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Abstract

Although the fear response is an adaptive response to threatening situations, a number of 

psychiatric disorders feature prominent fear-related symptoms caused, in part, by failures of 

extinction and inhibitory learning. The translational nature of fear conditioning paradigms has 

enabled us to develop a nuanced understanding of extinction and inhibitory learning based on the 

molecular substrates to systems neural circuitry and psychological mechanisms. This knowledge 

has facilitated the development of novel interventions that may augment extinction and inhibitory 

learning. These interventions include nonpharmacological techniques, such as behavioral methods 

to implement during psychotherapy, as well as device-based stimulation techniques that enhance 

or reduce activity in different regions of the brain. There is also emerging support for a number of 

psychopharmacological interventions that may augment extinction and inhibitory learning 

specifically if administered in conjunction with exposure-based psychotherapy. This growing body 

of research may offer promising novel techniques to address debilitating transdiagnostic fear-

related symptoms.
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EXTINCTION AND INHIBITORY LEARNING

Fear is central to our survival. It is part of a response to cope with threatening circumstances. 

We are predisposed to pay attention to things that evoke such a response, and we also rapidly 

learn fear associations to stay safe. In this way the fear response is very adaptable. Problems 
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can arise, however, when fear persists after the threat is no longer present. This persistent, 

pervasive fear is an example of a failure to learn extinction or inhibitory signals. Extinction 

is the process whereby fear responses no longer occur after one is repeatedly exposed to the 

feared entity and nothing aversive happens, signaling that there is no longer a reason to be 

afraid (Bouton et al. 2006). Inhibitory learning is central to the process of extinction and 

involves learning that the aversive events do not always occur when the stimulus is 

encountered (Bouton 1993, Craske et al. 2014). This new learning serves to reduce the fear 

response to allow for other behavioral responses (Bouton 1993, Craske et al. 2014). For 

example, an individual who is attacked by a dog may have subsequent experiences with dogs 

that are positive. Although fear might be the initial response, this response decreases with 

repeated exposures (extinction). In concert with a reduction in fear, the individual learns that 

dogs are not always dangerous, and this helps to reduce fear when facing dogs in new 

situations (inhibitory learning).

Failures of Extinction and Inhibitory Learning in Psychiatric Disorders

A number of psychiatric disorders involve a failure of these learning processes as they relate 

to fear and will be the focus of this review: panic disorder, phobias, social anxiety disorder 

(SAD), and posttraumatic stress disorder (PTSD). Although these disorders involve disparate 

symptom clusters, they all share failures of extinction and inhibitory learning as central 

elements of their dysfunction; in this realm, they differ primarily in the type of cues that 

trigger the fear response (Cannistraro & Rauch 2003). Individuals with phobias may fear a 

specific object or situation (e.g., insects, heights, blood), whereas those with panic disorder 

tend to fear physiological symptoms (e.g., rapid heartbeat, muscle tension) and sometimes 

stimuli that were previously paired with these symptoms. Those with SAD may fear certain 

social situations (e.g., public speaking, eating in public), whereas those with PTSD fear 

stimuli that remind them of specific traumatizing events. In all of these cases, individuals 

have difficulty inhibiting their fear response when there is no longer any direct threat. This is 

especially problematic because the feared stimuli often generalize, which can lead to greater 

functional impairment. For example, individuals who have been robbed in a supermarket 

parking lot will likely exhibit fear when they return to the same location, but eventually they 

may be fearful of all parking lots and may no longer be willing to engage in a range of 

activities (e.g., shopping, going to work), affecting their personal, social, and/or 

occupational functioning. Given the detrimental effects of these learning deficits, researchers 

have strived to understand fear learning processes to improve extinction and inhibitory 

learning.

Translational Behavioral Methods of Testing Extinction and Inhibitory Learning

Fear conditioning paradigms are the primary translational method used to study extinction 

and inhibitory learning (e.g., Myers & Davis 2002, Phelps et al. 2004). These paradigms are 

based on Pavlovian classical conditioning principles, whereby an aversive unconditioned 

stimulus (US) like a shock or air blast is paired with one or more danger signals 

(conditioned stimuli, or CS+; e.g., a blue triangle) and results in a conditioned response such 

as feelings of fear, increased heart rate, and a potentiated startle response. A stimulus that is 

never paired with the aversive stimulus may also be used and can be referred to as a safety 

signal (CS-; e.g., a red square).
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In fear conditioning paradigms, the acquisition phase consists of learning these safety and 

danger associations by experiencing the danger signal paired with the aversive stimulus, 

whereas the extinction phase consists of repeated danger signal trials that are no longer 

paired with the aversive stimulus (Myers & Davis 2002). In typically functioning humans 

and other animals, the extinction phase results in decreased fear (conditioned response, or 

CR). Fear inhibition is characterized by the reduction of the conditioned response to the 

danger signal in the extinction phase and to the safety signal during both acquisition and 

extinction phases.

It is important to note that extinction is not simply erasing the knowledge that the danger 

signal precedes the aversive stimulus. The processes of spontaneous recovery of the fear 

memory over time, renewal of the fear memory in a different context from the one where it 

was extinguished, and reinstatement of the fear memory following a new stressor all 

demonstrate the fact that the original fear memory trace is still present but is inhibited 

through extinction learning (LaBar & Phelps 2005). Rather than erasure, an inhibitory 

learning process takes place during extinction, and a new competing extinction memory is 

acquired in addition to the original fear memory (Bouton 1993). During extinction, the 

individual learns that the danger signal is not always followed by the aversive stimulus, not 

that the two will never be paired again. Returning to our dog attack example, individuals 

may have the original aversive association with dogs but may have subsequent experiences 

with dogs that are positive (i.e., they may form a new association that dogs can be safe, 

perhaps in a different context). The conditioned stimulus therefore has two simultaneous 

meanings: its original danger signal meaning (dogs attack) and its new inhibitory meaning 

(dogs can be safe) (Bouton 1993; see also Craske et al. 2014). Both associations still exist 

for the individual.

In addition to illuminating the processes of extinction and inhibitory learning more 

generally, fear conditioning paradigms have improved our understanding of the deficits in 

these processes in psychiatric disorders. Using these paradigms, researchers have 

demonstrated that, in general, individuals with fear-related symptoms exhibit deficits in 

extinction, such that they have higher startle responses to danger signals during the 

extinction phase and take longer to extinguish these responses (see Duits et al. 2015 for a 

review). Similar deficits in inhibition have also been observed with the use of safety signals 

that are never paired with an aversive stimulus, indicating overgeneralization of the fear 

response (Jovanovic et al. 2012, Lissek et al. 2009). For example, individuals with panic 

disorder exhibit poor discrimination between danger and safety signals, and this appears to 

be driven by heightened startle responding to safety signals specifically (Lissek et al. 2009). 

Subsequent research has demonstrated that this effect is present only among those with 

panic disorder coupled with a high intolerance of uncertainty (Gorka et al. 2014) and that 

deficits in cognitive flexibility may be the driving mechanism (Lieberman et al. 2016). 

Similar patterns have been observed among individuals with various phobias and SAD, such 

that extinction is delayed or impaired (de Jong & Merckelbach 1993, Hermann et al. 2002, 

Rabinak et al. 2017) and inhibition of fear to safety signals is poor (Hermann et al. 2002, 

Rabinak et al. 2017).

Lebois et al. Page 3

Annu Rev Clin Psychol. Author manuscript; available in PMC 2019 June 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PTSD is characterized by these alterations as well, and deficits in extinction and inhibitory 

learning have been replicated across multiple trauma types in both military and civilian 

populations (e.g., Jovanovic et al. 2012, Sijbrandij et al. 2013). The repeated finding that 

individuals with different fear-related symptoms demonstrate altered fear extinction and 

inhibitory learning highlights the transdiagnostic significance of these processes and the 

need for a better understanding of their underlying neurobiological pathways.

NEUROBIOLOGICAL MECHANISMS OF EXTINCTION

Systems Level

Rodent and human work has converged on a number of brain regions involved in fear 

extinction and inhibitory learning. These include the amygdala, bed nucleus of the stria 

terminalis (BNST), hippocampus (HP), medial prefrontal cortex (mPFC), periaqueductal 

gray, inferior colliculus, lateral septum, and striatum (Delgado et al. 2008, Knight et al. 

2004, Lin et al. 2003, Phelps et al. 2004). We focus below on the regions with the most 

convergent evidence.

Amygdala.—The amygdala is involved in the detection of salient or relevant information to 

basic biological drives and psychological needs (Sander et al. 2003). Fear-related stimuli are 

a particular type of salient information. Different subnuclei of the amygdala contribute to 

different aspects of fear responding and also extinction. For example, the central amygdala 

(CeA) plays a major role in fear responding (Fendt & Fanselow 1999, LeDoux et al. 1988). 

The basolateral amygdala (BLA), by contrast, is involved in the acquisition, expression, and 

extinction of fear (Fanselow & LeDoux 1999). Human neuroimaging studies of fear 

conditioning indicate that amygdala activation is associated with both the strength of the fear 

response and successful extinction (e.g., Phelps et al. 2004). This is likely because the 

amygdala subnuclei and specific cell types play differential roles in both fear acquisition and 

extinction. Furthermore, distinct patterns of activity in the amygdala subnuclei may mediate 

the generalization of the fear response (Ghosh & Chattarji 2015).

Ventromedial prefrontal cortex.—The mPFC, among other functions, is involved in 

emotion regulation (Quirk & Beer 2006). In particular, the ventromedial prefrontal cortex 

(vmPFC) plays an inhibitory role in regulating amygdala activation through bidirectional 

connections between these two areas (Morgan et al. 1993). Rodent studies have 

demonstrated that damage to the hypothesized rodent equivalent of human vmPFC 

(infralimbic cortex) results in worse extinction learning, and that there is a strong correlation 

between its activation and the level of extinction (Lebrón et al. 2004, Lin et al. 2003). In 

addition, synchronized firing of BLA and vmPFC has been associated with safety signal 

recognition and reduced fear (Likhtik et al. 2014). Human studies also support the 

involvement of vmPFC in successful extinction learning and recall (Milad et al. 2005, 

Phelps et al. 2004).

Hippocampus.—The HP plays a central role in learning and memory processes. 

Specifically, it is involved in the rapid initial storage of declarative memory and in 

integrating different aspects of memory during retrieval—for example, both contextual 
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(spatial) and nonspatial information (Eldridge et al. 2000, Squire & Zola-Morgan 1991). In 

the context of fear memories, recent rodent work using optogenetic techniques has 

demonstrated that activating a specific memory trace in the HP that was active during initial 

fear learning can initiate freezing, a type of fear response for rodents (Liu et al. 2012). This 

suggests that activating a specific set of cells in the HP drives recall of that memory (Liu et 

al. 2012). It is also clear that communication between BLA and the anterior HP facilitates 

fear learning and extinction, though it is yet unclear whether these areas signal directly to 

each other (Yang & Wang 2017). Initially, information transmitted from the amygdala to the 

HP tags a stimulus as fearful. Contextual information transmitted from the HP to the 

amygdala helps signal whether a fear response should be initiated or not, based on whether 

the current context is associated with danger or safety (Rudy et al. 2004). Damage to the HP 

interferes with this process (LaBar & Phelps 2005). In addition, new learning that the 

previous danger signal is no longer paired with the aversive stimulus is facilitated by HP 

activation (e.g., Knight et al. 2004). Consistent with the above discussion about vmPFC, HP 

inhibition of the infralimbic cortex facilitates the reemergence of fear that was previously 

extinguished (Marek et al. 2018).

Circuit alterations with fear-related psychiatric symptoms.—Human studies have 

demonstrated that individuals with fear-related symptoms tend to have altered activation of 

the amygdala, vmPFC, and HP (e.g., Ottaviani et al. 2012, Shin et al. 2004), with the most 

common finding being increased amygdala (and cingulate cortex) activation and decreased 

vmPFC activation to fearful cues. Notably, few studies have examined these alterations in 

fear conditioning paradigms while measuring brain activity. Work that attempts to measure 

both has typically been conducted with PTSD samples. For example, recent research 

suggests that PTSD symptoms are associated with more HP, amygdala, and insula activation 

during the extinction phase of fear conditioning, which is perhaps indicative of impaired 

safety learning (Sripada et al. 2013). A recent study used both a neutral functional magnetic 

resonance imaging (fMRI) inhibition task and a classic fear conditioning paradigm 

completed outside the MRI scanner to probe the neural correlates of inhibition learning 

(Jovanovic et al. 2013). The authors found that traumatized individuals with PTSD 

symptoms demonstrated decreased activation of the vmPFC compared to those without 

PTSD in the fMRI inhibition task. Participants who showed less activation of the vmPFC 

during the fMRI scan also showed greater levels of fear to safety signals (i.e., poor 

inhibitory learning) in the fear conditioning paradigm completed outside the scanner.

It is important to note, however, that individuals with co-occurring dissociative symptoms 

and PTSD may exhibit the opposite pattern of activation. Dissociation includes a range of 

symptoms; however, the DSM-5 describes the dissociative subtype of PTSD as individuals 

who experience feelings of detachment from their body, thoughts, and environment (i.e., 

depersonalization and derealization). Research has found that individuals who report these 

feelings on standardized clinician-administered dissociative symptom assessments instead 

have increased mPFC activation during paradigms designed to elicit PTSD symptoms (e.g., 

Lanius et al. 2002). Therefore, extinction and inhibitory learning among those with 

prominent dissociative symptoms may have unique neurobiological correlates that have yet 

to be explored.
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Molecular Level

From the molecular standpoint, there are two overarching ways to attenuate the power of 

fear memories over an individual: (a) creating a new competing memory trace and (b) 

altering the existing fear memory. We review each and their basic molecular mechanisms in 

turn.

New memory trace.—As discussed earlier, after extinction the memory associating the 

aversive stimulus with the danger signal still exists, but an additional memory trace is 

formed in which the aversive stimulus is not paired with the conditioned stimulus and may 

inhibit the fear response (Craske et al. 2014). Following inhibitory learning, the new 

extinction memories are stored through the process of consolidation (Tronson & Taylor 

2007). Consolidation occurs both at the level of neural networks (systems consolidation) and 

within the neurons that make up the networks (synaptic consolidation; McGaugh 2000, 

Squire & Alvarez 1995).

Long-term potentiation (LTP) is a cellular model for understanding synaptic consolidation 

mechanisms of learning and memory (Lamprecht & LeDoux 2004, McGaugh 2000). At a 

basic level, LTP is an enduring increase in synaptic strength between neurons (Collingridge 

et al. 2010)—a plasticity-dependent increase in the amplitude of excitatory postsynaptic 

potentials (Lamprecht & LeDoux 2004). Because of this change, these connected neurons 

are more likely to signal to each other in the future.

LTP is initiated when intracellular calcium levels reach a certain level in the postsynaptic 

neuron, activating additional signaling pathways (Lamprecht & LeDoux 2004). This 

produces both rapid structural changes (e.g., reorganization of the cytoskeleton, adhesion 

remodeling) and slower changes in protein synthesis and gene expression (Lamprecht & 

LeDoux 2004). LTP may produce different signaling and gene expression changes related to 

extinction depending on the area of the brain in which it occurs (Singewald et al. 2015).

Changes to existing memory trace.—One can also alter the existing fear memory 

trace to attenuate fear by taking advantage of a process called reconsolidation. During 

memory retrieval, the activated memory trace goes back to an unstable state. While in this 

labile state, it can be augmented or disrupted in various ways to change the original memory 

(e.g., Nader et al. 2000). The process of reconsolidation involves restabilizing the previously 

consolidated memory, but now incorporating the changes made while it was labile (Tronson 

& Taylor 2007).

Although disruption of reconsolidation in humans remains unclear, it is now supported by a 

robust animal literature. The existing fear memory may be affected in the labile state by 

engaging synaptic plasticity mechanisms that either (a) weaken the fearful associations with 

the original memory trace or (b) strengthen the safety associations formed in the new 

extinction memory trace. Fearful associations can be weakened through long-term 

depression (LTD) mechanisms to facilitate synaptic plasticity. LTD is an enduring decrease 

in synaptic strength (Collingridge et al. 2010). Because of this change, the affected neurons 

are less likely to signal to each other in the future. One can also pharmacologically block 

protein synthesis that occurs during reconsolidation, effectively precluding the successful 
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restabilization of the memory (e.g., Nader et al. 2000). Alternatively, one may be able to 

strengthen the connections comprising the safety association of the new extinction memory. 

The preferential reactivation of the extinction memory trace can strengthen the new memory 

through the process of reconsolidation and LTP mechanisms that facilitate synaptic plasticity 

(Haubrich et al. 2017).

Note that reconsolidation and extinction of an existing memory trace appear to involve 

different mechanisms with opposite effects, and the boundary conditions of the prevailing 

process following memory reactivation may be difficult to determine. That being said, brief 

reactivation generally supports reconsolidation, and long, repeated reactivation supports 

extinction. Successful extinction and inhibitory learning likely involve both creating new 

safety memory traces and altering existing fear memories at various stages of recovery. The 

involvement of one process over another may depend on various factors, such as the timing 

of extinction after acquisition (Myers & Davis 2007).

Neurotransmitter and Neuromodulatory Systems Overview

A number of different neurotransmitter and neuromodulatory systems in the brain are 

involved in extinction and inhibitory learning and thus are promising targets for 

pharmacologically enhancing these processes to help with recovery from fear-related 

ailments. As discussed earlier, most work on extinction and inhibitory learning focuses on 

the amygdala (BLA in particular) and mPFC; thus, we focus here on key neurotransmitter 

and neuromodulators in these areas. We overview these key systems, and specifically how 

they may be involved in extinction, to support our later discussion of extinction/inhibitory 

learning pharmacological augmentation.

Glutamatergic system.—Glutamate is the principal excitatory neurotransmitter of the 

brain, acting throughout the brain as the general “on” switch. It is involved most generally in 

synaptic plasticity, learning, and memory, and its signaling occurs through ionotropic 

AMPA, NMDA, and kainite receptors, as well as through metabotropic glutamate receptors 

(Singewald et al. 2015). Ionotropic receptors enact fast change because they are ion 

channels: The information transferred is electrical, and binding to these receptors 

fundamentally alters electrical gradients (Engelman & MacDermott 2004). In contrast, 

metabotropic receptors are not ion channels, and they are slow acting because their effects 

must be mediated through intracellular signaling and transcriptional activation rather than 

through direct electrical activity (Conn & Pin 1997). Because glutamate can bind to both 

types of receptors, its influence can be either fast or slow acting.

Although glutamatergic receptors serve a ubiquitous excitatory role in the brain, it is 

important to point out that each receptor can have a different composition that can affect its 

functioning. That is, each receptor can be made up of a different combination of subunits, 

and individual subunits can influence how likely glutamate is to occupy the receptor and also 

the exact signaling cascade that ensues once the receptor is occupied—in essence, conferring 

functional heterogeneity (Bleakman & Lodge 1998). Furthermore, subunit composition can 

show brain region–specific expression profiles (Singewald et al. 2015). For all these reasons, 

drugs that activate the glutamatergic system, or any system with these intricacies, could have 
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very different consequences depending on whether they target specific receptor subunit 

compositions that occur in a particular region of the brain or are instead less selective.

In turn, the unique composition of receptor subunits likely influences the role of glutamate 

in extinction. For example, NMDA receptors containing GluN2A subunits may be 

specifically involved in fear memory consolidation; in contrast, GluN2B and GluN2C are 

particularly important for extinction learning (Baker et al. 2017). Furthermore, because of 

glutamate’s excitatory function, glutamatergic signaling can facilitate extinction when it 

occurs in regions associated with fear inhibition or extinction learning. For example, 

extinction learning and retrieval are enhanced when AMPA receptors are potentiated through 

pharmacological means, particularly in the mPFC (e.g., Yamada et al. 2009); in contrast, 

blocking NMDA receptors in the BLA or mPFC impairs extinction (Myers et al. 2011, 

Singewald et al. 2015).

Gabaergic system.—GABA is the principal inhibitory neurotransmitter of the brain, 

acting throughout the brain as the general “off” switch. GABA signals through both 

ionotropic GABAA and metabotropic GABAB receptors. GABAA is permeable to chloride, 

and it is generally composed of five subunits (Bormann 2000). GABAB influences calcium 

and potassium channels through G protein–coupled receptor mechanisms (Bormann 2000).

Because of GABA’s inhibitory function, GABAergic signaling facilitates extinction when it 

occurs in regions associated with fear acquisition and responding, and it impedes extinction 

when it occurs in regions associated with extinction learning. For example, injection of a 

GABA agonist into areas involved in extinction learning and memory (e.g., BLA, mPFC, 

HP) has a negative impact on extinction (Singewald et al. 2015). In addition, amygdala-

based increases in GABAergic signaling are linked to extinction learning. However, there is 

opposing evidence suggesting that blocking GABAergic signaling with GABAA receptor 

antagonists in the BLA and mPFC can also facilitate extinction, depending on timing and 

pharmacology (e.g., Berlau & McGaugh 2006). The broad functions of the GABA system 

and the general nonselectivity of these agents make these findings difficult to interpret.

Serotonin.—Serotonergic signaling has been implicated in a wide array of processing, 

including cognitive, affective, appetitive, motoric, and autonomic (Frazer & Hensler 1999). 

It is hypothesized that serotonin may be more generally implicated in gating one’s level of 

arousal and behavioral activity (Frazer & Hensler 1999). Serotonin is a monoamine 

neurotransmitter, and it signals mostly through metabotropic G protein–coupled 5-HT 

receptors (5-HT1, 5-HT2, 5-HT4–7), with the exception of ionotropic 5-HT3 receptors 

(Singewald et al. 2015).

Evidence suggests that serotonergic signaling may be more involved in fear acquisition and 

expression and less involved in extinction learning. For example, levels of serotonin increase 

in the BLA, mPFC, and dorsal periaqueductal gray during fear acquisition and responding 

(e.g., Kawahara et al. 1993, Zanoveli et al. 2009), whereas to date no changes in serotonin 

levels have been reported during extinction learning and memory (Singewald et al. 2015). 

However, work suggests that some serotonergic antidepressants may impair extinction 

(Burghardt et al. 2013).
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Norepinephrine.—Norepinephrine is involved in regulating mood, sleep, and arousal, and 

it is key to the manifestation of aggression (Southwick et al. 1999). Norepinephrine also 

regulates the endocrine system and autonomic nervous system (Southwick et al. 1999). As a 

monoamine neurotransmitter, it signals through metabotropic G protein–coupled alpha and 

beta adrenergic receptors (Mueller & Cahill 2010).

Norepinephrine likely plays a role in both fear and extinction memory acquisition, 

depending on the timing and region of the brain it is acting upon (Mueller & Cahill 2010). 

For example, norepinephrine increases excitability in the infralimbic cortex, which is 

involved in extinction (Mueller et al. 2008). Increased norepinephrine levels in mPFC are 

also associated with extinction learning in humans (Hugues et al. 2007), and higher 

norepinephrine levels appear to aid extinction (e.g., Abraham et al. 2012).

Dopamine.—Dopamine is involved in learning, especially reward-related learning 

(Steinberg et al. 2013), and motivation (Salamone & Correa 2012). Recent theories suggest 

that the overarching role of dopamine is to signal an estimate of whether one should expend 

limited energy, attention, or time on a particular action (Berke 2018). Dopamine is a 

monoamine neurotransmitter, and it signals through metabotropic G protein–coupled D1–5 

receptors (Abraham et al. 2014).

Evidence suggests that dopamine can both regulate fear expression and affect the 

consolidation of extinction memories (Singewald et al. 2015). For example, after extinction 

training, rats exhibit increased dopamine levels in the hypothesized rodent equivalent of 

human mPFC (Hugues et al. 2007). Administration of L-DOPA, a precursor to dopamine, 

appears to reduce the context dependence of extinction memories in both mice and humans 

(Haaker et al. 2013). This makes it less likely that the fear response will return when the 

conditioned stimulus is experienced outside the original extinction learning context. 

Converging evidence from mice also suggests that substances used to promote dopamine 

signaling can augment extinction learning (e.g., Abraham et al. 2012).

Acetylcholine.—Acetylcholine signaling is integral to attentional processes, which in turn 

makes it integral to learning and memory (Sarter & Parikh 2005). In particular, acetylcholine 

plays a role in increasing the likelihood that a particular sensory input to the brain will be 

detected and processed (e.g., Nelson et al. 2005). Acetylcholine signals through both 

ionotropic nicotinic receptors and metabotropic muscarinic receptors (Sarter & Parikh 

2005). The nicotinic receptors are made up of five subunits and are permeable to sodium, 

potassium, and calcium depending on the particular subunit composition (Changeux 2010).

In general, blocking acetylcholine signaling cascades through muscarinic antagonists or 

lesions impairs conditioning (Han et al. 1999), whereas increasing acetylcholine facilitates 

conditioning (Weinberger 1998). With specific regard to fear extinction, muscarinic 

antagonists appear to impair fear extinction retention (Prado-Alcalá et al. 1993, Roldán et al. 

2001).
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HOW CAN WE AUGMENT EXTINCTION AND INHIBITORY LEARNING TO 

TREAT PSYCHIATRIC DISORDERS?

Given the devastating effects of impaired extinction and inhibitory learning, research has 

been dedicated to finding ways to repair and augment these functions in individuals with 

panic disorder, phobias, SAD, and PTSD. Here we review psychological, device-based brain 

stimulation, and pharmacological interventions designed to facilitate extinction and 

inhibitory learning.

Psychological Interventions

The clinical proxy of translational fear extinction paradigms is exposure therapy (Craske et 

al. 2014). Through various techniques, therapies that incorporate an exposure element have 

individuals approach internal and external feared stimuli rather than avoid them (Craske et 

al. 2018). Various forms of cognitive behavioral therapy, cognitive therapy, mindfulness-

based therapy, and psychodynamic psychotherapy include elements of exposure. Here we 

review therapies that implement explicit exposure exercises as well as other approaches that 

encourage individuals to experience feared feelings and memories more generally. We also 

review techniques for enhancing the efficacy of exposure.

Exposure therapies are common treatment approaches for several anxiety- and trauma-

related disorders, sometimes with and sometimes without other cognitive therapy 

components (Dep. Veteran Aft. & Dep. Def. 2017). Exposures in these treatments can 

include (a) in vivo exposure, in which a patient gradually approaches feared places, objects, 

people, or situations (e.g., spiders); (b) imaginal exposure, in which the patient vividly 

imagines the feared place, object, people, or situation and outcome but does not avoid their 

ensuing anxiety (e.g., trauma memory); and (c) interoceptive exposure, which involves 

inducing the physical sensations that the patient worries are indicative of a panic attack (e.g., 

breathing through a straw to induce hyperventilation; Kaczkurkin & Foa 2015).

The treatment protocol for each psychiatric disorder with fear-related dysfunction has a 

favored form of exposure. For specific phobias, in vivo exposure is the preferred treatment, 

with a number of studies demonstrating its effectiveness (Kaczkurkin & Foa 2015, Olatunji 

et al. 2010). In panic disorder, interoceptive exposure is the primary form of treatment, and it 

has proven to be effective compared to no treatment or placebo controls (Kaczkurkin & Foa 

2015, Olatunji et al. 2010). For SAD, in vivo exposure is often used and is highly effective, 

performing better than applied relaxation or waitlist control conditions (Kaczkurkin & Foa 

2015, Olatunji et al. 2010).

PTSD is often treated with prolonged exposure (PE) therapy. PE aims to engage individuals 

emotionally with trauma-related stimuli in a safe space using both imaginal and in vivo 

techniques (Foa 2011). Through this process, extinction occurs, and individuals learn that 

trauma reminders and memories are not dangerous, which leads to inhibition of the fear 

response in safe situations. Additionally, other forms of psychotherapy often used to treat 

PTSD, such as cognitive processing therapy (CPT; Resick et al. 2016), can involve an 

element of exposure. For example, individuals in CPT write and read aloud a narrative 
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account of their worst traumatic experience to the therapist (Resick et al. 2016). A 

significant amount of research indicates that PE and CPT result in noteworthy improvements 

in PTSD and other symptoms (Cusack et al. 2016, Kaczkurkin & Foa 2015, Olatunji et al. 

2010, Powers et al. 2010).

Importantly, however, recent work suggests that dissociative symptoms may impede the 

learning necessary for recovery from PTSD via exposure-based therapies, given that 

immersion and attention to the traumatic memory are required for extinction. Notably, two 

studies have demonstrated that state dissociation impairs emotional amygdala-related 

learning and fear extinction (Ebner-Priemer et al. 2009, Kleindienst et al. 2016). 

Furthermore, a handful of studies have examined how dissociation interacts with treatment 

outcomes. Current evidence is mixed: Some studies suggest dissociation does not affect 

treatment efficacy (Hagenaars et al. 2010, Halvorsen et al. 2014, Jaycox et al. 1998), 

whereas others show that dissociation predicts treatment non-response, dropout, differences 

in short- and long-term symptom reductions, and differences in which treatment approach 

may be most effective (Bae et al. 2016; Cloitre et al. 2012; Kleindienst et al. 2011, 2016; 

Price et al. 2014; Resick et al. 2012; Wolf et al. 2016).

In addition to exposure techniques, a number of other therapeutic approaches in these 

protocols include features that are consistent with exposure. For example, central tenets of 

psychodynamic psychotherapy include exploring affect, emotional expression, and efforts to 

avoid difficult thoughts or feelings, as well as discussing past experiences that may be 

contributing to present problems (Blagys & Hilsenroth 2000, Shedler 2010). Discussing 

these topics, and thereby exposing oneself to these past experiences and difficult emotions in 

a safe environment, is likely to facilitate extinction and inhibitory learning. In addition, 

dialectical behavior therapy (DBT; Linehan 1993) and mindfulness- or acceptance-based 

therapies encourage individuals to observe their thoughts and emotions without judgment 

and without attempting to stop or change them (for acceptance and commitment therapy, or 

ACT, see Hayes et al. 1999; for mindfulness- and acceptance-based behavioral therapy, see 

Roemer et al. 2008). More traditional cognitive and cognitive behavioral therapies may also 

facilitate exposure, given that they ask individuals to identify thoughts and emotions that are 

unpleasant and/or distressing. The identification, observation, and acceptance of difficult 

thoughts and emotions practiced in these therapies are likely to facilitate extinction and 

inhibitory learning.

Techniques to Enhance Extinction When Using Exposure

Although the aforementioned treatments successfully improve symptoms for those with 

various anxiety- and trauma-related disorders, these treatments are by no means effective for 

all patients. Olatunji et al. (2010) note in their meta-analytic review of the literature that one 

study reported that 27% of patients who were panic free after cognitive behavioral therapy 

that included exposure returned for additional treatment over a two-year follow-up period. 

Similarly, studies of exposure therapies indicate that a number of patients fail to achieve 

clinically significant symptom relief or experience a return of fear after exposure therapy 

(Craske et al. 2014). In an effort to more effectively administer exposure therapy, a number 

of studies have discussed behavioral strategies and best practices that may potentially 
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enhance and augment extinction learning (Craske et al. 2014, 2018; Pittig et al. 2016; 

Weisman & Rodebaugh 2018). Next, we review a number of these techniques along with 

illustrative clinical examples.

Expectancy violation.—Part of the problem in many disorders with fear-related 

symptoms is that people expect aversive things to happen even when they are unlikely. 

Violating those expectations can promote extinction (Craske et al. 2018). Designing 

exposures to maximally violate aversive expectations and maintaining the exposure until 

expectations change may be especially helpful (Craske et al. 2018; Craske et al. 2014; Pittig 

et al. 2016; Weisman & Rodebaugh 2018). For example, individuals with a dog-related 

phobia may experience reduced fear after repeated exposures to dogs that do not attack them 

(the feared outcome). However, fear reduction may be enhanced if they not only are safe 

from attack but also engage with the dogs playfully and receive affection from them.

In a study of imaginal exposure for panic disorder, researchers continued exposure therapy 

until patients reached less than 5% expectancy of an aversive outcome (Deacon et al. 2013). 

They found this method to be significantly more effective than standard interoceptive 

exposure, where the number of sessions is set for all participants and is not determined 

based on expectancy predictions.

Deepened extinction.—Another potential mechanism for enhancing extinction is the use 

of deepened extinction, in which multiple fear stimuli are first extinguished separately and 

then combined during extinction (Craske et al. 2014, 2018; Pittig et al. 2016; Weisman & 

Rodebaugh 2018). Among individuals with performance-related SAD, this could begin with 

separate exposures to reading a book aloud, reading to a small group, standing in front of a 

group, standing on a stage, and being placed under a spotlight. These could then be 

combined in an exposure where the individual reads a monologue on stage to a group of 

people while under a spotlight. Weisman & Rodebaugh (2018) note that there is a strong 

theoretical foundation for the effectiveness of this technique in enhancing exposure 

treatment, but to date there has been limited research investigating it in the context of human 

clinical treatment.

Stimulus variability.—A common problem in disorders with fear-related symptoms is 

that extinction can be specific to the context in which it was learned, which may be only 

moderately helpful for functioning given the variability and unpredictability of daily 

experience. Extinction may generalize more broadly if the clinician introduces variation in 

the duration or spacing of exposure trials, type or number of stimuli, and context of exposure 

(Craske et al. 2014, 2018; Pittig et al. 2016; Weisman & Rodebaugh 2018). For example, 

individuals with panic disorder may be asked to increase their heart rate through exercise, 

small amounts of caffeine, or stress-inducing activities such as giving a speech or simulating 

an argument. The clinician may ask the individual to engage in these exposures at first while 

in session, and subsequently at home or at work.

Prevent safety signals and behaviors.—Safety signals and behaviors are cues or 

actions that temporarily decrease anxiety in the moment of exposure—for example, having a 

loved one present during the exposure. However, these factors prevent someone from fully 
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engaging in the emotion elicited by the feared stimulus, hindering or blocking extinction 

learning (Foa & Kozak 1986). Individuals also misattribute the feeling of safety to the safety 

behavior or signal, rather than realizing that these signals/behaviors are not necessary for 

safety (Craske et al. 2014, Pittig et al. 2016, Weisman & Rodebaugh 2018). Thus, 

eliminating safety signals and behaviors is important to augment exposure therapy (Craske 

et al. 2014, 2018).

Positive affect.—Another augmentation strategy for exposure therapy that has gained 

support in recent years is the induction of positive affect during extinction training. Zbozinek 

& Craske (2017a) note that positive affect can influence memory and learning by enhancing 

encoding, rehearsal, and retrieval (e.g., Kiefer et al. 2008). Positive affect can also influence 

attention and make the stimulus that is the focus of attention seem more positive (Zbozinek 

& Craske 2017a). These factors, in addition to the increased dopaminergic tone induced by 

positive affect, may facilitate long-term extinction in exposure therapy. For example, a study 

of university students showed that higher positive affect prior to and after extinction training 

was associated with less reacquisition of fear (Zbozinek & Craske 2017b).

Device-Based Brain Stimulation Interventions

Device-based brain stimulation techniques may also augment extinction and inhibitory 

learning processes. The potential ability of these devices to modulate extinction and 

inhibitory processes and their efficacy as treatments for anxiety- and trauma-related 

disorders are still in relatively early stages of investigation. Here, we review investigations of 

transcranial direct current stimulation (tDCS), transcranial magnetic stimulation (TMS), 

vagus nerve stimulation (VNS), and deep brain stimulation (DBS).

Transcranial direct current stimulation.—tDCS is a noninvasive technique involving a 

small portable stimulator connected to electrodes that are placed on the head and deliver 

electrical stimulation (Marin et al. 2014). It is designed to modulate brain excitability 

through depolarization and hyperpolarization of cortical membranes (Nitsche & Paulus 

2000). Anodal tDCS depolarizes neurons and enhances brain excitability whereas cathodal 

tDCS hyperpolarizes neurons and reduces excitability (Nitsche & Paulus 2000, Nitsche et al. 

2003). The majority of tDCS investigations have focused on pain and depression, though 

investigations have also been conducted for tinnitus, substance abuse, schizophrenia, 

dementia, and PTSD (Kuo et al. 2014, van’t Wout et al. 2017).

In recent years, several studies have examined the relationship among tDCS and extinction 

processes in healthy participants who underwent fear conditioning. Investigating how 

different tDCS protocols affect fear circuitry and expression is a necessary step toward the 

therapeutic application of tDCS for anxiety-related disorders (Marin et al. 2014). An early 

study (Asthana et al. 2013) demonstrated that the administration of inhibitory cathodal tDCS 

targeting the left dorsolateral prefrontal cortex (dlPFC) following fear conditioning reduced 

fear expression the following day when participants were presented with the conditioned 

stimulus. Conversely, the administration of excitatory anodal tDCS targeting the right dlPFC 

following a reminder of the conditioned stimulus enhanced fear expression (Feeser et al. 

2014). van’t Wout et al. (2016) demonstrated that excitatory anodal tDCS targeting the 
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vmPFC during the first extinction learning block enhanced fear extinction during a second 

block of extinction learning. Inhibitory cathodal tDCS targeting the right dlPFC during 

reconsolidation did not affect fear expression (Mungee et al. 2016). A recent animal study 

by Nasehi et al. (2017) revealed that the timing of administration of propranolol and right 

prefrontal tDCS modulated contextual and auditory fear learning. In the first study to our 

knowledge of the effects of tDCS on fear extinction in veterans with PTSD, van’t Wout et al. 

(2017) demonstrated that those who received excitatory anodal tDCS to the vmPFC during 

extinction consolidation had moderately reduced fear expression compared to those who 

received it during extinction learning. However, the ability of tDCS to specifically target 

deep brain structures, such as vmPFC, remains unclear.

The varying results—enhanced, diminished, and no effect on fear extinction—of these 

studies underscore the complexity of emotional and fear processes, and of their 

corresponding neural circuitry, as well as the differences in the studies’ designs. The studies 

discussed differ in their fear conditioning paradigms and in the timing, duration, intensity, 

and location of stimulation. To move toward tDCS treatments for anxiety- and trauma-

related disorders, we need to further investigate the effects of tDCS on fear circuitry, refine 

our stimulation parameters, and conduct multisite double-blind trials along with studies 

targeting specific symptoms.

Transcranial magnetic stimulation.—TMS is a noninvasive technique that stimulates 

cortical neurons and their processes via electromagnetic pulses (see Diana et al. 2017 for a 

recent review). Magnetic coils connected to a stimulator are placed on the scalp and deliver 

pulses that penetrate the skull and reach brain tissues. Whether these pulses facilitate or 

impede neuronal excitability depends on several factors, including the location and 

parameters of stimulation. PTSD and extinction-related studies investigating TMS typically 

use repetitive TMS (rTMS) techniques, which involve prolonged pulse sequences and long-

term neuronal alterations. Prior research suggests that low-frequency (~1 Hz) rTMS impedes 

neuronal excitability, whereas high-frequency rTMS (~5–25 Hz) facilitates neuronal 

excitability. Research on TMS has predominantly focused on its potential to treat depression, 

and in 2008, rTMS was approved for depression by the Food and Drug Administration 

(FDA). Given the central roles that the vmPFC and dlPFC play in fear learning and 

extinction processes, and their accessible locations, these regions have been the focus of 

research examining the effects of rTMS on extinction and PTSD.

Studies of rTMS and PTSD began in 1998 with two small-sample studies that suggested 

rTMS significantly reduces PTSD symptoms, though in both studies the improvements were 

short lived (Grisaru et al. 1998, McCann et al. 1998). Research that followed has found that 

low- and sometimes also high-frequency dlPFC rTMS can reduce PTSD symptoms (Boggio 

et al. 2010, Cohen et al. 2004, Nam et al. 2013, Oznur et al. 2014, Watts et al. 2012). Some 

studies have also found evidence that the effects persist two to three months later (Boggio et 

al. 2010, Watts et al. 2012).

Three investigations have been conducted on the effects of TMS combined with manualized 

treatments for PTSD or with components of the treatments. A team of researchers compared 

nine participants with PTSD who received both rTMS and imaginal exposure with a group 
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who received sham TMS and imaginal exposure, and they did not report significant 

differences (Osuch et al. 2009). Isserles et al. (2013) conducted a double-blind study of 30 

people with PTSD who were assigned to one of three group receiving, respectively: 

exposure to script of a personally traumatizing event followed by deep TMS (dTMS), 

exposure to script of a nontraumatizing event followed by dTMS, and exposure to script of a 

traumatizing event followed by sham TMS. Their data show that dTMS following exposure 

resulted in significantly decreased scores on interview-based intrusion symptoms and heart 

rate, with a trend toward improvement in overall PTSD symptoms score. A recent larger 

study (103 participants) examined the use of low-frequency rTMS in the right dlPFC prior to 

weekly CPT for 12–15 sessions, and it found that both active and sham groups showed 

significant reductions in PTSD symptoms, though the active rTMS group had a greater 

reduction in symptom scores (Kozel et al. 2018).

Another recent investigation sought to translate an animal TMS fear extinction study to 

humans. Twenty-eight healthy participants were first fear conditioned to two danger cues; 

then, the following day, during extinction learning, they had brief high-frequency rTMS in 

the left PFC paired with one of the conditioned cues. The results indicated that the group 

that received rTMS in the left PFC had significantly lower skin conductance responses to the 

conditioned cue during extinction recall (Raij et al. 2018). TMS has also been recently used 

to investigate brain functions that may predict the efficacy of prolonged exposure at the 

individual level (Fonzo et al. 2017). Taken together, these studies (though generally 

underpowered) as well as several meta-analyses (Berlim & Van Den Eynde 2014, Clark et 

al. 2015, Karsen et al. 2014, Trevizol et al. 2016, Yan et al. 2017) suggest that TMS may 

enhance fear extinction and reduce PTSD symptoms without cognitive impairments or 

significant side effects. Larger study samples, optimization of stimulation parameters, long-

term protocols, mechanistic studies, and studies that measure extinction and inhibitory 

learning outcomes in addition to overall symptom change are necessary to advance toward 

clinical implementation.

Vagus nerve stimulation.—VNS is a minimally invasive technique that involves the 

placement of a stimulation device in the upper-left chest that connects to electrodes on the 

left vagus nerve in the neck (Marin et al. 2014). The signal from the vagus nerve reaches 

several brain regions, including the amygdala and the hypothalamus, through stimulation of 

the solitary tract nucleus (George et al. 2000), altering brain norepinephrine regulation. VNS 

has been widely investigated and used as a treatment for epilepsy and depression, and it is 

approved by the FDA for these conditions. A few preclinical studies and one clinical study 

have demonstrated that VNS can enhance both fear memory consolidation and extinction.

In two studies, rats were subjected to an auditory fear conditioning task, a retention test, and 

extinction training (Peña et al. 2013, 2014). Following extinction training paired with VNS, 

rats that received VNS demonstrated enhanced fear extinction, which was also more rapid 

the longer the extinction protocols. Notably, even when the conditioned fear was based on a 

distant memory, VNS improved extinction. These studies and others indicate that VNS may 

promote synaptic plasticity in circuitry associated with extinction memory (Alvarez-Dieppa 

et al. 2016; Childs et al. 2015; Peña et al. 2013, 2014).
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Recently, Noble et al. (2017) extended the investigation of VNS by testing rats in a single 

prolonged stress (SPS) model of PTSD. The SPS model consists of sequential restraining, 

forced swimming, loss of consciousness, and a week of social isolation (Liberzon et al. 

1997). Rats that received extinction training paired with VNS demonstrated improved 

extinction and a reduction in behaviors associated with all PTSD clusters. When they were 

subsequently reexposed to the unconditioned stimulus, as well as to tasks unrelated to the 

original conditioned stimulus, the VNS-treated SPS rats did not relapse and exhibited both 

reduced anxiety and reduced avoidance behaviors. These finding suggest that VNS may be 

helpful for specific traumatic stimuli as well as for broader PTSD- and anxiety-related 

symptoms.

The nonhuman animal studies above provide hope for the use of VNS to promote extinction 

processes in humans, though investigations of VNS and extinction in humans, to our 

knowledge, have yet to be conducted. Exposure therapy may often be hindered by impaired 

extinction, relapse, or co-occurring symptoms such as anxiety. The potential for VNS to 

enhance extinction, hinder relapse, and reduce anxiety makes it particularly appealing to 

investigate as an adjunct to exposure therapy (Fanselow 2013, Marin & Milad 2015).

Deep-brain stimulation.—DBS is an invasive technique that involves implanting 

electrodes that deliver chronic high-frequency electric stimulation to specific brain regions 

(Marin et al. 2014). DBS has been predominantly used to treat movement disorders such as 

Parkinson’s disease, but promising preclinical and clinical results have been demonstrated 

for depression (Mayberg et al. 2005) and obsessive-compulsive disorder (Greenberg et al. 

2006). Animal models investigating the effects of DBS, or DBS-like stimulation, on fear 

extinction and PTSD suggest that targeting the human PFC, amygdala, ventral striatum, and 

HP with DBS may improve fear extinction and reduce anxiety (Lavano et al. 2018).

Langevin et al. (2010) investigated the effects of DBS in the right amygdala on anxiety-

related behaviors in fear conditioned rats. Compared to the sham group, rats that received 

BLA DBS treatment showed evidence of reduced amygdala hyperactivity and anxiety-like 

symptoms. A study on the effects of striatal DBS on fear extinction in rats found that DBS 

targeting the dorsal aspect of the ventral striatum facilitates extinction, whereas DBS of the 

ventral aspect of the ventral striatum impairs extinction (Rodriguez-Romaguera et al. 2012). 

In addition, they demonstrated that to be effective, DBS must be administered along with 

extinction training, and that the more time spent on extinction training, the more DBS 

facilitates extinction, and vice versa. They later replicated these effects and extended their 

findings to show plasticity signatures in regions critical for extinction learning (Do-Monte et 

al. 2013).

Recently, Reznikov et al. (2018) demonstrated that chronic DBS delivered to the infralimbic 

cortex of rats with persistent extinction deficits and long-term anxiety enhanced extinction 

learning, improved anxiety-like behavior, and reduced BLA cell firing. Studies translating 

these preclinical DBS extinction investigations to humans have yet to be published to our 

knowledge, though a DBS study protocol has been proposed and a study in veterans with 

refractory PTSD is currently underway (Koek et al. 2014). A case study from this group has 

been published, and the results indicate that chronic BLA DBS significantly reduced a 
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veterans interview-based PTSD symptom scores without any serious adverse effects 

(Langevin et al. 2016).

Although these preclinical and clinical studies are promising, it is important to recognize 

their limitations. A nonexhaustive list of limitations includes (a) the different time frame of 

studies in rats and in humans (short term versus long term), (b) the absence of similar PTSD 

refractory characteristics in humans and rats, (c) the persistence of symptoms in humans 

compared to an acute response in rats, and (d) the presence of nonextinction-related PTSD 

symptoms in humans. Moving forward, animal studies should aim to bridge these modeling 

gaps, refine stimulation parameters and targets, and continue to investigate how DBS works, 

along with its plasticity effects. Human studies should be pursued in a cautious manner 

given the invasive nature of DBS.

Psychopharmacological Interventions

Psychopharmacological treatments can also be used to facilitate extinction and inhibitory 

learning. We focus here on psychopharmacological treatments designed to work within a 

psychotherapeutic treatment session or over the course of a specific anxiety- or trauma-

related treatment. We discuss in particular D-cycloserine, scopolamine, losartan, ketamine, 

and 3,4-methylenedioxymethamphetamine (MDMA). There are a number of other drugs at 

various stages of testing and with different levels of pharmacological and neurobiological 

support, but space limits our ability to discuss them in detail here (see Singewald et al. 2015 

for a recent comprehensive review).

D-cycloserine.—D-cycloserine is an antibiotic originally used to treat tuberculosis 

(Rodrigues et al. 2014). It acts as a superagonist at GluN2C-containing NMDA receptors, 

but as a partial agonist at GluN2A-, GluN2B-, and GluN2D-containing NMDA receptors 

(Dravid et al. 2010). Promising evidence from rodent models suggests D-cycloserine 

promotes extinction learning (e.g., Ledgerwood et al. 2003). Initial human trials were very 

positive (e.g., Difede et al. 2014, Ressler et al. 2004); however, more recent studies and 

reviews have been mixed (e.g., Rodrigues et al. 2014). The authors of these reviews, 

however, acknowledge that the limited number of studies, the heterogeneity in the study 

samples, and the small sample sizes do not permit drawing strong conclusions at this time, 

especially given the positive findings at the single-study level.

Importantly, the timing of drug administration, the region of the brain influenced by D-

cycloserine, the subunit composition it binds to, and the behaviors exhibited during 

extinction training could facilitate either fear or extinction learning, as evidenced by recent 

rodent and human work (Baker et al. 2017, Bolkan & Lattal 2014). Importantly, D-

cycloserine tends to reach maximal concentrations in the cerebral spinal fluid two hours 

after consumption (Baron et al. 1955), and this timing can be slowed by fatty food intake 

(Zhu et al. 2001). A recent study demonstrating augmentation of extinction with D-

cycloserine had participants take the drug 90 minutes before exposure therapy, so that peak 

concentration would likely occur in the middle of the therapy session (Difede et al. 2014). 

This timing may be optimal for beneficial effects. Furthermore, D-cycloserine binds to a 

range of NMDA receptors. As discussed above, these different subunit compositions can 
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play a role in promoting either fear or extinction learning (Baker et al. 2017). Thus, D-

cycloserine could simultaneously promote both extinction learning and reconsolidation of 

fear memory. A logical conclusion is that a drug specific for GluN2B- and/or GluN2C-

containing NMDA receptors may be more effective in promoting extinction, especially when 

administered to reach peak concentration during actual exposure. Additional work on precise 

targeting of NMDA enhancement to improve extinction over reconsolidation processes, or 

on exposure therapy mechanisms to reduce reconsolidation during extinction, will be needed 

for these types of plasticity-enhancing approaches to be most effective.

Scopolamine.—Scopolamine is an antagonist that blocks muscarinic acetylcholine 

receptors, and it is used most commonly to prevent nausea, vomiting, and motion sickness 

(Craske et al. 2018). Work in rodents suggests that scopolamine tips the balance of memory 

encoding versus retrieval (by the hippocampus) toward retrieval, thereby facilitating the 

retrieval of inhibitory memories and making extinction learning more context independent 

(Chang & Liang 2012, Douchamps et al. 2013, Zelikowsky et al. 2013). Although some 

human studies have demonstrated the rapid antidepressant effects of scopolamine (Navarria 

et al. 2015), there have yet to be human trials to test its efficacy in treating anxiety- or 

trauma-related disorders and in augmenting extinction specifically. Future studies must also 

consider that scopolamine is commonly used to pharmacologically induce amnesia in 

animals, and it is known to interfere with the ability of the hippocampal memory system to 

effectively bind sensory, especially spatial, information to episodic memory traces (e.g., 

Newman et al. 2013).

Losartan.—Losartan is an antagonist of angiotensin II type 1 (AT1) receptors, and it is 

widely used as a medication to treat high blood pressure and regulate the cardiovascular 

system (Marvar et al. 2014). The use of AT1 blockers to promote fear extinction in PTSD 

patients is warranted by several lines of preclinical and clinical evidence. First, it is well 

established that individuals diagnosed with PTSD are more likely to have hypertension as 

well as an increased risk for heart attack and stroke (e.g., Edmondson & Cohen 2013). 

Furthermore, stressors have been shown to elicit elevated levels of circulating angiotensin II, 

which can drive stress-induced hypertension (e.g., Saavedra & Benicky 2007). In response to 

chronic stress, AT1 binding can be significantly elevated in the hypothalamus, and this can 

be countered by angiotensin receptor blockers like losartan (e.g., Armando et al. 2007, 

Bregonzio et al. 2008). Lastly, clinical studies have shown that angiotensin receptor blockers 

can protect against stress-induced brain pathology and exert pro-cognitive effects inpatients 

with vascular disease and hypertension (Amenta et al. 2002, Anderson et al. 2011).

With regard to extinction learning benefits, promising work in rodents has found that 

losartan facilitated extinction learning but did not affect fear learning, blood pressure, or 

neuroendocrine stress measures (Marvar et al. 2014). A retrospective observational study of 

traumatized individuals found that individuals on various angiotensin receptor blockers and 

angiotensin-converting enzyme inhibitors had fewer PTSD symptoms (Khoury et al. 2012). 

A randomized controlled clinical trial is currently ongoing in a PTSD sample to further test 

the efficacy of this drug for augmenting extinction and inhibitory learning.
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Ketamine.—Ketamine is traditionally used as an anesthetic at higher doses and an 

analgesic at lower doses (Hirota & Lambert 1996). It is a noncompetitive NMDA receptor 

antagonist and acts as an open channel blocker (e.g., Orser et al. 1997). Ketamine stops 

downstream signaling usually initiated by NMDA receptor activation (McGhee et al. 2008), 

and cellular homeostatic responses are thought to result in increased AMPA-dependent 

plasticity (e.g., Autry et al. 2011). In addition to this influence on NMDA receptors, there is 

evidence that ketamine can also affect opioid and monoaminergic receptors (Hirota & 

Lambert 1996). Much of the psychiatric work with ketamine is in the field of depression, 

given its fast-acting antidepressant effects (Browne & Lucki 2013). Ketamine may also be 

helpful for facilitating extinction learning and/or reducing fear responding in anxiety- and 

trauma-related disorders, but this remains to be tested. A number of small-sample PTSD 

studies with retrospective/naturalistic designs have reported mixed results—though none has 

tested augmentation of extinction specifically. For example, both a retrospective and a 

prospective naturalistic study of accident victims found that those who received ketamine 

peri traumatically for medical reasons reported more PTSD symptoms at follow-up (e.g., 

Schönenberg et al. 2008). These studies suggest that ketamine administered close to trauma 

exposure may actually lead to worse outcomes, perhaps due to enhanced plasticity related to 

trauma memory consolidation. A number of other studies, however, have not reported these 

negative associations. For example, a medical chart review study found that veterans who 

received ketamine during surgery were less likely to have PTSD despite more severe 

physical injuries (McGhee et al. 2008). A retrospectively analyzed randomized controlled 

trial did not find significant differences in anxiety or dissociative symptoms between 

individuals with depression and trauma/PTSD who were or were not given ketamine, 

suggesting that ketamine has no enduring impact on these symptoms (Zeng et al. 2013). 

Finally, a randomized controlled trial with a chronic PTSD sample found that ketamine 

significantly decreased reported distress caused by traumatizing events (Feder et al. 2014).

Given these mixed findings, and significant concerns that ketamine induces transient 

psychotic and dissociative states (Krystal et al. 1994), more work is needed to properly 

examine ketamine’s efficacy for augmenting extinction. Particular concern regarding the use 

of ketamine remains for individuals with prominent dissociative symptoms (e.g., the 

dissociative subtype of PTSD).

MDMA.—MDMA has been historically used in a psychotherapeutic context, but in the 

1980s the US Drug Enforcement Administration officially labeled ecstasy/Molly an illegal 

drug. MDMA improves mood and facilitates feelings of well-being, often making 

individuals feel more extroverted but also inducing perceptual distortion in vision (Peroutka 

et al. 1988, Vollenweider et al. 1998). MDMA is a monoamine transporter substrate that 

passes through dopamine, norepinephrine, and serotonin transporters (Verrico et al. 2007). 

Transporters sit on the presynaptic nerve terminals and recycle neurotransmitters from the 

synapse. MDMA can enter presynaptic nerve terminals to inhibit the vesicular monoamine 

transporter 2 (VMAT2) and activate the trace amine-associated receptor 1 (TAARl; e.g., 

Berry et al. 2017). The consequences of MDMA are therefore twofold. First, due to the 

blocking of VMAT2, presynaptic nerve terminals fill up with monoamines that can no longer 

be loaded into synaptic vesicles. Second, TAARl activation leads monoamine transporters to 
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disseminate monoamines instead of recycling them back into the presynaptic neuron. This 

floods synapses with monoamines and causes the observed behavioral effects of MDMA. 

Downstream, this can influence the levels of oxytocin, prolactin, and cortisol in the brain 

(Dumont et al. 2009, Harris et al. 2002, Mas et al. 1999, Thompson et al. 2007, Wolff et al. 

2006).

Recently, research has explored the possible therapeutic benefit of MDMA in controlled 

settings, as the drug is hypothesized to facilitate emotional engagement while recalling 

traumatizing events (Mithoefer et al. 2011), which may augment extinction learning. 

Separate rodent studies have shown a direct effect of MDMA on extinction processing 

(Young et al. 2015). So far, small-scale human trials have been conducted in PTSD samples 

with promising preliminary findings. In a randomized controlled pilot study, individuals who 

received MDMA during two eight-hour experimental psychotherapy sessions on average 

reported marked decreases in PTSD symptoms up to two months after the sessions 

(Mithoefer et al. 2011) as well as at long-term follow-ups 17 to 74 months later (Mithoefer 

et al. 2013). Additional work is necessary to further understand the effectiveness of MDMA 

for PTSD and other disorders, especially given the abuse potential of this substance.

CONCLUSIONS AND FUTURE DIRECTIONS

A central feature of a number of psychiatric disorders, including phobias, PTSD, SAD, and 

panic disorder, is dysfunctional fear responding driven by failures of extinction and 

inhibitory learning. Pavlovian fear conditioning paradigms can be used to study fear 

responding and extinction/inhibitory learning across different species. These translational 

paradigms have enabled researchers to draw sophisticated conclusions about the 

mechanisms of extinction and inhibitory learning based on converging nonhuman animal 

and human research. In turn, this has bolstered exploration and implementation of 

psychological, behavioral, device-based, and psychopharmacological interventions that may 

be utilized to repair or augment extinction and inhibitory learning in psychiatric disorders.

Despite these scientific developments, the aforementioned techniques fail to help a 

significant number of patients reach normative functioning. For example, a recent review 

suggests that approximately 55% of individuals attain nonclinical status after various forms 

of exposure therapy (Loerinc et al. 2015). This underpins the need for further advances in 

understanding the behavioral and biological mechanisms of extinction that may lead to more 

targeted pharmacotherapy and neurocircuitry modulation and to improvements in combined 

psychotherapeutic approaches. For example, moving beyond traditional amygdala- and 

vmPFC-focused exploration of extinction mechanisms may lead to novel neural targets for 

neurotherapeutic and pharmacological interventions. Finally, the use of powerful machine 

learning techniques that combine empirical biological data with clinical results in fear 

extinction may provide new insights into subgroups of individuals who may benefit the most 

from particular interventions, taking us one step closer to precision medicine in the realm of 

disorders with fear-related symptoms (Bzdok & Meyer-Lindenberg 2018).
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SUMMARY POINTS

1. Failures of extinction and inhibitory learning are central to several psychiatric 

disorders including panic disorder, phobias, social anxiety disorder, and 

posttraumatic stress disorder.

2. Failures of extinction and inhibitory learning can be observed from the 

molecular to the psychological level of analysis.

3. Successful techniques to augment extinction and inhibitory learning exist 

and/or are under development at the psychological, device-based brain 

stimulation, and psychopharmacological level.
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FUTURE ISSUES

1. Moving beyond traditional amygdala- and prefrontal cortex-focused 

exploration of extinction mechanisms may lead to novel neural targets for 

neurotherapeutic and pharmacological interventions.

2. Machine learning techniques that combine biological data with clinical 

phenotype data in fear extinction may provide new insights into subgroups of 

individuals who may benefit the most from particular interventions.
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