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ABSTRACT 
 
 
Survival of organisms crucially depends on their ability to adapt their behavior to changes in 

environmental circumstances. This adaptation to changes in the emotional significance of 

environmental cues is acquired through two different types of learning: either through 

conditioning, when animals learn the predictive relationship between environmental cues and 

biologically relevant outcomes or, through subsequent extinction learning, when the cue is not 

predictive anymore of the outcome. The amygdala is crucially involved in the learning processes 

regarding these changes in valence and contingency between stimuli and biologically relevant 

outcomes. Here we study at the single neuron level the representation and interaction of 

conditioning and extinction of opposite valences. We show that the basal nucleus of the amygdala 

encompasses distinct neuronal subpopulations responsible for learning specific changes in 

stimulus-outcome contingencies in a valence-dependent manner. We first identify basal amygdala 

neurons specifically responsive to either aversive conditioned cues, the so-called fear neurons, or 

exclusively to aversive extinguished cues, the fear extinction neurons. Subsequently, the 

development of a purely Pavlovian appetitive conditioning allowed us to determine that 

conditioning and extinction are encoded in a very similar manner in the appetitive and aversive 

domains. We identify appetitive neurons which are cue-responsive after appetitive conditioning 

and appetitive extinction neurons only responding to appetitive extinguished cues. The 

identification of these discrete neuronal populations which activity correlates with high and low 

emotional states raises the question of how conditioning and extinction of opposite valences are 

represented relative to each other in basal amygdala circuits. We address this question by 

combining sequential appetitive and aversive learning with chronic single unit recordings. 

Conditioning and extinction of opposite valences are mostly encoded in a segregated manner: 

conditioning neurons of one valence overlap neither with conditioning nor with extinction 

neurons of the opposite valence. In contrast, extinction neurons of opposite valence partially 

overlap, suggesting that extinction learning recruits valence-free and valence-independent 

mechanisms. Although the valence-specific conditioning and extinction neurons appear to be 
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spatially segregated, opposite valences interact with each other in time. We show that prior 

appetitive experience delays fear extinction learning without affecting fear conditioning. These 

behavioral findings are corroborated at the neuronal level by the insensitivity of fear neurons to 

prior appetitive experience whereas the activity of fear extinction neurons is reduced by prior 

appetitive experience. This demonstrates that prior emotional experience influences subsequent 

associative learning both at the behavioral and at the neuronal level. Finally, comparison of the 

basal amygdala responsiveness to aversive and appetitive cues reveals a strong aversive bias of 

amygdala circuits. Extinction resistant neurons, which post-conditioning cue-responsiveness is 

maintained after extinction learning, are responsible for this aversive bias. Like the other neuronal 

populations identified in this study, extinction-resistant neurons of opposite valence are mostly 

segregated. This suggests that these neurons participate in the maintenance of valence-specific 

memory traces after extinction learning and thus that aversive memories are more resistant to 

changes in stimulus-outcome contingency. Supporting this hypothesis, we also find a strong 

asymmetry of extinction training between aversive and appetitive valence: aversive extinction 

requiring much longer training than appetitive extinction. 
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Emotions 

By the crucial influence they exert on animal’s behavior, emotions are at the core of the survival of 

organisms and species. Emotions are specific sets of psychological, physiological and behavioral 

reactions emerging from the interaction between an organism and its environment. Functionally 

emotions can be described as the combination of interoceptive and exteroceptive signals triggered 

by biologically relevant events and the associated behavioral strategies allowing animals to adapt to 

the circumstances1–3. In order to ensure their survival, it is indeed of fundamental importance for 

organisms to be able to detect cues in the environment which are associated with harm or danger, 

and cues associated with food resources or reproduction. In addition to this first detection step of 

salient events, assigning a specific valence to environmental stimuli is also crucial as it allows 

organisms to select from their behavioral repertoire appropriate responses and thus ensure 

avoidance of aversive outcomes and approach towards appetitive ones. Furthermore, emotions do 

not only participate to the survival of individuals, they also play an important role in the 

perpetuation of species. Communication of emotions by vocalizations, facial expression or postures 

allows animals to signal to their peers the presence of resources or danger, to signal their distress 

and call for help, and finally signal availability for reproduction. 

 

Learning and memory 

Learning corresponds to the process by which new memories are formed. Following this first step 

of memory acquisition, long-term memory storage is ensured by a phase of memory consolidation 

allowing for subsequent memory retrieval. The neuronal correlates of learning and memory consist 

of a wide variety of synergistic mechanisms ranging from the molecular scale to the mesoscopic 

scale. 

At the mesoscopic scale, the different phases of encoding, storage and retrieval of the memory are 

thought to rely, at least partially, on different brain structures. The famous case study of Henry 

Molaison, widely known as patient HM, had a major impact in the delineation of the dependence 

on different brain areas of memories formed in the past compared to recently acquired memories. 

In the 1950s, Henry Molaison underwent a bilateral resection of large parts of the medial temporal 

lobes (including the hippocampal formation and adjacent structures) as an attempt to cure him of 

his epilepsy. As a result of the lobectomy, Henry Molaison suffered from a severe anterograde 
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amnesia and a temporally graded retrograde amnesia: he was able to remember events which 

occurred long before the brain surgery but was not capable of forming new memories of events 

occurring after the medial temporal lobes resection4,5. Recent technical advances have allowed to 

narrow down to the neuronal level the study of engrams. Taking advantage of the newly developed 

tools in optogenetics, Liu and colleagues demonstrated that the light-induced activation of 

hippocampal neurons recruited by the memory formation could induce a recall of the memory on 

the next day6. This study highlights the fact that memory formation and retrieval of recently 

formed memory rely, at least partially, on the same subset of neurons. 

As most brain areas do not generate neurons after birth (with exception of the olfactory bulb and 

the dentate gyrus), memory formation is thought to rely on the combination of structural and 

molecular modifications which induce changes in connectivity and activity of pre-existing neuronal 

pools7–10. Changes in circuit connectivity result of the formation of new synapses or pruning11. In 

addition to structural changes participating in the rewiring of neuronal networks, changes in 

synaptic transmission rely on many molecular modifications such as the expression of 

neurotransmitter receptors, their trafficking to the synaptic cleft, their internalization or 

intracellular signalization cascades leading to gene modulations and expression of new molecules 

regulating neuronal protein expression linked with neurotransmitter detection, signaling cascades 

and action potential emission7,12,13.  

Despite the similarity of the cellular and molecular mechanisms thought to underlie the memory 

formation and retrieval among different brain areas, memory in itself is not a unitary concept. 

Similarly to the study of the temporal dynamic of memory acquisition and storage, insights on the 

existence of distinct types of memories differing by their content has stemmed from loss of function 

studies consecutive to brain lesions. After surgery Henry Molaison was still able to learn new motor 

skills but was not capable of remembering having learned them. This specific impairment in 

autobiographical memories leaving untouched other learning skills highlights the dependence on 

different brain regions of implicit memory (memory of motor skills and actions, like driving a car) 

and explicit memory (memory of facts or knowledge, like remembering where the car has been 

parked)14. In addition, distinct brain regions are thought to be involved in emotional memories. 

This dissociation between the emotional content of memory and explicit memory was 

demonstrated in Human by comparing the effects of restricted lesions of either the hippocampus 
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or the amygdala and lesions of both structures. A patient with amygdala-restricted lesions fails to 

acquire emotional memories while not showing impairment in explicit memories. In contrast, a 

patient with hippocampal lesions shows the opposite effect, i.e. deficit in explicit memory while 

emotional memory remains intact. Finally, a patient with lesions of both structures shows 

impairments for both emotional and explicit memories14,15. 

 

Emotional associative learning 

Emotional associative learning is a specific type of memory formation initially described by Pavlov. 

The serendipitous discovery of this form of learning in the early 20th century had a major influence 

in the field of emotion research, in learning and memory and in psychology. While investigating 

the regulation of digestive processes, Pavlov made a groundbreaking observation of the transfer of 

innate behavioral responses from food to food predictors16. In these experiments, dogs were 

exhibiting salivation to food delivery, but gradually displayed salivation responses to the bell which 

preceded the food. This was the first description of emotional associative learning, a particular 

form of memory formation consisting in the establishment of a predictive relationship between a 

biologically relevant event (the unconditioned stimulus: US, i.e. the food) and environmental cues 

(conditioned stimuli: CS, i.e. the sound of the bell). Emotional associative learning is said to be 

contextual if the biologically relevant outcome is associated with the diffuse context or classical if 

a discrete event predicts the occurrence of the outcome. The stronger the contingency in space and 

time between the neutral elements of the context and the emotionally relevant event, the better 

predictor the context or the cues become of the emotionally salient event. An important distinction 

is also to be made between classical conditioning, in which a CS predicts the delivery of a US, from 

instrumental conditioning, in which contingency are established between the US delivery and the 

actions of the animal. 

From the theoretical point of view, it has been proposed that the discrepancy between what the 

animal expects and the actual outcome drives the learning and the associative memory formation. 

The computation of this discrepancy has been captured by models such as the Rescorla-Wagner 

model which posits that the learning rate is proportional to the difference between an outcome 

and the prediction of this outcome17. This is conceptualized by the following equation: ΔV=αβ(λ-

∑V) where ΔV is the amount of learning, α the salience of the CS, β the speed of learning for a 
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given US, λ the actual outcome and ∑V the expectation. This model captures several important 

features of associative learning. First, if the received outcome is fully predicted (λ=∑V) no learning 

occurs, indicating that for learning to actually take place novelty is an important factor. Second, 

the difference between what the animal expects and what is obtained can either be positive or 

negative, leading respectively to either excitatory or inhibitory learning. Learning about the 

contingency between a stimulus and the delivery of an outcome (λ>∑V) corresponds to excitatory 

learning, or conditioning, whereas learning between the occurrence of a CS in the absence of the 

outcome (λ<∑V) corresponds to inhibitory learning or extinction learning. 

 

Amygdala 

The amygdala is a brain structure located deeply in the temporal lobe. It was first described in 

1819 by the physiologist Karl Friedrich Burdach who, due to its shape, named it after the Greek 

root for almond. More than a century after Burdach initial anatomical description, a major advance 

in the unveiling of the amygdala function was achieved by loss of function studies. While 

performing lesions studies in rhesus monkeys as part of their research on the effects of mescaline, 

Klüver and Bucy described in 1937 profound emotional changes as the symptoms of bilateral 

temporal lobectomy, including the amygdala complex. Among other symptoms, amygdala-

lesioned monkeys were unable anymore to exhibit behavioral reactions such as fear or anger18. 

These results were later corroborated in humans by the study of the Urbach-Wiethe disease, an 

extremely rare genetic disorder which often leads to the calcification of the medial temporal lobes 

inducing a necrosis of the amygdala complex19. Similar to the “emotional blindness” initially 

observed in the Klüver-Bucy syndrome, patients suffering from Urbach-Wiethe syndrome show 

impairment in the recognition of emotionally relevant stimuli. More recently, studies reporting 

symptoms of bilateral amygdala lesions in humans confirmed the link between amygdala function 

and fear processing. In a recent case study, an amygdala-lesioned patient was exposed to fearful 

stimuli, such as live snakes and spiders, but contrary to non-lesioned subjects, did not exhibit any 

fear reactions or experience any feeling of fear as assessed by subjective reports20. Interestingly these 

lesions studies highlight the fact that amygdala is important for both expression and feelings of 

fear. 
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Complementing loss of function studies, gain of function studies have also been performed in 

human and confirmed the role of the amygdala in emotional processing. As part of the pre-surgical 

evaluation of drug-resistant epilepsy, patients were implanted with intracerebral electrodes in the 

amygdala. The direct electrical stimulation of the amygdala induced emotions such as fear, sadness, 

anxiety but also feeling of happiness. Similarly to lesion studies previously described, the amygdala 

was shown to be important for both emotional subjective experience and psychophysiological 

responses21. 

However, these studies, by their lack of spatial resolution, refer at the amygdala as a single structure 

and fail to capture the fact that the amygdala is neither a functional nor a structural unit. Instead, 

the amygdala encompasses several nuclei differing by their cytoarchitecture, 

immunohistochemistry, connectivity and thus function22,23. Two main complexes constitute the 

amygdala: the basolateral nucleus (BLA) and the central nucleus (CeA). The BLA can be further 

divided into the lateral nucleus (LA) and the basal nucleus (BA). The BLA is a non-layered cortical-

like structure, composed of 80% of glutamatergic projection neurons (PN). The remaining 20% 

of neurons consist in aspiny GABAergic interneurons24 exhibiting a large variety of neurite 

morphology25,26 and constitute several subclasses defined by the combinatorial expression of 

neuropeptides and calcium-binding proteins22,27,28. By making dense axonal baskets around the 

soma and the axon initial segment of pyramidal neurons29, BLA interneurons regulate the 

generation of action potentials generation of PN and thus tightly control their output30. Recent 

publication using optogenetic manipulations of specific populations of BLA interneurons has 

shown that the molecular identity of these neurons is an important factor for their function in 

regulating fear learning31. 

Located medially to the BLA, the central amygdala is a striatal-like structure composed of four 

distinct subnuclei: the central capsular (CEc), the central intermediate (CEi), the central lateral 

(CEl) and the central medial amygdala (CEm)32. Contrary to the BLA complex, the central 

amygdala is mainly composed of GABAergic neurons33. 

The intrinsic and extrinsic connectivity of the amygdala relates to its pivotal role in integrating 

multisensory information in order to give rise to different types of behavioral strategies according 

to the circumstances. Beyond the difference in their cytoarchitecture, the BLA and the CeA also 

show specific connectivity pattern related to their function. Sensory information from different 
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modalities converges onto the amygdala at the level of the LA34–38. Two pathways provide sensory 

inputs to the LA: the direct pathway, consisting in afferences originating from the thalamus 

traveling through the internal capsule and the indirect pathway conveying information from the 

thalamus to the cortex and then to the lateral nucleus of the amygdala via the external capsule36,39. 

These two pathways are thought to convey information of increasing complexity depending on the 

involvement of the cortex40. The BLA complex also receives afferences from the hippocampus, the 

rhinal cortices and the prefrontal cortex41–43. The inputs from the hippocampal formation are 

thought to convey contextual information44,45 while prefrontal ones would be implicated in 

behavioral flexibility46,47. Importantly, connections between the amygdala and these two brain 

regions are reciprocal suggesting the existence of long-range synergistic interactions allowing for 

context-dependent flexibility of emotional experience. 

The central amygdala receives inputs from the BLA (Figure 1) and sends projections to brainstem 

structures such as the hypothalamus and periaqueductal gray. Because of its downstream position 

in the amygdala circuitry and its projection to brain regions controlling autonomic and 

neuroendocrine responses it has long been thought to be the output station of the amygdala 

complex implicated in the orchestration of behavioral and physiological responses. 

This serial model of amygdala information flow has however been challenged by the description 

of direct sensory inputs onto the CeA42 and by the resistance of certain types of emotional responses 

in BLA-lesioned animals49,50. This data suggests that depending on the circumstances the 

information processing in amygdala circuits can either use the serial or the parallel route. 

 
Figure 1. Amygdala intrinsic 
connectivity. Scheme of a coronal 
section of the rat amygdala 
representing the major 
internuclear connections (red: 
glutamatergic connection; blue 
GABAergic connection). LA: 
lateral nucleus; BA: basal nucleus; 
CeL: central lateral nucleus; 
CeM: central medial nucleus; 
ICM: intercalated cell masses, L: 
lateral, MD, mediodorsal, MV: 
medioventral. From Duvarci and 
Paré, 201448 
 



18 

 

Fear conditioning 

Fear conditioning (FC) is an associative learning process occurring when an otherwise neutral cue 

(the CS) is paired with an aversive outcome (the US) and thus gains an intrinsic aversive valence 

and/or leads to the expression of aversive conditioned responses (CR) when subsequently presented 

alone. A commonly used behavioral readout to assess fear conditioning in rodents is the freezing 

behavior which consists in the complete absence of movements of the animal, except for respiratory 

movements. Ethologically, this particular type of defensive behavioral response is admitted to 

prevent a pray from being detected by a close predator. However, this conditioned response differs 

drastically from the unconditioned responses (UR) exhibited at the time of the US delivery: upon 

footshock application (a commonly used US for FC in Rodents), rodents do not show freezing but 

flight responses. The selection of coping strategies thus highly depends on the emotional salience 

of a stimulus. Here, freezing emerges in response to the CS which predicts the footshock delivery 

while escape is observed upon the actual aversive outcome. At the end of this spectrum of defensive 

behavioral responses, animals can also exhibit fight responses. Thus the proximity from a predator 

or the imminence of an aversive outcome modulates the selection of appropriate behavioral 

responses. 

For many decades, fear conditioning was the dominant model for studying the cellular and 

molecular underpinning of emotional associative learning in the amygdala. Several reasons 

participated in making fear conditioning such an influential model. First, historically amygdala 

activity was linked to fear expression18,51,52. Second, the robustness and the simplicity of the 

paradigm combined with the accessibility of behavioral measurements made it a model of choice 

for the laboratory. Finally, studying fear conditioning has a high translational potential as many 

psychopathological conditions (such as anxiety disorders and post-traumatic disorder) are related 

to disrupted fear regulations. 

The critical role of the amygdala in fear processing has been initially demonstrated by permanent 

lesions studies18,51 which showed that amygdala-lesioned monkeys are unable to express fear 

behavior. More recently, excitotoxic lesions (presenting the advantage of sparing fibers en passant) 

and reversible pharmacological inactivation (allowing for a better time resolution of the 

manipulation of brain activity and preventing compensatory effects) showed that the amygdala is 

not only necessary for fear expression but also for fear learning and memory. Using an olfactory 
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fear conditioning paradigm (in which an olfactory CS predicts a footshock), Cousens and Otto 

showed that BLA lesions performed prior to conditioning induced an impairment in conditioned 

freezing to the CS and to the context53. Additionally, lesions made after memory acquisition but 

before memory recall also induced impairment in conditioned freezing. This data suggests a crucial 

role of the BLA for both fear learning and fear memory retrieval. Considering the high temporal 

dynamic of memory formation processes it was, however, important to use more temporarily 

defined manipulation to disentangle the role of the amygdala in fear memory acquisition and 

consolidation. This was achieved by reversible inactivation of the BLA using the GABAA receptor 

agonist muscimol. Muscimol infusions directly before fear conditioning led to complete deficit in 

fear conditioning acquisition whereas post-training infusions had no effect on subsequent memory 

recall indicating that the activity in the BLA is required for the acquisition of fear conditioning but 

not for the consolidation of the memory54.  

In a similar way, gain of function studies have also participated in linking the amygdala function 

to fear expression. It was initially shown during the 1950s that amygdala electrical stimulation 

induces fear expression52. As suggested by anatomical studies, the LA is thought to be a site of 

convergence between CS and US sensory inputs. Taking advantage of the development of 

optogenetic approaches, Johansen and colleagues recently showed that indeed pairing a CS with 

light-induced activation of PN in the BLA is sufficient to produce conditioned fear responses55. 

Furthermore, numerous studies of the activity of the amygdala in humans and animal models have 

revealed a correlation between the amygdala activity and emotion expression, learning and 

memory. 

Using fMRI (functional magnetic resonance imagery) Buchel and colleagues showed an increase 

in BOLD signal (blood-oxygen-level dependent, i.e. increased blood flow supporting a higher 

oxygenation of brain tissue thought to underlie increased energy demands upon brain activation) 

in the human amygdala during the presentation of cues previously associated with an aversive 

outcome56. Electrophysiological data also shows a correlation between BLA activity and fear 

memory. Local field potential recordings exhibit an enhancement of sensory-evoked responses in 

the BLA after fear conditioning57. Importantly, this FC-induced potentiation of sensory-evoked 

activity in the amygdala was shown to be specific of the CS associated with the US58. At the cellular 

level, several groups have used single unit recordings to show that individual neurons increase their 
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CS-responsiveness upon FC both in LA59–62 and in the BA63. Finally, at the molecular level, FC 

induces N-methyl-aspartate receptor-dependent long-term potentiation in LA and infusion of 

NMDA antagonist in the LA impairs FC64–66. 

 

Appetitive conditioning 

Appetitive conditioning is a learning process through which an organism forms a memory of the 

predictive relationships between its environment or its actions and rewarding outcomes. Despite 

the fact that emotional associative learning was initially described using classical appetitive 

conditioning16, fear conditioning has dominated the field of classical conditioning while appetitive 

associative learning was mostly studied using instrumental paradigms.  

However, the amygdala is not merely crucial for the processing of aversive experiences, it is also 

involved in the processing of positive emotions as demonstrated by the elicitation of a feeling of 

happiness by direct electrical stimulations of this brain structure21. In rodents, lesions of the BLA 

cause impairments in the association between the emotional valence of an outcome and its 

predictive cues, as assessed by second-order conditioning67.  In these experiments, Rats were first 

trained to associated food delivery with a first CS. Then in a second stage of the experiment, the 

first CS was paired with a second CS but no reward was delivered anymore. Non-lesioned animals 

do exhibit appetitive conditioned responses to the second CS although it has never been paired 

with the food reward, suggesting that the first CS gained reinforcing power and emotional 

significance through its association with the US. In contrast, rats with BLA lesions fail to exhibit 

such transfer of appetitive responses from the first to the second CS indicating that the BLA is 

necessary for environmental cues to gain a positive emotional valence through their association 

with rewarding outcomes. 

Similarly to fear conditioning, fMRI studies in humans have also shown increased BOLD signal 

in the amygdala in responses to appetitive CSs68,69 confirming the involvement of the amygdala in 

emotional processing of both positive and negative valence. At the single cell level, Bermudez and 

Schultz demonstrated neurons in the monkey amygdala to not only be responsive for rewards but 

also to adapt their firing to the reward magnitude, the activity of some neurons increasing with the 

size of the reward while another neuronal population decreased its firing rate with increase of 

reward size70. This study also showed neurons responding to reward-predictive cues, a subset of the 
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US-responsive neurons increasing also their firing rate upon the presentation CSs associated with 

the reward delivery. This discrete BLA neuronal population, specifically responsive to reward-

associated cues were first identified in 2006 by Paton and colleagues71. In this study, the activity in 

the BLA was monitored using single unit recordings in monkeys while they learned to associate 

one CS with the delivery of a liquid reward and another CS with the delivery of an aversive air 

puff. Importantly, neuronal responses were shown to be specific of the valence of the CSs as 

neurons were preferentially responding to appetitive cues (and not to aversively conditioned CSs) 

and encode the actual affective significance of the CS as their cue-evoked firing transfers to the 

other CS when the valence of the two cues is reversed. Additionally, these neuronal changes upon 

reversal of the valence of the two CSs precede the behavioral adaptation, suggesting a causal link 

between the activity of appetitive neurons and appetitive behavioral responses. 

Other brain regions have been implicated in reward processing, such as the ventral tegmental area, 

the nucleus accumbens, the orbitofrontal cortex and the anterior cingulate72. Distributed circuitry 

among these different subregions is thought to subserve different aspects of reward processing 

(Figure 2)73. 

Figure 2.  Model of the distributed brain network involved in appetitive. Findings summarized in this model emerge 
from both animals and human studies investigating functional connections in appetitive conditioning. OFC: orbito-
frontal cortex; BLA: basolateral nucleus of the amygdala; CeN: central nucleus of the amygdala; VTA: ventral tegmental 
area; Nacc: nucleus accumbens; ACC: antero-cingulate cortex; PCC: posterior cingulate cortex. From Martin-Soelch, 
200773 
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In particular, the projections from the amygdala to the nucleus accumbens have been implicated 

in reward-seeking behavior, the amygdala being thought of signaling the relative valence of cues 

associated with rewarding USs to the nucleus accumbens which would act as a “limbic-motor 

interface” to produce approach behavior73–75. 

 

Fear extinction 

Fear extinction is an inhibitory learning process leading to the gradual decline of fear conditioned 

responses as an adaptation to changes in the contingency between aversive events and the 

environment. Specifically, fear extinction occurs when a contextual or discrete cue previously 

associated with an aversive outcome is repeatedly presented in the absence of any adverse 

consequence. 

Experimental psychology has made a major contribution to our understanding of fear extinction.  

Importantly, fear extinction does not lead to the destruction of the previously acquired fear 

memory trace but is rather a new associative learning between the environment and the absence of 

aversive outcome. This was demonstrated by the resurgence of fear responses with the passage of 

time after fear extinction (spontaneous recovery) or with a change of context (renewal) (Figure 3). 

Additionally, re-exposure to the US alone after completion of fear extinction leads to the 

reappearance of conditioned fear responses in the extinguished context (reinstatement) (Figure 3) 

and re-acquisition of fear conditioning consecutive to fear extinction takes place at a higher speed 

than the initial fear learning76. 

From an ethological point of view, it is indeed beneficial for organisms not to erase the fear memory 

trace but to rather form a new memory associating the previously aversive CS to learned safety in 

a specific context as the CS presented in a different context might still be predictive of an aversive 

outcome. However, this absence of contextual generalization of fear extinction has been a major 

challenge of psychotherapeutic approaches, such as exposure therapy, aiming at treating patients 

suffering from post-traumatic disorders. This behavioral evidence suggests that instead of erasing 

the previously acquired memory trace, fear extinction memory rather competes with fear memory 

in a context-dependent manner. However, it seems that depending on the circumstances, certain 

types of fear-conditioned responses can be completely abolished raising the possibility of 
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concomitant partial fear memory erasure and competition between fear and extinction memory 

traces (Figure 3)77,78. 

Consistent with this two complementary mechanisms of fear extinction, changes in neuronal 

activity induced by FC are, at least partially, reversed by extinction learning while in parallel fear 

extinction also recruits specific neuronal circuits. At the single cell level, fear extinction causes a 

reduction in the cue-evoked firing rate of LA neurons which acquired CS-responsiveness through 

FC59–62. Importantly, neurons which lost their cue-responsiveness through fear extinction are still 

excited by fear-related cues, such as extinguished CSs presented in a context different from the 

extinction one (renewal). In addition, not all neuronal conditioned responses acquired through 

fear learning are reversed by fear extinction. Several groups have indeed observed in the amygdala 

fear extinction-resistant neurons, a specific class of neurons which maintains a high CS-

responsiveness after fear extinction. This neuronal population is thought to contribute to the 

conservation of the fear memory trace in amygdala circuits after fear extinction61–63. 

Figure 3. Extinguished fear responses recover 
under a variety of circumstances. 
(a) Reinstatement occurs when unsignaled 
presentations of the US are interposed between the 
completion of extinction training and a subsequent 
retention test. Reinstatement is observed only if the 
USs are presented in the context in which the 
retention test will occur, indicating that the effect is 
context specific. (b) Extinction itself is context 
specific, as indicated by renewal. For example, if 
animals are fear conditioned in context A and 
extinguished in context B, they will exhibit 
extinction (i.e. little to no fear) if subsequently 
tested in context B, but they will show little 
evidence of extinction (i.e. renewed fear) if tested in 
context A. (c) Spontaneous recovery of extinguished 
fear responses occurs with the passage of time 
following extinction in the absence of any further 
training. The magnitude of recovery increases with 
the length of the extinction-to-test interval. From 
Myers and M Davis 200777 
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In addition to the modulation of fear-induced neuronal responsiveness, fear extinction also recruits 

specific sets of neurons. Single unit recordings in the BA and in the LA identified neurons 

responding exclusively to fear extinguished cues62,63. Importantly, these fear extinction neurons are 

specifically responsive to extinguished cues as shown by the difference in their activity in a 

discriminative extinction paradigm where two cues were fear conditioned but only one was 

extinguished63. 

At the synaptic level, fear extinction relies on similar mechanisms than fear conditioning. BLA-

injections of NMDA receptor antagonist indeed impairs fear extinction learning79 whereas NMDA 

agonist injected in the BLA leads to facilitation of fear extinction80. 

In link with its high dependence on context, the fear extinction does not only rely on the activity 

of the amygdala but on the synergistic activity of a distributed network comprising the 

hippocampus and the infralimbic (IL) division of the medial prefrontal cortex (mPFC)63,81. Fear 

extinction neurons in the BA indeed receive inputs from the ventral hippocampus, thought to 

modulate the contextual dependency of fear extinction and project to the IL. 

 

Appetitive extinction 

The first description of appetitive extinction was made by Pavlov16. Similarly to fear extinction, it 

corresponds to the decline of appetitive conditioned responses due to change in the contingency 

between an appetitive outcome and previously associated cues. In Pavlov experiments, dogs 

conditioned to the sound of a bell for food delivery gradually decreased their behavioral responses 

(salivation) to the bell as it became less and less predictive of the food through repetitive 

presentations of the bell alone. As for fear extinction, behavioral studies have demonstrated that 

appetitive extinction does not lead to the erasure of the appetitive memory trace but rather 

corresponds to a context-dependent inhibitory learning leading to the coexistence of two 

competing memory traces82. 

Despite the early description of the phenomenon, the neuronal basis of appetitive extinction has 

been much less studied compared to the other forms of associative learning. Classical work from 

the 1950s has however demonstrated that permanent lesions of the amygdala complex in monkeys 

lead to impairment in appetitive extinction51. More recently, studies in rodents have confirmed the 
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involvement of the amygdala in appetitive extinction, excitotoxic lesions of the BLA in Rats leading 

to resistance to appetitive extinction training83. 

Only a few pharmacological studies have explored the role of the amygdala in appetitive extinction. 

Infusions of voltage-gated Na+ channels blockers in the caudal division of the BA delays appetitive 

extinction learning in an instrumental task84. Extinction of cue-induced cocaine seeking behavior 

in Rats is impaired by post-training BLA injections of tetrodotoxin (voltage-gated Na+ channel 

blocker), suggesting that the consolidation of appetitive extinction relies at least partially on BLA 

activity85. Because of its involvement in fear extinction process, Rhodes and Killcross tested the 

effect of excitotoxic lesions of the infralimbic division of the prefrontal cortex on appetitive 

extinction. They found appetitive extinction of instrumental CR (lever press associated with food 

delivery) to be insensitive to IL lesions but spontaneous recovery and reinstatement were increased 

in IL-lesioned rats compared to control animals86. Additionally, they showed in a subsequent 

publication that renewal (the resurgence of extinguished conditioned responses due to a contextual 

shift from the extinction context) was also higher in rats with IL lesions86. This data suggests, that 

as for fear extinction, IL may be implicated in the consolidation of appetitive extinction and in the 

flexibility of behavioral responses upon changes in environmental contingencies. 

Measurements of the brain activity in relation to appetitive extinction have mostly focused on 

reward omission. Importantly, reward omission, and particularly unpredicted reward omission is 

very different from appetitive extinction as it does not rely on an active learning process. However, 

as described earlier, the discrepancy between expected and actual outcomes are thought to drive 

learning by operating as a teaching signal, thus reward omission-related neuronal activity could be 

seen as one of the first stages of the detection of changes in contingency between a predictive cue 

and a previously associated reward. The amygdala has been shown to be responsive to reward 

omission. In Humans, however, fMRI studies suggest that the amygdala although activated by 

reward omission, is more sensitive to reward delivery than to reward omission87. At the single 

neuron level, Belova and colleagues described a subset of neurons in the primate amygdala which 

exhibits similar excitatory responses to expected and non-expected rewards but was inhibited by 

reward omission88. 

Electrophysiological data on appetitive extinction per se is even scarcer than lesion and 

pharmacology studies. So far, only one study has identified neurons in the BLA which were 
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specifically responsive for port entries during the extinction period of an instrumental appetitive 

conditioning89. 

 

Emotional valence interactions 

Evidence of interactions between learning episodes of opposite valences mostly stemmed from 

behavioral studies. During counterconditioning, a particular form of interference learning, animals 

are first trained to associate a specific cue with an outcome of one valence (a footshock for instance) 

and then to associate the same cue with an outcome of the opposite valence (like a food reward). 

Because the CS has been previously paired with an outcome of one particular valence it takes more 

time for animals to learn the association of this cue with the outcome of the opposite valence. At 

the behavioral level, it translates in a delay in the acquisition of valence-specific conditioned 

responses during the second conditioning episode90–92. Importantly, this effect is symmetrical for 

both valence reversals: prior appetitive learning delaying subsequent fear conditioning and vice 

versa90. This line of research relates to the so-called “opponent model” which postulates the 

existence of two distinct and mutually inhibiting neural systems underlying appetitive and aversive 

processing and which would be responsible for the behavioral expression of valence-specific 

responses according to environmental circumstances93,94. 

Consistent with the opponent model, segregated neuronal populations preferentially responding 

to either aversive or appetitive event have been identified in multiple brain areas. However, most 

studies investigating the neuronal representation of opposite valences also identified neurons 

responding similarly to both valences. Using TAI-FISH (a double-labeling technique based on the 

distinct time course of the mRNA and protein signals of the immediate early gene c-fos), Xiu et 

al. elegantly studied the segregation and convergence of appetitive (morphine) and aversive stimuli 

(foot-shock) in the limbic forebrain95. They found different patterns of interaction depending on 

the brain structures, some areas showing intermingled, some segregated and others overlapping 

representation of opposite valence (Figure 4). 
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Similarly, single unit recordings in the monkey amygdala did not only identified valence-specific 

neurons preferentially responding to either aversive or appetitive cue but also neurons responding 

similarly to both valences71. This two types of neuronal responses might reflect different 

components of the emotional experience. Indeed emotions can be described on a two-dimensional 

axis, one axis representing the valence and the second one representing the salience. The 

recruitment of common neuronal substrates by opposite valence could actually underlie valence-

free mechanisms such as arousal or novelty detection whereas valence-specific neurons would 

participate in the computation of the specific emotional significance of biologically relevant events. 

  

Figure 4. An emotional valence map in the forebrain. Summary of patterns of interaction between neural 
representations of morphine and foot shock in different regions of the limbic forebrain, as revealed by TAI-FISH 
(one dot represents 5 neurons counted from representative sections in each corresponding region). From Xiu, 
201495 
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AIM OF THE THESIS 
 

 

 

 

To adapt to circumstances and ensure their survival, animals need to attribute a relative emotional 

valence to environmental stimuli. This process relies on the interaction between the animal current 

state, its prior experiences and the external context. During my Ph.D., I studied the neuronal basis 

underlying the learning processes related to these changes in the emotional significance of 

environmental cues. Using conditioning and extinction of opposite valences, I investigated the 

encoding in amygdala circuits of changes in contingency and valence underlying behavioral 

adaptions. During the first part of my Ph.D., I focused on aversive learning and participated in a 

project identifying distinct BA neuronal populations contributing to fear conditioning or fear 

extinction. During the second part of my Ph.D., I studied Pavlovian appetitive conditioning and 

investigated the respective encoding of conditioning and extinction of opposite valences in 

amygdala circuits and the interaction between positive and negative emotional valences at the 

behavioral and neuronal levels. 
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Abstract 

Switching between exploratory and defensive behavior is fundamental to survival of many 

animals, but how this transition is achieved by specific neuronal circuits is not known.  Using 

the converse behavioral states of fear extinction and its context-dependent renewal as a 

model, we show that bi-directional transitions between states of high and low fear are 

triggered by a rapid switch in the balance of activity between two distinct populations of 

basal amygdala neurons. These two populations are integrated into discrete neuronal circuits 

differentially connected with the hippocampus and the medial prefrontal cortex. Targeted 

and reversible neuronal inactivation of the basal amygdala prevents behavioral changes 

without affecting memory or expression of behavior. Our findings indicate that switching 

between distinct behavioral states can be triggered by selective activation of specific neuronal 

circuits integrating sensory and contextual information. These observations provide a new 

framework for understanding context-dependent changes of fear behavior. 

 

Introduction 

The amygdala is a key brain structure mediating defensive behavior in states of fear and 

anxiety. Such states can be induced by classical auditory fear conditioning, in which an 

initially neutral auditory stimulus (the conditioned stimulus; CS) comes to elicit a fear 

response after pairing with an aversive foot-shock (the unconditioned stimulus; US). 

Subsequent repetitive presentations of the CS alone induce a progressive decrease in the fear 

response, a phenomenon called extinction. Whereas firing of amygdala neurons is critical 

for the retrieval of conditioned fear memories97–102, their firing following the extinction of 

conditioned fear is thought to be constrained by local inhibitory circuits activated by the 

medial prefrontal cortex (mPFC)102–107. Converging evidence from animal studies indicates, 

however, that the basolateral complex of the amygdala (BLA), comprising the lateral (LA) 
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and the basal nucleus (BA), actively participates in fear extinction77,79,108–111. While fear 

extinction is an active learning process eventually leading to the formation of a consolidated 

extinction memory77,111, it is a fragile behavioral state that is readily influenced by 

context76,112. Changing context results in the immediate recovery of the previously 

conditioned fear response, a process known as fear renewal76,112. In vivo pharmacological 

studies indicate that the hippocampus, which is reciprocally connected to the BLA113, 

processes contextual information during fear conditioning, extinction, and renewal44,45,76,114. 

Thus, bi-directional changes in fear behavior during extinction and context-dependent 

renewal are likely to be encoded within a distributed network containing the BLA, the mPFC 

and the hippocampus, yet the neuronal circuits mediating such behavioral transitions are 

not known. In particular, this raises the question whether there are specialized circuits 

driving behavioral transitions in opposite directions.  

To address this question, we used a combination of in vivo single unit recordings and targeted 

pharmacological inactivation in behaving mice. Because the BA is strongly connected to the 

hippocampus113 and to the mPFC41,115, and because extinction has previously been shown to induce 

the expression of the activity-dependent immediate early gene product c-Fos in BA neurons116, we 

focused our study on this sub-nucleus. Here, we identify two distinct neuronal circuits 

differentially connected with the mPFC and the hippocampus, and show that a rapid switch in the 

balance of activity between those circuits specifically drives behavioral transitions without being 

necessary for memory storage or behavioral expression 
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Results 

Distinct BA neurons encode fear and extinction 

Figure 5. Distinct populations of BA neurons 
encode fear conditioning and extinction.   
a, Experimental protocol. Hab.: habituation; FC: 
fear conditioning; Ext.: extinction. b, Coronal 
sections through the rostro-caudal extent of the 
amygdala showing the location of the recording 
sites in the BA. BA: basal nucleus of the amygdala; 
LA: lateral nucleus of the amygdala. c, Summary 
graph illustrating behavioral data. During 
habituation, mice (n = 30) exhibited equally low 
freezing levels in response to CS+ and CS– 
exposure. Twenty four hrs after fear conditioning, 
presentation of the CS+ (CS 1 to 4), but not the 
CS–, evoked significantly higher freezing levels. 
After extinction, both CS+ (CS 9-12) and CS– 
elicited low freezing levels. d,e, Raster plots (top) 
and peristimulus time histograms (middle) 
illustrating selective changes in CS+-evoked firing 
of a representative fear- and extinction-neuron. 
Insets show superimposed spike waveforms 
recorded during habituation, after fear 
conditioning and after extinction. Bottom: Fear 
conditioning and extinction-induced changes in 
CS+-evoked firing of fear- and extinction-neurons. 
Fear-neurons (n = 43 neurons from 22 mice) 
exhibited a selective increase in CS+-evoked firing 
after fear conditioning (P < 0.001 vs. habituation 
or vs. CS–), which was fully reversed upon 
extinction. In contrast, CS+-evoked firing of 
extinction-neurons (n = 35 neurons from 20 mice) 
was selectively increased after extinction (P < 
0.001 vs. post-FC or vs. CS–). ***P < 0.001. 
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To examine plasticity of spike firing of individual BA neurons, C57Bl/6 mice were implanted with 

chronic recording electrodes and trained in a discriminative fear conditioning paradigm (Figure 

5a).  

During training mice learned to discriminate two auditory CSs of different frequencies. One CS 

(the CS+) was paired with an aversive foot-shock (unconditioned stimulus; US), while the second 

CS (CS–) was not paired. Twenty four hours after fear conditioning, mice (n = 30) exhibited a 

selective increase in fear behavior (as measured by freezing) when exposed to the CS+ in a different 

context (Figure 5c). Extinction of conditioned fear behavior was induced by exposing mice to 24 

CS+ presentations in the absence of any aversive stimuli. After extinction training, CS+-induced 

freezing behavior was reduced back to pre-conditioning levels, and did not differ from CS–-induced 

freezing (Figure 5c).  

Analysis of changes in CS+- and CS–-evoked spike firing during extinction training revealed that 

BA neurons (259 recorded units; Figure 5b) could be divided into distinct functional classes. 

Consistent with previous reports117,118, we found a class of neurons (“fear-neurons”; n = 43 neurons, 

22 mice; 17% of recorded units) exhibiting a selective increase in CS+-evoked spike firing during 

and after fear conditioning (Figure 5d; Figure 6; Table 1).  

Subsequent extinction completely abolished this increase and converted it into a CS+-evoked 

inhibition (Figure 5d). On average, spontaneous activity of fear neurons was not affected by fear 

conditioning or extinction (Table 1). Thus, fear conditioning-induced behavioral discrimination 

between the CS+ and the CS–, and its reversal by extinction, was accurately reflected at the neuronal 

level by the discriminative and reversible activity of fear-neurons. 

Figure 6. Changes in CS-evoked activity during fear 
conditioning. 
Summary graph illustrating changes in freezing behavior 
(grey bars), and CS-evoked activity of fear-neurons (red 
circles) and extinction-neurons (blue circles). Comparing 
the first two CSs (CS 1-2) with the last two CSs (CS 4-5) 
reveals that increased freezing behavior (CS 1-2: 35 ± 4% 
of time; CS 4-5: 58 ± 4% of time) was associated with 
enhanced CS-evoked activity in fear neurons (n = 43 
neurons from 22 mice, z-score, CS 1-2: 0.41 ± 0.35; CS 
4-5: 2.45 ± 1.42), but not in extinction neurons (n = 35 
neurons from 20 mice, z-score, CS 1-2: -0.31 ± 0.15; CS 
4-5: -0.29 ± 0.11). 
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During extinction training, another class of neurons emerged. In contrast to fear-neurons, 

“extinction-neurons” (n = 35 neurons, 20 mice; 14% of recorded units) did not show any increase 

in CS-evoked responses during or after fear conditioning, but rather a slight reduction (Figure 5e). 

However, subsequent extinction training induced a marked and selective increase in CS+-evoked 

activity in these neurons (Figure 5e), without any changes in spontaneous activity. Plotting 

extinction-induced changes in z-score for individual fear- and extinction-neurons revealed that the 

two populations were separated in a bi-modal distribution (Figure 7).   

The remaining neurons did not exhibit any changes in activity during extinction (Table 1). Thus, 

changes in CS+-evoked firing of fear- and extinction-neurons were oppositely correlated with 

behavioral extinction. 

Figure 7. Extinction-induced changes in CS-evoked 
activity reveal a bimodal distribution of fear- and 
extinction-neurons. 
Histogram representing the extinction-induced changes 
in the CS+-evoked neuronal activity (zscore) of individual 
fear-neurons (n = 43) and extinction-neurons (n = 35). A 
negative Δ z-score value indicates a preferential activation 
after fear conditioning, whereas a positive Δ z-score value 
indicates a preferential activation after extinction. Fear- 
and extinction-neurons formed two well-separated 
populations. 

Table 1: Summary of units recorded in BA. 
This table summarizes changes in CS-induced neuronal activity (z-scores) and in spontaneous activity across behavioral 
sessions. Post-fear conditioning (post-FC) values were obtained using the first 4 CS+ presentations on day 2. Post-
extinction (extinction) values were obtained using the last 4 CS+ presentations on day 3. Spontaneous activity was 
measured during the 500 ms preceding CS stimulation. Statistical comparisons: z-scores, CS+ vs. CS– within each 
behavioral session; spontaneous activity, post-FC and extinction vs. habituation. *P < 0.05, **P < 0.01, ***P < 0.001. 
 

∆ 
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While these results demonstrate a specific activation of fear- and extinction-neurons by a given CS, 

they do not address the question whether individual extinction-neurons can function as fear-

neurons for another CS, or vice versa. We therefore trained mice in a discriminative extinction 

paradigm (Figure 8a). 

In this paradigm, two different CSs (CS1 and CS2) were first fear-conditioned, followed by 

extinction of only one of them (CS1). At the end of extinction, mice exhibited selective freezing 

Figure 8. Fear- and extinction-neurons discriminate stimuli with different emotional significance.   
a, Experimental design for discriminative extinction training. Initially, animals were fear conditioned to two distinct 
CSs (CS1 and CS2). Subsequently, only one CS (CS1) was extinguished. b, Summary of behavioral data. During 
habituation, mice (n = 6) exhibit equally low freezing levels in response to CS1 and CS2 exposure. After fear 
conditioning, presentation of the CS1 (CS 1 to 4) evokes significantly increased freezing levels. After extinction to 
CS1, CS1 exposure (CS 9 to 12) elicits low freezing levels, while CS2-evoked freezing behavior remains high. c, Fear 
conditioning- and extinction-induced changes in CS1- and CS2-evoked firing of fear-neurons (n = 8 neurons from 3 
mice). Twenty four hrs after fear conditioning (day 2), fear-neurons exhibited increased firing in response to CS1 
stimulation. After extinction of CS1, only CS2 stimulation elicited significant firing (day 3)(P < 0.05 vs. CS1). d, Fear 
conditioning- and extinction-induced changes in CS1- and CS2-evoked firing of extinction-neurons (n = 9 neurons, 3 
mice). After fear conditioning (day 2), extinction-neurons did not respond to CS1 stimulation. After extinction of 
CS1, only CS1 stimulation elicited significant firing (day 3) (P < 0.05 vs. CS2). 
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behavior when exposed to the non-extinguished CS2 (Figure 8b). Fear-neurons and extinction-

neurons were identified during fear conditioning and extinction of CS1 according to the same 

criteria as described above, and CS1- and CS2-evoked spike firing was compared at the end of 

extinction. While individual extinction-neurons (n = 9 neurons, 3 mice) responded to the 

extinguished CS (CS1), but not to the non-extinguished CS (CS2), fear-neurons (n = 8, 3 mice) 

only fired following CS2 exposure, but remained unresponsive to the CS1 (Figure 8c, d). These 

observations confirm that individual fear-neurons and extinction-neurons represent functionally 

distinct classes of neurons that can discriminate between extinguished and non-extinguished 

stimuli.  

In addition to the BA, we also recorded from 38 neurons in the LA which represents the main 

target of sensory afferents from thalamus and cortex101. In keeping with previous studies61,97, we 

did not observe any LA neuron in which CS+-evoked firing increased during extinction. Although 

we cannot exclude the existence of such neurons in LA, this may suggest that extinction-neurons 

are specific for the BA, where they represent 14% of all recorded neurons. 

 
Activity balance predicts behavior 

Comparing the averaged time courses of CS-evoked activity of fear- and extinction-neurons during 

the acquisition of behavioral extinction indicated that significant behavioral changes occurred after 

the activity scores of the two populations of neurons crossed over (Figure 9a). The largest changes 

in CS-evoked activity for both fear- and extinction-neurons occurred between the 3rd and the 4th 

block of extinction training, which are separated by 24 h, suggesting that an overnight 

consolidation process may be required. To further investigate the exact time point during 

extinction learning at which fear- and extinction-neurons displayed a significant change in activity 

we applied a change point analysis algorithm119. Change point analysis identifies the trial(s) 

exhibiting a significant change in neuronal activity or freezing behavior relative to the preceding 

trials. This analysis confirmed that changes in neuronal activity precede behavioral changes, and 

revealed that the activity of extinction-neurons started to increase one trial before the activity of 

fear-neurons began to decline (Figure 9b, c). Plotting activity changes of single fear- and extinction-

neurons recorded in the same animal showed that the sequence of events is the same in an 

individual animal, and that such changes occur abruptly in an all-or-none manner (Figurer 9c). 
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This is consistent with the idea that behavioral changes are driven by sequential switches in the 

activity of two distinct neuronal circuits. 

 

Rapid reversal of activity during fear renewal 

To test whether the activity of fear- and extinction-neurons represents the same behavioral values 

in a different paradigm, we analyzed renewal of extinguished fear behavior and associated changes 

in CS-evoked spike firing. In order to make sure that extinction memory was stably consolidated, 

mice (n = 15) were tested for extinction memory 7 days after extinction training in the same context 

in which extinction training occurred (Figure 10a).  

After successful recall of extinction memory (Figure 10b), mice were transferred to the context in 

which they had been initially fear conditioned. Changing context resulted in a modest, but 

significant increase in baseline freezing levels due to contextual fear conditioning (Figure 11), and 

in a full renewal of the original cued fear memory (Figure 10b).  

 

 

Figure 9. Sequential switches in neuronal activity precede 
behavioral changes. a, Averaged time courses of freezing behavior 
(grey bars; n = 30 mice) and neuronal activity (z-scores) of BA fear-
neurons (red circles; n = 43) and extinction neurons (blue circles; n 
= 35) during extinction training. Significant behavioral changes (i.e. 
decreased freezing levels) occurred after activity scores of fear- and 
extinction neurons have crossed over. b, Change point analysis 
confirms that changes in neuronal activity preceded behavioral 
changes, and demonstrates that the activity of extinction neurons 
started to increase one trial before the activity of fear-neurons 
changed. Plot represents the cumulative sums of the averaged and 
normalized z-scores of fear- and extinction neurons, and freezing 
behavior during extinction training. Change points are indicated by 
dotted lines. c, Normalized cumulative sums of the z-scores of a 
single fear-neuron and a single extinction neuron recorded in the 
same animal together with the corresponding freezing behavior 
during extinction training. Change point analysis reveals that the 
extinction neuron abruptly switched on one trial before the fear 
neuron switched off. Changes in neuronal activity preceded 
behavioral changes. Change points are indicated by dotted lines. 
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During recall of extinction memory in the extinction context, presentation of the CS+ induced a 

selective activation of extinction-neurons (n = 14, 8 mice) with no effect on fear neurons (n = 19, 

9 mice; Figure 10c, d). Thus, activation of extinction neurons by an extinguished CS is not a 

transient phenomenon, but remains stable for at least one week. After placing the animals in the 

fear conditioning context, increased CS+-evoked freezing behavior was associated with a complete 

reversal of spiking activity at the cellular level. While extinction-neurons stopped responding to 

CS+ stimulation, fear-neurons exhibited a significant and selective increase in CS+-evoked spike 

firing (Figure 10d). Extinction-resistant neurons were not significantly activated during renewal 

(not shown). Thus, a switch in the balance of activity between fear- and extinction-neurons not 

only reflects extinction, but also parallels rapid context-dependent renewal of conditioned fear 

responses. 

 

Figure 10. Context-dependent fear renewal induces 
rapid reversal of neuronal activity patterns.   
a, Experimental protocol. b, Summary of behavioral 
data. Seven days after extinction, extinction memory 
was tested in the same context in which extinction 
training took place (n = 15 animals). Both CS+ and CS– 
elicit low freezing behavior. Subsequently, mice were 
placed back into the context in which fear conditioning 
took place. In this context, exposure to the CS+ evoked 
significantly more freezing than CS– stimulation. c, 
Context-dependent changes in CS+-evoked firing of 
fear-neurons (n = 19 neurons from 9 mice). Fear-
neurons exhibit a context-dependent increase in CS+-
evoked firing in the fear conditioning context where 
freezing levels are high (P < 0.05 vs. extinction context 
and vs. CS–). d, Extinction-neurons (n = 14 neurons, 8 
mice) show the opposite pattern. While CS+-exposure 
elicits strong firing in the extinction context (P < 0.05 
vs. fear conditioning context and vs. CS–), extinction-
neurons do not show any CS+-evoked responses in the 
fear conditioning context. **P < 0.01. 
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Differential long-range connectivity 

We next addressed the question whether fear-neurons and extinction-neurons were anatomically 

segregated. Comparing the location of electrolytic lesions made by the electrodes from which fear- 

and extinction-neurons were recorded did not provide any evidence for anatomical segregation 

(Figure 12a). As a complementary approach, we compared the anatomical distribution of BA 

neurons activated during exposure to an extinguished or to a non-extinguished CS using the 

immediate early gene product c-Fos as an activity-marker. Given the similar numbers of extinction 

and fear neurons, one would predict that an extinguished and a non-extinguished CS should 

induce c-Fos-expression in an equal number of BA neurons with an overlapping anatomical 

distribution. Consistent with this, we found no difference in the density and anatomical 

distribution of c-Fos-positive neurons in animals exposed to an extinguished and a non-

extinguished CS (Figure 12c, d). Together, these results suggest that BA fear- and extinction-

neurons are intermingled in a salt and pepper-like fashion. 

 

 

 

Figure 11: Context-dependent freezing during fear renewal. 
Seven days after extinction, mice (n = 15 animals) were exposed to the CS+ and to the CS- in the extinction context 
and in the context in which fear conditioning took place. In the extinction context, both the CS+ and the CS– elicited 
low freezing behavior (CS–: 26 ± 3% of time; CS+: 32± 3%, P = 0.128 vs. CS–, P = 0.513 vs. extinction; same data as 
shown in figure 10). In the fear conditioning context, mice exhibited a modest, but significant increase in baseline 
freezing levels due to contextual fear conditioning (extinction context: 15 ± 3% of time; fear conditioning context: 28 
± 2%, P < 0.05), which was not significantly different from CS–-induced freezing. In this context, exposure to the 
CS+ evoked significantly more freezing than CS– stimulation (CS–: 24 ± 5% of time; CS+: 70 ± 4%, P < 0.01 vs. CS–
, P < 0.001 vs. extinction recall; same data as shown in figure 10). *P < 0.05, ***P < 0.001. 
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Converging evidence supports a role for the mPFC in the consolidation of extinction 

memory77,104,111,120, and for the hippocampus in processing contextual information relevant for the 

expression and extinction of conditioned fear behavior76. This raises the question as to how fear- 

and extinction-neurons in the BA communicate with the mPFC and the hippocampus during 

context-dependent behavioral transitions. We first addressed the possibility that fear-neurons 

might be excitatory projection neurons, while extinction-neurons might be inhibitory 

interneurons. However, both fear- and extinction neurons exhibited low spontaneous firing rates 

characteristic of BLA projection neurons121 (Table 1). Consistent with this, analysis of cross-

correlations between identified fear- or extinction-neurons and neighboring BA neurons revealed 

short-latency excitatory interactions (Figure 13).  

Figure 12. Fear and extinction neurons are 
intermingled within BA. 
a, Coronal sections through the rostrocaudal extent of 
the amygdala showing the location of the recording 
wires in the BA from which activity of fear and 
extinction neuron was recorded. BA: basal nucleus of 
the amygdala; LA: lateral nucleus of the amygdala. b, 
Naïve mice (n = 7) and control animals (n = 21) 
exposed to the CS and to the context exhibited low 
freezing levels throughout the experiment. Fear 
conditioned animals showed high freezing levels at both 
time points. In mice subjected to extinction training, 
freezing levels were significantly reduced (Day 3, no-
extinction: 71 ± 5% of time, n = 16; extinction: 28 ± 
5% of time, n = 13, P < 0.001, two-tailed unpaired t-
test). c, Averaged data illustrating that even though 
freezing behavior was significantly different, equal 
numbers of c-Fos expressing neurons were detected in 
the BA of mice exposed to an extinguished or to a non-
extinguished CS (No-extinction: 58 ± 5 cells per mm2; 
extinction: 54 ± 4 cells per mm2, P = 0.533; two-tailed 
unpaired t-test). d, Examples of c-Fos expression in BA 
neurons of a naïve, non-extinguished and extinguished 
mice. **P < 0.01, ***P < 0.001, scale bar 100 μm. 
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To examine whether identified fear- and extinction-neurons project to, or receive input from the 

mPFC and/or the hippocampus, we tested for antidromic activation of BA efferents and 

orthodromic activation of afferents by using extracellular stimulation electrodes in re-anaesthetized 

mice (Figure 14a; see Methods). These experiments revealed that fear-neurons received input from 

the hippocampus, whereas no connections with the hippocampus inputs were found for extinction-

neurons (P < 0.05 vs. fear-neurons; Figure 14b). While these findings cannot exclude that some 

extinction-neurons might be contacted by hippocampal afferents, they demonstrate that the 

probability of receiving hippocampal input is significantly different for fear- and extinction-

neurons. Likewise, fear- and extinction-neurons were differentially connected with the mPFC. 

While extinction-neurons were reciprocally connected, fear-neurons projected to the mPFC, but 

we did not find any inputs (P < 0.001 vs. extinction-neurons; Figure 14b). 

Figure 13. Cross-correlation analysis. 
Consistent with the extracellular stimulation experiments, analysis of cross-correlations between identified fear- or 
extinction-neurons and neighboring BA neurons indicate that fear- and extinction-neurons are projection neurons. a, 
Cross-correlation between a fear-neuron and a non-identified neuron showing a short-latency, monosynaptic, 
excitatory interaction. Reference event is the spike of the fear neuron (dotted line at time 0). b, Cross-correlation 
between an extinction-neuron and a non-identified neuron showing a short-latency, monosynaptic, excitatory 
interaction. Reference event is the spike of the extinction neuron (dotted line at time 0). 
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Extinction-resistant neurons were reciprocally connected to both the mPFC and to the 

hippocampus (Figure 15). 

Taken together, these findings indicate that fear- and extinction-neurons, although co-localized 

within the same nucleus, are not only functionally specialized, but also form part of discrete 

neuronal circuits. 
  

Figure 14. Fear neurons and extinction 
neurons are part of distinct neuronal 
circuits.   
a, Using extracellular stimulation in 
anaesthetized mice to identify 
orthodromic and antidromic connections 
between BA neurons and the mPFC or the 
hippocampus. Top left: Schematic 
illustrating placement of stimulating and 
recording electrodes. Top right: 
Orthodromic spikes elicited in a BA fear-
neuron upon stimulation of the ventral 
hippocampus. Orthodromic spikes 
exhibited a large temporal jitter and high 
failure rates. Middle: Antidromic spikes 
recorded from a BA extinction-neuron in 
response to mPFC stimulation. 
Antidromic spikes exhibited low temporal  

Figure 15. Connectivity of extinction-resistant 
neurons. 
Extinction-resistant neurons are reciprocally 
connected to the mPFC (orthodromic responses: 3 
out of 9 stimulated neurons; antidromic responses: 6 
out of 12 neurons) and to the hippocampus 
(orthodromic responses: 4 out of 11 stimulated 
neurons; antidromic responses: 2 out of 5 neurons). 
The graph depicts the percentage of all stimulation 
experiments in which a particular response was 
observed in identified extinction-resistant neurons. 

jitter, and followed high frequency (200 Hz) stimulation (bottom). b, Top: Fear-neurons project to the mPFC (5 out 
of 8 stimulated neurons) and receive input from the hippocampus (5 out of 14 stimulated neurons). No antidromic 
responses from the hippocampus (0 out of 14 stimulated neurons) or orthodormic responses from the mPFC (0 out of 
8 stimulated neurons) were observed. The graph depicts the percentage of all stimulation experiments in which a 
particular response was observed in identified fear-neurons. Bottom: Extinction-neurons are reciprocally connected with 
the mPFC (antidromic responses: 3 out of 6 stimulated neurons; orthodromic responses: 7 out of 9 stimulated neurons, 
P < 0.001 vs. fear-neurons). No connections with the hippocampus were observed (0 out of 9 stimulated neurons, P < 
0.05 vs. fear-neurons). 
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BA inactivation prevents behavioral transitions 

The observed changes in CS+-evoked spike firing of fear- and extinction-neurons during the 

extinction and context-dependent renewal of conditioned fear responses could be necessary for the 

acquisition, storage and/or behavioral expression of the learned information. To distinguish 

between these possibilities, we used micro-iontophoresis of a fluorescently labeled GABAA receptor 

agonist (muscimol) to reversibly inactivate neuronal activity in BA in a targeted and controlled 

manner (Figure 16a). Simultaneous iontophoresis and multi-unit recording revealed that 

muscimol application silenced neuronal activity in BA for more than 60 min (Figure 16b). We 

first tested whether BA activity was necessary for the acquisition of extinction. Inactivation of the 

BA completely prevented the decrease in freezing behavior normally observed during extinction 

training (Figure 16c), with no effect on pre-CS freezing levels (not shown). Twenty four hours 

later, after wash-out of muscimol, the same animals initially exhibited high freezing levels followed 

by normal fear extinction, demonstrating that BA inactivation did not merely interfere with the 

behavioral expression of extinction, nor irreversibly damage BA function (Figure 16d). These 

results demonstrate that BA activity is necessary for the acquisition of extinction. 

Next, we tested whether BA activity was necessary for the context-dependent renewal of previously 

extinguished fear responses. Mice exhibiting low freezing levels during recall of extinction memory 

one week after extinction training were injected with muscimol before renewal. In contrast to 

control animals injected with the fluorescent label only, muscimol-injected animals exhibited no 

increase in freezing levels when placed in the fear conditioning context (Figure 16e). These results 

demonstrate that BA activity is necessary for context-dependent fear renewal. 

Since muscimol unselectively silences all neurons in the targeted region, the high fear level observed 

in muscimol-injected mice during extinction learning cannot be accounted for by activity of fear 

neurons. Conversely, the low fear level displayed by muscimol-injected mice during context-

dependent fear renewal cannot be dependent on the activation of extinction-neurons. Thus, while 

animals with inactivated BA are able to express high and low fear states, possibly by activation of 

other parts of the amygdala and the mPFC, they exhibit emotional perseveration (i.e. they 

remained in the emotional state they were in before BA inactivation). This suggests that the BA is 

unlikely to be associated with the storage, retrieval, or expression of conditioned fear and extinction 
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memories, but may rather mediate context-dependent behavioral transitions between low and high 

fear states.  

Thus, silencing of BA activity should have no effect on the retrieval and expression of conditioned 

and extinguished fear memories when there is no need to change fear levels in a context-dependent 

manner. Consistent with this scenario, BA inactivation had no effect on the retrieval or expression 

of consolidated extinction memories (Figure 16e, Rec-2). Moreover, in animals that had been fear 

conditioned one week before, but that did not receive extinction training, muscimol had no effect 

on the retrieval and expression of the fear memory independently of the context in which they 

were tested (Figure 16f). 

 

Figure 16. Targeted inactivation of 
the BA prevents behavioral changes 
without affecting memory.  a, 
Epifluorescent image illustrating 
bilateral targeting of the BA with 
fluorescently labeled muscimol 
(muscimol-bodipy).  b, Simultaneous 
multi-unit recordings reveal silencing of 
neuronal activity for up to two hours 
after muscimol iontophoresis. c, 
Inactivation of the BA before extinction 
training prevents the acquisition of 
extinction. Control mice injected with 
fluorophore only (n = 5) exhibited 
significant reduction of freezing levels 
after extinction training. Muscimol-
injected animals (n = 11) showed high 
freezing levels after extinction. d, 
Twenty four hours later, in the absence 
of muscimol, the same animals showed 
normal acquisition of extinction (P < 
0.05). e, Inactivation of the BA prevents 
context-dependent renewal. Control 
mice injected with fluorophore only (n = 
5) exhibited a significant increase in 
freezing levels upon change of context (P 
< 0.05). Muscimol-injected animals (n = 
5) do not show any context-dependent 
fear renewal (P < 0.01 vs. control). f, In 
the absence of extinction training, BA 
inactivation did not affect fear memory 
retrieval. Fluorophore-injected mice (n = 
4) and muscimol-injected mice (n = 5) 
exhibited equal freezing levels during 
CS+ exposure in the fear conditioning 
context one week after fear conditioning. 
**P < 0.01, ***P < 0.001. 
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Discussion 

Our data shows that the BA contains distinct populations of neurons whose activity is oppositely 

correlated with high and low fear behavior, two converse behavioral states. Although fear- and 

extinction-neurons represent relatively small sub-populations within the BA, a rapid switch in the 

balance of their activity is essential for triggering behavioral transitions during extinction and 

context-dependent fear renewal. While intermingled within the BA, fear- and extinction-neurons 

are differentially connected with the hippocampus and the mPFC, two brain areas previously 

implicated in extinction and context-dependent renewal of conditioned fear responses. In keeping 

with the proposed role of the ventral hippocampus in mediating context-dependent renewal of fear 

behavior in animals subjected to extinction114, we found that hippocampal input to the BA 

selectively targets fear-neurons over extinction-neurons. Thus, hippocampal input to BA fear-

neurons may override the retrieval of extinction memory allowing for fear expression after a 

particular CS has undergone extinction. Extinction-neurons, in turn, are bi-directionally 

connected with the mPFC and are switched on during extinction training. This indicates that they 

may be upstream of a previously identified population of mPFC neurons thought to mediate 

consolidation of extinction memory, because they are activated by an extinguished CS during 

recall, but not during the acquisition of extinction104.  

Previous findings demonstrate that the BLA is not critical for triggering behavioral transitions 

during reversal learning in a two odor discrimination task122,123. Nevertheless, abnormally persistent 

BLA activity induced by orbitofrontal cortex lesions122 or repeated cocaine administration123 

interferes with reversal learning. This suggests that while the BLA can veto slow behavioral 

transitions during more complex reversal learning tasks, it is actively involved in situations 

requiring rapid context-dependent switching between two converse behavioral states. 

How might activity of BA fear- and extinction-neurons mediate behavioral transitions? In keeping 

with a role for the amygdala in facilitating network function and memory formation in other parts 

of the brain124–126, a possible interpretation is that BA fear- and extinction-neurons might drive or 

facilitate the induction of synaptic plasticity in their respective target areas. Moreover, while 

previous studies using pre-fear conditioning lesions came to the conclusion that the BA does not 

contribute to the acquisition or the expression of conditioned fear46,127–129 (but see ref. 130), a recent 

analysis using post-fear conditioning lesions indicates that the BA also contributes to the 
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consolidation of long-term fear memories129. This suggests that repeated activity of BA fear-

neurons, over longer-time periods, may be required for fear memory consolidation. 

 

Our findings are consistent with the idea that in mammals, as in invertebrates131,132 switches 

between appropriate behavioral states can be driven by discrete neuronal circuits. Although it 

remains to be shown how fear- and extinction-neurons interact locally, it may be a general principle 

of the functional micro-architecture of the nervous system in diverse species that circuits mediating 

switches between distinct behavioral states are located in close anatomical proximity thereby 

allowing for local interactions. Finally, our results also suggest that context-dependent recovery of 

extinguished fear behavior in humans133, which represents a major clinical obstacle for the therapy 

of certain anxiety disorders134, might be modulated by tipping the balance of activity between 

specific neuronal circuits. 

 

Material and methods 

Animals 

Male C57BL6/J mice (3 months old; RCC Ltd., Füllinsdorf, Switzerland) were individually 

housed for 7 days prior to all experiments, under a 12 h light/dark cycle, and provided with food 

and water ad libitum. All animal procedures were executed in accordance with institutional 

guidelines and were approved by the Veterinary Department of the Canton of Basel-Stadt. 

Behavior 

Fear conditioning and extinction took place in two different contexts (Context A and B). The 

conditioning and extinction boxes and the floor were cleaned with 70% ethanol or 1% acetic acid 

before and after each session, respectively. To score freezing behavior an automatic infrared beam 

detection system placed on the bottom of the experimental chambers (Coulbourn Instruments, 

Allentown, PA) was used. The animals were considered to be freezing if no movement was detected 

for 2 s. On day 1, mice were submitted to a habituation session in context A, in which they received 

4 presentations of the CS+ and the CS– (total CS duration: 30 s, consisting of 50 ms pips repeated 

at 0.9 Hz, 2 ms rise and fall, pip frequency: 7.5 kHz or 3 kHz, 80 dB). Discriminative fear 

conditioning was performed the same day by pairing the CS+ with a US (1 s foot-shock, 0.6 mA, 

5 CS+-US pairings; inter-trial interval: 20-180 s). The onset of the US coincided with the offset of 
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the CS+. The CS– was presented after each CS+/US association but was never reinforced (5 CS– 

presentations, inter-trial interval: 20-180 s). The frequencies used for CS+ and CS– were 

counterbalanced across animals. On day 2 and day 3, conditioned mice were submitted to 

extinction training in context B during which they received 4 and 12 presentations of the CS– and 

the CS+, respectively. Recall of extinction and context-dependent fear renewal were tested 7 days 

later in context B and A, respectively, with 4 presentations of the CS– and the CS+. Pharmacological 

experiments were performed using the same conditioning and extinction protocol except for one 

group of mice that was not submitted to extinction training but tested for conditioned fear with 4 

CS– and 4 CS+ presentations on day 2 in context B. Seven days later, mice were submitted to 2 

sessions of extinction recall 5 h apart in context B (4 presentations of each CS for each session). 

Finally, 10 min after the second recall session, mice were submitted to 4 CS– and 4 CS+ 

presentations in context A for context-dependent fear renewal. 

For discriminative extinction, mice were habituated on day 1 to 4 presentations of two different 

CSs in context A (total CS duration: 30 s, consisting of 50 ms pips repeated at 0.9 Hz, 2 ms rise 

and fall, pip frequency: 7.5 kHz or 3 kHz, 80 dB). Both CSs were subsequently paired with a US 

(1 s footshock, 0.6 mA, 5 CS/US pairings for each CS; inter-trial interval: 20-180 s). The onset of 

the US coincided with the offset of the CSs. On day 3 and 4, only one of the two CSs was 

extinguished by 16 and 12 presentations in context B, respectively. At the end of the second 

extinction session, mice were exposed to 4 presentations of the non-extinguished CS in context B.  

 

Surgery and recordings 

Mice were anesthetized with isoflurane (induction 5%, maintenance 2.5%) in O2. Body 

temperature was maintained with a heating pad (CMA/150, CMA/Microdialysis, Stockholm, 

Sweden). Mice were secured in a stereotaxic frame and unilaterally implanted in the amygdala with 

a multi-wire electrode aimed at the following coordinates135: 1.7 mm posterior to bregma; ± 3.1 

mm lateral to midline and 4 to 4.3 mm deep from the cortical surface. The electrodes consisted of 

8 to 16 individually insulated nichrome wires (13 μm inner diameter, impedance 1-3 MΩ; 

California Fine Wire, Grover Beach, CA) contained in a 26 gauge stainless steel guide canula. The 

wires were attached to a 10 to 18 pin connector (Omnetics, Minneapolis, MN). The implant was 

secured using cyanoacrylate adhesive gel. After surgery mice were allowed to recover for 7 days. 
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Analgesia was applied before, and during 3 days after surgery (Metacam, Boehringer, Basel, 

Switzerland). Electrodes were connected to a headstage (Plexon, Dallas, TX) containing eight to 

sixteen unity-gain operational amplifiers. The headstage was connected to a 16-channel computer 

controlled preamplifier (gain 100x, bandpass filter from 150 Hz to 9 kHz, Plexon). Neuronal 

activity was digitized at 40 kHz  and bandpass filtered from 250 Hz to 8 kHz, and isolated by 

time-amplitude window discrimination and template matching using a Multichannel Acquisition 

Processor system (Plexon). At the conclusion of the experiment, recording sites were marked with 

electrolytic lesions before perfusion, and electrode locations were reconstructed with standard 

histological techniques.  

 

Single-unit spike sorting and analysis 

Single–unit spike sorting was performed using Off-Line Spike Sorter (OFSS, Plexon) as 

described136,137 (Figure 17). Principal component (PC) scores were calculated for unsorted 

waveforms and plotted on 3D PC spaces and clusters containing similar valid waveforms were 

manually defined. A group of waveforms was considered to be generated from a single neuron if it 

defined a discrete cluster in PC space that was distinct from clusters for other units and if it displays 

a clear refractory period (> 1 ms) in the auto-correlogram histograms. In addition, two parameters 

were used to quantify the overall separation between identified clusters in a particular channel. 

These parameters include the J3 statistic that corresponds to the ratio of between-cluster to within-

cluster scatter, and the Davies-Bouldin validity index (DB) that reflects the ratio of the sum of 

within-cluster scatter to between-cluster separation137. High values for the J3 and low values for 

the DB are indicative of good single unit isolation (Figure 17). Controls values for this statistics 

were obtained by artificially defining two clusters from the centered cloud of points in the PC 

space from channels in which no units could be detected. Template waveforms were then 

calculated for well separated clusters and stored for further analysis. Clusters of identified neurons 

were analyzed offline for each recording session using principal component analysis and a template 

matching algorithm. Only stable clusters of single units recorded over the time course of the entire 

behavioral training were considered. Long-term single unit stability isolation was first evaluated 

using Wavetracker (Plexon) in which PC space-cylinders were calculated from 5 min segment of 

data spontaneously recorded before any training session. Straight cylinders suggest that the same 
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set of single units was recorded during the entire training session (Figure 17). Secondly, we 

quantitatively evaluated the similarity of waveform shape by calculating linear correlations (r) 

values between average waveforms obtained over training days138 (Figure 17).  

Figure 17. Stability of chronic single unit recordings from mouse amygdala.  
a, Top left: Superimposed waveforms recorded from four different units. Top right: Spikes originating from individual 
units were sorted using 3D-principal component analysis. b, Quantitative J3 and Davies Bouldin validity index (DB) 
statistics calculated for fear and extinction neurons. Controls values were obtained using two clusters defined from the 
centered cloud of points from channels in which no units could be detected. High values for the J3 and low values for 
the DB are indicative of good single unit isolation. c, Left: Stability of clustered waveforms during long-term 
recordings was assessed by calculating principal component (PC) space cylinders. Straight cylinders suggest that the 
same set of single units was recorded during the entire training session. Right: Superimposed waveforms used to 
calculate the PC space cylinder recorded before habituation, extinction, recall and renewal sessions. d, In addition, to 
quantitatively evaluate similarity of different spike shapes recorded on different days, linear correlation values between 
time-shifted average waveforms were calculated for fear and extinction neurons. As a control we computed the r values 
from average waveforms of different neurons. The maximum r value across time shifts was used to quantify similarity 
(r = 1 would indicates identical spike shapes). These calculations revealed that 94.4% of extinction neurons and 95.65 
% of fear neurons had an r value above 0.95, compared with only 17.9% of similarity scores calculated between 
waveforms of different cells.  
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As a control we computed the r values from average waveforms of different neurons. Thirdly, for 

each unit we used correlation analysis to quantitatively compare similarity of waveform shape 

during CS+-stimulation and during a 60 s period of spontaneous activity recorded prior to each 

behavioral session. (Figure 18).  

To avoid analysis of the same neuron recorded on different channels, we computed cross-

correlation histograms. If a target neuron presented a peak of activity at a time that the reference 

neuron fires, only one of the two neurons was considered for further analysis. CS-induced neural 

activity was calculated by comparing the firing rate after stimulus onset with the firing rate recorded 

during the 500 ms before stimulus onset (bin size: 20 ms; averaged over blocks of 4 CS 

presentations consisting of 108 individual sound pips in total) using a z-score transformation. Z-

score values were calculated by subtracting the average baseline firing rate established over the 500 

ms preceding stimulus onset from individual raw values and by dividing the difference by the 

baseline standard deviation. Only CS-excited neurons were considered for analysis. Classification 

of units was performed by comparing the largest significant z-score values within 100 ms following 

CS-onset during post-fear conditioning and extinction sessions according to the freezing levels. 

For high fear states, the entire post-fear conditioning session was analyzed, whereas for low fear 

states, analysis was restricted to the block of 4 CS presentations during which the fear level was the 

Figure 18. Quantitative comparisons of waveforms across periods of spontaneous activity and sensory 
stimulation. 
a, For each identified fear- and extinction-neuron we calculated linear correlation values between time-shifted average 
waveforms obtained during a 60 s period of spontaneous activity recorded prior to each behavioral session and during 
CS stimulation. The maximum r value across time shifts was used to quantify similarity (r = 1 would indicates identical 
spike shapes). These calculations revealed r values above 0.95 for 100% of all units. b, Same plot for all units recoded 
before and during the extinction session. 



53 

 

lowest. A unit was classified as a fear-neuron if it exhibited a significant z-score value after fear 

conditioning (when freezing levels were high), but no significant z-score value after extinction 

(when freezing levels were low), and vice versa for extinction-neurons. Finally, units were classified 

as extinction-resistant neurons if they displayed a significant z-score value during both post-fear 

conditioning and extinction sessions, independently of freezing levels. For statistical analysis, z-

score comparisons were performed using the average z-score value calculated during the 40 ms 

following CS-onset. In cases where shorter or longer CS-evoked activity was observed, the average 

z-score was calculated during the 20 ms and 80 ms following CS-onset, respectively. To identify 

the trial in which individual neurons changed their CS-evoked responses during fear conditioning 

and extinction, we applied a change point analysis algorithm119. Change point analysis identifies 

the trial(s) exhibiting a significant change in neuronal activity or freezing behavior relative to the 

preceding trials. Change points are graphically represented by a change in the slope of a plot 

showing the cumulative sums of the averaged and normalized z-score and freezing values. Statistical 

analyses were performed using paired Student’s t-tests post hoc comparisons at the P < 0.05 level of 

significance unless indicated otherwise. Results are presented as mean ± S.E.M.  

 
Extracellular stimulation 

In order to determine the connectivity of recorded neurons, we used extracellular stimulation of 

the medial prefrontal cortex (mPFC) and the ventral hippocampus (vHip) in a subset of animals. 

At the end of the training procedure, animal were anesthetized using urethane (1.4 g kg-1) and 

concentric stimulating electrodes (FHC, Bowdoin, ME) were lowered in the mPFC (2 mm 

anterior to bregma; ± 0.3 mm lateral to midline and 1.6 to 2 mm deep from the cortical surface) 

and the ventral hippocampus (3.6 mm posterior to bregma; ± 3.1 mm lateral to midline and 4 to 

4.2 mm deep from the cortical surface). During the experiments, the stimulation electrodes were 

advanced in steps of 5 µm by a motorized micromanipulator (David Kopf Instruments, Kujunga, 

CA) and BA-evoked responses were recorded. Stimulation-induced and spontaneous spikes were 

sorted using principal component analysis and template matching. Similarity of stimulation-

induced spike waveforms was quantitatively compared to the waveforms of units previously 
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identified in the awake animal and recorded on the same wire using correlation analysis (Figure 

19).  

To be classified as antidromic, evoked-responses had to meet at least two out of three criteria: (1) 

stable latency (< 0.3 ms jitter), (2) collision with spontaneously occurring spikes, and (3) ability to 

follow high-frequency stimulation (200 Hz). At the end of the experiments, stimulating sites were 

marked with electrolytic lesions before perfusion, and electrode locations were reconstructed with 

standard histological techniques. For each stimulation site orthodromic and antidromic response 

probabilities of fear- and extinction-neurons were analyzed using binomial statistics with P < 0.05 

indicating non-random connectivity. 

 
Muscimol iontophoresis  

Muscimol micro-iontophoresis injection was performed in chronically implanted animals. Single 

barrel micropipettes with a tip diameter of 10 to 15 µm were cut at 1 cm length and filled with a 

solution containing muscimol covalently coupled to a fluorophore (Muscimol-Bodipy-TMR 

conjugated, Invitrogen, Rockville, MD)(5 mM in phosphate buffered saline (PBS) 0.1 M, DMSO 

40%) or with Bodipy alone (Invitrogen; 5mM in phosphate buffered saline (PBS) 0.1 M, DMSO 

40%). Mice were bilaterally implanted at the following coordinates (according to Franklin and 

Paxinos, 1997)135: 1.7 mm posterior to bregma; ± 3.1 mm lateral to midline and 4 to 4.3 mm deep 

from the cortical surface. Chlorided silver wires were inserted in each micropipette and attached 

to a connector. A third silver wire screwed onto the skull and attached to the connector served as 

a reference electrode. The entire miniature was secured using cyanoacrylate adhesive gel. After 

surgery, mice were allowed to recover for 2 days. On the injection day, iontophoretic applications 

were performed by means of cationic current (+12 to +15 nA) for 15 min per side using a precision 

current source device (Stoelting, Kiel, WI). Mice were submitted to the behavioral procedure 5 

Figure 19. Identification of units activated by extracellular stimulation. 
Similarity of stimulation-induced spike waveforms was quantitatively 
compared to the waveforms of fear- and extinction-neurons previously 
identified in the awake animal and recorded on the same wire using correlation 
analysis. For each unit we calculated linear correlation values between time-
shifted average waveforms obtained during the extinction session and during 
extracellular stimulation in the anaesthetized animal. The maximum r value 
across time shifts was used to quantify similarity (r = 1 would indicates 
identical spike shapes).  These calculations revealed r values above 0.95 for 
100% of all units. 
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min after the end of iontophoretic injections and immediately perfused at the end of the 

experiments. Brains were collected for further histological analysis. Serial slices containing the 

amygdala were imaged at 5X using an epifluorescence stereo microscope (Leica, Wetzlar, 

Germany), and the location and the extent of the injections were controlled. Mice were included 

in the analysis only if they presented a bilateral injection targeting exclusively the BA and if the 

targeted injections cover at least 25% of the BA. Statistical analyses were performed using paired 

and unpaired Student’s t-tests post hoc comparisons at the P < 0.05 level of significance. Results are 

presented as mean ± S.E.M.. 

 

Behavior and pharmacological inactivations 

Mice were submitted to a discriminative auditory fear conditioning paradigm in which the CS+, 

but not the CS–, was paired with a US (mild foot-shock). Extinction training was performed over 

two days in a different context109. One week later, mice were placed in the extinction context for 

recall of extinction, and in the original conditioning context for fear renewal. Freezing behavior 

was quantified during each behavioral session using an automatic infrared beam detection system 

as previously described136. Bilateral inactivation of the BA was achieved using micro-iontophoretic 

injection of fluorescently labeled muscimol before extinction training or context-dependent fear 

renewal. 

 

Electrophysiological recordings and analysis. 

 Individual neurons were recorded extracellularly in freely behaving mice during fear conditioning, 

extinction, recall of extinction and context-dependent fear renewal. Spikes of individual neurons 

were sorted by time-amplitude window discrimination and template matching as previously 

described136,137. Cluster quality and unit stability was verified by quantifying the cluster separation 

and the stability of the average waveform shape over time137,138 (Figure 17). Unit isolation was 

verified using auto- and cross-correlation histograms. Spike rasters and histograms were 

constructed by aligning sweeps relative to the CS onset, and CS-evoked responses were normalized 

to baseline activity using a z-score transformation. Antidromic and orthodromic spikes evoked by 

extracellular stimulations of the mPFC or the ventral hippocampus were recorded in previously 

identified neurons in anaesthetized mice.  



56 

 

 

Immunohistochemistry 

Mice were transcardially perfused with ice-cold 4% paraformaldehyde in 0.1 M phosphate buffered 

saline 120 min after the onset of the training session116. Brains were prepared for 

immunohistochemistry using primary polyclonal rabbit anti-c-Fos antibody (Calbiochem, San 

Diego, CA)(Anti-c-Fos, Ab-5, 4-17, Rabbit pAb, PC38; 1:20000 dilution). A fluorescent dye-

coupled goat anti-rabbit antibody (Invitrogen; Alexa-Fluor 633; 1:1000 in PBS) was used as 

secondary antibody. Stained slices were imaged at 40X using a LSM 510 Meta confocal microscope 

(Carl Zeiss Inc., Jena, Germany). Quantitative analysis of c-Fos-positive nuclei was performed 

using a computerized image analysis system (Imaris 4.2, Bitplane, Zürich, Switzerland). Structures 

were defined according to Franklin and Paxinos (1997)135. Immunoreactive neurons were counted 

bilaterally using a minimum of three sections per hemisphere per animal. Statistical analyses were 

performed using unpaired Student’s t-tests at the P < 0.05 level of significance. Results are 

presented as mean ± S.E.M.. 
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Results 

Pavlovian appetitive conditioning in mice 

In order to be able to compare the neuronal activity elicited by aversive and appetitive cues, an 

appetitive conditioning paradigm was developed to assess appetitive associative learning in mice 

conditioned in a purely Pavlovian manner. In this Pavlovian appetitive conditioning, as for classical 

FC, the US is passively received by the mice: no approach or instrumental behavior is required for 

the animal to actually obtain a reward. To achieve this, a surgical procedure for the implantation 

of an intra-oral cannula in mice was implemented allowing for the delivery of a sucrose solution 

directly into the oral cavity upon CS presentation. 

Description of the appetitive learning procedures is detailed in the material and methods sections 

of this dissertation. Briefly, mice were first exposed to a CS- and to a CS+
ap during the habituation 

session. On the next day, they were submitted to Pavlovian appetitive conditioning during which 

only the CS+
ap was paired with an intra-oral delivery of the sucrose solution. Finally, on the 

following day, mice underwent an appetitive extinction session during which they were exposed to 

the CS- and to unreinforced presentations of the CS+
ap (Figure 20a). 

During USap delivery, mice showed typical hedonic taste reactivity (set of orofacial movements 

previously described in the Rats as reflective of the palatability of tastants139). Consistent with 

Pavlov’s substitution theory16, which postulates that URs gradually transfer from the US to the CS, 

appetitive CRs identical to the URs were progressively expressed during the appetitive conditioning 

at the time of the CS+
ap. Assessing the emotional significance gained by the CS+

ap upon appetitive 

conditioning was achieved by comparing the orofacial taste reactivity before versus after the 

appetitive conditioning. In order to do that, orofacial movements were further classified into three 

different types of actions depending on their valence:  hedonic (i.e. paw lickings, tongue 

protrusions and licking/eating of items in the context), aversive (i.e. head flails and gapes) and 

neutral orofacial movements (i.e. mouth openings and lateral chin movements). The comparison 

of the number of orofacial movements before and after conditioning shows that appetitive 

conditioning leads to an increase in orofacial movements, specifically in hedonic ones. No aversive 

orofacial movements and only a few neutral orofacial movements are expressed before and after 
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appetitive conditioning, while the expression of hedonic orofacial movements drastically increases 

after appetitive conditioning (Figure 20b). 

Hedonic taste reactivity (HTR), is a composite index consisting of weighted hedonic orofacial 

movements (see the Material and Methods section for more details on the weighting) and has been 

used to assess the palatability of tastants139–141. Our results demonstrate that HTR can be used in 

mice as an appetitive conditioned response and that HTR reflects the learning of Pavlovian 

appetitive conditioning and extinction. Indeed, HTR increases after appetitive conditioning and 

gradually decreases upon repetitive presentations of the CS+
ap alone (Figure 20c). Importantly, mice 

do not express HTR outside of the cue period: CRap are evoked by the CS presentation and almost 

no HTR is detected during the period preceding the CS+
ap (Figure 20d). This also indicates that 

appetitive conditioning does not lead to a general increase in hedonic orofacial movements but 

rather to a specific expression of CRap locked to the cue presentation. Additionally, conditioned 

Figure 20. Pavlovian appetitive conditioning 
a: Behavioral protocol. b: Orofacial movements 
(counts) before and after Pavlovian appetitive 
conditioning. Hab., before appetitive conditioning; 
post-Cond, after appetitive conditioning. Two-way 
ANOVA, Sidak correction for multiple comparisons, 
p<0.0001. c: Individual components of hedonic taste 
reactivity (HTR), before and after Pavlovian 
appetitive conditioning. Hab., Habituation; Ext., 
appetitive extinction; tp, tongue protrusions; pl, paw 
licking; l, licking of items in the arena; e, eating items 
in the arena. Repeated-measure one-way ANOVA, 
Tukey correction for multiple comparisons, 
p<0.0001. d: Hedonic taste reactivity  after Pavlovian 
appetitive conditioning, during the ten seconds prior 
to cue presentation (pre-CS) and during CS+

ap 
exposure (CS). Two-tailed paired t-test, p<0.0001. e: 
Hedonic taste reactivity evoked by CS- and CS+

ap 
presentations before (Hab.) and after Pavlovian 
appetitive conditioning (post-Cond). Two-way 
ANOVA, Sidak correction for multiple comparisons, 
p<0.001. f: Hedonic taste reactivity to CS+

ap 
presentations before (Hab.) and after (post-Cond) 
Pavlovian appetitive conditionings of different 
intensities. Weak US, 20 µL of 0.05 M sucrose 
solution; mild US, 20 µL of 0.8 M sucrose solution; 
strong US, 20 µL of 1 M sucrose solution. Two-way 
ANOVA, Sidak correction for multiple comparisons, 
p<0.05. N= 24 mice (from mild and strong Pavlovian 
appetitive conditioning, unless otherwise specified on 
the graph); Error bars indicate mean ± s.e.m. *: 
p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. 
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mice show a very clear behavioral discrimination between the cue which was associated with the 

USap and the non-reinforced cue, expressing HTR after conditioning only during the CS+
ap and 

not during the presentation of the CS- (Figure 20e). These observations indicate that only the cue 

which was paired with the USap has gained an emotional significance and suggest that HTR reflects 

the learned emotional significance carried by the CS+
ap after appetitive conditioning. Finally, to 

confirm that HTR can be used to assess the learned hedonic significance of reward-predicting cues 

in mice, post-conditioning HTR levels were compared between groups receiving USap of different 

intensities. Increased concentrations of the sucrose solution used as a USap induce higher levels of 

CRap, confirming that HTR represents the relative palatability of reward-associated cues (Figure 

20f). Taken together these results demonstrate that specific types of orofacial movements, the 

HTR, can be used, in mice, to infer the hedonic significance of CSs and thus assess Pavlovian 

appetitive conditioning. 

 

Amygdala encoding of Pavlovian appetitive conditioning and extinction 

To investigate the neuronal correlates of Pavlovian appetitive conditioning, single unit recordings 

were performed while the mice were subjected to appetitive excitatory and inhibitory learning. 

Mice implanted with electrodes in the basal nucleus of the amygdala (BA) were first submitted to 

a habituation session, followed at a 24h interval by a Pavlovian appetitive conditioning and by an 

appetitive extinction session on the next day (Figure 21a). As described above, mice show an 

increase in HTR level as a result of Pavlovian appetitive conditioning and a decrease of their 

behavioral responses across appetitive extinction learning. As similarly described in the previous 

paragraph, this change in behavior is specifically elicited by the cue associated with the USap:  CRap 

are significantly elevated during the first post-conditioning block of CS+
ap presentations, but 

neither to the context (BL: baseline) nor to the CS- (Figure 21b). This valence-specific behavioral 

response decreases through appetitive extinction training until it reaches a level similar to the pre-

conditioning one (Figure 21b). These results indicate that mice which underwent single unit 

recordings in the BA have indeed learned about the different contingencies between the CS+
ap and 

the USap both during the excitatory and inhibitory phases of appetitive learning. 
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To identify the neuronal correlates of appetitive conditioning and extinction under purely 

Pavlovian settings, chronic single unit recordings were performed in the BA. Two distinct neuronal 

subpopulations responding to appetitively conditioned cues were identified, activated specifically 

Figure 21. Neuronal correlates of Pavlovian appetitive conditioning and extinction 
a: Behavioral protocol. b: Behavioral performance before (Habituation) and after (Extinction) Pavlovian appetitive 
conditioning in amygdala-implanted mice (n=11). BL, baseline (context exposure). Animals show no HTR (Hedonic 
taste reactivity) prior to conditioning and exhibit a specific increase in HTR during post-conditioning CS+

ap 
presentations which is reversed by appetitive extinction training. Repeated-measure one-way ANOVA, uncorrected 
Fisher’s LSD test, p<0.05. c: Normalized activity (z-score) of appetitive neurons after Pavlovian appetitive 
conditioning (post-Cond) and at the end of extinction training (post-Ext.). Appetitive neurons (n=14) are specifically 
excited by CS+

ap presentations during high but not during low hedonic state. d: Peak of normalized activity for 
individual appetitive neurons during high (post-Cond) and low (post-Ext) hedonic states. Appetitive neurons show a 
significant decrease of their CS+

ap-responsiveness upon appetitive extinction learning. Two-tailed paired t-test, 
p<0.0001. e: Normalized activity (z-score) of appetitive extinction neurons after Pavlovian appetitive conditioning 
(post-Cond) and at the end of extinction training (post-Ext.). Appetitive extinction neurons (n=11) are specifically 
excited by extinguished appetitive cues. f: Peak of normalized activity for individual appetitive extinction neurons 
during high (post-Cond) and low (post-Ext) hedonic states. Appetitive extinction neurons show a significant increase 
of their CS+

ap-responsiveness upon appetitive extinction learning. Two-tailed paired t-test, p<0.01. Error bars indicate 
mean ± s.e.m.; **: p<0.01; ****: p<0.0001. 
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either during the high or the low hedonic states of the animals. When the appetitive memory is 

retrieved by the CS+
ap presentations during the first block of appetitive extinction, appetitive 

neurons show a phasic increase of their normalized activity (measured by z-score). Importantly, 

these appetitive neurons do not exhibit any phasic excitation during the presentation of the 

extinguished CS+
ap (Figure 21c). This specific pattern of neuronal activity suggests that the CS+

ap-

induced responsiveness of appetitive neurons is specific to the high hedonic valence of the cue. The 

comparison of the peak activity of appetitive neurons post-conditioning with the post-extinction 

CS+
ap-responsiveness shows a significant decrease of the cue-induced normalized firing of these 

neurons (Figure 21d), confirming that individual appetitive neurons show extinction-induced 

plasticity as a result of inhibitory appetitive learning. These results could suggest that appetitive 

neurons contribute to the appetitive memory trace. Conversely, appetitive extinction neurons show 

the exact opposite pattern of cue-responsiveness: they are not responsive to the CS+
ap presentations 

after appetitive conditioning but have a phasic increase in their firing during the presentation of 

extinguished appetitive cues (Figure 21e). Opposite to appetitive neurons, this neuronal 

population increases its CS+
ap-induced peak activity upon appetitive extinction learning (Figure 

21f). This specific excitation of appetitive extinction neurons in response to appetitive extinguished 

cues suggests that this neuronal population is involved in the appetitive extinction memory trace. 

The identification of these two distinct populations of BA neurons specifically responding to either 

appetitive cues or to extinguished cues demonstrates that appetitive conditioning and extinction 

recruit two different amygdala circuits. It suggests that the retrieval of appetitive conditioning and 

appetitive extinction rely on two separate sets of neurons which might be responsible for the 

expression of appetitive memory and appetitive extinction memory in a context-dependent 

manner. 

 

Amygdala encoding of Pavlovian fear conditioning and extinction 

To investigate the neuronal encoding of fear and fear extinction, chronic single unit activity in the 

BA was recorded while mice underwent classical fear conditioning and extinction. Briefly, 

following habituation session to two auditory cues in absence of any reinforcement, mice were 

submitted to CS+
av and USav pairings. During the two consecutive days, the mice were subjected 
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to two fear extinction sessions (Figure 22a) (see Material and Methods section for detailed 

description of fear learning behavioral procedures). 

Freezing behavior, a well-establish read-out of fear conditioning in Rodents, was used to monitor 

fear learning and fear extinction during these different sessions. Prior to fear conditioning, mice 

freely explore the arena and do not show freezing behavior when exposed to either one of the 

auditory cues (Figure 22b). Fear conditioning induces a significant increase in the percentage of 

time spent freezing during the CS+
av. Post-conditioning freezing levels to the context (BL: baseline) 

or to the CS- remain similar to pre-conditioning levels, indicating that the behavioral fear response 

is specific of the cue associated with the foot-shock and that mice have learned the specific 

emotional significance of context and of the two auditory cues (Figure 22b). Two consecutive days 

of fear extinction training lead to a progressive decline in the freezing response to the CS+
av, finally 

reaching pre-conditioning levels when the animals learned that the CS+
av does not predict anymore 

the USav delivery (Figure 22b). This behavioral data shows that mice implanted for recordings of 

the BA neuronal activity learned discriminative fear conditioning and fear extinction, thus allowing 

for the investigation of the encoding of fear and fear extinction in the BA at the single cell level. 

As previously described in the first part of this dissertation, the BA circuits encompass two distinct 

neuronal populations specifically responding to either fear or fear-extinguished cues63. 

Likewise, we identified fear neurons which are specifically activated by the presentation of the CS+
av 

after FC (when the animals are in a high fear state) but not after fear extinction when presentations 

of the CS+
av do not lead anymore to fear expression (Figure 22c). The peak activity of the fear 

neurons shows a significant reduction upon fear extinction learning, indicating that the phasic cue-

responsiveness of fear neurons relates to the high fear state of the animal (Figure 22d). A distinct 

set of neurons shows the exact opposite pattern of activity: fear extinction neurons do not fire in 

response to CS+
av after the fear conditioning but they show an increase in normalized firing upon 

presentation of aversive extinguished cues (Figure 22e). As for appetitive extinction neurons, 

individual fear extinction neurons show a significant increase of their peak firing upon extinction 
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learning (Figure 22f). Similarly, the specific pattern of activity of fear and fear extinction neurons 

conveys information about the actual emotional significance of aversively conditioned cues. 

 

 

Figure 22. Neuronal 
correlates of Pavlovian fear 
conditioning and 
extinction 
a: Behavioral protocol for 
classical fear conditioning 
(FC) and extinction. b: 
Freezing levels before 
Pavlovian fear conditioning 
(Habituation) and during 
the two consecutive fear 
extinction sessions in 
amygdala-implanted mice 
(n=6). Before FC, animals 
show equally low freezing 
levels to context exposure 
(BL), CS- and CS+

av 
presentations. On the day 
following FC, mice show 
increased freezing 
specifically to CS+

av 
presentations. Two 
consecutive days of fear 
extinction training lead to 
low freezing levels in 
response to CS+

av, 
undistinguishable from pre-
conditioning levels. 
Repeated-measure one-way 
ANOVA, Tukey correction 
for multiple comparisons, 
p<0.01. c: Normalized 
activity (z-score) of fear 
neurons on high (post-
Cond) and low fear states 

 
 

(post-Ext.). Fear neurons (n=9) are specifically CS+
av-excited after FC and not after fear extinction. d: Peak of 

normalized activity for individual fear neurons during high (post-FC) and low (post-FX) fear states. Fear extinction 
induces a significant decrease of CS+

ap-responsiveness in fear neurons. Two-tailed paired t-test, p<0.05. e: Normalized 
activity (z-score) of fear extinction neurons after Pavlovian FC (post-Cond) and at the end of fear extinction training 
(post-Ext.). Fear extinction neurons (n=10) are specifically CS+

av-excited by extinguished aversively conditioned cues. 
f: Peak of normalized activity for individual fear extinction neurons during high (post-FC) and low (post-FX) fear 
states. Fear extinction induces a significant increase in the cue-responsiveness of fear extinction neurons. Two-tailed 
paired t-test, p<0.01. Error bars indicate mean ± s.e.m.; **: p<0.01 
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In summary, these results demonstrate that the BA encompasses neurons specifically responding 

to emotionally relevant cues depending on the emotional state of the animal. In the appetitive 

domain, appetitive neurons are CS-responsive specifically during high hedonic states whereas 

appetitive extinction neurons only respond to extinguished appetitive cues. In the aversive domain, 

similar neuronal types were identified: fear neurons which are cue-responsive during high fear states 

and fear extinction neurons solely activated by aversively conditioned cues after fear extinction.  

Importantly, this data confirms evidence gathered by prior studies showing that the amygdala is 

recruited by appetitive stimuli as well as aversive ones71,95 and is important for the encoding of 

appetitive associative memories. In addition, our work identifies for the first time the population 

of appetitive extinction neurons which might play an important role in the encoding of appetitive 

inhibitory learning. 

Finally, the single unit recordings of neuronal activity in the BA demonstrate that emotional 

associative learnings of opposite valence are encoded in a similar fashion: distinct neuronal 

populations are recruited by conditioned and extinguished cues, both in the aversive and appetitive 

domain. However, it remains unclear how opposite valences are represented relative to each other. 

The following section addresses this question of the overlap between neurons recruited by 

appetitively or aversively conditioned cues. 
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Relative organization of amygdala circuits of conditioning and extinction of opposite valence 

In order to investigate how conditioned and extinction memories for aversive and appetitive 

valences are represented relative to each other in BA circuits, Pavlovian conditioning and extinction 

training for both valences were sequentially performed in the same amygdala-implanted animals. 

Mice were either subjected to appetitive training (conditioning + extinction) followed by aversive 

training (conditioning + extinction) or to the opposite learning sequence (Figure 23a). Similar to 

mice which underwent only one conditioning episode of a given valence, mice submitted to 

sequential appetitive-aversive training acquire valence-specific CR upon both conditioning sessions 

(Figure 23b). After fear conditioning, CRav levels increase during the presentation of aversive cues 

and decline through fear extinction training. Likewise, consecutive to appetitive conditioning the 

level of CRap increases in response to CS+
ap presentations and rapidly declines within one session of 

appetitive extinction. Similar to single valence training, Mice do not exhibit CRs to the context or 

to the CS- after conditioning (Figure 23b), indicating that CS+s have gained a specific emotional 

valence through their association with positively or negatively valenced reinforcers. Importantly, 

Mice are also able to discriminate between the valence of the two CS+s: no freezing behavior is 

expressed during the presentations of appetitively conditioned cues and HTR remains low during 

CS+
av presentations (Figure 23b). This strongly demonstrates that there is no cross-talk between 

these two behaviors, that mice acquired valence-specific memories associated with each specific cue 

and that they express specific behaviors adapted to the valence of the cues. 
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Figure 23. Combined conditioning and extinction of opposite valences 
a: Behavioral protocol for combined Pavlovian appetitive and aversive conditioning and extinction. One group of 
animals was submitted to appetitive learning first (top row) whereas the second group of mice underwent fear learning 
prior to appetitive conditioning (bottom row). b: Appetitive (hedonic taste reactivity, HTR) and aversive (freezing) 
conditioned responses of animals which underwent double valence conditioning (n=15). HAB, habituation, FX1, first 
fear extinction session; FX2, second fear extinction session; AX, appetitive extinction. Hedonic taste reactivity (green 
circles) remains at a very low level until CS+

ap presentations after Pavlovian appetitive conditioning. Hedonic taste 
reactivity decreases very fast in a within-session fashion during appetitive extinction. Likewise, freezing levels are 
similarly low during habituation on context exposure (BL) and during CS presentations. Fear conditioning induces 
an increase of freezing levels specific to the CS+

av presentations. This high freezing level decreases during fear extinction. 
Hedonic taste reactivity measured during fear extinction remains very low and freezing level during appetitive 
extinction is similar to pre-FC levels. Error bars indicate mean ± s.e.m. 
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Single unit recordings were performed while the animals were submitted to sequential appetitive 

and aversive conditioning and extinction. The chronicity of the single unit recordings combined 

with the sequential training across both valences allows for following neurons through the different 

behavioral sessions and thus makes it possible to address the question of how conditioning and 

extinction circuits of opposite valences overlap in the BA. As described above, we identified fear 

neurons, fear extinction neurons, appetitive neurons and appetitive extinction neurons in the BA 

which activity relates to excitatory and inhibitory learning of appetitive and aversive valences. Table 

2 summarizes the total number of neurons in each neuronal subclass. 

Testing for the contingency between these neuronal subpopulations reveals a significant association 

between fear/fear extinction and appetitive/appetitive extinction circuits (Chi-square test, p= 0.02). 

This indicates that the actual number of neurons in each category differs from a theoretically 

expected distribution among these neuronal classes. A more detailed analysis of the contingency 

between these neuronal subpopulations reveals a significant overlap between extinction neurons of 

opposite valence (Figure 24) (Fisher exact test, p=0.008). No significant overlap is however 

detected between conditioning neurons of opposite valence or between conditioning neurons of 

one valence and extinction neurons of the opposite valence (Figure 24). These results suggest that 

conditioning and extinction of opposite valences mostly rely on distinct neuronal populations in 

the BA and that only a small fraction of neurons participate to valence-free extinction mechanisms. 

Table 2: Number of neurons belonging to each class of activity pattern during high and low emotional states of 
opposite valence. n=168 

Appetitive neurons
Appetitive 

extinction neurons Other

Fear neurons 1 2 10

Fear extinction 
neurons 3 6 16

Other 13 6 111
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Effect of prior appetitive experience on subsequent aversive associative learning episodes 

Beyond the question of valence interaction at the neuronal level, numerous studies have suggested 

that prior experience affects subsequent emotional experience. However, these studies focus mostly 

on the behavioral effect of the conditioning of one valence on a subsequent conditioning of the 

opposite valence (i.e. counterconditioning90–92) or investigate the effect of US re-evaluation on 

subsequent performance by manipulating the interoceptive state of the animals (i.e. conditioned 

taste aversion 142, satiety devaluation 143, appetite revaluation 144). Currently, no information is 

available in regard to how neuronal activity at the single cell level is influenced by prior emotional 

experience. We thus studied the effect of prior appetitive learning episodes on subsequent fear 

conditioning and extinction, both at the behavioral and at the neuronal level. 

After the habituation session, one group of animals was submitted to appetitive conditioning and 

extinction followed by fear conditioning and fear extinction whereas the second group of mice 

underwent fear conditioning and extinction without being exposed to prior appetitive experience 

(Figure 25a). To assess that mice submitted to the sequential conditioning of both valences actually 

acquired appetitive learning, their CRap was analyzed during the appetitive extinction session. As 

described in previous paragraphs, mice show high levels of HTR on CS+
ap after appetitive 

conditioning and this behavioral response declines during extinction training (Figure 25b). We 

then looked at aversive CR during the fear conditioning phase to determine whether, as for 

Figure 24. Relative representation of 
conditioning and extinction of opposite 
valences in BA circuits 
Venn diagram representing the overlap 
between appetitive (A), appetitive extinction 
(AX), fear (F) and fear extinction (FX) neurons. 
Percentages correspond to the proportion of 
each individual subpopulation over the total of 
neurons chronically recorded from habituation 
to the last extinction session (n=168). The 
asterisk represents the significant association 
between extinction neurons of opposite 
valences (Fisher exact test, p=0.008). 
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counterconditioning paradigms, prior appetitive conditioning would delay the acquisition of 

aversive CRs. 

However, contrary to observations made in counterconditioning procedures, mice submitted to 

prior appetitive experience have a similar learning curve for fear conditioning than animals which 

were not exposed to appetitive learning (Figure 25c). This important difference can be explained 

by the fact that in our experiments, two different CSs were used for appetitively and aversively 

conditioned dues and by the fact that an appetitive extinction session is interleaved between 

appetitive and fear conditionings. However, although no difference can be observed between the 

Figure 25. Effect of prior appetitive experience on aversive learning 
a: Behavioral protocol. One group of mice was submitted to appetitive conditioning and extinction before undergoing 
fear conditioning and fear extinction (n=17). The second group of animals was only subjected to fear conditioning 
and fear extinction (n=23). b: Appetitive learning in the group of animals submitted to double valence conditioning. 
Before Pavlovian appetitive conditioning (HAB, habituation), mice do not show hedonic taste reactivity. After 
Pavlovian appetitive conditioning (AX, appetitive extinction), mice show a significant increase in HTR to the 
appetitively conditioned cue (CS+

ap), but not to the context (BL, baseline) or to the non-reinforced cue (CS-). 
Appetitive extinction leads to a progressive decrement in HTR in a within-session manner. Repeated-measure one-
way ANOVA, Tukey correction for multiple comparisons, p<0.0001. c: Freezing behavior elicited by the context (BL, 
baseline) and the individual CS+

av during the fear conditioning session for animals which underwent prior appetitive 
experience (black triangles, n=17) and animals which were only undergoing fear learning (red triangles, n=23). Mice 
from both groups acquire fear conditioning at a similar speed. Two-way ANOVA, Sidak correction for multiple 
comparisons, p=0.8. d: Freezing behavior evoked by CS+

av presentations during the two fear extinction sessions (FX1, 
FX2) for the fear only group (in red) and the group of animals previously exposed to appetitive experience (in black). 
Both groups show the same post-conditioning freezing levels but mice which underwent prior appetitive experience 
exhibit a delay in the fear extinction acquisition during FX1 and a lack of fear extinction consolidation (first block of 
FX2). Two-way ANOVA, uncorrected Fisher’s LSD test, p=0.5. Error bars indicate mean ± s.e.m. *: p<0.05. 
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two groups during the fear conditioning session, extinction learning is affected by the prior 

appetitive experience. The two groups of animals show similar levels of post-conditioning freezing 

but mice which underwent appetitive experience before fear conditioning maintain higher fear 

responses during the first extinction session and have higher freezing levels on the first CS+
av 

presentations of the second extinction session (Figure 25d). Nevertheless, at the end of the fear 

extinction training, both groups of animals show similar levels of freezing. These results suggest 

that prior appetitive experience interferes with fear extinction learning and consolidation (Figure 

25d). We then investigated the neuronal correlates of this delay in fear extinction induced by prior 

appetitive experience. Two groups of mice were implanted with single unit electrodes in the BA. 

One group was submitted to combined appetitive and aversive learning while the other group only 

underwent fear conditioning and extinction. Behavioral procedures were identical to the ones 

previously described in this paragraph. Fear neurons and fear extinction neurons were identified in 

both behavioral groups. Comparison of the activity of fear cells in response to CS+
av during high 

fear state does not differ between groups (Figure 26a). In contrast, the activity of fear extinction 

neurons in the group of animals which received prior appetitive experience shows a significant 

reduction compared to the fear only group (Figure 26b). The proportions of these two neuronal 

populations seem to be unaffected by prior experience, indicating that prior appetitive experience 

does not lead to the recruitment of a smaller pool of neurons into fear and fear extinction memory 

traces but rather modulates the activity level of cells involved in the encoding of these memories 

(Figure 26c). 
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Consistent with the behavioral effects described above, prior appetitive experience specifically 

influences fear extinction encoding. Taken together this data suggests that prior appetitive 

conditioning and/or prior appetitive extinction lead to a reduction in the aversive cue-

responsiveness of fear extinction neurons translating at the behavioral level by a delay in fear 

extinction learning. 

Figure 26. Effect of prior appetitive experience on aversive circuits 
a: Normalized activity (z-score) of fear neurons during high (post-Cond) and low (post-Ext.) fear states in the fear 
only group (in red, n=9) or in the group of mice which received prior appetitive experience (in black, n=7). Post-
conditioning CS+

av-responsiveness does not differ between the two behavioral treatments. Two-way ANOVA, Sidak 
correction for multiple comparisons, p=0.8. b: Normalized activity of fear extinction neurons after FC (post-Cond) 
and fear extinction (post-Ext.) for group of animals which only received FC training (in pink, n=10) or for mice which 
underwent prior appetitive experience (in black, n=19). The normalized firing in response to aversively conditioned 
cues of fear extinction neurons during low fear states in mice which had prior appetitive training is significantly lower 
than the activity for the fear conditioning only group. Two-way ANOVA, Sidak correction for multiple comparisons, 
p<0.0001. Error bars indicate mean ± s.e.m. c: Percentages of fear (left panel) and fear extinction neurons (right panel) 
over the total population recorded in the BA during habituation and the two fear extinction sessions. Proportions of 
fear neurons do not differ between the fear only group (FC, in red) and the group which received prior appetitive 
experience (AC+FC, in black). Two-tailed Z-test, p=0.1. Similarly, no difference can be found between the proportion 
of fear extinction neurons from the fear only group (FC, in pink) and from the prior appetitive learning group 
(AC+FC, in black). Two-tailed Z-test, p=0.7. 
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Asymmetric recruitment of amygdala circuits by aversively and appetitively conditioned cues 

Remarkably, at the behavioral procedures leading to appetitive and aversive learning are 

asymmetric. The acquisition of appetitive conditioning requires 30 pairings between the CS+
ap and 

the USap, whereas fear conditioning is acquired after only 5 CS+
av- USav pairings. In contrast, 

appetitive extinction occurs within one session while fear extinction requires two sessions of 15 

non-reinforced CS+ presentations (Figure 27a). The faster acquisition of the aversive conditioning 

and the slower acquisition of aversive extinction could be due to the difference in the biological 

relevance of the USs. Indeed, from an ethological point of view, avoiding threats seems more crucial 

to survival than ceasing food resources. 

In order to investigate the BA neuronal correlates of this asymmetry, we compared the neuronal 

activity evoked by appetitively conditioned cues to aversive ones. We found the CS-evoked activity 

in the BA to be strongly biased towards aversive valence. At the population level, the normalized 

cue-responsiveness of CS+-excited neurons shows a strong asymmetry between CS+
ap and CS+

av 

(Figure 27b). The phasic excitation elicited by the cue previously paired with the foot-shock is 

approximately two times higher than the one evoked by the cue previously associated with the 

sucrose delivery (Figure 27c, left panel). Interestingly, this aversive bias is not sensitive to extinction 

training, post-extinction cue-responsiveness to CS+
ap being approximately half of CS+

av-induced 

excitation (Figure 27c, right panel). In addition to the aversive bias of the BA CS+-evoked activity, 

the proportion of neurons recruited by aversively conditioned cues strongly differs from the one 

for appetitively conditioned cues: the proportion of CS+
av-excited neurons is almost two times 

larger than the one of the CS+
ap-excited neurons (Figure 27d). 



76 

 

 

 

Figure 27. Asymmetric recruitment of BA circuits by opposite emotional valences 
a: Behavioral protocol. Mice were either submitted to appetitive conditioning and extinction (n=11) or to fear 
conditioning followed by fear extinction (n=6). b: Averaged normalized activity in BA in response to CS+

ap (top panels, 
n=46) and CS+

av (bottom panels, n=46) post-conditioning (post-Cond) and post- extinction (post-Ext.). Only CS+-
excited cells were included. Neuronal responsiveness to CS+

av is much more elevated than that to CS+
ap both after 

conditioning and extinction of opposite valences. c: Normalized activity of individual CS+
av- and CS+

ap-excited neurons 
after conditioning and extinction averaged over 100 ms after peep onset. Both post-conditioning and post-extinction 
activity evoked by CS+

av is significantly larger than the one induced by CS+
ap (Two-tailed unpaired t-test, p=0.0009 for 

post-conditioning and p=0.006 for post-extinction). d: Percentages of neurons recruited by aversively or appetitively 
conditioned cues over the total of neurons chronically recorded during single valence learning. The proportion of 
neurons recruited by CS+

av is significantly larger than the one recruited by CS+
ap (Two-tailed Z-test, p<0.0001). 

 



77 

 

In addition to conditioning and extinction neurons of opposite valences, the BA also contains 

another class of neurons which cue-responsiveness is insensitive to extinction training. This class 

of neurons exhibits a CS+-induced excitation after conditioning and maintains a significant cue-

responsiveness to extinguished cues. This pattern of activity is found in both valences: appetitive 

extinction-resistant neurons being excited by appetitively conditioned cues both after appetitive 

conditioning and appetitive extinction (Figure 28a) and fear extinction-resistant neurons being 

CS+
av-responsive both after fear conditioning and fear extinction (Figure 28b). 

 

In order to determine which particular neuronal subpopulations are responsible for such a strong 

aversive bias in the BA activity, we compared between both valences the proportions and peak 

activity of conditioning, extinction, and extinction-resistant neurons. No difference in proportion 

can be found between neurons recruited by CS+s exclusively after conditioning (fear versus 

appetitive neurons; Figure 29a, left panel). Similarly, the proportions of fear extinction and 

appetitive extinction neurons do not differ from each other (Figure 29a, middle panel). However, 

the proportion of fear extinction-resistant neurons is more than twice larger than the proportion 

of appetitive extinction-resistant neurons (Figure 29a, right panel). Consistent with these 

observations, the level of CS+-evoked activity is not different between conditioning neurons of 

opposite valence (Figure 29b, left panel) or for extinction neurons (Figure 29b, middle panel). 

However, the CS+-responsiveness of fear extinction neurons drastically differs from that of 

Figure 28. Extinction resistant 
neurons of opposite valence 
Normalized activity (z-score) of 
extinction-resistant neurons, which 
exhibit a specific pattern of activity 
excited by CS+ post-conditioning 
(post-Cond), maintained to 
extinguished cues (post-Ext.) a: 
Appetitive extinction neurons (n=21). 
b: Fear extinction neurons (n=27). 
Error bars indicate mean ± s.e.m. 
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appetitive extinction neurons: CS+-induced excitation is, on average, twice larger for fear 

extinction-resistant neurons than for appetitive extinction neurons (Figure 29b, right panels). 

Taken together these results indicate that the strong aversive bias in amygdala activity relies on 

extinction-resistant neurons, a neuronal population which cue-responsiveness is insensitive to 

extinction training. 

Figure 29. Extinction resistant neurons are responsible for the BA aversive bias 
a: Percentage of conditioning neurons (F, fear and A, appetitive; left panel), extinction neurons (FX, fear extinction 
and AX, appetitive extinction; middle panel) and extinction resistant neurons (FXR, fear extinction resistant and AXR, 
appetitive extinction resistant; right panel) over the total of chronically recorded neurons during single valence learning. 
Only the proportion of extinction resistant neurons of opposite valences shows a significant difference, more FXR 
being recruited by CS+

av than AXR by CS+
ap (Two-tailed Z-test, p<0.001). b: Normalized activity of individual 

conditioning neurons (F, fear and A, appetitive; top left panel), extinction neurons (FX, fear extinction and AX, 
appetitive extinction; top right panel) and extinction resistant neurons (FXR, fear extinction resistant and AXR, 
appetitive extinction resistant; bottom panels) averaged over 100 ms after peep onset. Conditioning and extinction 
neurons of opposite valence show similar level of cue-responsiveness, contrary to extinction resistant neurons for which 
fear extinction resistant neurons CS+-evoked activity is significantly higher than the one of appetitive extinction 
neurons. (Two-tailed unpaired t-test, p=0.009 for post-conditioning and p=0.03 for post-extinction). 
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We hypothesized that if the BA aversive bias was linked to the asymmetrical biological relevance 

of the USs then the neurons responsible for this bias should be valence-specific, i.e. fear neurons 

should only be responsive to aversively conditioned cues while appetitive extinction neurons should 

only show excitation upon the presentation of CS+
ap. In order to address this question, single unit 

recordings were performed in amygdala-implanted mice which underwent combined aversive and 

appetitive learning (Figure 23a, b) and the activity of extinction-resistant neurons was followed 

during the different learning phases. Table 3 summarizes the overlap and segregation of extinction-

resistant neurons of opposite valences.  

Despite the existence of a small overlap between appetitive and fear extinction-resistant neurons 

(Figure 30), no significant association can be detected between extinction-resistant neurons of 

opposite valence (Fisher exact test, p= 0.0645). 

These results suggest that extinction-resistant neurons might participate in the maintenance of 

conditioning memories traces over extinction learning in a valence-specific manner and are 

extremely sensitive to the salience of the USs. 

 

Figure 30. Extinction resistant neurons are mostly 
segregated 
Venn diagram representing the overlap between appetitive 
(AXR) and fear extinction resistant neurons (FXR). 
Percentages correspond to the proportion of each 
subpopulation over the total of chronically recorded 
neurons during combined valence learning paradigms 
(n=168). No significant association can be detected 
between extinction resistant neurons of opposite valence 
(Fisher exact test, p= 0.0645). 
 

Table 3: Overlap between extinction resistant neurons of opposite valences (total number of neurons). n=168 
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Discussion 

Pavlovian appetitive conditioning 

The accurate comparison of the neuronal circuits recruited by opposite valences requires using 

behavioral paradigms relying on the same type of association between CSs and USs for both 

valences. In order to achieve this goal, I developed an appetitive conditioning in mice based on a 

purely Pavlovian basis. In this paradigm, as for Pavlovian fear conditioning, animals receive the US 

upon the CSs presentation, independently of their behavior, i.e. with no requirement to perform 

any action for the US to be delivered. This was achieved by the development of surgical procedures 

for the implantation of intra-oral cannulae which allow the delivery of palatable solutions directly 

into the oral cavity. In addition, the accurate evaluation of associative emotional learning crucially 

relies on the appropriate choice of the behavioral responses used to assess the emotional states of 

an animal. For the first time, we characterized appetitive conditioned responses in mice acquired 

on a purely Pavlovian basis. We demonstrated in the present study that a specific type of orofacial 

movements, called hedonic taste reactivity (HTR), represents the actual emotional significance 

gained by the CS through its pairing with the appetitive US. HTR are indeed expressed both as 

appetitive URs and CRs, they are specific of the valence of the environmental cues (they are 

exclusively expressed during the presentation of the CS+
ap and not during CS- nor context exposure 

and they are sensitive to extinction training) and correlate with the relative emotional valence of 

the CS, as shown by their sensitivity to the USap intensity. The development of this Pavlovian 

appetitive conditioning has been the ground on which we were then able to accurately study the 

relative representation of opposite valences in amygdala circuits. 

 

Representation of opposite valences in amygdala circuits 

Inactivation and lesions studies have demonstrated that the BLA participates to the attribution of 

an emotional significance to otherwise neutral cues through their contingent occurrence with 

biologically relevant events and have thus shown that the BLA is involved in emotional associative 

learning of both positive and negative valence. More recently, few electrophysiological studies have 

indicated that the amygdala comprises single neurons responding to either aversive or appetitive 

cue, suggesting a valence encoding in distinct neuronal circuits in the BLA71. However, the 

representation of excitatory and inhibitory learning of opposite valences in the amygdala has not 
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yet been investigated. We were able to finally address this question by combining classical fear 

conditioning and our newly developed classical appetitive conditioning. The present study 

pinpoints the neuronal circuits involved in excitatory and inhibitory learnings of opposite valences. 

We identified fear neurons and fear extinction neurons specifically responding to aversive cues after 

conditioning or after extinction. Interestingly, we found appetitive learning to be represented in a 

similar manner in BA circuits: appetitive neurons being CSap-responsive on high hedonic states 

and appetitive extinction neurons being excited by extinguished CSap. Prominently, this study is 

the first evidence of the existence of appetitive extinction neurons characterized on a purely 

Pavlovian basis. 

The identification of these different neuronal populations has allowed us to address the question 

of the relative representation of excitatory and inhibitory learning of opposite valences in amygdala 

circuits. Similar to a previous study71, we found valence to be generally represented in a segregated 

fashion in the BA, appetitive neurons being mainly non-overlapping with fear neurons. Likewise, 

extinction of opposite valences mostly recruits distinct neuronal subpopulations. Our results thus 

suggest that amygdala encoding is not only specific for excitatory and inhibitory learning but also 

for the valence of these different learning types. 

However, we have also identified a small subpopulation of valence-free extinction neurons, 

indicating that the processes involved in extinction learning of opposite valences could at least 

partially have common neuronal substrates. The existence of such a neuronal population suggests 

that inhibitory learning might, in contrast to excitatory learning, rely on a synergy between valence-

dependent and valence-specific circuits. Specific manipulations of valence-free and valence-

dependent extinction neurons would need to be performed to understand the relative participation 

of these two populations in extinction learning. 

Remarkably, we did not detect a significant association between conditioning neurons of one 

valence and extinction neurons of the opposite valence. This demonstrates that at the single cell 

level, extinction of one valence is not similar to the conditioning of the opposite, suggesting that 

appetitive extinction is not aversive and that aversive extinction is not rewarding per se. 

The segregation of these neuronal subpopulations raises the question of whether this is due to the 

fact that USs of opposite valences used in this study were of different sensory modalities. To control 

for this, we have tried to develop a Pavlovian aversive conditioning on a gustatory modality, using 
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intra-oral delivery of quinine or acetic acid as USav. Although mice do show aversive taste reactivity 

when exposed to these tastants, we were not able to assess gustatory aversive conditioning as no 

taste reactivity could be observed during the memory retrieval tests (data not shown). Nevertheless, 

although some modality-specific neurons were identified in the BLA, this structure is well-known 

to contain multimodal neurons on which relies the actual function of the BLA in linking 

environmental cues to emotionally relevant events145. Additionally, it was shown more recently 

that similar valences involving different sensory modalities are more likely to recruit the same BLA 

neurons than opposite valences of the same sensory modality146. 

The present study is mainly correlative and thus to definitely show a causal link between the activity 

of these discrete neuronal populations and conditioning and extinction of opposite valences, 

specific manipulations of their activity remain necessary. So far no specific molecular marker has 

been identified to characterize these different neuronal populations. Nevertheless, the participation 

to different long-range circuits of these neurons could be an entry point for specific manipulations 

based on optogenetic approaches. A very recent publication has used this strategy and showed that 

optogenetic stimulation of BLA neurons projecting to the nucleus accumbens was sufficient to 

induce instrumental appetitive behavior147. This would suggest that appetitive neurons identified 

in our study could project to the nucleus accumbens. Additionally, work from our lab described 

in the first part of the results section63 has shown fear neurons to be preferentially projecting to the 

prelimbic division of the medial prefrontal cortex whereas fear extinction neurons send axons to 

the infralimbic division. Therefore, optogenetic experiments taking advantage of the distinct long-

range connectivity of these discrete neuronal populations could allow to causally link their activity 

to appetitive and aversive behaviors. 

In summary, conditioning and extinction are mostly encoded in a valence-specific manner in the 

BA circuits, confirming the role of this structure not only in the general process of linking an 

environmental cue to biologically relevant event but actually supporting learning about the current 

specific valence of stimuli in an ever changing environment. In addition, valence-specific neurons 

for excitatory and inhibitory learning might be part of distinct long-range circuitry allowing for 

specific behavioral adaptation upon changes in environmental circumstances. 
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Emotional learning in context 

Behavioral studies have shown that the expression of behavioral responses highly depends on the 

context in a general sense, i.e. not only the physical context (the arena/surroundings in which 

emotional experience takes place) but on its interaction with the internal state of an 

animal141,143,144,148–153. This suggests that prior experience influences how emotionally relevant 

events are perceived and memorized. However, so far, no study investigated how neuronal circuits 

would process emotionally relevant stimuli depending on the prior experience of animals. This 

study is the first to describe the modulation by prior emotional experience of neuronal circuits 

implicated in emotional learning. Here, we show that contrary to what was observed in 

counterconditioning paradigms, prior appetitive experience does not lead to a delay in the 

acquisition of a subsequent fear conditioning episode. This difference might be due to two different 

factors. In counterconditioning, the same cue is sequentially associated with the USs of opposite 

valences. Animals have therefore to learn at the same time that the CS does not predict a reward 

and that the CS is predictive of a foot-shock delivery. By using two different CSs for appetitive 

and aversive conditioning and by extinguishing the appetitive memory before fear conditioning, 

we prevented the valence competition for the CS significance which occurs in counterconditioning. 

Consequently, in our experiments, animals submitted to prior appetitive experience acquire FC as 

fast as animals which only underwent fear conditioning. This result is consistent with our 

observation that conditioning circuits of opposite valence and conditioning circuits of one valence 

and extinction circuits of the opposite are mostly segregated and with the fact that fear neurons 

activity is not modulated by prior appetitive experience. 

In contrast to the absence of modulation of FC acquisition by prior appetitive learning, fear 

extinction learning was affected by prior emotional episodes. Compared to animals only exposed 

to fear conditioning, mice which underwent prior appetitive conditioning and extinction show a 

delay in fear extinction learning on the first day of extinction training and a lack of fear extinction 

consolidation on the following day. Consistent with these behavioral observations, we found fear 

extinction neurons to have a reduced cue-responsiveness in mice which underwent appetitive 

learning first compared to animals which only received FC training. 

In summary, prior appetitive experience modulates specifically fear extinction both at the 

behavioral and at the neuronal level, reducing behavioral fear extinction and fear extinction 
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neurons activity. The participation of long-range circuits in the effect of prior experience still 

remains to be investigated. In particular differential modulations of projections to the prelimbic 

and infralimbic division of the prefrontal cortex by prior appetitive experience might contribute to 

the effect we observed on fear extinction consolidation. In addition, considering the predominant 

role of the hippocampus in autobiographical memories and in particular of the ventral 

hippocampus in providing contextual information to BLA circuits, investigating the interaction 

between this structure and the amygdala in the framework of the influence of prior emotional 

episodes would be critical to our understanding of the long-range circuit mechanisms involved in 

emotional hysteresis. 

 

Aversive bias in amygdala circuits 

Consistent with the dominance of aversive paradigms in the study of amygdala circuits, we found 

the overall activity of the BA to be strongly biased towards aversive stimuli. Indeed, CS-evoked 

neuronal excitation is twice larger for cues which were paired with footshocks than for appetitively 

conditioned cues. Two factors are responsible for this aversive bias. First CS+
av recruit a larger 

proportion of BA neurons than CS+
ap. Second, neurons recruited by the aversively conditioned 

cues have a higher level of cue-responsiveness than CS+
ap excited neurons. Remarkably, this 

difference of activity between CS+
ap and CS+

av-excited neurons is maintained post-extinction. 

Detailed analysis of the neuronal subpopulations contained in the BA revealed that conditioning 

neurons (appetitive and fear neurons) and extinction neurons (fear extinction and appetitive 

neurons) are not involved in the BA aversive bias. However, a third class of neurons was also 

identified in the BA. These neurons, called extinction-resistant neurons, are CS+-excited during 

both post-conditioning and post-extinction periods. The aversive bias of this neuronal population 

suggests that they are responsible for the overall BA aversive bias. Indeed, both the cue-

responsiveness and the proportion of extinction-resistant neurons show a strong asymmetry in 

response to appetitively and aversively conditioned cues in favor of aversiveness. 

Fear extinction-resistant neurons have already been identified by us and others61–63 and they have 

been hypothesized to be involved in the maintenance after the extinction of the fear memory trace. 

An alternative explanation for the persistent activity of extinction-resistant neurons after extinction 

training would be that these neurons act as salience-detector without carrying any information 
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relative to mnesic processes or to valence. The specific involvement of extinction-resistant neurons 

in BA aversive bias could support the “salience encoding” hypothesis. Indeed from an ethological 

point of view, it is much more crucial to the survival of organisms to avoid threats than to cease 

opportunities for food resources. Thus, we can infer that the salience of an aversive event such as a 

footshock is much larger than the one of an intra-oral delivery of a sucrose solution. Consistent 

with this view, we found Pavlovian appetitive conditioning to require six times more CS-US 

pairings to be acquired than fear conditioning. 

In order to discrepate between these two hypotheses, we tested the valence-specificity of extinction-

resistant neurons, postulating that if these neurons were involved in salience detection rather than 

in emotionally-valenced memory traces, extinction-resistant neurons of opposite valence would be 

overlapping. Our chronic single unit recordings during combined valence learning show that 

extinction-resistant neurons of opposite valences only partially overlap and are mostly segregated. 

The lack of significant association between these neuronal populations speaks in favor of a 

preferential role of extinction-resistant neurons in the conservation of valence-specific memory 

traces after extinction. Consistent with this interpretation, we found at the behavioral level a strong 

asymmetry between the extinction of opposite valences, fear extinction requiring two-time more 

training than appetitive extinction. Accordingly, we also found aversive spontaneous recovery to 

be much more important than appetitive one (data not shown). 

 

 

Materials and methods 

 

Animals 

Male C57BL6/J mice (2 to 4 months old; Harlan Ltd.) were individually housed 7 days before any 

experimental procedure under a 12h light/dark cycle. Mice were provided with food ad libitum 

during the entire experiment. All experiments were performed during the light cycle. All animal 

procedures were performed in accordance with institutional guidelines and were approved by the 

Veterinary Department of the Canton of Basel-Stadt. 
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Surgical procedures 

For all surgeries, mice were anesthetized with isoflurane (induction 5%, maintenance 1.5%; 

Attane, Provet) in oxygen-enriched air (Oxymat 3, Weinmann). Analgesia was provided by a 

combination of local injections of ropivacaine (15 μg/g, subcutaneous, Naropin, AstraZeneca) and 

systemic injections of meloxicam (8 μg/g, intraperitoneal, Metacam, Boehringer). Mice were 

secured on a stereotaxic frame (David Kopf Instruments, Bilaney GmbH) and body temperature 

was maintained constant at 36°C by mean of a feedback-controlled heating pad (CMA/150, 

CMA/Microdialysis). 

 

Intra-oral cannula implantation 

To perform appetitive conditioning on a purely Pavlovian manner, mice were implanted 

unilaterally with intra-oral cannula consisting of a polyethylene tubing (0.58mm inner diameter; 

Portex Ltd) attached to a cannula (PlasticOne). Intra-oral cannulae were inserted lateral to the first 

molar, along the zygomatic arch and ended on the skull where they were secured with cyanoacrylate 

adhesive gel. Intra-oral cannula did not interfere with the normal feeding behavior of the animals 

and allowed for passive delivery of fluid directly into the oral cavity. After the implantation, intra-

oral cannulae were daily flushed with drinking water to prevent clogging and mice were given 7 

days of recovery before any other subsequent manipulation. 

 

Electrode implantation 

Mice were unilaterally implanted in the basal nucleus of the amygdala with custom-made 

electrodes consisting of 16 individually insulated, gold-plated nichrome wires (13 µm inner 

diameter, impedance 50-150 kΩ; California Fine Wire) contained in a 26 gauge stainless steel 

guide cannula and attached to an 18 pin connector (Omnetics). The electrode was aimed at the 

following coordinates: 1.6 mm posterior to bregma, ±3.35 mm lateral to the midline, 4.2 mm deep 

from the cortical surface and secured to the skull with cyanoacrylate adhesive gel. After the 

electrode implantation, mice were given at least 7 days of recovery before any subsequent 

manipulation. At the conclusion of the experiment, recording sites were marked with electrolytic 

lesions made under deep anesthesia and electrode locations were reconstructed with standard 

histological techniques. 
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Behavioral procedures 

Water restriction 

After a 7 days recovery period from surgery, mice were submitted to water restriction in order to 

unmask behavioral appetitive conditioned responses. Animals received access to water for 30 

minutes per day, at the same time of the day in order to ensure similar interoceptive state across 

the different behavioral sessions. Water restriction was initiated one week before the first behavioral 

session and maintained until the end of the behavioral training. 

 

Handling 

To habituate them to the connection of the head implants for the sucrose infusion and single unit 

recordings, mice were daily handled for ten to fifteen minutes by the experimenter during the week 

preceding the first behavioral session. 

Contexts 

To prevent contextual interferences between memory formation and retrieval of opposite valences, 

behavioral sessions were taking place in 3 different contexts. Habituation and extinction sessions 

took place in context A which consisted of a blue sound-attenuated chamber containing a large 

transparent circular Plexiglas arena with a superelevated transparent Plexiglas floor. Olfactory 

contextualization was provided by cleaning the context A with acetic acid (1%). Illumination was 

provided by white light sources located at the bottom of the context. Fear conditioning took place 

in context B which consisted of a dark gray sound-attenuated chamber containing a transparent 

square Plexiglas chamber equipped with a grid floor. Context B was cleaned with ethanol (70%) 

and illuminated with dim white lights located on the top of the chamber. Appetitive conditioning 

took place in context C consisting of a dark gray chamber containing a small opaque circular 

Plexiglas chamber with a superelevated transparent Plexiglas floor. Context C was cleaned with 

water and illuminated with dim light located underneath the platform. 
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Behavioral protocols 

To ensure discrimination between the different auditory cues, sounds of different frequencies were 

used as CSs associated with foot-shock, with reward and as non-reinforced CSs (3 kHz, 7.5 kHz, 

12 kHz or white noise, CS frequencies being randomized across behavioral groups). 

On day 1, mice were submitted to a habituation session in context A, in which they received 5 

presentations of CS-, 5 presentations of CS+
ap and 5 presentations CS+

av (each CS consisting of 50 

ms pips repeated at 0.9 Hz, total CS duration: 10 s, sound-pressure level: 75 dB). 24h after the 

habituation session mice were subjected to the first conditioning session, consisting in either 

appetitive conditioning or fear conditioning.  

Appetitive conditioning consisted of 30 paired presentations of CS+
ap and USap and 15 unreinforced 

presentations of CS-. USap consisted of an intra-oral delivery of a sucrose solution (volume: 20 µL, 

concentration:  0.8 or 1 M; Fluka, rate: 5.28 mL per sec, delivered with a Hamilton pump), the 

onset of the USap coinciding with the offset of the CS+
ap. On the day following appetitive 

conditioning, mice were submitted to a single appetitive extinction session in context A during 

which they received 5 CS- presentations followed by 15 un-reinforced CS+
ap presentations. 

Fear conditioning consisted of 5 paired presentations of CS+
av and USav and 5 unreinforced 

presentations of CS-. A mild footshock was used as USav (intensity: 0.65 mA, duration: 1 s), the 

onset of the USav coinciding with the offset of the CS+
av. On the two consecutive days following 

fear conditioning, mice were submitted to fear extinction sessions in context A during which they 

received 5 CS- presentations followed by 15 un-reinforced CS+
av presentations. 

 

Behavioral measurements and analysis 

Context A and B were equipped with an infra-red beam frame placed at the bottom of the 

experimental arena (Coulbourn) allowing for tracking the animal movements. If no movement was 

detected for 2 s the animals were considered to be freezing. 

Context A and C were equipped with a wide-angle camera (IC capture) located underneath the 

platform allowing for the video tracking of orofacial movements (acquisition rate: 30 frames per 

second). Videos were later analyzed frame-by-frame and scoring of orofacial movements was 

performed manually. Hedonic orofacial movements were tongue protrusions, paw licking and 

licking or consumption of items in the arena. Aversive orofacial movements consist in gapes, 
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forelimbs flails, face wiping and chin rubbing. Neutral orofacial movements consist in low 

amplitude mouth movements and grooming. Analysis of the average bout duration for each type 

of hedonic orofacial movements revealed paw licking were often express by mice in continuous 

bouts. In order to normalize the contribution of each component to the hedonic taste reactivity 

score, paw lickings were then scored by time bins of 5s. This scoring method has been considered 

to be a more accurate measure of palatability. 

 

Extracellular recordings in freely behaving mice 

Prior to each behavioral session, electrodes were connected to a headstage (Plexon) containing 16 

unity-gain operational amplifiers. The headstage was connected to a 16-channel computer-

controlled preamplifier (gain 1000x, bandpass filter from 150 Hz to 9 kHz; Plexon). Neuronal 

activity was digitized at 40 kHz, bandpass filtered from 250 Hz to 8 kHz and isolated by time-

amplitude window discrimination and template matching using a multichannel acquisition 

processor system (Plexon). 

 

Single-unit spike sorting and analysis 

Single-unit spike sorting was performed using Off-Line Spike Sorter (Plexon) as previously 

described63. Briefly, for each individual recording session, principal component scores were 

calculated for unsorted waveforms and plotted on three-dimensional principal component spaces 

and clusters containing similar waveforms were manually defined. A group of waveforms was 

considered to be generated from a single neuron if it defined a discrete cluster in the principal 

component space, distinct from clusters of other units and if it displayed refractory period of at 

least 1 ms. Multivariate analysis of variance (MANOVA), J3 statistic and Davis-Bouldin validity 

index (DB) were used to further confirm the sorting quality. Average waveforms of identified 

neurons were used to estimate the single-unit stability across recording sessions. Quantitative 

evaluation of the waveform shape similarity was assessed using linear correlation (r) values and only 

neurons displaying r values above 0.95 were considered as stable across sessions. 
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CONCLUSION  
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The work presented in this dissertation identifies the neuronal correlates of conditioning and 

extinction of opposite emotional valences. It demonstrates that excitatory and inhibitory learning 

are mostly encoded in a valence-specific manner in the basal amygdala. However, extinction of 

conditioned memories seems to rely on both valence-free and valence-specific mechanism. 

 

This study is also the first investigation of the interaction between prior emotional experience and 

subsequent emotional associative learning. It shows that prior appetitive experience does not 

interfere with subsequent fear conditioning but leads to a deficit in fear extinction learning which 

correlates with a reduced activity in fear extinction neurons. 

 

Finally, consistent with the dominance of aversive paradigms in the study of the cellular 

underpinnings of associative learning, we found amygdala activity to be strongly biased towards 

aversive events. This bias relies on the activity of extinction-resistant neurons, a discrete BA 

neuronal population participating in the maintenance over changes in CS-Us contingencies of 

valence-specific conditioned memories. 

 

Taken together, our data demonstrates the high dimensionally of valence encoding and valence 

interaction both at the behavioral and neuronal levels. 
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	Figure 5. Distinct populations of BA neurons encode fear conditioning and extinction.
	a, Experimental protocol. Hab.: habituation; FC: fear conditioning; Ext.: extinction. b, Coronal sections through the rostro-caudal extent of the amygdala showing the location of the recording sites in the BA. BA: basal nucleus of the amygdala; LA: la...
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	mm2; extinction: 54 ± 4 cells per mm2, P = 0.533; two-tailed unpaired t-test). d, Examples of c-Fos expression in BA neurons of a naïve, non-extinguished and extinguished mice. **P < 0.01, ***P < 0.001, scale bar 100 μm.
	Figure 13. Cross-correlation analysis.
	Consistent with the extracellular stimulation experiments, analysis of cross-correlations between identified fear- or extinction-neurons and neighboring BA neurons indicate that fear- and extinction-neurons are projection neurons. a, Cross-correlation...
	Figure 14. Fear neurons and extinction neurons are part of distinct neuronal circuits.
	a, Using extracellular stimulation in anaesthetized mice to identify orthodromic and antidromic connections between BA neurons and the mPFC or the hippocampus. Top left: Schematic illustrating placement of stimulating and recording electrodes. Top rig...
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	Figure 15. Connectivity of extinction-resistant neurons.
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	Figure 16. Targeted inactivation of the BA prevents behavioral changes without affecting memory.  a, Epifluorescent image illustrating bilateral targeting of the BA with fluorescently labeled muscimol (muscimol-bodipy).  b, Simultaneous multi-unit rec...
	Figure 17. Stability of chronic single unit recordings from mouse amygdala.
	a, Top left: Superimposed waveforms recorded from four different units. Top right: Spikes originating from individual units were sorted using 3D-principal component analysis. b, Quantitative J3 and Davies Bouldin validity index (DB) statistics calcula...
	Figure 18. Quantitative comparisons of waveforms across periods of spontaneous activity and sensory stimulation.
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	Figure 20. Pavlovian appetitive conditioning
	a: Behavioral protocol. b: Orofacial movements (counts) before and after Pavlovian appetitive conditioning. Hab., before appetitive conditioning; post-Cond, after appetitive conditioning. Two-way ANOVA, Sidak correction for multiple comparisons, p<0.0...
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	a: Behavioral protocol for classical fear conditioning (FC) and extinction. b: Freezing levels before Pavlovian fear conditioning (Habituation) and during the two consecutive fear extinction sessions in amygdala-implanted mice (n=6). Before FC, animal...
	Figure 23. Combined conditioning and extinction of opposite valences
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