., Knight, D.C., 2013. Neural substrates underlying 

learning-related changes of the unconditioned fear response. Open Neuroimag J 7, 41-52. 

Wood, K.H., Ver Hoef, L.W., Knight, D.C., 2012. Neural mechanisms underlying the 

conditioned diminution of the unconditioned fear response. Neuroimage 60, 787-799. 

Woodruff-Pak, D.S., Finkbiner, R.G., Sasse, D.K., 1990. Eyeblink conditioning discriminates 

Alzheimer's patients from non-demented aged. Neuroreport 1, 45-48. 

Woodruff-Pak, D.S., Romano, S., Papka, M., 1996. Training to criterion in eyeblink classical 

conditioning in Alzheimer's disease, Down's syndrome with Alzheimer's disease, and healthy 

elderly. Behav Neurosci 110, 22-29. 

Wotjak, C.T., 2019. Sound check, stage design and screen plot - how to increase the 

comparability of fear conditioning and fear extinction experiments. Psychopharmacology (Berl) 

236, 33-48. 



 

 

 95 

Xu, C., Krabbe, S., Grundemann, J., Botta, P., Fadok, J.P., Osakada, F., Saur, D., Grewe, B.F., 

Schnitzer, M.J., Callaway, E.M., Luthi, A., 2016. Distinct Hippocampal Pathways Mediate 

Dissociable Roles of Context in Memory Retrieval. Cell 167, 961-972 e916. 

Yen, Y.C., Mauch, C.P., Dahlhoff, M., Micale, V., Bunck, M., Sartori, S.B., Singewald, N., 

Landgraf, R., Wotjak, C.T., 2012. Increased levels of conditioned fear and avoidance behavior 

coincide with changes in phosphorylation of the protein kinase B (AKT) within the amygdala in 

a mouse model of extremes in trait anxiety. Neurobiol Learn Mem 98, 56-65. 

Young, S.L., Bohenek, D.L., Fanselow, M.S., 1994. NMDA processes mediate anterograde 

amnesia of contextual fear conditioning induced by hippocampal damage: immunization against 

amnesia by context preexposure. Behav Neurosci 108, 19-29. 

Yu, K., Ahrens, S., Zhang, X., Schiff, H., Ramakrishnan, C., Fenno, L., Deisseroth, K., Zhao, F., 

Luo, M.H., Gong, L., He, M., Zhou, P., Paninski, L., Li, B., 2017. The central amygdala controls 

learning in the lateral amygdala. Nat Neurosci 20, 1680-1685. 

Zelikowsky, M., Bissiere, S., Hast, T.A., Bennett, R.Z., Abdipranoto, A., Vissel, B., Fanselow, 

M.S., 2013. Prefrontal microcircuit underlies contextual learning after hippocampal loss. Proc 

Natl Acad Sci U S A 110, 9938-9943. 

Zelikowsky, M., Hersman, S., Chawla, M.K., Barnes, C.A., Fanselow, M.S., 2014. Neuronal 

ensembles in amygdala, hippocampus, and prefrontal cortex track differential components of 

contextual fear. J Neurosci 34, 8462-8466. 

Zelikowsky, M., Pham, D.L., Fanselow, M.S., 2012. Temporal factors control hippocampal 

contributions to fear renewal after extinction. Hippocampus 22, 1096-1106. 

Zhang, X., Kim, J., Tonegawa, S., 2020. Amygdala Reward Neurons Form and Store Fear 

Extinction Memory. Neuron 105, 1077-1093 e1077. 



 

 

 96 

  



 

 

 97 

Figure Legends 

Fig. 1. Types and phases of fear conditioing and extinction. 

A. Rodent fear conditioning and extinction paradigms. Two commonly-adopted fear 

conditioning paradigms are cued (delay and trace) and contextual fear conditioning (FC), which 

are differentiated by the nature of the conditioned stimulus (CS). Cued fear conditioning uses a 

discrete cue as the (cued) CS (e.g., a tone), whereas contextual fear conditioning has a 

conditioning environment as the (contextual) CS (i.e., a conditioning chamber). Cued fear 

conditioning can be subdivided into delay and trace fear conditioning, depending on a temporal 

gap between the CS and unconditioned stimulus (US). In delay fear conditioning, the US is 

administered to co-terminate with or immediately after the CS, whereas in trace fear conditioning 

a time interval is introduced between the termination of the CS and the start of the US. Fear 

memory undergoes the distinct phases of acquisition, consolidation, and retrieval. Fear extinction 

occurs if the CS alone is presented repeatedly without the US after fear conditioning. Fear 

extinction memory also undergoes the distinct phases of acquisition, consolidation, and retrieval. 

Even after successful fear extinction, it is possible for conditioned fear responses to reappear 

through different phenomena of return-of-fear (ROF) that encompass fear renewal, fear 

reinstatement, and spontaneous recovery. Fear renewal can occur by re-exposure to the CS alone 

in a context other than the extinction context. Fear reinstatement also can occur by exposure to 

the original US or even a different US. Spontaneous recovery of the previously-extinguished 

conditioned fear responses is often observed after some passage of time. 

B. Human fear conditioning and extinction paradigms are similar to rodent ones, except for 

several remarkable differences. While rodent studies usually introduce independent sessions of 

fear memory acquisition and retrieval/extinction with explicit temporal gaps between them (e.g., 
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24 hr) and with appropriate contextual changes, for practical reasons the vast majority of human 

studies employ fear memory retrieval/extinction sessions immediately after fear memory 

acquisition with no temporal delay allowing for fear memory consolidation and sometimes with 

no appropriate contextual changes. In addition, a substantial number of rodent studies use single-

cue paradigms in which the only one CS is paired with US, whereas human studies usually use 

discriminative-cue paradigms where one CS (CS+) is paired with USs but another CS (CS-) is 

not. Furthermore, the reinforcement rates, during fear memory acquisition, usually differ 

between rodent and human studies, with those being often lower in human studies 

 

Fig. 2. A schematic of the neural curcuits recruited for the retreival fear and extinction 

memory. 

A. Depending on the type of fear conditioning, different neural circuits are recruited for the 

retrieval of recent and remote fear memory. In delay fear conditioning, the prelimbic cortex 

(PrL), a sub-region of the medial prefrontal cortex (mPFC), receives cue-associated inputs from 

the basal amygdala (BA), and in turn drives conditioned fear responses by exerting top-down 

regulation of downstream circuits including the basolateral amygdala (BLA). With the passage 

of time, fear memory retrieval, which initially depends on PrL-BLA, likely shifts to PrL-PVT 

circuits (PVT, the paraventricular nucleus of the thalamus).  

B. In trace fear conditioning, it is currently thought that the hippocampus (HP) is recruited for 

the retrieval of recent fear memory possibly by interacting with the BA. However, with the 

passage of time, HP circuits recruited for the recent retrieval of fear memory gradually become 

functionally inactive, whereas mPFC counterparts become functionally mature for the remote 

retrieval of fear memory, in line with systems consolidation of memory.  
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C. In contextual fear conditioning, during the retrieval of recent fear memory, the HP encodes 

contextual inputs, and in turn drives conditioned fear responses through the regulation of 

downstream circuits including the BLA. Over time, hippocampal neuronal ensembles recruited 

for the retrieval of recent contextual fear memory gradually become silent, whereas mPFC 

counterparts become functionally mature with support from hippocampal inputs, in a similar 

fashion to systems consolidation of trace fear memory. AMG: amygdala; IN: input; OUT: 

output. 

D. During the retrieval of extinction memory, the infralimbic cortex (IL) of mPFC receives cue- 

and context-associated inputs from the BA and HP, respectively, and then suppresses fear 

responses by activating intercalated (ITC) cells, a cluster of inhibitory neurons interspersed 

between the BLA and central amygdala (CeA), producing feed-forward inhibition of CeA 

outputs. In addition, BA inputs onto ITC cells become potentiated over the acquisition of 

extinction memory, thus additionally driving feedforward inhibition of the CeA outputs. AMG: 

amygdala; IN: input; OUT: output. 

E. Comparative functional neuroanatomy enables us to translate our understanding of brain 

structure and function across species. VMPFC: ventromedial prefrontal cortex; DLPFC: 

dorsolateral prefrontal cortex; dACC: dorsal anterior cingulate cortex; INS: insula. 

 

Fig. 3. Strategies for better mechanistic studies and therapeutic intervention.  

Patients with brain disorders may be re-stratified based on the patterns of their dysfunction in 

fear conditioning and extinction, regardless of their current disease categories. We can then 

explore their common pathophysiological mechanisms at the genetic, molecular, 

synaptic/cellular, and circuit levels. Discovering a key pathophysiological molecular pathway, in 
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association with pathogenic factors (e.g., genetic risks), may be particularly important from a 

drug discovery viewpoint. Once promising molecular candidates are found, the information can 

be back-translated, via comparative neuroanatomy, into animal models where pathophysiological 

mechanisms at the cellular, and circuit levels can further be dissected with their causal links. SZ: 

schizophrenia; PTSD: post-traumatic stress disorder; AD: Alzheimer’s disease; MDD: major 

depressive disorder. 

 

Fig. S1. A brief summary of aberrant brain activity in brain disorders. 

Patients with brain disorders may be re-stratified based on the patterns of their dysfunction in 

fear conditioning and extinction, regardless of their current disease categories. Accordingly, the 

presentation based on the classical disease categories may be revisited and revised. Nevertheless, 

representative observations from the current literatures are summarized in the panels. AMG: 

amygdala; dACC: dorsal anterior cingulate cortex; DLPFC: dorsolateral prefrontal cortex; HP: 

hippocampus; INS: insula; VMPFC: ventromedial prefrontal cortex. 

 

 

 

 

 

 

 

  



 

 

 101 

Table 1. Representative rodent models of deficient fear conditioning and/or extinction. 

CA1: CA1 area of the hippocampus;  CeM: medial part of the central nucleus of the amygdala; 

CG: cingulate cortex; Imp: medial paracapsular intercalated cell mass; KI: knock-in; KO: knock-

out; PN: pyramidal neuron; BDNF: brain-derived neurotrophic factor; and 5-HTT: serotonin 

transporter. 

Model type Model name Behavior Neural circuit References 

Phenotype-

driven 

129S1/SvImJ 

Extinction acquisition ↓ 

Extinction retrieval ↓ 

Fear generalization ↑ 

IL, BLA: activity ↓ 

PrL, CeA, Imp: activity ↑ 

(Camp et al., 2012; 

Fitzgerald et al., 2014; 

Hefner et al., 2008) 

High anxiety-related 

behavior (HAB) rats 

Extinction acquisition ↓ 

Extinction retrieval ↓ 

IL, CG, BLA: activity ↓ 

CeM: activity ↑ 

(Muigg et al., 2008) 

HAB mice 

Fear memory retrieval ↑ 

Remote extinction acquisition ↓ 

Spontaneous recovery ↑ 

 (Sartori et al., 2011; Yen 

et al., 2012) 

Genetic risk 

model 

Variant BDNF-

expressing KI mice 

Extinction acquisition ↓ VMPFC (IL):  activity ↓ 

vCA1-to-PrL: adaptation ↓ 

(Giza et al., 2018; 

Soliman et al., 2010) 

5-HTT KO mice 

Extinction retrieval ↓ IL: activity ↓ 

CeL: activity ↑ 

BLA and IL: dendritic 

dysmorphology of PNs 

LA-mPFC: abnormal coupling  

(Narayanan et al., 2011; 

Nietzer et al., 2011; 

Shan et al., 2018; 

Wellman et al., 2007) 

Stress 

model 

Restraint 

Extinction acquisition ↓ 

Extinction retrieval ↓ 

IL: activity ↓ 

PrL: activity ↑ 

LA: excitatory synaptic activity 

↑ 

mPFC: dendritic 

dysmorphology of PNs 

(Chauveau et al., 2012; 

Cook and Wellman, 

2004; Miracle et al., 

2006; Wilber et al., 

2011) 

Elevated platform 

Extinction acquisition ↓ 

Extinction retrieval ↓ 

CA1: impaired synaptic 

plasticity 

BLA-to-mPFC: impaired 

synaptic plasticity 

VMPFC-to-BLA: impaired 

synaptic plasticity 

BLA: dendritic dysmorphology 

of PNs 

(Maroun, 2006; Maroun 

et al., 2013; Maroun and 

Richter-Levin, 2003) 

Social defeat 

Extinction acquisition ↓ 

Extinction retrieval ↓ 

PFC: activity ↑ 

LA-mPFC: abnormal coupling 

(Lisboa et al., 2018; 

Narayanan et al., 2011; 

Wohleb et al., 2011) 

Forced swim 
Extinction acquisition ↓ 

 

IL: dendritic dysmorphology (Izquierdo et al., 2006) 

Gene x 

environment 

model 

5-HTT KO x social 

defeat stress 

Extinction acquisition ↓ 

Extinction retrieval ↓ 

LA-mPFC: abnormal coupling (Narayanan et al., 2011) 
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Highlights 

• Studies of fear learning and extinction have advanced our understanding of the 

neurobiology of threat and safety learning. 

• Identifying and addressing knowledge gaps across animal and human studies is crucial  

for better cross-species translation. 

• Altered fear learning and extinction have been implicated in many brain disorders beyond 

post-traumatic stress disorder. 

• Our understanding of fear circuits can further enhance clinical benefits for a wide array of 

brain disorders. 

 


