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Abstract

Over the years Pavlovian fear conditioning has proved to be a powerful model to investigate the 

neural underpinnings of aversive associative memory formation. Although it is well appreciated 

that plasticity occurring at excitatory synapses within the basolateral complex of the amygdala 

(BLA) plays a critical role in associative memory formation, recent evidence suggests that 

plasticity within the amygdala is more distributed than previously appreciated. In particular, 

studies demonstrate that plasticity in the central nucleus (CeA) is critical for the acquisition of 

conditioned fear. In addition, a variety of interneuron populations within the amygdala, defined by 

unique neurochemical markers, contribute to distinct aspects of stimulus processing and memory 

formation during fear conditioning. Here, we will review and summarize recent advances in our 

understanding of amygdala networks and how unique players within this network contribute to 

synaptic plasticity associated with the acquisition of conditioned fear.
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Introduction

The ability to associate aversive events with environmental stimuli that predict them is 

critical for an organism to organize defensive behaviors and adapt in a dynamic 

environment. In the laboratory, Pavlovian fear conditioning in rodents (and humans) has 

been used widely as an experimental model to investigate the neural underpinnings of 

aversive associative learning and memory. In a standard fear conditioning procedure in 

rodents, for example, animals learn to associate a neutral sensory stimulus (conditioned 
stimulus, CS) such as a tone, with an aversive event (unconditioned stimulus, US) such as a 

foot shock. After several conditioning trials, presentation of the CS alone comes to elicit 

both a behavioral (e.g., freezing) and autonomic (e.g., heart rate) conditioned response (CR).
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Decades of work have revealed the essential neural circuit mediating the acquisition of 

Pavlovian fear conditioning. This circuit includes a distributed network of brain structures 

including the medial prefrontal cortex (mPFC), amygdala, and hippocampus [1]. In turn, the 

expression of conditioned fear memories is mediated by projections from the amygdala to 

the hypothalamus, midbrain periaqueductal gray (PAG), and medullary cardioregulatory 

centers, among others. While the brain circuits involved in the acquisition and expression of 

conditioned fear responses are well documented, how synaptic plasticity maps onto specific 

neural circuits and contributes to associative learning processes at both a cellular and 

behavioral level has been the focus of more recent work[2–5].

Synaptic encoding of fear memory in the lateral amygdala

With respect to the neurobiological underpinnings of associative fear learning, the majority 

of research has focused on plasticity between excitatory sensory afferents and glutamatergic 

projections neurons within the amygdala. In particular, CS-US convergence within the 

lateral nucleus of the amygdala (LA) is a putative mechanism by which stimuli are 

associated during learning. Studies employing optogenetics, a technique that permits precise 

temporal control of neural activity, have confirmed a role for coincident pre-and 

postsynaptic activity (i.e., Hebbian plasticity) in the establishment of long-term potentiation 

(LTP) within the LA [6,7]. Moreover, other work has shown that expression of fear 

memories can be controlled by manipulating synaptic strength in thalamo-amygdala 

synapses [8].

Despite clear evidence implicating amygdaloid synaptic plasticity in the acquisition of 

conditioned fear, it is not known whether LTP is induced in an input specific manner as 

would be required to support associative learning. This question was recently addressed in 

an elegant study that employed activity-dependent neuronal labeling techniques along with a 

discriminative fear conditioning paradigm to functionally tag CS auditory afferents within 

the LA[9]. Using Fos-CreERT2 knockin mice, the authors first exposed animals to a discrete 

auditory tone following tamoxifen administration which permitted the selective labeling of 

sensory afferents in the LA transmitting information about that specific auditory stimulus. 

Following behavioral labeling, animals were subject to a discriminative fear conditioning 

procedure in which they were presented with two auditory tones, a CS+ (i.e. the CS paired 

with the US) to which they had previously been exposed to during behavioral labeling, as 

well as a novel CS- (i.e. the CS not paired with US) and sacrificed for electrophysiological 

recordings. Recordings from behaviorally labeled neurons revealed that LTP was not 

induced globally at synapses within the LA, but rather was restricted to synapses carrying 

information about the CS+. Moreover, LTP was preferentially induced at postsynaptic 

neurons within the LA that were both contacted by CS+ afferents and activated by the US 

during training, consistent with a Hebbian mechanism of plasticity.

Although these studies imply that coincident neural activity at glutamatergic synapses in the 

LA is sufficient to produce an associative fear memory, it is likely that other 

neuromodulators, such as norepinephrine, adenosine, acetylcholine, and dopamine, modulate 

synaptic plasticity on unique time scales to optimize learning[10–14]. Interestingly, findings 

from a recent study suggest that although Hebbian plasticity likely contributes to learning 
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related synaptic changes, this mechanism alone does not explain how stimuli of different 

modalities (e.g. auditory, olfactory, visual) are associated within the BLA [15]. In this study, 

the activity of neural ensembles within the BLA were tracked across multiple days of a fear 

conditioning procedure in mice using in vivo Ca2+ imaging methods. Although many 

neurons in the BLA showed learning-induced increases in activity to the CS, only 38% of 

these cells also responded to the US during conditioning. In other words, fear conditioning 

potentiated CS-evoked responses in the BLA in neurons that did not receive convergent US 

input. Moreover, around 65% of the neurons that were initially responsive to both the CS 

and US during conditioning showed a decrease in CSevoked activity following conditioning 

(relative to CS-evoked activity prior to conditioning). These findings suggest that 

conditioning-related plasticity in BLA neurons does not adhere to strict Hebbian plasticity 

rules, which posit that only neurons responding to both the CS and US will exhibit plasticity 

at CS afferents following conditioning. Instead, the authors argue that the conditioning may 

depend on a distributed network representation of the CS that comes to mimic the neural 

ensemble activated by the US. Indeed, their results indicate that the pattern of neural activity 

supported by the CS late in training (e.g., at a point when there is high behavioral 

responding to the CS) is more comparable to the neural representation of the US than the 

pattern of neural activity elicited by the CS early in training (e.g., at a point when behavioral 

responding to the CS is low). Although previous studies have suggested that US-driven 

activity acts as a cellular teaching signal (e.g., instructing which CS inputs are potentiated) 

the results from this study suggest that US-driven activity may instead provide a 

neuromodulatory network-level teaching signal that serves to shape the activity of neural 

ensembles activated by a particular CS [15,16].

Intra-amygdalar inhibitory networks controlling associative fear learning

It is well established that the intrinsic excitability of glutamatergic projection neurons within 

the BLA plays a selective role in determining which synapses will be strengthened [17–20]. 

Interestingly, recent evidence suggests that inhibitory networks within the BLA play a 

critical role shaping and magnifying the difference in excitability between glutamatergic 

projection neurons [21,22]. For instance, perisomatic GABAergic synapses control the 

excitability and subsequent output of projections neurons [23], and abnormalities associated 

with the expression of GABA synapses affect the induction of LTP within the BLA[24]. 

Moreover, distinct inhibitory neurons, classified by unique neurochemical markers, not only 

control input activity and subsequent output of principal neurons, but they do so in a 

compartmental specific manner [3,23,25]. According to this model (Figure 1), auditory and 

nociceptive signals converge within the BLA and are associated via interactions with local 

inhibitory networks. Specifically, CSprocessing within the BLA is under control of a 

microcircuit in which parvalbumin (PV)- and somatostatin (SOM)-expressing inhibitory 

neurons act together to control BLA input by disinhibiting principal neuron dendrites during 

CS presentation. In contrast, the perisomatic domain of principal neurons receives strong 

inhibition directly from PV+ neurons and these inputs are well positioned to gate BLA 

output. Moreover, intrinsic inhibitory mechanisms controlling BLA output were recently 

demonstrated to occur in a projection-specific manner [26]. This study found that although 

inhibitory cholecystokinin (CCK)-expressing basket cells inhibit medial prefrontal cortex 
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(mPFC)-projecting BLA principal neurons with similar connectivity and synaptic strength, 

output from these neurons is differentially regulated. Specifically, these authors found that 

BLA neurons projecting to the infralimbic (IL) division of the mPFC were more susceptible 

to endocannabinoid-mediated activity-dependent suppression than neurons in the BLA 

projecting to the prelimbic (PL) division of the mPFC. This finding is particularly interesting 

given that the balance in activity between IL and PL projecting neurons within the BLA was 

recently demonstrated to be important for the regulation of extinction learning[27].

Although the aforementioned studies provide evidence implicating intra-amygdala inhibitory 

networks in the regulation of excitatory synaptic plasticity, changes in synaptic transmission 

between presynaptic excitatory neurons and postsynaptic inhibitory neurons may also play a 

role in learning [28]. For example, it was recently demonstrated that fear conditioning 

induces plasticity at glutamatergic synapses between sensory afferents and GABAergic 

neurons in the medial paracapsular intercalated region (mpITC) of the amygdala [29]. Given 

that neurons within this region provide feedback and feedforward inhibition to principal 

neurons within the BLA [29], plastic changes at these synapses may contribute to altered 

neuronal signaling and plasticity in other regions of the amygdala. Thus, although fear 

conditioning induces plasticity between excitatory synapses within the BLA that is regulated 

by interneuron activity, it also produces plasticity among networks of inhibitory interneurons 

that ultimately control principal neuron output. This indicates that inhibition within 

amygdaloid networks involved in the acquisition of conditioned fear is not static, but instead 

is a dynamic process regulated by the learning [30–32]. These findings are particularly 

intriguing given that irregularities in both GABAergic signaling, as well as increases in BLA 

principal cell activity, have been associated with the generalization of fear across different 

types of stimuli, a hallmark symptom of mental psychopathologies such as generalized 

anxiety disorder (GAD), as well as post-traumatic stress disorder (PTSD) [33–35]. 

Altogether these findings suggest that amygdala network activity and subsequent plasticity 

engaged by the learning process is tightly regulated by coordinated activity within intra-

BLA inhibitory networks and that irregularities in this network may contribute to stress 

related psychopathologies [22,35,36].

Synaptic encoding of fear memory in the central amygdala

In contrast to the LA, which is presumed to encode and maintain CS-US associations, the 

CeA is thought to mediate the behavioral expression of conditioned fear responses [37]. 

Despite this, recent work suggests that the CeA may also participate in both the acquisition 

and storage of conditioned fear memories [38]. Early support for this notion comes from 

studies demonstrating that reversible inactivation of the CeA or NMDA receptor blockade in 

this region impaired the acquisition of conditioned fear responses [39,40]. In addition, CS-

evoked neuronal responses of genetically distinct neural populations within the CeA undergo 

learning dependent modifications [41–44], similar to what is observed in the LA, with a 

subpopulation of cells within the CeA showing CS-evoked excitatory responses upon 

learning [45].

Functionally, the CeA can be divided into a lateral (CeL) and medial (CeM) divisions. The 

CeM is thought to mediate the expression of fear via projections to brainstem effector 
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systems [37]. Recent evidence suggests that the CeL gates fear expression via inhibitory 

projections to the CeM. For example, reversible inactivation of the CeL is capable of 

inducing unconditional freezing [41]. Interestingly, the regulation of CeM output by the CeL 

is achieved by local recurrent inhibitory networks within the CeL [41,46] and these 

interactions have also been demonstrated to be critical in mediating behavioral responses of 

freezing or flight [43]. Moreover, it has been shown plasticity induced by fear learning 

within the CeL is different in two genetically-identified populations of neurons: CeL 

neurons that lack protein kinase C δ (PKC δ-) acquire an excitatory response (i.e. increased 

CS-evoked activity relative to baseline) to an trained CS (termed CeLON), whereas PKC δ+ 

neurons acquire an inhibitory response (i.e. decrease in CS-evoked activity relative to 

baseline; termed CeLOFF) [41,46]. Interestingly, CSevoked excitation in CeLON neurons 

precedes the inhibition of CeLOFF neurons [41]. Genetic dissection of functional 

connectivity between these two cell populations revealed that CeLON units directly inhibit 

CeLOFF neurons, which in turn project to and inhibit brainstem projecting neurons in the 

CeM (Figure 1) [46]. This reveals that the expression of conditioned fear responses may be 

involve plasticity in CeLON neurons that indirectly disinhibit CeM neurons involved in fear 

behavior.

Consistent with a serial model of amygdala information processing, changes in the 

responsiveness of genetically defined cell populations within the CeL appears to be product 

of LTP induced by excitatory projections originating from the LA [47]. Specifically, fear 

conditioning strengthens excitatory synapses onto neurons expressing the peptide hormone 

somatostatin (SOM+)/ PKC δ- neurons, which largely correspond to CeLON units, while 

weakening those synapsing onto SOM-/ PKC δ+ neurons in the CeL, which largely 

correspond to CeLOFF units. Accordingly, fear conditioning induces increases in excitatory 

transmission via the LA onto CeLON units may serve to inhibit CeLOFF units thereby 

disinhibiting PAG projecting CeM neurons and ultimately promoting the expression of fear 

[41,47]. It should be noted, however, that PKC δ-/SOM+ (CeLON units) also send 

projections directly to the PAG and thus may be capable of regulating the behavioral 

expression of fear independent of the proposed CeL to CeM pathway (Figure 1) [48].

Although these studies demonstrate that plasticity at the level of the CeA is critical for the 

acquisition of conditioned fear, it has been unclear whether this plasticity was simply a 

byproduct of upstream plasticity in the LA or whether synaptic plasticity induced in the CeA 

is critical for learning induced plasticity within the amygdala. This question was recently 

addressed in a study by Yu and colleagues (2017) who reasoned that if information is 

transmitted serially from the LA to CeA, then silencing activity in the CeA should leave 

conditioning-induced synaptic plasticity in the LA intact. Interestingly, they found that 

inhibiting transmitter release from PKC δ+ expressing neurons within the CeL impaired 

both conditioned freezing and conditioning-induced increases in LA synaptic strength. 

Given that PKC δ+ expressing neurons have been shown to be direct postsynaptic targets of 

the parabrachial nucleus [49], a brainstem structure which provides nociceptive signals, the 

authors hypothesized that this cell population may play an important role in conveying 

information about the US to the LA (Figure 1). Indeed, chemogenetic inhibition of CeL 

PKC δ+ neurons suppressed shock-evoked responses in LA neurons during conditioning and 

optical inhibition of this cell population specifically during US presentation impaired the 
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acquisition of the fear memory [50]. Given that midbrain dopamine neurons receive input 

from PKC δ+ cells within the CeL and have been demonstrated to play an important role in 

fear learning [51], the authors hypothesize that PKC δ+ neurons may drive disinhibition 

within midbrain dopamine neurons in response to the US, thereby instructing learning in the 

LA (Figure 1). Altogether the results of this study support a model of parallel information 

processing in the amygdala, with plasticity in different nuclei mediating distinct incentive 

processes[52].

Summary

Although synaptic plasticity associated with conditioned fear has been a prominent area of 

focus for the past several decades, recent advances within the field have yielded new insights 

into the mechanisms by which amygdala networks encode fear memories. Specifically, these 

findings suggest that learning-related plasticity is not restricted to any one nucleus within the 

amygdala. Rather, synaptic encoding of fear occurs in several different amygdaloid nuclei, 

and this plasticity may represent different features of the CS-US association. In addition, 

plasticity at different regions within the amygdala appears to be tightly regulated by an intra-

amygdala inhibitory network. Given that recent findings suggest irregularities in GABAergic 

signaling within the amygdala are associated with altered neural plasticity and the 

subsequent emergence of fear related psychopathologies [24,33,34], understanding how 

plasticity within and between different nuclei is manifested and regulated is critical to the 

implementation of future research designs and therapeutic interventions.
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Highlights:

Plasticity associated with conditioned fear is distributed across functionally and 

anatomically segregated nuclei within the amygdala.

Interneuron activity within the basolateral amygdala shapes the excitability and 

subsequent plasticity associated with conditioned fear.

Neurochemically defined cell types within the central amygdala receive associative 

information and actively participate in plasticity in other regions of amygdala.
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Figure 1. 
Proposed models of information processing within the amygdala. Auditory and nociceptive 

signals converge within the BLA and are associated via interactions with local inhibitory 

networks [25]. Associated information is signaled to the CeL where activation and plasticity 

at SOM+ (CeL ON) expressing inhibitory neurons provides disinhibition to brainstem 

projecting CeM neurons [40, 46] via interactions with PKC-δ+ (CeL OFF) expressing 

neurons. In addition, PKC-δ+ neurons within the CeL also receive nociceptive signals 

directly from the PBN [49] and plasticity at these synapses is involved in the acquisition of 

conditioned fear [50·]. BLA, basolateral amygdala; CeL, lateral division of central 

amygdala; CeM, medial division of central amygdala; SOM, somatostatin; PV, parvalbumin; 

PKC-δ+, protein kinase C delta; SNc, substantia nigra parscompacta; PBN, parabrachial 

nucleus; PAG, periaqueductal gray; HYPO, hypothalamus; LC, locus coeruleus.
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