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Abbreviations  

3V ς third ventricle 

ACo ς anterior cortical amygdaloid nucleus 

ap-ITC ς apical intercalated cell cluster 

APT ς anterior pretectal nucleus 

Astr ς amygdalostriatal transition area 

Au1 ς primary auditory cortex 

AuV ς secondary auditory cortex 

BLA ς basolateral amygdaloid nucleus, anterior part 

BLP ς basolateral amygdaloid nucleus, posterior part 

BMA ς basomedial amygdaloid nucleus, anterior part 

BMP ς basomedial amygdaloid nucleus, posterior part 

BNST ς bed nucleus of the stria terminalis 

BSTIA ς bed nucleus of the stria terminalis, intraamygdaloid division 

Calr ς calretinin 

CART ς cocaine- and amphetamine-regulated transcript 

CB1 ς cannabinoid receptor type 1 

CCK ς cholecystokinin 

CeA ς central amygdala 

CeL ς centrolateral amygdaloid nucleus 

CeM ς centromedial amygdaloid nucleus 

Cg ς cingulate cortex 

CGRP ς calcitonin gene-related peptide 

ChAT ς choline acetyltransferase 

CL ς centrolateral thalamic nucleus 

CM ς central medial thalamic nucleus 

cp ς cerebral peduncle 

CPu ς caudate putamen 

CR ς conditioned response 

CREB ς cAMP/Ca2+ responsive element binding protein 

CRF ς corticotropin-releasing factor 

CS ς conditioned stimulus 

CTB ς cholera toxin B 

CTX ς cortex 

D1R, D2R ς dopamine receptors D1, D2 

DARPP-32 ς dopamine- and cAMP-regulated phosphoprotein of 

molecular weight 32 kDa 

dm-ITC ς dorsomedial intercalated cell cluster 

DMT ς dorsal midline thalamus 

DP ς dorsal peduncular cortex 

DR ς dorsal raphe nucleus 

DTT ς dorsal tenia tecta 

Ect ς ectorhinal cortex 

FoxP2 ς forkhead box protein P2 

fr ς fasciculus retroflexus 

GABA ς ɹ -aminobutyric acid 

GP ς globus pallidus 

Hb ς habenula 

HT ς hypothalamus 

IC ς inferior colliculus 

IL ς infralimbic cortex 

IMD ς intermediodorsal thalamic nucleus 

IPAC ς posterior limb of the anterior commissure 

ITCs ς intercalated cell clusters 

LA ς lateral amygdaloid nucleus 

LGP ς lateral globus pallidus 

l-ITC ς lateral intercalated cell cluster 

LOT ς lateral nucleus of the olfactory tract 

LT ς lateral thalamus 

LTD ς long-term depression 

LTP ς long-term potentiation 

M2 ς secondary motor cortex 

MD ς mediodorsal thalamic nucleus 

MeA ς medial amygdala 

MGN, v-/d-/m- ς medial geniculate nucleus, ventral/dorsal/medial 

part 

ml ς medial lemniscus 

MO ς medial orbital cortex 

mPFC ς medial prefrontal cortex 

mt ς mammillothalamic tract  

NAc ς nucleus accumbens 

NPY ς neuropeptide Y 

NS ς neutral stimulus 

Nts ς neurotensin 

NTS ς nucleus of the solitary tract 

PACAP ς pituitary adenylate activating peptide 

PAG ς periaqueductal gray 

PB ς parabrachial nucleus 

PC ς paracentral thalamic nucleus 

PIL ς posterior intralaminar nucleus 

Pir ς piriform cortex 

PKC-  ɻς protein kinase C-  ɻ

PLi ς posterior limitans thalamic nucleus 

POT ς triangular part of the posterior thalamic nucleus 

PP ς peripeduncular nucleus 

Ppp1r1b ς protein phosphatase 1 regulatory inhibitor subunit 1B 

PRh ς perirhinal cortex 

PrL ς prelimbic cortex 

PT ς parataenial thalamic nucleus 

PTSD ς post-traumatic stress disorder 

PVT ς paraventricular thalamic nucleus 

Re ς reuninens nucleus 

rf ς rhinal fissure 
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Rh ς rhomboid nucleus 

SC ς superior colliculus 

SG ς suprageniculate nucleus 

SI ς substantia innominate 

SIC ς supra-intercalated cluster of neurons 

SN ς substantia nigra 

SOM ς somatostatin 

SPFp ς subparafascicular thalamic nucleus, parvicellular part 

SST ς spinothalamic tract 

TeA ς temporal association cortex 

TH ς thalamus 

US ς unconditioned stimulus 

VAChT ς vesicular acetylcholine transporter 

VIP ς vasoactive intestinal polypeptide 

v-ITC ς ventral intercalated cell cluster 

vm-ITC ς ventromedial intercalated cell cluster 



5 
 

Introduction  

The way we perceive and interact with the world around us is highly dependent on our 

emotions. Virtually every situation in our lives elicits some emotion - if nothing else, boredom. 

In turn, the emotion elicited by an event or situation shapes how we react or behave. Some 

behaviors and actions have little significance in our lives, but sometimes they highly affect our 

well-being, mental and physical health, or our most important social relationships. 

Considering their enormous significance, it is not surprising that the way emotions are 

formed and regulated in the brain has been extensively investigated in the previous century. 

Up to this point, psychologists, neuroscientists and physicians described the very foundations 

of the neurobiology of emotions, but there are still a multitude of unanswered questions in 

this regard.  

In this doctoral thesis, I will briefly summarize our current knowledge on the 

neurobiology of emotion regulation, with special focus on fear-related processes, such as fear-

learning, -expression, and -extinction. I will present a detailed anatomical and functional 

characterization of the neuronal networks involved in these processes, especially the 

amygdalar circuitry. Furthermore, I will incorporate the experimental data from our research 

group into this field of research with the intention of answering some open questions and 

resolving certain contradictions present in the current literature. 

Principles  of emotion regulation in the brain  

What are emotions and feelings? It is not an easy and straightforward task to answer 

this question. From the biological perspective, emotional states emerge in reaction to 

different situations and are usually accompanied by characteristic bodily reactions (e.g., 

sweating, elevated heart rate) as well as a conscious internal experience - interpreting the 

given emotional state as happiness, for example. Some scholars refer to the bodily reactions 

with the word emotion and describe the conscious experience as feeling (Kandel et al., 2000). 

Although this distinction helps understanding different aspects of this topic in some situations, 

it has also been subject of debate by leading researchers in the field (LeDoux, 2014, 2017; 

Fanselow and Pennington, 2018; Zych and Gogolla, 2021). Furthermore, from a more practical 

point of view, it is difficult to reliably measure subjective feelings in an experimental setting, 

especially if the experiment is carried out in animal models (LeDoux, 2014). Therefore, for the 
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most part of this thesis, I will use the term emotion collectively, unless the distinction is 

essential in a given context. 

Prominent psychologist, Paul Ekman proposed the existence of seven so-called basic 

emotions - namely fear, anger, sadness, surprise, disgust, contempt, and happiness (Ekman & 

Cordaro, 2011). Ekman argues that these basic emotions are stable and universally expressed 

across different cultures and are accompanied by similar bodily reactions. In other words, the 

expression of basic emotions is not learned and carried out consciously, rather it is the product 

of automatic neuronal processes. It is important to stress that not the subject of a given 

emotion (i.e., what one fears), but the way one expresses distinct emotions are inherited in 

this model. This postulates the existence of a biologically fixed mechanism that regulates the 

expression of emotions. Accordingly, there are several stereotypical motor, somatic and 

endocrine responses that are highly similar across species, especially vertebrates, including 

the most commonly used experimental model organisms and humans as well (Zych & Gogolla, 

2021). 

By the end of the previous century, Joseph E. LeDoux proposed such a model of 

biologically stable emotion regulation. Briefly, this model states that external and internal 

stimuli ς a sound and pain, for example ς reach the amygdala and the cerebral cortex through 

the thalamus. In other words, these pathways drive the formation of fearful associations and 

the expression of prewired behavioral responses (Figure 1). According to this theory, the 

cortex is responsible for higher-order processing (feeling) and the amygdala governs basic 

bodily reactions (emotion) such as muscle contractions or changes in heart rate (LeDoux, 2000, 

2017). 

Considering that this approach dominated the research of emotions ς at least in 

neuroscience ς in the previous decades, and the fact that most of this research focused on 

Pavlovian, or associative fear conditioning (LeDoux, 2014), I will also, for the most part, 

concentrate on fear-related results in this thesis. 

Although the unpleasant nature of fear is unquestionable, surviving without it would 

have been essentially impossible in a natural environment ς as it is still impossible today. Fear 

enables animals ς including humans ς to avoid dangerous and harmful situations and actors, 

thus helps to preserve physical and mental well-being. Fear is usually accompanied by specific 

physiological reactions that prepares animals to face or escape the source of the given threat. 
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These include elevated heart rate, hyperventilation, and an increased level of blood sugar, 

among others (Cannon, 1915). 

It is important to distinguish between innate and learned fear. The former means that 

there are certain agents that can elicit fear without being exposed to them before and learning 

their possible negative effects. Such agents can vary, but they are usually fixed for a given 

species. For example, mice express fear when encountering cat or fox odor (Fanselow, 2018), 

while humans are naturally afraid of heights (Menzies & Clarke, 1995), as well as snakes and 

spiders (Hoehl et al., 2017). 

On the other hand, most fear-eliciting agents are learned through direct or indirect 

association. This means that a previously neutral ς or even positive ς agent can gain negative 

valence when encountered in a situation that involves something harmful or threatening, or 

even witnessing others in an aversive situation (Kim et al., 2012; Keysers et al., 2022). For 

example, travelling in a car is usually considered a pleasant experience by most, but it can 

easily become aversive after being involved in a serious traffic accident. Details of fear 

learning, and pathologies associated with fear will be further discussed in the following 

chapter. 

Fear regulation and fear -related pathologies  

The simple acquisition of an associative fear memory, in itself, would not influence the 

life of an animal. Imagine being frightened by a rare animal on an exotic holiday, but then 

never seeing this animal again. So, after forming the associations of a fearful event, these 

associations must be recalled in a similar sitǳŀǘƛƻƴ ǘƻ ŀŦŦŜŎǘ ƻƴŜΩǎ ƭƛŦŜΦ ¢ƘŜƴΣ ƛŦ ǘƘŜ ƎƛǾŜƴ ǘƘǊŜŀǘ 

is no longer relevant, these memories should be vanished, so the unnecessary fear response 

diminishes.  

Considering this, temporal dynamics of associative fear memories can be divided into 

three major stages: acquisition, retrieval, and extinction (Tovote et al., 2015). In the following 

subchapters, I will describe these stages in detail. Since the vast majority of fear studies use 

Pavlovian fear conditioning, I will also use this paradigm as an example. 

It is important to note that additional nonassociative processes, such as habituation 

and sensitization can also contribute to fear acquisition, retrieval and extinction (Kamprath & 

Wotjak, 2004). Habituation refers to the decrease in responsiveness after the repeated 

presentation of a stimulus or context. In fact, deliberate habituation to the fear conditioning 

context usually precedes the conditioning itself in most experimental protocols to avoid 



8 
 

unwanted fear reactions given to a new environment. On the other hand, sensitization 

describes the process when the responsiveness to a given stimuli increases due to an intensive 

harmful stimulus. For example, if a too strong electric shock is used in a fear conditioning 

protocol, animals can show an elevated conditioned response that can distort experimental 

data. Therefore, careful experimental protocol designs that take nonassociative processes into 

account are needed to gain reliable experimental results.  

Fear acquisition  

During the first stage of fear memory formation, a previously neutral stimulus (NS), 

becomes associated with a naturally aversive, often painful stimulus, called the unconditioned 

stimulus (US). Therefore, the NS turns into a conditioned stimulus (CS) that can elicit fearful 

behavior, called a conditioned response (CR) (LeDoux, 2000) (Figure 1). 

Technically, most researchers use an 

auditory fear conditioning (Wotjak, 2018), in 

which an acoustic stimulus, usually a tone 

(NS), is presented together with a painful 

stimulation (US), usually an electric foot 

shock. After an appropriate amount of 

repetition, the tone becomes aversive in 

itself (CS) and elicits fearful behavior from 

the animals (CR). Obviously, other forms of 

fear conditioning are also used on some 

occasions. For example, NS/CS can be a 

visual cue (LeDoux, Iwata, et al., 1986), while 

air puffs (Vander Weele et al., 2018) or bitter 

taste (Beyeler et al., 2016) can be used as US, 

among others.  

Another important element of a fear 

conditioning paradigm is the context in 

which it is carried out. During the fear 

conditioning, the animal associates the 

whole environment with the US as well, 

hence it will show fear response not only if 

Figure 1. Classical model of amygdala-
related fear conditioning. According to the 
model, CS and US signals reach the 
amygdala either directly through the 
ǘƘŀƭŀƳǳǎ όάƭƻǿ-ǊƻŀŘέύΣ ƻǊ ƛƴŘƛǊŜŎǘƭȅ ǘƘǊƻǳƎƘ 
ǘƘŜ ŎƻǊǘŜȄ όάƘƛƎƘ-ǊƻŀŘέύΦ Lƴ ǘƘŜ ŀƳȅƎŘŀƭŀΣ 
the lateral and basolateral nuclei receive 
thalamic and cortical axons converge 
providing the basis of signal association. 
Finally, axons from the lateral and 
basolateral nuclei drive neurons in the 
central amygdala, which innervates 
subcortical brain regions directly involved in 
motor, somatic and endocrine responses. 
Modified from J. E. LeDoux.  
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the CS is presented, but also if it encounters the same environment again, even without the 

CS (Tovote et al., 2015). Since contextual and cued fear conditioning are mediated by partly 

overlapping (Study 2), but slightly different brain circuits (Hall et al., 2001; Maren et al., 2013), 

researchers usually use different contexts for the conditioning and for the retrieval of the fear 

memory, so they can measure the effect of CS (cue) and context presentation separately. 

Practically, this usually means visually different chambers, one used during the conditioning 

and the other during retrieval (Tovote et al., 2015). Of course, not only the visual components, 

ōǳǘ ƻŘƻǊǎΣ ōŀŎƪƎǊƻǳƴŘ ƴƻƛǎŜ ƻǊ ŜǾŜƴ ǘƘŜ ŀƴƛƳŀƭΩǎ ŎǳǊǊŜƴǘ ƛƴǘŜǊƴŀƭ ǎǘŀǘŜ Ŏŀƴ ōŜ ǇŀǊǘ ƻŦ ǘƘŜ 

conditioning context (Maren et al., 2013; Wotjak, 2018). 

Fear retrieval  

After the acquisition of the fear association took place, comes the next stage, retrieval. 

Under experimental conditions this usually means the repeated presentation of the CS, or the 

context without the US. Retrieval can take place at various time points after the acquisition 

(Do Monte et al., 2016). For example, Do-Monte and colleagues (2015) tested fear retrieval 6 

h, 24 h and 7 days after the conditioning and revealed different, time dependent underlying 

mechanisms.  

Parallel to the presentation of the CS during retrieval, the objective and quantifiable 

measurement of the evoked fear response is necessary. Although a wide variety of biologically 

relevant parameters were associated with the level of fear in rodents, the most commonly 

used unit to measure fear is the immobile state called freezing (Roelofs, 2017; Wotjak, 2018), 

normally calculated as a percentage of time (i.e., for how long was the animal immobile after 

the presentation of the CS). Other units of measure include the suppression of normal 

behavioral activities (e.g., drinking, exploration) (LeDoux, Sakaguchi, et al., 1986), elevation of 

arterial pressure (Romanski & LeDoux, 1992a), changes in blood hormone levels (Van De Kar 

et al., 1991) and even facial expressions (Dolensek et al., 2020), among others.  

It is important to note that responses to the US and CS are not necessarily the same: 

rats tend to jump and vocalize to the presentation of the US but show freezing behavior when 

the CS is presented. Current theories state that animals possess different innate behavioral 

patterns for different threatening situations, for example jumping, vocalization or freezing. In 

a given situation proximity, probability, timing and even the nature of the threat influence the 

selection of the appropriate behavioral response (Fanselow, 2018). Indeed, Laxmi and 
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colleagues (2003) demonstrated that different elements of defensive responses (i.e., risk 

assessment, freezing, flight) appear with increasing US intensities. 

Fear extinction  

If the CS, or the context, is repeatedly presented without the US the magnitude of the 

CR gradually decreases or even completely disappears (Maren et al., 2013; Dunsmoor et al., 

2015). This process is called extinction and requires an acquisition phase during which a new 

association, as Maren and colleagues (2013) ǘŜǊƳŜŘΣ ŀ Ψ/{-no-¦{ ƳŜƳƻǊȅΩ suppressing the 

original fear memory is formed (Nabavi et al., 2014; Wotjak, 2018). So, extinction is not simple 

forgetting, but a new memory formation process. According to Kamprath and Wotjak (2004) 

associative elements of extinction learning are accompanied by a nonassociative component 

as well, namely habituation. 

Since the original memory trace is not erased during extinction (Nabavi et al., 2014), 

CR can be elicited again by presenting the CS in a new context (renewal) or by exposing the 

animal to the US again in the original context (reinstatement), and it can reappear by chance 

with the passage of time (spontaneous recovery) (Myers & Davis, 2007; Wotjak, 2018). A 

notable exception is when the extinction training happens before the original memory trace 

is properly consolidated. 

Fear generalization , fear states and related disorders  

As we have seen, normal fear learning is vital to survival. However, healthy regulation 

of fear can be disrupted by genetic or environmental factors. In this subchapter I will briefly 

summarize aspects of fear regulation that can, if malfunctioning, lead to various mental 

disorders. 

While under experimental conditions the US, the CS, and the context where the fear 

conditioning happens are strictly controlled, this is usually not true in a natural environment. 

Therefore, it is evolutionary advantageous for an animal to flexibly transfer acquired fear 

responses to similar cues or contexts, a process called fear generalization. For example, if one 

is bitten by a stray dog, it is wise to be cautious around other unknown dogs in the future. 

However, starting to fear all dogs, including tame, familiar ones, might be an exaggeration, 

while fearing all animals with four legs, for example, would be irrational.  

!ŎŎƻǊŘƛƴƎƭȅΣ ƛŦ ¦{ ƛƴǘŜƴǎƛǘȅ ǊŜŀŎƘŜǎ ŀ ŎŜǊǘŀƛƴ ƭŜǾŜƭ όάƻǾŜǊǘǊŀƛƴƛƴƎέύΣ /w ǊŜǎǇƻƴǎŜ Ŏŀƴ ōŜ 

elicited not only to the presentation of the CS, but other non-conditioned stimuli of similar 

modality as well (i.e., fear generalization) (Laxmi et al., 2003). In fact, overtrained animals 
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showed elevated post-conditioning anxiety levels in a light/dark exploration test which can be 

interpreted as the generalization of the fearful memory. Although fear generalization is not a 

mental disorder per se, it can contribute to various pathological conditions, such as general 

anxiety disorder or post-traumatic stress disorder (PTSD).  

Aside from the intensity of the aversive stimulus, another way to divide fear-related 

states is considering the spatial, temporal and probabilistic distance of a threatening agent, 

called threat imminence (Perusini & Fanselow, 2015; Fanselow & Pennington, 2018). When 

threats are not immediately present (e.g., being in a place where predators are often present, 

άǇǊŜ-ŜƴŎƻǳƴǘŜǊέ) and the subject of fear is not well defined the state of anxiety can emerge. 

On the other hand, fear is elicited, and appropriate behavioral responses are carried out if a 

threat is directly encountered (e.g., a predator appears in sightΣ άǇƻǎǘ-ŜƴŎƻǳƴǘŜǊέ). However, 

if behavioral responses are not sufficient to cope with or avoid the given threat, and threat 

imminence further increases (e.g., a predator comes closer and closerΣ άŎƛǊŎŀ-ǎǘǊƛƪŜέ) and 

extreme state of fear, panic develops. These states can be characterized by different, relatively 

ǎǇŜŎƛŦƛŎ ŦŜŀǘǳǊŜǎΣ ŀƭǘƘƻǳƎƘ ŀ άǎƻƭƛŘ ōƻǊŘŜǊέ ǎŜǇŀǊŀǘƛƴƎ ǘƘŜƳ ƳƛƎƘǘ ōŜ ŘƛŦŦƛŎǳƭǘ ǘƻ ŘŜŦƛƴŜΦ  

Anxiety is characterized by a heightened level of arousal, restlessness, risk assessment 

όάǿƻǊǊȅƛƴƎέύ and physiological changes (National Institute of Mental Health (USA), 2022a). 

These symptoms all serve the purpose of being prepared if an encounter with a threat actually 

occurs. From this point of view, anxiety itself is not necessarily a pathological condition. 

However, there are several anxiety disorders, such as generalized anxiety disorder, or social 

anxiety disorder, that involve being frightened in situations that pose no real danger, or 

irrationally high levels of anxiety that interfere with normal functioning (National Institute of 

Mental Health (USA), 2022a). For example, it would be normal to worry before giving a 

presentation at a scientific conference for the first time, but being worried about just visiting 

such a conference would not.  

Accordingly, Heim and colleagues (2000) investigated the stress reactions of women 

with history of childhood abuse. According to their results, early-life aversive experience led 

to increased anxiety in a stressful situation as measured by blood cortisol and 

adrenocorticotropic hormone levels compared to women without such abusive experience. 

These results demonstrate that individual fearful experience can alter anxious behavior in a 

different situation even after a long period of time, even without the presence of anything 

similar to the original threat. 
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The state of fear, on the other hand, normally has a relatively well-defined, exact 

subject that can easily cause real, direct harm (e.g., a vicious dog). Typical behaviors 

accompanying fear are aimed to avoid direct contact with the subject, either by trying to hide 

(e.g., freezing), or, if possible, escape the situation. Obviously, there is nothing pathological in 

avoiding harmful situations or agents, so fear, in itself is not a pathology either. However, in 

some cases the regulation of normal fear can be disturbed that can lead to various fear-related 

conditions, for example different phobias or PTSD.  

Phobias are characterized by a very intense fear of specific objects or situations, that 

can lead to irrational avoidance behavior or excessive feeling of fear and anxiety if the subject 

of the phobia is unavoidable (National Institute of Mental Health (USA), 2022a). Most phobias 

ŀǊŜ ŀŎǉǳƛǊŜŘ όάƭŜŀǊƴŜŘέύ ŘǳǊƛƴƎ ŎƘƛƭŘƘƻƻŘ (National Health Services (UK), 2022a) therefore 

can be viewed as incorrect fear associations. A commonly used remedy for phobias is exposure 

therapy when the patient is gradually exposed to the subject of their phobia in a clinically 

controlled environment until the fear association is sufficiently decreased or completely 

diminished. From the neurobiological perspective, exposure therapy can be viewed as 

clinically controlled fear extinction (Myers & Davis, 2007). 

Another prominent fear-related disorder is PTSD, with a lifetime prevalence of 6% 

according to a large epidemiological study carried out in the USA (Goldstein et al., 2016). PTSD 

is characterized by unwanted and distressing remembering, or even the reexperiencing of 

traumatic event outside of the original context of the given event (Maren et al., 2013; 

Goldstein et al., 2016). PTSD patients usually try to avoid situations that can trigger intrusive 

memory recollection, but still can experience life-debilitating effects, such as sleep problems 

or anger outbursts (National Institute of Mental Health (USA), 2022b). Neurobiologically, PTSD 

can be traced back to deficient fear context and extinction processing and can be treated using 

exposure therapy (extinction) in some cases (Maren et al., 2013; National Institute of Mental 

Health (USA), 2022b).  

Finally, panic disorder can also be viewed as disturbed regulation of fear. Affected 

patients report sudden appearance of debilitating physical symptoms normally accompanying 

acute fear (elevated heartrate, sweating, loss of breadth, etc.) and intense feelings of terror 

(National Health Services (UK), 2022b; National Institute of Mental Health (USA), 2022c). 

¢ƘŜǎŜ άǇŀƴƛŎ ŀǘǘŀŎƪǎέ ŀǊŜ ƻŦǘŜƴ ǘǊƛƎƎŜǊŜŘ ǿƛǘƘƻǳǘ ŀƴȅ ŀǇǇŀǊŜƴǘ ǊŜŀǎƻƴ ŀƴŘ Ŏŀƴ ƭŀǎǘ ŦǊƻƳ 

minutes up to an hour. This can lead to a constant anxious state, because the patient is always 
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worried about a possible attack at any time. Although the exact cause of panic disorder is 

currently unknown, some researchers suggest that it might originate in the misplaced 

appearance of fear-related physical symptoms that is, in turn, misinterpreted as real danger 

causing further escalation (National Institute of Mental Health (USA), 2022c). Some estimates 

that panic disorders affect 1.6-5.2% of people at some point in their lives (Bandelow & 

Michaelis, 2015). 

According to the Global Burden of Disease 2019 study (Vos et al., 2020) published by 

the Institute for Health Metrics and Evaluation anxiety disorders (including all disorders 

mentioned above) affected more than 300 million people (including almost 60 million children 

and adolescents) in that given year, which is approximately 4% of the global population. The 

lifetime prevalence of anxiety disorders shows an even more horrifying picture: according to 

epidemiological studies carried out in the USA and Europe, 28.8-33.7% of the total population 

will be affected at some point during their lives (Kessler et al., 2005; Bandelow and Michaelis, 

2015). Understanding the neurobiology of these diseases might help develop new remedies 

and therapies that can affect the well-being of, as we have seen, hundreds of millions of 

people worldwide.  

Brain regions involved in fear regulation  

One of the first studies to identify the neurobiological basis of fear regulation was 

carried out by Heinrich Klüver and Paul C. Bucy (1939) more than eighty years ago. In this 

fundamental work the temporal lobes of rhesus monkeys (Macaca mulatta) were removed 

bilaterally (Dolensek et al., 2020) which produced a characteristic behavioral phenotype that 

the authors called άpsychic blindnessέ (Seelenblindheit). Among other symptoms, monkeys 

approached animate and inanimate objects without hesitation, regardless of any (positive or 

negative) emotional value that had been associated with these objects previously. 

Furthermore, most monkeys exhibited strongly reduced or completely absent fear, and 

sometimes anger behavior in almost every situation. 

These observations paved the way for further investigations aimed to identify the brain 

region(s) controlling fear. During the past decades, several different neuronal structures have 

been associated with different aspects of fear behavior (Calhoon & Tye, 2015; Tovote et al., 

2015). In the center of these circuits usually stands a prominent region of the temporal lobe, 

the amygdala (LeDoux, 2007; Orsini & Maren, 2012). 
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In this part, I will review the amygdala-related brain regions involved in fear regulation, 

with special focus on their anatomy and connections with each other and other parts of the 

brain. I also intend to highlight the most important unanswered questions and contradictions 

still abundant in the literature. Although most experiments reviewed here were carried out in 

rodents, relevant human and non-human primate studies will also be included.  

Amygdala  

The amygdala (also known as the amygdaloid complex), an almond-shaped group of 

nuclei in the temporal lobe was first identified as early as the 19th century by German 

physiologist Karl Friedrich Burdach (Pabba, 2013). From the evolutionary perspective, there is 

a general consensus about the relatively conserved nature of this brain region across species, 

including mice, rats, cats, non-human primates and humans (Pabba, 2013; Janak & Tye, 2015), 

which makes it a good target for translational studies. However, I will mainly focus on findings 

made in rodents, since these studies dominate the amygdala literature, especially in the last 

decades (Janak & Tye, 2015). 

As mentioned earlier, Klüver and Bucy (1939) lesioned the temporal lobes ς including 

the amygdala - of rhesus monkeys that led to hampered regulation of emotional behavior, 

especially fear and anger. Later, more focused lesioning studies identified the amygdala as the 

source of this altered regulation, but not necessarily the simple reduction of fear behavior 

(Weiskrantz, 1956; Thompson et al., 1969; Horel et al., 1975). Similar observations were made 

in rodents (Blanchard & Blanchard, 1972; LeDoux, Cicchetti, et al., 1990; LaBar & LeDoux, 

1996), cats (Brady et al., 1954) and humans (Adolphs et al., 1994, 2002; LaBar et al., 1995; 

Tranel et al., 2006), among other species, placing the amygdala in the focus of fear research 

by the turn of the century (Maren & Fanselow, 1996).  

Nevertheless, it is important to note that fear regulation is not the only function of the 

amygdalar circuitry. Numerous studies described the involvement of the amygdala in 

appetitive functions and reward learning (Morrison & Salzman, 2010; Janak & Tye, 2015; 

Wassum & Izquierdo, 2015), while human studies demonstrated amygdala abnormalities in 

schizophrenia (Hu et al., 2022), among others. Indeed, LeDoux stated that calling the 

amygdalar circuitry the fear system άǿŀǎ ŀ ƳƛǎǘŀƪŜ ǘƘŀǘ Ƙŀǎ ƭŜŘ ǘƻ ƳǳŎƘ ŎƻƴŦǳǎƛƻƴέ (LeDoux, 

2014). However, to keep this dissertation in scope, I will mainly focus on amygdalar 

involvement in fear-related processes. Accordingly, the medial part of the amygdala, which is 

mostly involved in innate (e.g., predator avoidance) and social behaviors (e.g., mating, 
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parental behavior), as well as chemosensory 

processes (Petrulis, 2020) will not be detailed 

in this thesis. 

Anatomically the amygdala consists 

of two major parts divided into at least 10-12 

additional subnuclei (Turner & Zimmer, 

1984; Maren & Fanselow, 1996; Orsini & 

Maren, 2012). One is the so-called 

basolateral amygdalar complex, sometimes 

referred to as cortical amygdala, which 

includes the lateral (LA), anterior and 

posterior basolateral (BLA, BLP, 

respectively), and anterior and posterior 

basomedial, or accessory basal (BMA, BMP, 

respectively) subnuclei (Figure 2) in the 

rodent amygdala. Importantly, this region is 

not to be confused with the olfactory cortical 

amygdala (Martinez-Marcos, 2009), nor with 

the cortex-amygdala transition zone (Cádiz-

Moretti et al., 2016).  

Medial to the cortical amygdala lies 

the so-called central amygdala (CeA) which 

mostly consists of GABAergic inhibitory 

neurons resembling the striatum (Krettek & 

Price, 1978a; McDonald, 1982; Turner & 

Zimmer, 1984; Sun & Cassell, 1993; Davis et 

al., 1994; Orsini & Maren, 2012; Fadok et al., 

2018). The CeA is traditionally divided into a 

lateral (CeL) and a medial (CeM) subdivision 

(Fadok et al., 2018) (Figure 2) and is usually 

considered as the output region of the 

amygdala (LeDoux, 2007).  

Figure 2. Divisions of the rodent amygdala. 
The schematic drawing depicts all major 
subnuclei of the basolateral complex (in 
bold), the central amygdala (in regular text) 
as well as the most important intercalated 
cell clusters (in italic) detailed in this 
doctoral thesis. Surrounding brain regions 
are represented in gray. Based on The 
Mouse Brain in Stereotaxic Coordinates 
(2001) by Paxinos & Franklin. ACo ς cortical 
amygdaloid nucleus; Astr ς amygdalostriatal 
transition zone; BLA, BLP ς basolateral 
amygdaloid nucleus, anterior, posterior 
part; BMA, BMP ς basomedial amygdaloid 
nucleus, anterior, posterior part; BSTIA ς 
bed nucleus of the stria terminalis, 
intraamygdaloid division; CeL ς 
centrolateral amygdaloid nucleus; CeM ς 
centromedial amygdaloid nucleus; CPu ς 
caudate putamen; ITC, ap-, dm-, l-, vm- - 
intercalated cell cluster, apical-, 
dorsomedial-, lateral-, ventromedial-; LA ς 
lateral amygdaloid nucleus; LGP ς lateral 
globus pallidus; MeA ς medial amygdala; Pir 
ς piriform cortex; PRh ς perirhinal cortex. 
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Another striatal region closely connected to the amygdala is the so-called 

amygdalostriatal transition area (Astr) (Figure 2). Although most studies do not consider this 

relatively understudied region as a part of the amygdala, its role as a sensory interface within 

the amygdala, together with the LA, was suggested in earlier studies (LeDoux, Farb, et al., 

1990; Jolkkonen et al., 2001). Therefore, I will discuss Astr together with the central amygdala 

in the present thesis. 

Basolateral amygdalar complex  

The basolateral amygdalar complex contains mostly excitatory pyramidal neurons 

όϤул҈Σ /ƭŀǎǎ Lύ ōŜǎƛŘŜǎ ŀ ƭƻǿŜǊ ƴǳƳōŜǊ ƻŦ ʴ-aminobutyric acid (GABA)-ergic local interneurons 

(~20%, Class II) (McDonald, 1984, 1992). Class II neurons also express a variety of 

neuropeptides, such as somatostatin (SOM), neuropeptide Y (NPY), cholecystokinin (CCK), and 

vasoactive intestinal polypeptide (VIP) (McDonald & Pearson, 1989) resembling the cerebral 

cortex (Turner & Zimmer, 1984; Alheid & Heimer, 1988).  

It is important to stress that there is great inconsistency in the nomenclature and the 

most commonly used abbreviations of amygdala subnuclei even in the most recent 

publications. For example, some studies refer to the basolateral nuclei with the abbreviation 

άBAέ (Herry et al., 2008; Polepalli et al., 2020) or άBLέ (Amano et al., 2011), while others use 

the ά.Aέ abbreviation for the άbasal amygdalaέ collectively referring to the anterior and 

posterior basolateral and basomedial nuclei (Anglada-Figueroa & Quirk, 2005; Amano et al., 

2011; Manassero et al., 2018; Kim & Cho, 2020). In contrast, other authors refer to the lateral 

and basolateral nuclei collectively as άBLAέ (Tye et al., 2011; Adhikari et al., 2015; Namburi et 

al., 2015; Beyeler et al., 2018; Terburg et al., 2018; Asede et al., 2022) or άBLCέ (Chaaya et al., 

2019), while others include all the above-mentioned cortical amygdala nuclei in the 

basolateral complex also abbreviated as άBLAέ (Orsini & Maren, 2012; Gründemann & Lüthi, 

2015; Rajbhandari et al., 2021; Li et al., 2022). Such inconsistencies make the correct 

interpretation of results harder and hamper the comparability and reproducibility of different 

studies. Therefore, from here on I will keep using the nomenclature and abbreviations 

presented in Figure 2. 

In the following paragraphs I will briefly summarize the afferent and efferent 

connections of the above-mentioned cortex-like amygdala nuclei with special focus on 

thalamic, neocortical and intra-amygdalar connections. For a summary of the most important 

connections in the context of this thesis see Figure 3-4. 
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LATERAL AMYGDALOID NUCLEUS. The LA is the dorsalmost, wizard hat-shaped region of the 

cortical amygdala. It is generally considered as the main entry point of information in the 

amygdala (Janak & Tye, 2015) via its dense innervation from lateral thalamic (LT) (Clugnet et 

al., 1990; LeDoux, Farb, et al., 1990; Turner & Herkenham, 1991; Yasui et al., 1991; Bordi & 

LeDoux, 1994; Doron & LeDoux, 1999; Linke et al., 2000; Kang et al., 2022) and temporal 

cortical regions (Mascagni et al., 1993; Romanski and LeDoux, 1993a; McIntyre et al., 1996; 

Shi and Cassell, 1997, 1999; McDonald, 1998; Dalmay et al., 2019; Hintiryan et al., 2021). 

Earlier reports (Sesack et al., 1989; McDonald et al., 1996) described prefrontal inputs to the 

LA as well, however, more recent studies demonstrated the lack (Mátyás et al., 2014; Bukalo 

et al., 2015) or marginal nature (Hintiryan et al., 2021) of these connections. Similarly, some 

report relatively strong midline thalamic afferentation to the LA (Vertes & Hoover, 2008; 

Vertes et al., 2012), while others describe these connections as weak (Moga et al., 1995; Van 

der Werf et al., 2002). Furthermore, limited input from the insular cortex (McDonald et al., 

1996; Shi and Cassell, 1998; Mátyás et al., 2014; Hintiryan et al., 2021) and the hippocampus 

(Kishi et al., 2006) has also been reported to the LA. 

Aside from the thalamus, LA receives relatively low subcortical input. These originate 

in the dorsal raphe nucleus (DR) (Vertes, 1991) and the hypothalamus (HT) (Canteras et al., 

1994; Vertes et al., 1995).  

Interestingly, besides a strong output to the temporal (McDonald & Jackson, 1987) and 

ventral entorhinal cortices (Pikkarainen et al., 1999) the LA has very limited extra-amygdalar 

efferent connections, including output to the insular, piriform and perirhinal cortices (Krettek 

& Price, 1978a; McDonald & Jackson, 1987; Shammah-Lagnado et al., 1999). Furthermore, 

some studies reported projections to the striatum and the interstitial nucleus of the posterior 

limb of the anterior commissure (IPAC) as well (Kelley et al., 1982; Shammah-Lagnado et al., 

1999). 

Most review articles consider the LA the main source of intra-amygdalar connections 

innervating virtually all other amygdala nuclei (Sah et al., 2003). However, thorough 

investigation of the literature leaves us with only a few of these connections actually 

confirmed with careful anatomical precision. One of these is a major unidirectional pathway 

from the LA to the Astr (Stefanacci et al., 1992; Pitkänen et al., 1995; Shammah-Lagnado et 

al., 1999; Jolkkonen et al., 2001; Wang et al., 2001, 2002). Similarly strong projection was 

described to the BMA/BMP (Krettek & Price, 1978a; Stefanacci et al., 1992; Pitkänen et al., 
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1995) with moderate reciprocity (Petrovich et al., 1996; Savander et al., 1997). Although the 

BLA/BLP is often cited as a major target of the LA, qualitative and semi-quantitative anatomical 

data (Pitkänen et al., 1995) indicate that these projections are substantially weaker than those 

targeting the Astr or BMA/BMP and possibly include a significant number of fibers of passage 

(see Fig. 8. in Stefanacci et al., 1992). Projections from the BLA/BLP back to the LA also seem 

relatively weak and mostly confined to the ventral/lateral division of the LA, immediately 

adjacent to the BLA/BLP (Savander et al., 1995, 1997). 

The CeA, especially the CeL is also often cited as a major target of the LA. In fact, this 

connection is generally considered as a central element of the fear circuitry (Orsini & Maren, 

2012; Janak & Tye, 2015; Do Monte et al., 2016; Asede et al., 2022). However, some original 

research articles that support the existence of this projection provide indirect evidence only 

(Roberts et al., 1982; Nitecka & Frotscher, 1989). Krettek and Prince (1978b) presented one 

relatively extensive injection of the anterograde tracer 3H-amino acid into the LA of a cat which 

resulted in weak labelling in the CeA. Other sources, however, clearly demonstrate the lack or 

marginal nature of a direct LA-CeA pathway (Stefanacci et al., 1992; Pitkänen et al., 1995; 

Jolkkonen et al., 2001), a notion further supported by electrophysiological (Wang et al., 2001, 

2002; De Armentia and Sah, 2004) and even behavioral studies (Killcross et al., 1997). 

Despite these anatomical inconsistencies, the LA has been in the focus of fear research 

in the past decades. It was demonstrated that LA lesions prior to, or after learning disrupt 

auditory fear conditioning (LeDoux, Cicchetti, et al., 1990; Manassero et al., 2018), including 

active avoidance (Amorapanth et al., 2000; Choi et al., 2010; Lázaro-Muñoz et al., 2010), an 

effect attributed to the fact that LA receives converging auditory and somatosensory input, 

most notably from the LT (Bordi et al., 1993; Romanski et al., 1993; Bordi and LeDoux, 1994; 

Quirk et al., 1995; Uwano et al., 1995). However, it is important to note that most lesions in 

these early studies involved the adjacent BLA/BLP, and sometimes even the BMA/BMP, so the 

interpretation of these results needs careful consideration. Nevertheless, it was also revealed 

that fear conditioning is accompanied by neuronal plasticity in the LA (Quirk et al., 1995; 

McKernan & Shinnick-Gallagher, 1997; Hennevin et al., 1998; Blair et al., 2006; Nabavi et al., 

2014). 

Subsequently it was demonstrated in mice that LA is selectively activated to the 

presentation of an auditory CS, while the BLA, BMA and CeA were deactivated, as measured 

by cerebral blood flow changes (Holschneider et al., 2006). It was also shown by another study 
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that optogenetic stimulation of LA pyramidal cells alone produces freezing and can serve as 

US when paired with an auditory CS in the absence of nociceptive stimuli (Johansen et al., 

2010). More recently, it was also revealed that optogenetic stimulation of thalamic and 

cortical terminals in the LA can serve as CS during fear conditioning and that this leads to long-

term potentiation (LTP) in the LA (Nabavi et al., 2014). However, this LTP can be reversed by 

an optical long-term depression (LTD) protocol eliminating previously acquired CR, but this 

can be reversed again with a subsequent optical LTP protocol.  

Taken together, LA has been proved to be a critical element of the network that 

regulates associative fear learning. During acquisition, thalamic and cortical synapses on LA 

principal neurons undergo long lasting potentiation providing the cellular basis of fear 

memory formation. Upon the presentation of the CS, LA neurons increase their activity and 

drive appropriate behavioral responses. However, the details of the circuitry downstream of 

the LA driving conditioned responses are still elusive. 

BASOLATERAL AMYGDALOID NUCLEUS, ANTERIOR AND POSTERIOR PART. These nuclei are also 

considered as major input regions of the amygdala together with the LA (LeDoux, 2007). Most 

studies report strong midline thalamic, as well as prefrontal, orbital (McDonald, 1987; Su & 

Bentivoglio, 1990; Turner & Herkenham, 1991; Moga et al., 1995; Vertes, 2004; Li & Kirouac, 

2008; Vertes & Hoover, 2008; Hoover & Vertes, 2011; Mátyás et al., 2014; Bukalo et al., 2015; 

Amir et al., 2019; Hintiryan et al., 2021) and relatively weak insular (McDonald, 1998; Shi and 

Cassell, 1998; Hintiryan et al., 2021) and perirhinal cortical afferents (McIntyre et al., 1996; Shi 

& Cassell, 1999) to these subnuclei. Furthermore, afferents from the entorhinal cortex and the 

hippocampal formation were also described (Canteras & Swanson, 1992; Shi & Cassell, 1999; 

Kishi et al., 2006). 

Besides these cortical and thalamic sources, BLA/BLP also receives moderate 

afferentation from the bed nucleus of the stria terminals (BNST) (Dong & Swanson, 2006a, 

2006b), HT (Vertes et al., 1995), and DR (Vertes, 1991) as well. Furthermore, BLP but not BLA 

receives innervation from the parabrachial nucleus (PB) as well (Bernard et al., 1989, 1993).  

The most prominent extra-amygdalar targets of the basolateral nuclei are the 

prefrontal, orbital and insular cortices (McDonald, 1987, 1991; Bourgeais et al., 2001; Mátyás 

et al., 2014), and also the peri-/entorhinal cortex and the hippocampus/subiculum (Krettek & 

Price, 1978a; Pikkarainen et al., 1999). At the subcortical level the nucleus accumbens (NAc), 

as well as other parts of the striatum, the olfactory tubercule, the substantia innominata (SI), 
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the BNST, the lateral HT, the lateral nucleus of olfactory tract (LOT) have been reported to 

receive innervation from the basolateral nuclei (Krettek & Price, 1978a, 1978b; Kelley et al., 

1982; Kita & Kitai, 1990; Mcdonald, 1991; Shammah-Lagnado et al., 1999; Dong et al., 2001). 

However, SI, BNST and HT innervation was questioned by Bourgeais and colleagues (Bourgeais 

et al., 2001). Furthermore, innervation the IPAC from the BLP was also described earlier 

(Shammah-Lagnado et al., 1999). 

Interestingly, earlier studies (Krettek & Price, 1978a; McDonald, 1987) reported weak 

amygdalo-thalamic connections from the BLA/BLP to the midline ς especially to the 

mediodorsal ς thalamus, but more recent results questioned the existence of this pathway 

(Mátyás et al., 2014). 

Within the amygdala, most sources, particularly review articles (Orsini & Maren, 2012; 

Janak & Tye, 2015; Tovote et al., 2015; Fadok et al., 2018; Asede et al., 2022) mention strong 

projection from the BLA/BLP to the CeA. However, original research articles demonstrated 

that these projections are almost exclusively confined to the CeM, and the majority of them 

originate in the BLP (Kelley et al., 1982; Savander et al., 1995; Shammah-Lagnado et al., 1999; 

Bourgeais et al., 2001). Accordingly, a recent study (Kim et al., 2016) demonstrated that the 

vast majority of CeL/CeM projecting cells are located in the BLP, where the expression of the 

protein DARPP-32 (encoded by the gene Ppp1r1b) is high, which was also indicated in other 

publications (McCullough et al., 2016; Beyeler et al., 2018; Massi et al., 2023). Nevertheless, 

most of these studies refer to this posterior region as άBLAέ. A more recent article 

(McCullough et al., 2016) specifically investigating Thy1-expressing neurons in the BLA also 

showed direct, but relatively weak projections to the CeA, and another study by the same 

research group also demonstrated that optical stimulation of these Thy1-positive neurons can 

elicit excitatory and inhibitory responses in the CeM  (Jasnow et al., 2013).  

Although the basolateral nuclei were also implicated in the regulation of fear 

conditioning, studies investigating its role separately from the LA were lagging. Muller and 

colleagues (1997) pharmacologically blocked LA and BLA/BLP activity before fear conditioning 

or before recall testing and found that this disrupted conditioned responding to the cue and 

context in both conditions at both locations, as later reinforced by others (Sierra-Mercado et 

al., 2011), indicating that these nuclei are involved in mostly overlapping processes. In 

contrast, while LA lesions (prior to training) blocked both passive and active CRs, BLA/BLP 

lesions only interfered with active avoidance, but not freezing (Amorapanth et al., 2000), 
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although overtraining can compensate for this deficit (Lázaro-Muñoz et al., 2010). Accordingly, 

lesions to the basolateral and basomedial nuclei before training did not interfere with fear 

conditioning but disrupted CRs if made after the learning phase, as reported in another study 

(Anglada-Figueroa & Quirk, 2005). However, another study could not find a significant 

difference between LA and BLA/BLP lesions in a slightly different active avoidance paradigm, 

showing that both disrupted this particular behavior (Choi et al., 2010).  

Subsequently it was shown that active avoidance behavior elicited by a previously 

acquired CS is mediated via the projections from the BLA/BLP to the shell regions of the 

nucleus accumbens, and pharmacological inactivation of this pathway increased freezing 

responses in this active avoidance paradigm, but not during simple Pavlovian fear conditioning 

(Ramirez et al., 2015). These results suggest that BLA/BLP neurons, or at least a subset of 

them, are indeed involved in the regulation of active responses during fear-related behavior.  

More recently, a line of studies revealed that different subsets of BLA/BLP neurons 

projecting to different downstream regions encode positive and negative valence differently 

(Namburi et al., 2015; Beyeler et al., 2016; Kim et al., 2016, 2017) although certain 

contradictions emerged. For example, while Namburi et al. (2015) and Beyeler et al. (2016) 

concluded that CeA-projecting BLA/BLP neurons tend to encode aversive valence, Kim et al. 

(2016, 2017) reported that DARPP-32-expressing BLA/BLP neurons innervating the CeA drive 

appetitive responses, although the exact cause of these discrepancies remains elusive.  

Another line of studies investigated the role of BLA/BLP neurons in fear extinction, 

although early studies suggested that these nuclei are not involved in extinction (Anglada-

Figueroa & Quirk, 2005). Herry and colleagues (2008) proposed that distinct subsets of 

BLA/BLP neurons are active during the acquisition and recall phases and during extinction in 

a discriminative fear conditioning experiment. Interestingly, they could not find extinction-

activated neurons in the LA during the same experiments further strengthening the proposed 

functional separation of these two regions. They also demonstrated that fear neurons are 

more strongly influenced by ventral hippocampal projections, while extinction neurons are 

under stronger medial prefrontal (mPFC) control. Accordingly, cFos expression is increased 

during the acquisition, but not during the expression of extinction, specifically in the BLA/BLP 

and not in the LA and CeA (Furlong et al., 2016). On the other hand, prefrontal neurons 

showed increased activity both during acquisition and expression. However, it is important to 
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stress that cFos expression provides only indirect evidence for underlying behavioral 

mechanisms. 

Cell-type-specific studies revealed that Thy1-expressing neurons in the BLA/BLP are 

specifically involved in fear inhibition. Photoactivation of these neurons during learning 

disrupts conditioned freezing responses in the recall phase but enhances the consolidation of 

extinction memory if applied during extinction acquisition (Jasnow et al., 2013). In a follow-up 

study, it was also demonstrated that these neurons are indeed selectively activated during 

extinction acquisition and retention, although optogenetic silencing affected extinction 

acquisition (McCullough et al., 2016). These findings were further supported by subsequent 

results from another research group (Gilman et al., 2018). 

  

Figure 3. External connections of the amygdala. (A) Simplified diagram of the most 
important thalamic (warm colors) and cortical (cold colors) connections of the basolateral 
amygdalar complex. Dashed lines indicate debated connections. Subcortical connections are 
depicted in grey. (B) Simplified diagram of the most important thalamic (warm colors) and 
cortical (cold colors) connections of the central amygdala. Dashed lines indicate debated 
connections. Subcortical connections are depicted in grey. Astr ς amygdalostriatal transition 
zone; BLA, BLP ς basolateral amygdaloid nucleus, anterior, posterior part; BMA, BMP ς 
basomedial amygdaloid nucleus, anterior, posterior part; CeL ς centrolateral amygdaloid 
nucleus; CeM ς centromedial amygdaloid nucleus; DMT ς dorsal midline thalamus; LA ς 
lateral amygdaloid nucleus; LT ς lateral thalamus; mPFC ς medial prefrontal cortex; TeA ς 
temporal association cortex. 
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Taken together, the basolateral nuclei show substantially different anatomical 

connectivity compared to LA, although several details need to be clarified in the future. 

Accordingly, BLA/BLP involvement in slightly different aspects of associative (fear) 

conditioning was implicated, while discrepancies and contradictions are still abundant in the 

literature. This might be attributed to the fact that this region is relatively loosely defined 

anatomically, and most studies do not distinguish between BLA and BLP. This highlights the 

necessity of a more precise, ideally cell- and/or pathway-selective approach to reveal BLA/BLP 

functions reliably. 

BASOMEDIAL AMYGDALOID NUCLEUS, ANTERIOR AND POSTERIOR PART. Located just ventral to the 

BLA and BLP, these relatively less studied subnuclei are also considered to be part of the 

cortical amygdala. These nuclei receive thalamic innervation from both the lateral (LeDoux, 

Farb, et al., 1990; Turner & Herkenham, 1991; Linke et al., 2000) and midline (Moga et al., 

1995; Li and Kirouac, 2008; Vertes and Hoover, 2008; Vertes et al., 2012; Hintiryan et al., 2021) 

thalamus and cortical innervation from the mPFC (McDonald, 1998; Vertes, 2004; Adhikari et 

al., 2015; Hintiryan et al., 2021), insular (McDonald, 1998; Shi and Cassell, 1998; Gehrlach et 

al., 2020; Hintiryan et al., 2021) and perirhinal (McIntyre et al., 1996; Shi & Cassell, 1999) 

cortices and the hippocampus/subiculum (Canteras & Swanson, 1992; Kishi et al., 2006). 

Furthermore, PB (Bernard et al., 1993; Kang et al., 2022), BNST (Dong & Swanson, 2006c, 

2006b), HT (Vertes et al., 1995) and olfactory cortical amygdaloid (Petrovich et al., 1996) 

inputs of moderate density were also reported in the BMA. 

The basomedial nuclei innervate several cortical regions, including the insular, 

temporal, peri- and entorhinal cortices and the ventral hippocampus/subiculum (McDonald & 

Jackson, 1987; Petrovich et al., 1996; Pikkarainen et al., 1999). On the other hand, basomedial 

efferents also target subcortical regions, such as the BNST, medial HT, as well as certain 

regions of the striatum, the olfactory tubercule and SI (Krettek & Price, 1978b; Petrovich et 

al., 1996; Bourgeais et al., 2001). 

Interestingly, Petrovich and colleagues (Petrovich et al., 1996) proposed the revision 

of the classification of basomedial, based on their strong connections with olfactory regions, 

especially the BMA. They argued that these nuclei share many characteristics with the 

olfactory cortical amygdala, so their inclusion in the non-olfactory cortical amygdala group 

might be outdated. However, the authors also noted that in some features, they are more 

similar to the basolateral and lateral nuclei than to the olfactory nuclei. Since most studies still 
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include both the BMA and BMP in the non-

olfactory cortical amygdala group, I will 

continue to handle them as a part of this group 

in this thesis as well. 

Within the amygdala, both the BMA and 

BMP sends the strongest afferentation to the 

CeM, while Astr is innervated from the BMP 

almost exclusively (Petrovich et al., 1996; 

Shammah-Lagnado et al., 1999; Jolkkonen et 

al., 2001). Connections between LA, BLA/BLP 

and the basomedial nuclei were detailed 

above.  

Functional investigations selectively 

targeting the basomedial nuclei are sparse. In 

fact, most studies, especially lesioning studies, 

targeting the BLA/BLP also involved, to some 

extent at least, the BMA and BMP. One study 

reported that pretraining lesions of the 

basomedial and basolateral nuclei did not 

interfere with fear acquisition or extinction, 

while lesions made after conditioning 

disrupted freezing during the recall phase, 

although animals could form associative 

memories to a new CS (Anglada-Figueroa & 

Quirk, 2005). These results indicated that 

these regions might be involved especially in 

the recall of previously acquired memories. 

Accordingly, combined pharmacological inhibiton of the basolateral and basomedial 

nuclei right before the recall test blocked freezing and subsequent extinction to a conditioned 

cue, but inhibiton of either of them alone did not, suggesting substantial functional overlap 

between these nuclei (Amano et al., 2011). Interestingly, these results are in odds with other 

Figure 4. Intra-amygdalar connectios. 
Schematic diagram showing the most 
important intra-amygalar pathways 
originating in different subnuclei of the 
basolateral amygdaloid complex (shades of 
blue) and the central amygdala (orange). 
Dashed lines indicate debated connections. 
Astr ς amygdalostriatal transition zone; BLA, 
BLP ς basolateral amygdaloid nucleus, 
anterior, posterior part; BMA, BMP ς 
basomedial amygdaloid nucleus, anterior, 
posterior part; CeL ς centrolateral 
amygdaloid nucleus; CeM ς centromedial 
amygdaloid nucleus; LA ς lateral amygdaloid 
nucleus. 
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studies demonstrating a prominent role of the BLA/BLP in extinction (see above), although the 

cause of this contradiction is not clear. 

In contrast, a recent study (Adhikari et al., 2015) specifically investigated the BMA/BMP 

and reported that optical stimulation in this region has an anxiolytic effect, decreases 

conditioned freezing responses during cued and contextual retrieval and promotes extinction. 

The authors also demonstrated that these effects are mediated by the prefrontal cortex, 

especially its ventromedial region. Furthermore, these experiments failed to detect the same 

effects after the manipulation of dorsal mPFC to amygdala (BLA/BLP) pathway, although 

extinction learning was disrupted. These results indicate that the basomedial nuclei regulate 

distinct aspects of fear and anxiety. 

These results were partly replicated in a subsequent study showing that optogenetic 

stimulation of pituitary adenylate activating peptide (PACAP)ergic BMA/BMP neurons 

innervating the dorsomedial intercalated cells (see details later) decreases conditioned 

freezing responses and promote extinction in a contextual fear learning setting (Rajbhandari 

et al., 2021). 

A handful of other studies investigated the BMA/BMP in relation to innate fear 

responses (Martinez et al., 2011), social behavior (Numan et al., 2010; Mesquita et al., 2016) 

and aversion (un)controllability (Ineichen et al., 2022), implicating the complexity of this 

region. 

In brief, the exact role of BMA/BMP in fear-related behavior is still elusive, although a 

few studies indicated its involvement in fear extinction and anxiety suppression. Considering 

that it is a major target of the LA and innervates prominent elements of the broader limbic 

network (BNST, HT, CeA), more BMA/BMP-selective studies should be carried out in the future 

to elucidate more details of emotion regulation. 

Taken together, the five major cortical amygdala nuclei receive a wide range of higher-

order (but nor primary) sensory and associative afferentation from distinct thalamic and 

neocortical sources, as well as a line of subcortical inputs. At the level of the thalamus, the 

two major regions innervating these nuclei are the midline (BLA/BLP, BMA/BMP) and LT nuclei 

(LA, BMA/BMP). From the neocortex, the most prominent sources of amygdala innervation 

are the mPFC (BLA/BLP, BMA/BMP), temporal (LA), and, to some extent, insular cortical 

regions (BLA/BLP, BMA/BMP). 
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As a general rule, it can be stated that all these nuclei are in reciprocal connection with 

their respective neocortical partner, but there is no reliable evidence supporting the existence 

of prominent amygdalo-thalamic pathways. On the other hand, the basal and basomedial 

nuclei innervate a wide variety of subcortical structures, such as the BNST, the hypothalamus 

and different regions of the striatum. Within the amygdala the basolateral complex, especially 

the LA is generally considered as an input region, processing incoming information and 

relaying it towards the central nuclei (see following chapter). 

Nonetheless, there are numerous contradictions and inaccuracies regarding the 

cortical amygdala and its internal and external connections. For example, even relatively 

recent review articles (Marek et al., 2013; Maren et al., 2013; Calhoon & Tye, 2015; Janak & 

Tye, 2015; Perusini & Fanselow, 2015; Stujenske & Likhtik, 2017; Kim & Jung, 2018) handle the 

basolateral amygdalar complex as a functionally homogenous entity, despite the clear 

differences in the connectivity profile of different subnuclei described above. Accordingly, the 

exact pathways from these nuclei towards the central amygdala are still not completely 

characterized. 

Furthermore, it is still generally accepted that the amygdala receives primary sensory 

information from the cortex and thalamus (LeDoux, 2007; Seymour & Dolan, 2008; Tovote et 

al., 2015), although it was clearly demonstrated early on ǘƘŀǘ άǘƘŜ ŀƳȅƎŘŀƭƻƛŘ ŎƻƳǇƭŜȄ ŘƻŜǎ 

not receiǾŜ ŀƴ ƛƴǇǳǘ ŦǊƻƳ ǘƘŜ ǇǊƛƳŀǊȅ ǎŜƴǎƻǊȅ ƻǊ ŀǎǎƻŎƛŀǘƛƻƴ ŀǊŜŀǎ ƻŦ ǘƘŜ ŎŜǊŜōǊŀƭ ŎƻǊǘŜȄέ 

(Krettek & Price, 1977). 

Another problematic matter is that although the anterior and posterior regions of the 

basolateral and basomedial nuclei are clearly considered as anatomically distinct from each 

other in rodent brain atlases (Paxinos & Franklin, 2012), and possess markedly different 

connections (Petrovich et al., 1996; Hintiryan et al., 2021), most studies do not separate them 

(Adhikari et al., 2015; Kim et al., 2016, 2017). Resolving these contradictions and integrating 

a more precise anatomical approach to amygdala research would be essential in future 

studies. 

Taken together, extensive research in the previous decades lead to an enormous 

amount of knowledge about the connections of the cortical amygdala and its subnuclei. 

However, mostly due to the lack of a precise, biologically relevant, and strict anatomical 

framework to define (cortical) amygdala subnuclei, contradictions and misconceptions are still 

abundant in the literature.  
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Central  amygdala  

A well-documented characteristic of the CeA is the presence of numerous 

neuropeptides in its GABAergic cells. These include SOM, VIP, CCK, calcitonin gene-related 

peptide (CGRP), protein kinase C-  ɻ(PKC- )ɻ as well as neurotensin, enkephalin, corticotropin-

releasing factor (CRF), substance P and galanin (Cassell et al., 1986; Cassell & Gray, 1989; 

WƻƭƪƪƻƴŜƴ ϧ tƛǘƪŅƴŜƴΣ мффуΤ hΩ[ŜŀǊȅ Ŝǘ ŀƭΦΣ нлннύ. Although the distribution of these peptides 

shows significant differences, the detailed description of this is out of the scope of the present 

thesis apart from some prominent examples. 

CENTROLATERAL AMYGDALOID NUCLEUS. The CeL receives inputs from a relatively limited 

number of extra-amygdalar sources. These include strong projections from the midline 

thalamus (Moga et al., 1995; Li & Kirouac, 2008; Vertes & Hoover, 2008; Amir et al., 2019) and 

the insular and piriform cortex (McDonald, 1998; Shi and Cassell, 1998; McDonald et al., 1999; 

Gehrlach et al., 2020), as well as from the PB (Bernard et al., 1993; Krukoff et al., 1993; Sarhan 

et al., 2005; Kang et al., 2022) and the HT (Canteras et al., 1994; Vertes et al., 1995). 

Being a striatal structure, the vast majority of CeL projections target subcortical areas. 

Heaviest labelling was reported in the BNST and PB, and to a lesser extent in the HT, substantia 

nigra (SN), SI, nucleus of solitary tract (NTS) (Krettek & Price, 1978b; Cassell et al., 1986; Sun 

Ŝǘ ŀƭΦΣ мффмΣ мффпΤ tŜǘǊƻǾƛŎƘ ϧ {ǿŀƴǎƻƴΣ мффтΤ .ƻǳǊƎŜŀƛǎ Ŝǘ ŀƭΦΣ нллмΤ ¸ǳ Ŝǘ ŀƭΦΣ нлмтΤ hΩ[ŜŀǊȅ 

et al., 2022), as well as in the locus coeruleus (Jüngling et al., 2015). Furthermore, Penzo and 

colleagues (2014) reported that a subset of SOM-expressing CeL neurons innervate the PAG 

and the midline thalamus, in accordance with earlier results describing central amygdalar 

outputs to the PAG and the thalamus (Rizvi et al., 1991; Li & Sheets, 2018). However, others 

described CeL-to-PAG innervation as marginal (Petrovich & Swanson, 1997). 

Within the amygdala, the only target of the CeL is the adjacent CeM, which connection 

is very well documented (Petrovich & Swanson, 1997; Jolkkonen & Pitkänen, 1998). More 

recently, it was specifically demonstrated how these CeL-to-CeM pathways are involved in 

fear regulation (Ciocchi et al., 2010; Haubensak et al., 2010; Li et al., 2013; Penzo et al., 2014; 

Fadok et al., 2017). Specifically, PKC- -ɻexpressing (άFear-offέ) and SOM-expressing (άFear-onέ) 

neurons form largely non-overlapping populations in the CeL, and the activity of these 

population correspond to decreased or increased freezing, respectively, during fear 

conditioning and recall. These populations can reciprocally inhibit each other, while PKC-  ɻ

neurons also directly innervate CeM output neurons that can modulate freezing behavior. In 
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other words, activation of έFear-onέ (SOM+) neurons inhibit άFear-offέ (PKC- +ɻ) neurons in the 

CeL that leads to the disinhibition CeM neurons. In a subsequent study it was also 

demonstrated that these PKC-ʵ /Ŝ[ ƴŜǳǊƻƴǎ ŀǊŜ ƛƴǾƻƭǾŜŘ ƛƴ ǘƘŜ ǊŜƎǳƭŀǘƛƻƴ ƻŦ ŦŜŀǊ ŜȄǘƛƴŎǘƛƻƴ 

as well (Whittle et al., 2021).  

CENTROMEDIAL AMYGDALOID NUCLEUS. Extra-amygdalar CeM inputs substantially overlap 

with those of the CeL, including the midline thalamus (Amir et al., 2019) and the insular cortex 

(McDonald et al., 1996, 1999), as well as the BNST (Dong & Swanson, 2006c, 2006a, 2006b), 

PB (Bernard et al., 1993; Krukoff et al., 1993; Kang et al., 2022), HT (Vertes et al., 1995) and 

PAG (Rizvi et al., 1991). Although some reported relatively strong innervation from the 

prefrontal cortex (Vertes, 2004), other results describe these connections as weak at most 

(McDonald et al., 1996, 1999). Furthermore, one study reported considerable levels of 

projection from the LT, exclusively from the posterior intralaminar nucleus (PIL) (Linke et al., 

2000), while others described these projections as weak (Yasui et al., 1991). However, other 

studies indicate that these projections mostly originate in the triangular part of the posterior 

thalamic nucleus, not the PIL (Clugnet et al., 1990; LeDoux, Farb, et al., 1990; Shammah-

Lagnado et al., 1999). 

CeM efferents are also similar to CeL projections. The most prominent ones are the 

BNST, HT, SI, SN, NTS, PB and the periaqueductal gray (PAG) (Krettek and Price, 1978b; Sun et 

ŀƭΦΣ мффмΣ мффпΤ 5ŀ /ƻǎǘŀ DƻƳŜȊ ŀƴŘ .ŜƘōŜƘŀƴƛΣ мффрΤ [ƛ ŀƴŘ {ƘŜŜǘǎΣ нлмуΤ hΩ[ŜŀǊȅ Ŝt al., 

2022), along other brainstem nuclei (Cassell et al., 1986; Jüngling et al., 2015). One notable 

difference is strong CeM innervation of the IPAC (Bourgeais et al., 2001b). Furthermore, some 

studies described moderate innervation of the mediodorsal thalamus (McDonald, 1987; 

Ahmed and Paré, 2023) and LT (Shammah-Lagnado et al., 1996) from the CeM. 

AMYGDALOSTRIATAL TRANSITION AREA. Located between LA and caudal globus pallidus, 

dorsally to CeL, Astr is an often-overlooked part of the amygdalar circuitry. This region 

contains medium-sized spiny neurons, so early studies considered it as a part of the CeA, 

although as its transition region to the adjacent putamen (McDonald, 1982; Turner & Zimmer, 

1984). However, later studies clearly distinguished the Astr from the CeA, mainly on the basis 

of markedly different neurochemical characteristics, most notably the distribution of 

acetylcholinesterase (Jolkkonen & Pitkänen, 1998; Jolkkonen et al., 2001). Some studies 

termed the Astr as a distinct subregion of the so-ŎŀƭƭŜŘ Ψǘŀƛƭ ƻŦ ǘƘŜ ǎǘǊƛŀǘǳƳΩ ōŀǎŜŘ ƻƴ ǘƘŜ 
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relatively high ratio of spiny neurons expressing both dopamine D1 (D1R) and D2 (D2R) 

receptors (Valjent & Gangarossa, 2021).  

This striatal region receives strong input from the LT (LeDoux et al., 1986b, 1990b; 

Clugnet et al., 1990; Yasui et al., 1991; Shammah-Lagnado et al., 1996; Linke et al., 2000; Kang 

et al., 2022) and to a lesser extent from the DMT (Turner & Herkenham, 1991; Shammah-

Lagnado et al., 1999), as well as from the temporal (Mascagni et al., 1993; Romanski and 

LeDoux, 1993; McDonald et al., 1999; Shammah-Lagnado et al., 1999; Shi and Cassell, 1999), 

prefrontal, insular, perirhinal and entorhinal cortex, and subiculum (McDonald et al., 1999; 

Shammah-Lagnado et al., 1999). At the subcortical level, Astr receives input from a relatively 

few structures, namely the globus pallidus (GP), SN, DR and LOT (Shammah-Lagnado et al., 

1996, 1999), as well as a relatively weak innervation from the medial amygdala (Canteras et 

al., 1995). Within the amygdala, most projections to the Astr originate in the LA, and to a lesser 

extent in the BMP (see above). Outputs of the Astr are also relatively limited, targeting mostly 

the pars lateralis of the SN (LeDoux, Farb, et al., 1990; Shammah-Lagnado et al., 1996) and the 

GP (Shammah-Lagnado et al., 1999). 

Unfortunately, only a very limited number of studies investigated specifically the 

functional role of the Astr. An early study demonstrated that lesions involving the LT-Astr 

pathway disrupts auditory fear conditioning (LeDoux, Sakaguchi, et al., 1986). Subsequent 

studies also showed that Astr neurons respond to auditory and noxious stimulation with short 

latency during fear conditioning (Bordi et al., 1993; Romanski et al., 1993; Uwano et al., 1995). 

Furthermore, according to Wang and colleagues (2001, 2002) Astr neurons are driven by LA 

projection neurons with shorter latency than any other amygdala subnuclei, indicating a 

prominent role in the intra-amygdalar network. 

In a more recent study, Gangarossa and colleagues (2019) found that a high proportion 

of medium spiny neurons in the Astr coexpress dopamine receptors D1R and D2R, unlike the 

adjacent striatal regions. Interestingly, they failed to detect a strong and specific activation of 

Astr neurons following the presentation of innate or learned fear-predicting cues or in an 

active-avoidance paradigm. Somewhat contradictory to these findings, Mills and colleagues 

(2022) demonstrated that Astr neurons, especially D2R-expressing cells show robust and 

sustained response to aversive stimuli and the inhibition of these cells led to reduced freezing 

response to shock-predicting cues.  
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Taken together, the CeA and the Astr are major striatal regions in ideal position to 

convey amygdalar information to a wide range of subcortical areas, although their innervation 

and efferent connections are markedly different. On one hand, CeL and CeM receive 

amygdalar and other subcortical, higher-order thalamic (DMT) and cortical (prefrontal, 

insular) input and target regions that are involved in the regulation autonomic, endocrine and 

motor responses (brainstem, HT, BNST). On the other hand, Astr establishes connection from 

the amygdala (LA, BMP), thalamus (LT) and temporal cortex to the basal ganglia circuitry with 

its projection to the GP and SN. 

Intercalated cell clusters  

Besides the main amygdala subnuclei detailed above, there are groups of inhibitory 

neurons residing in the so-called the intercalated cells clusters (ITCs) that are important 

elements of the amygdalar network (Asede et al., 2022) (Figure 2). Several ITCs, named after 

their location within the amygdala, have been identified so far, the most important ones being 

the ventral (v-ITC), ventromedial (vm-ITC), dorsomedial (dm-ITC), apical (ap-ITC) and lateral (l-

ITC) clusters (Hagihara et al., 2021). Interestingly, ITC neurons form one continuous, irregularly 

shaped cluster in the primate brain (Zikopoulos et al., 2016). 

These clusters contain mostly GABAergic, medium-sized neurons with spiny dendrites, 

resembling the striatum (Millhouse, 1986; Paré & Smith, 1993; Busti et al., 2011). It was also 

demonstrated that ITC neurons specifically express the transcription factor forkhead box 

protein P2 (FoxP2) making them reliably identifiable with immunohistochemical labelling 

(Busti et al., 2011; Hagihara et al., 2021). 

Due to their anatomical features (i.e., small, scattered clusters), techniques that made 

ITC-specific investigations possible only became available in the last few decades. Therefore, 

our knowledge of the anatomical connections and the exact role of the ITCs is relatively 

preliminary. Most studies cite lateral thalamic (Asede et al., 2015, 2021; Bienvenu et al., 2015; 

Strobel et al., 2015), temporal association (TeA) (Asede et al., 2015, 2021; Strobel et al., 2015) 

and mPFC (McDonald et al., 1996; Pinard et al., 2012; Adhikari et al., 2015; Bukalo et al., 2015), 

as well as prominent dopaminergic (Aksoy-Aksel et al., 2021) input to the ITCs, among others. 

However, it is relatively hard to interpret these findings, since there are several terminologies 

used for different ITC clusters, even in recent publications (Busti et al., 2011; Pinard et al., 

2012; Adhikari et al., 2015; Asede et al., 2015; Bienvenu et al., 2015; Hagihara et al., 2021).      
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Within the amygdala, most studies indicate that ITC clusters ventral/medial to the 

basolateral amygdalar complex (dm-ITC, vm-ITC, vITC) are reciprocally connected to the 

complex itself (Royer et al., 1999; Royer & Paré, 2002; Asede et al., 2015; Bienvenu et al., 

2015; Blaesse et al., 2015; Strobel et al., 2015; Hagihara et al., 2021; Rajbhandari et al., 2021) 

and also innervate the CeA (Paré & Smith, 1993; Royer et al., 1999, 2000; Busti et al., 2011; 

Blaesse et al., 2015). On the other hand, ap- and l-ITC neurons receive mostly extra amygdalar 

innervation and innervate the LA and BLA (Strobel et al., 2015; Asede et al., 2021). 

Furthermore, there is significant interconnectivity between different ITC clusters as well 

(Royer et al., 2000; Busti et al., 2011; Aksoy-Aksel et al., 2021; Hagihara et al., 2021).  

In the context of fear, earlier studies mostly indicated the involvement of ITCs in the 

extinction of fearful memories (Royer & Paré, 2002; Jüngling et al., 2008; Likhtik et al., 2008; 

Amano et al., 2010; Li et al., 2011). However, another study (Busti et al., 2011) demonstrated 

that neurons in the dm-ITC cluster are specifically activated during fear retrieval, while v-/vm-

ITC neurons showed elevated activation during the expression of fear extinction. It was also 

demonstrated that dm-ITC neurons are specifically activated by noxious stimuli (Bienvenu et 

al., 2015). Furthermore, Asede et al. (2015) showed that fear conditioning is accompanied by 

the weakening of thalamic (LT) and cortical (TeA) synapses on dm-ITC leading to decreased 

feedforward inhibition onto their target neurons located in the LA, BLA, CeA and other ITC 

clusters. These results indicate that ITC-involvement in fear conditioning, expression and 

extinction is rather complex. 

Accordingly, Hagihara, Bukalo and colleagues (2021) demonstrated in a recent 

publication that dm- and vm-ITC clusters are involved in different processes during fearful 

behavior. Specifically, while dm-ITC neurons were specifically activated by footshock during 

fear conditioning. In contrast, vm-ITC neurons increased their activity when footshocks were 

unexpectedly omitted in early extinction training. Additionally, activity of dm-ITC neurons 

correlated with high levels of freezing, while vm-ITC neurons showed reversed correlation and 

selective chemogenetic activation/inhibition of these clusters influenced fear expression and 

extinction accordingly. Finally, the authors also demonstrated that these effects are mediated 

via downstream targets within the amygdala. Specifically, while dm-ITC innervates BLA 

neurons that project to the prelimbic cortex, vm-ITC neurons innervate infralimbic-projecting 

BLA-, as well as PAG-projecting CeM neurons. 
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Collectively, ITC clusters are ideally positioned to exert control over the amygdalar 

circuitry via feedforward inhibitory or disinhibitory mechanisms originating in the amygdala 

or in extra-amygdalar sources. However, our knowledge of the precise anatomical 

characteristics and functional role of individual ITC clusters is far from complete.  

Thalamus  

The thalamus is a complex group of nuclei in the diencephalon, one of the major 

sources of excitatory innervation to the cerebral cortex (Sherman & Guillery, 1996; Kandel et 

al., 2000). Traditionally, most thalamic nuclei were considered as relatively simple άrelaysέ, 

responsible for the faithful transmission of ascending sensory information from the periphery 

to the cortex (Sherman & Guillery, 1996). 

According the model proposed by LeDoux, the thalamic nuclei give rise the έlow-roadέ 

pathway carrying low processed information to the amygdala. On the other hand, these nuclei 

also innervate different neocortical regions that, in turn, innervate the amygdala as well. This 

three-station pathway (thalamus-cortex-amygdala) is considered to be the έhigh-roadέ in this 

model, where a higher level of information processing can occur. 

In the context of fear conditioning, most studies mention two major thalamic 

elements, namely the midline thalamus and the lateral thalamus, including the medial 

geniculate complex and adjacent nuclei. In the following subchapters, I will summarize the 

most important anatomical characteristics of these two thalamic regions, with special focus 

on their connections with the fear network. However, since thalamo-amygdalar connections 

were already described in detail in the previous chapter, I will only briefly mention these in 

this part. 

Midline thalamus  

The midline thalamus, as its name suggests, is a group of small nuclei along the vertical 

axis of the thalamus in rodents (Groenewegen & Berendse, 1994; Van der Werf et al., 2002; 

Vertes et al., 2015) and along the banks of the 3rd ventricle in human (Reeders et al., 2023). It 

can be divided into a dorsal group (DMT) containing the paraventricular (PVT), paratenial (PT) 

intermediodorsal (IMD) nucleus, and a ventral group including the reuniens (Re) and rhomboid 

(Rh) nucleus. Between the dorsal and ventral group, the central medial, the and the 

interanteromedial nuclei of the intralaminar thalamus can be found (Figure 5).  

Although many, especially earlier studies considered the midline and intralaminar 

nuclei as a single functional entity, they are clearly separated both in their afferent (Cornwall 
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& Phillipson, 1988a, 1988b; Krout et al., 2002) and efferent connections (Van der Werf et al., 

2002). Furthermore, it was extensively demonstrated that ventral midline group is mostly 

involved in hippocampus-related processes (Riley & Moore, 1981; Wouterlood et al., 1990; 

McKenna & Vertes, 2004; Vertes et al., 2022). Therefore, I will mainly focus on the DMT in the 

following sections. 

The midline nuclei receive substantial input from a line of brainstem and even spinal 

cord nuclei implicated in autonomic, visceral and nociceptive functions, such as the PB, the 

PAG, the deep mesencephalic reticular nucleus, the pedunculopontine, dorsal and 

laterodorsal tegmental nucleus, and the cuneiform nucleus, and also monoaminergic 

afferents from the locus coeruleus (norepinephrine), dorsal and medial raphe (serotonin), and 

ventral tegmental area (dopamine) (Giesler et al., 1979; Cornwall & Phillipson, 1988b; Chen & 

Su, 1990; Otake & Nakamura, 1995; Krout et al., 2002; Otake, 2005; Kirouac et al., 2006). 

Furthermore, DMT also receives strong innervation from the several HT regions as well 

Figure 5. The midline thalamic nuclei in the rodent brain. Dorsal midline thalamic nuclei are 
represented in bold, while nuclei of the ventral midline group are presented in italic. Based 
on The Mouse Brain in Stereotaxic Coordinates (2001) by Paxinos & Franklin. 3V ς third 
ventricle; CL - centrolateral thalamic nucleus; CM ς central medial thalamic nucleus; fr ς 
fasciculus retroflexus; Hb ς habenula; IMD ς intermediodorsal thalamic nucleus; MD ς 
mediodorsal thalamic nucleus; mt ς mammillothalamic tract; PC ς paracentral thalamic 
nucleus; PVT ς paraventricular thalamic nucleus; Re ς reuniens nucleus; Rh ς rhomboid 
nucleus. 
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(Cornwall & Phillipson, 1988b; Chen & Su, 1990; Otake & Nakamura, 1995; Krout et al., 2002; 

Peng & Bentivoglio, 2004; Kirouac et al., 2005, 2006; Otake, 2005). Importantly, that DMT 

afferents include a variety of neuropeptidergic fibers, such as CCK, substance P, CRF, orexin 

and cocaine- and amphetamine-regulated transcript (CART) (Otake & Nakamura, 1995; 

Kirouac et al., 2005, 2006; Otake, 2005), implicated in the regulation of stress, pain, arousal 

and feeding. 

Regarding its cortical inputs, the DMT is innervated by a relatively restricted number 

of cortical areas, most of which are implicated in emotion regulation and other higher-order 

functions. These cortical regions include the mPFC, especially the prelimbic (PrL) and 

infralimbic (IL) area (Sesack et al., 1989; Vertes, 2002, 2004; Li & Kirouac, 2012) and the 

subiculum (Chen & Su, 1990; Canteras & Swanson, 1992; Li & Kirouac, 2012). Furthermore, 

medial and ventral orbital cortices were reported to innervate the PT and the adjacent 

mediodorsal nucleus, but not the PVT (Hoover & Vertes, 2011). Interestingly, some reported 

strong insular input to the PVT, especially to the posterior part (Jasmin et al., 2004; Li & 

Kirouac, 2012), while other studies demonstrated the lack of insular afferents in the DMT (Shi 

and Cassell, 1998; Mátyás et al., 2014; Gehrlach et al., 2020). It is important to point out that 

Li and Kirouac (2012) showed that most of the cortical input originates in the layer 6, a finding 

that was indirectly indicated earlier as well (Chen & Su, 1990). 

Generally, it can be stated that the DMT is in reciprocal connection with the cortical 

regions mentioned above (Berendse & Groenewegen, 1991; Groenewegen et al., 1991; Otake 

& Nakamura, 1998; Van der Werf et al., 2002; Hoover & Vertes, 2007; Li & Kirouac, 2008). 

CǳǊǘƘŜǊƳƻǊŜΣ 5a¢ ƛƴƴŜǊǾŀǘŜǎ ŀ ƘŀƴŘŦǳƭ ƻŦ ǎǳōŎƻǊǘƛŎŀƭ ΨƭƛƳōƛŎΩ ǎǘǊǳŎǘǳǊŜǎ ŀǎ ǿŜƭƭΣ ƴŀƳŜƭȅΣ ǘƘŜ 

nucleus accumbens, the BNST, parts of the HT and the septum, as well as the dorsomedial 

striatum and the olfactory tubercule (Su & Bentivoglio, 1990; Groenewegen et al., 1991; Moga 

et al., 1995; Otake & Nakamura, 1998; Van der Werf et al., 2002; Li & Kirouac, 2008). 

Additionally, DMT neurons were shown to possess extensively branching axons that can 

simultaneously innervate distant brain regions (Otake & Nakamura, 1998; Hoover & Vertes, 

2012; Dong et al., 2017; Li et al., 2021), although the precise nature of this collateralization is 

somewhat enigmatic at the moment. An interesting study published recently (Reeders et al., 

2023) identified the human midline thalamus based on its connections with the mentioned 

structures, including the NAc, mPFC and amygdala, indicating that its connectivity is 

evolutionary conserved. 
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Projections of the DMT to the amygdala were detailed in the previous chapter. In brief, 

most studies described strong DMT input to the CeA (especially the CeL) and BLA/BLP, and, to 

a lesser extent, to other amygdala subnuclei as well.  

It is important to note that recent studies demonstrated the genetic diversity of DMT 

neurons, and these studies implicated that genetically different neurons might participate in 

slightly different processes (Hua et al., 2018; Pandey et al., 2019; Gao et al., 2020; McGinty & 

Otis, 2020; Curtis et al., 2021; Kessler et al., 2021). For example, Gao and colleagues (2020) 

showed that galanin-expressing and D2R-expressing neurons in the anterior and posterior PVT 

(respectively) innervate different subregions of the mPFC. Furthermore, this study also 

demonstrated that these two populations are involved in different aspects of behavior, 

namely in arousal-regulation and saliency detection, respectively. Additionally, a recent study 

(Hua et al., 2018) demonstrated that starvation induces arousal and that this is modulated by 

the activity of calretinin-expressing PVT neurons innervating the BNST. However, it is too early 

to draw a complete picture of the consequences of this genetic and functional diversity in the 

DMT. 

¢ǊŀŘƛǘƛƻƴŀƭƭȅΣ ōƻǘƘ ǘƘŜ ƳƛŘƭƛƴŜ ŀƴŘ ƛƴǘǊŀƭŀƳƛƴŀǊ ƴǳŎƭŜƛ ǿŜǊŜ ǘŜǊƳŜŘ ŀǎ ΨƴƻƴǎǇŜŎƛŦƛŎΩ 

thalamic regions (Groenewegen & Berendse, 1994). This term was based on an early report 

demonstrating that electric stimulation of these regions elicits long-lasting and widespread 

cortical activation compared to specific (first-order) nuclei (Dempsey & Morison, 1941; 

Morison & Dempsey, 1941). Later it was also suggested that these nuclei are responsible for 

the distribution of the signals from the so-called ascending reticular activating system to the 

cortex (Moruzzi & Magoun, 1949). 

Therefore, in the subsequent decades the midline and intralaminar nuclei together 

were considered as the thalamic part of the system that regulates arousal, attention and 

consciousness, although the άnonspecificityέ and even the arousal-regulating functions of 

these nuclei were later questioned (Groenewegen & Berendse, 1994; Fuller et al., 2011). 

Accordingly, more complex functions of the midline thalamus were also suggested, and, based 

on its strong connections with affective brain regions such as the amygdala, were later termed 

as part of the άlimbic thalamusέ (Groenewegen & Berendse, 1994; Van der Werf et al., 2002; 

Vertes et al., 2015). Correspondingly, the role of the midline thalamus, especially the DMT, 

was demonstrated in cocaine-seeking behavior (Matzeu et al., 2015) and even more complex 

reward-related functions as well (Li et al., 2016; Matzeu et al., 2017; Choi et al., 2019). 
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Notably, several studies showed a strong state-dependency of the responses and functions of 

DMT neurons (for review see McGinty & Otis, 2020), suggesting an even higher level of 

complexity in this network. 

The role of the DMT in fear and anxiety regulation has been proposed by many leading 

researchers in the field (Kirouac, 2015, 2021; Do Monte et al., 2016; Barson et al., 2020). For 

example, cerebral blood flow is elevated in the midline nuclei during conditioned fear recall 

(Holschneider et al., 2006). Furlong and colleagues (2010) showed that PFC-projecting 

neurons in midline thalamus (including ventral nuclei) are selectively activated in response to 

unexpected, but not expected CS-US presentation. Accordingly, pharmacological blocking of 

midline activity (Sengupta & McNally, 2014), as well as lesioning of the pPVT (Li et al., 2014) 

interferes with Pavlovian fear learning. In a subsequent study (Furlong et al., 2016) it was also 

demonstrated that DMT neurons are activated during both the acquisition and expression of 

extinction of fear predicting auditory CS and the habituation to the US (loud noise) as well.  

Interestingly, most studies focused exclusively on the PVT-to-CeA pathway in the 

context of fear regulation. For example, Do-Monte and colleagues (2015) inhibited DMT 

neurons during auditory fear retrieval at different time points. Their results showed that DMT 

is necessary for late (24h, 7d, 28d), but not early (0.5h, 6h) retrieval or conditioning of fear 

memories, and this is mediated through the PVT-CeM, but not the PVT-BLA pathway, in 

accordance with previous (Padilla-Coreano et al., 2012) and subsequent (Chen & Bi, 2019) 

results. Interestingly, Penzo et al. (2015) demonstrated that PVT innervation of SOM-

expressing (άFear-onέ) neurons in the CeL is necessary for conditioned fear expression, and 

that this process in dependent on BDNF signaling from the PVT. Furthermore, photoactivation 

of the anterior PVT axon terminals in the CeA induces place aversion (Do-Monte et al., 2017), 

while photoactivation of the PVT-to-NAc pathway is rewarding and promotes self-stimulation 

(Lafferty et al., 2020). 

To the best of my knowledge, only a handful of studies investigated the DMT-to-BLA 

pathway selectively, despite the fact that most studies reported strong anatomical connection 

between these regions (see previous chapter). In fact, an electron microscopic study 

demonstrated that DMT neurons almost exclusively target principal neurons in the BLA (Amir 

et al., 2019), suggesting that DMT activity can strongly influence BLA pyramidal neurons. 

Surprisingly, optogenetic studies yielded mixed results after photostimulation of DMT axon 

terminals in the BLA (Chen & Bi, 2019; Ahmed et al., 2021). According to Padilla-Coreano et al. 
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(2012) DMT silencing after fear conditioning did not influence immediate early gene cFos 

expression (a marker of neuronal activity) in the BLA, suggesting that the projections from the 

DMT to BLA does not influence fear recall. A recent publication (Li et al., 2022) revealed that 

neurotensin-expessing neurons of the PVT exert a bidirectional neuromodulatory effect on 

BLA neurons during positive (reward) and negative (punishment) valence assignment, 

highlighting the role of this pathway in emotional learning. 

Taken together, the DMT is a unique group of thalamic nuclei, that receives a wide 

variety of subcortical inputs involved in viscerosensory, autonomic and nociceptive functions. 

In turn, DMT is ideally positioned to forward these signals to of the forebrain, including cortical 

(mPFC) and subcortical targets (Amy, NAc, BNST, HT) mostly implicated in emotion-regulation 

and other άlimbicέ processes. Based on these observations, the DMT seems to serve a more 

complex function, than a simple awakening center, as it was previously suggested.  

However, the exact role of the DMT in associative fear learning remains elusive. 

Although it is generally accepted that the DMT most likely conveys arousal-related 

information to the fear circuitry, certain subregions, cell types and even neurons targeting 

different structures might be involved in different aspects of fear-related behaviors. 

Therefore, cell type-selective experimental designs would be necessary to specifically 

investigate the role of the DMT in this network. 

Lateral thalamus  

Since the vast majority of associative fear conditioning studies used auditory cues as 

CS, the auditory regions in the lateral part of the thalamus have been identified as a major 

element of the fear network. According to the classic model, sensory signals (CS, US) reach the 

amygdala (mostly the LA) via this sensory part of the thalamus, and the related cortical areas, 

and the association of these signals happens in the amygdala (LeDoux, 2000; Blair et al., 2001) 

(Figure 1). 

This model seemed reasonable for decades for several reasons. First, the LT receives 

substantial ascending information from the inferior colliculus (IC; auditory signals) and the 

spinothalamic tract (SST; somatosensory/nociceptive signals) (LeDoux, Ruggiero, et al., 1985; 

LeDoux et al., 1987; Zhang & Giesler, 2005) as well (see details below). Second, the LT projects 

heavily to the amygdala, especially the LA, Astr and BMA/BMP subnuclei (see previous 

chapter). And third, lesions to the IC, LT or its projections to the amygdala, or the LA itself 

disrupts auditory fear conditioning (LeDoux et al., 1984, 1985b, 1986a, 1986b; Romanski and 
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LeDoux, 1992b; Campeau and Davis, 1995), although some reported contradictory results (see 

below). 

Before the detailed description of the connectivity of the LT, I have to briefly address 

nomenclatural concerns in this region. The most widely used mouse brain atlases (Paxinos & 

Franklin, 2001; Allen Brain Atlas, http://atlas.brain-map.org/) identify several nuclei around 

the medial geniculate nucleus (MGN), the main auditory thalamic nucleus, namely the 

suprageniculate (SG), the posterior limitans (PLi), the triangular part of the posterior thalamic 

nucleus (POT) dorsomedially, and the PIL and peripeduncular nucleus (PP) ventrally. 

Furthermore, the MGN is usually divided into a ventral (vMGN), a dorsal (dMGN), and a medial 

(mMGN) subdivision, with the vMGN being the main, first-order sensory region. Although this 

subdivision is supported by some anatomical data, the exact borders and extent of these 

nuclei are hard to define and there is significant variance in the literature in this regard. 

Therefore, for simplicity, I refer to all these nuclei collectively as LT, except for the vMGN 

(Figure 6). 

Figure 6. The lateral thalamic nuclei in the rodent brain. Higher-order nuclei surrounding the 
primary auditory thalamic nucleus (vMGN) are represented in bold. These nuclei are 
collectively referred to as lateral thalamus (LT) in the present doctoral thesis. Based on The 
Mouse Brain in Stereotaxic Coordinates (2001) by Paxinos & Franklin. APT ς anterior 
pretectal nucleus; cp ς cerebellar peduncule; MGN, d, m, v ς medial geniculate nucleus, 
dorsal, medial, ventral part; ml ς medial lemniscus; PIL ς posterior intralaminar nucleus; PLi 
ς posterior limitans thalamic nucleus; POT ς triangular part of the posterior thalamic 
nucleus; PP ς peripeduncular nucleus; SG ς suprageniculate nucleus; SN ς substantia nigra. 

http://atlas.brain-map.org/
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Aside from the inputs from the IC and spinothalamic tract, LT nuclei receive other 

ascending input as well, although distinctions should be made between each nucleus. The 

vMGN is the part of the primary ascending auditory pathway, receiving most of its input from 

the IC and projecting to the primary auditory cortex (Au1), and therefore considered a 

άclassicέ first-order thalamic nucleus (Ryugo & Killackey, 1974; LeDoux et al., 1984, 1987; 

LeDoux, Ruggiero, et al., 1985; Arnault & Roger, 1987; Romanski & LeDoux, 1993b; Bordi & 

LeDoux, 1994; Kandel et al., 2000; Horie et al., 2013).  

On the other hand, the medial and dorsal MGN (m/dMGN), SG and PIL receives input 

of different modalities, most notably from the IC (auditory), SST (somatosensory) and superior 

colliculus (SC; visual, multisensory) (LeDoux, Ruggiero, et al., 1985; Arnault & Roger, 1987; 

LeDoux et al., 1987; LeDoux, Farb, et al., 1990; Linke et al., 2000; Zhang & Giesler, 2005; Horie 

et al., 2013). Interestingly, Geisler and colleagues (Giesler et al., 1979) showed that SST 

projections innervating the LT and midline thalamus originate in different cervical regions. The 

multisensory nature of this thalamic region at the cellular level was also demonstrated by 

electrophysiological findings in rat (Bordi & LeDoux, 1994) and cat studies (Wepsic, 1966; Love 

& Scott, 1969). Moderate innervation from the GP and striatum and layer 5/6 of temporal 

cortical regions (Arnault & Roger, 1987; McIntyre et al., 1996; Shammah-Lagnado et al., 1996; 

Horie et al., 2013) was also described in the LT. It is important to note that, each of these 

nuclei receive slightly different combination of input from the previously mentioned sources, 

a feature that will not be further detailed in this thesis. 

In turn, LT projections target multisensory temporal cortical regions, but mostly avoid 

primary (auditory) sensory areas (LeDoux et al., 1985a; Arnault and Roger, 1987; Romanski 

and LeDoux, 1993b). Besides the amygdala, detailed in the previous chapter, LT innervates 

only a handful of subcortical structures, namely the striatum dorsal to the amygdala, the 

ventromedial HT and the parvicellular subparafascicular (SPFp) thalamic nucleus (Ryugo & 

Killackey, 1974; LeDoux et al., 1984; LeDoux, Ruggiero, et al., 1985; LeDoux, Sakaguchi, et al., 

1985; Arnault & Roger, 1987; Doron & LeDoux, 1999). In one study, several brainstem nuclei 

were also listed as target regions of the LT, however, these projections most likely originate in 

the adjacent SN region (Arnault & Roger, 1987). 

In sum, nuclei of the LT constitute a higher-order thalamic region surrounding the 

MGN, the auditory first-order region. LT is ideally positioned to convey multisensory 

information from IC, SC, and the spinothalamic tract to higher-order cortical regions of the 
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temporal cortex that, in turn, innervate the amygdala (see details in the previous and following 

chapter), as well as a handful of subcortical regions. It is of special interest that the existence 

of these connections was also proved in human using probabilistic tractography (Keifer et al., 

2015), suggesting the evolutionary conserved nature of this thalamic region. 

Interestingly, lesioning studies of the LT yielded mixed results on its involvement in 

fear conditioning. For example, unilateral lesions of the LT region block foot-shock-induced 

cFos expression in the LA in the affected hemisphere, but do not interfere with appropriate 

behavioral responses (Lanuza et al., 2008). Bilateral lesions of the LT disrupted auditory fear 

recall in some studies (LeDoux et al., 1984, 1986a, 1986b; Romanski and LeDoux, 1992b; 

Campeau and Davis, 1995), while other studies reported only partial (Boatman & Kim, 2006) 

or complete lack of disrupted conditioning (Romanski & LeDoux, 1992a; Lanuza et al., 2004). 

On the other hand, electric microstimulation of the PIL, but not other LT nuclei, can serve as 

US in an auditory fear conditioning paradigm (Cruikshank et al., 1992), while photostimulation 

of LT (and temporal cortical) terminals in the LA can substitute for an auditory CS when paired 

with a footshock (Kwon et al., 2014; Nabavi et al., 2014). 

 To the best of my knowledge, only a handful of cell type-selective studies in the LT 

have been published so far. A recent study (Kang et al., 2022) demonstrated that LA- and Astr-

innervating CGRP expressing neurons in the thalamus respond to aversive stimuli of all 

modalities. Photostimulation of these neurons, or their terminals in the LA elicited 

conditioned place avoidance and served as US during fear conditioning, while their 

photoinhibition blocked fear responding to non-conditioned auditory and visual cues, as well 

as fear conditioning to auditory cues. Although the authors of this paper identified the 

investigated thalamic region as the SPFp, anatomical figures in the article clearly show that 

their experiments involved the PIL and ventral mMGN. In fact, an older study of thalamic CGRP 

neurons demonstrated that most LA-projecting thalamic neurons are localized in the LT and 

not the SPFp (Yasui et al., 1991).  

Another study (Li et al., 2022) investigated the role of neurotensin-expressing neurons 

and found that conditional knock out of the Nts gene specifically in the LT did not affect 

aversive of appetitive associative learning, although the authors did not rule out the possibility 

of an NTS-independent mechanism underlying LT-mediated associative learning. These 

studies yielding mixed results on the exact role of LT during associative fear conditioning point 

to the necessity of more rigorous cell-specific investigations of this thalamic region. 
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Despite these inconsistencies, the dominant model of the fear circuitry still poses that 

the thalamus (LT) is a major source of sensory information (US, CS) to the amygdala, and the 

association of the different modalities happens in the LA or BLA, as it can been seen in 

numerous reviews (LeDoux, 1992; Orsini & Maren, 2012; Calhoon & Tye, 2015; Janak & Tye, 

2015; Tovote et al., 2015). Although neuronal plasticity during associative fear learning was 

extensively demonstrated in the amygdala (see previous chapter), some argue that similar 

mechanisms happen at the level of the thalamus (Weinberger, 2011). 

In fact, several studies demonstrated that LT neurons, upstream of the LA, show 

enhanced frequency-specific tone-responsiveness to the CS, developing rapidly during 

auditory fear conditioning (Edeline, 1990; Hennevin et al., 1998), and that this plasticity is 

enduring over a long time period (Edeline et al., 1990). Accordingly, auditory fear conditioning 

is accompanied by elevated expression of CREB (cAMP/Ca2+ responsive element binding 

protein), an intracellular moderator of synaptic remodeling, in the LT, and artificial 

enhancement of CREB expression leads to augmented auditory, but not contextual memory 

formation during fear conditioning (Han et al., 2008). Nevertheless, plastic changes 

accompanying fear conditioning at the level of the thalamus are still generally overlooked in 

the literature. 

Taken together, the LT has been identified as the main thalamic source of multisensory 

information in the amygdala, with electrophysiological and behavioral data supporting its 

direct involvement in auditory fear conditioning. However, the LT nuclei are loosely defined 

anatomically which can be the source of numerous inconsistencies found in the literature. 

Therefore, cell type-specific anatomical and functional investigations would be necessary to 

clarify the exact role of LT in fear regulation. 

Cerebral cortex  

The cerebral cortex is often viewed as the most developed part of the brain, 

responsible for the most precise and complex processing of information. Therefore, it is not 

surprising that numerous attempts have been made to discover its role in emotion regulation, 

including fear learning. 

At the level of the neocortex, the most often cited region is the mPFC in the context of 

fear (Calhoon & Tye, 2015; Janak & Tye, 2015; Tovote et al., 2015; Stujenske & Likhtik, 2017; 

Asede et al., 2022). Nevertheless, it is widely accepted that this region is not involved in the 

processing of sensory information necessary for fear conditioning (see details below). 
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Therefore, associative neocortical regions, particularly in the temporal cortex are also 

considered to be important elements of this network (Janak & Tye, 2015; Tovote et al., 2015; 

Asede et al., 2022), although their exact role is much less described yet. Here I will briefly 

summarize the currently available data about the involvement of these cortical regions in fear 

related behaviors. 

Medial prefrontal cortex  

The prefrontal cortex is generally considered to be on the top of neural hierarchy, in 

terms of neural integration, and has been implicated in a variety of cognitive, social, and 

emotional processes and malfunctions, such as impulse control (Feja & Koch, 2015), working 

memory (Floresco et al., 1999), attention (Christakou et al., 2004), reward-seeking and 

addiction (Ishikawa et al., 2008a, 2008b; Seif et al., 2013; Domingo-Rodriguez et al., 2020), 

and depression (Vialou et al., 2014), among others. 

In the context of fear and anxiety, most rodent studies mention the mPFC, and its 

subregions, namely the cingulate cortex (Cg), the PrL and the IL. Although the complete one-

to-one correspondence of human and rodent anatomical nomenclature is a matter of ongoing 

debate, it is generally accepted that the rodent mPFC is roughly equivalent to the human 

anterior cingulate cortex (Preuss, 1995; Vogt and Paxinos, 2014; Laubach et al., 2018). More 

specifically, Cg is considered to be homologous to .ǊƻŘƳŀƴƴΩǎ ŀǊŜŀ нпΣ ǿƘƛƭŜ tǊ[ ŀƴŘ L[ ǘƻ 

areas 32 and 25, respectively. In fact, newer rodent brain atlases incorporated these 

Brodmann numbers into the mPFC nomenclature (Paxinos & Franklin, 2019). Although other 

regions are also considered as parts of the mPFC (medial orbital - MO, dorsal peduncular - DP, 

secondary motor cortex ς M2), the vast majority of fear- and anxiety-related publications 

focused on the three regions mentioned above (Cg, PrL, IL), and so will I in this thesis. 

 The mPFC receives innervation from a relatively limited number of structures only. 

The most important subcortical source of innervation is the midline and mediodorsal 

thalamus, although different regions of the amygdala, basal forebrain, HT, midbrain and 

brainstem also provide innervation in varying levels (Vertes, 2006; Hoover and Vertes, 2007; 

Vertes and Hoover, 2008; Kim et al., 2012; Mátyás et al., 2014). Different mPFC subregions are 

reciprocally connected with each other, and with other cortical regions, most notably the 

insular, orbital, temporal-, ecto- and entorhinal cortices (Vertes, 2004; Hoover and Vertes, 

2007, 2011; Zingg et al., 2014). In addition, the mPFC is innervated by the hippocampus, but 

not the other way around (Naber and Witter, 1998; Vertes, 2006; Hoover and Vertes, 2007). 
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In sum, the mPFC receives processed information from various higher-order cortical and 

ǎǳōŎƻǊǘƛŎŀƭ ǊŜƎƛƻƴǎΣ ƳŀƪƛƴƎ ƛǘ ŀƴ ƛŘŜŀƭ άƛƴǘŜƎǊŀǘƻǊ ŎŜƴǘŜǊέ ƻŦ ǘƘŜ ƴŜƻŎƻǊǘŜȄ (Zingg et al., 2014). 

On the other hand, the mPFC innervates numerous regions throughout the brain, 

including the nucelus accumbens and caudate-putamen, the BNST and several HT nuclei, and 

neuromodulatory centers, such as the ventral tegmental area/SN (dopamine), basal forebrain 

(acetylcholine) and dorsal raphe (serotonin) (Sesack et al., 1989; Hurley et al., 1991; Carr and 

Sesack, 2000; Pinto and Sesack, 2000; Vertes, 2004; Gabbott et al., 2005; Vázquez-Borsetti et 

al., 2011). Afferents to the amygdala and the thalamus were detailed in the previous chapters. 

In brief, mPFC innervates the midline and mediodorsal thalamus, as well as different amygdala 

nuclei, most notably the basolateral and basomedial areas. 

Importantly, several anatomical studies indicate that distinct subregions of the mPFC 

are involved in slightly different functions via different projection patterns (Groenewegen et 

al., 1991; Hurley et al., 1991; Vertes, 2004; Gabbott et al., 2005; Zingg et al., 2014). Without 

the detailed description of different projections originating in these regions, it can be generally 

stated that dorsal regions (M2, dorsal Cg) are mostly innervate structures implicated in 

sensorimotor processing, ventral regions (IL, DP) project to viscerolimbic structures, while the 

ventral Cg and PrL are specifically implicated in higher-order cognition and emotion regulation 

(Sesack et al., 1989; Voorn et al., 2004; le Merre et al., 2021). Early lesioning studies on mPFC 

involvement in cued and contextual fear conditioning yielded contradictory results (Frysztak 

and Neafsey, 1991, 1994; Morgan et al., 1993; Morgan and LeDoux, 1995), also indicating 

functional differences between mPFC subregions. Nevertheless, the exact definition of these 

subregions is somewhat elusive and subject to constant change, making the interpretation of 

these studies harder. 

Subsequent studies with more focal approaches investigated the role of different 

mPFC subregions in fear regulation. For example, Sierra-Mercado et al. (2011) 

pharmacologically blocked the activity of PrL, IL, BLA/BLP and the ventral hippocampus before 

auditory fear retrieval separately. According to their results, PrL inactivation impaired freezing 

to the CS, but did not affect extinction memory formation. On the other hand, extinction, but 

not conditioned freezing, was selectively disrupted by IL inactivation. Interestingly, BLA/BLP 

and ventral hippocampus inactivation disturbed both the retrieval and extinction on fear 

memories. Another study (Lee & Choi, 2012) reported that pharmacological inactivation of the 

mPFC before testing, but not during acquisition, disrupts discriminative fear conditioning as 



44 
 

well. Accordingly, PL was activated, as measured by cFos expression, during the retrieval phase 

at various time points, and its inactivation resulted in decreased freezing responses in a more 

recent study (Do-Monte, Quiñones-Laracuente, et al., 2015). Interestingly, others reported 

elevated cFos levels both in the PrL and IL, but not in Cg, during the acquisition and expression 

of extinction (Furlong et al., 2016). Another study (Baeg et al., 2001) also reported that PrL 

and IL neurons change their activity during standard and trace conditioning, cued and 

contextual fear recall and extinction, indicating that mPFC actively processes fear-related 

information during various stages of conditioning. 

Although these results point to the functional separation of mPFC subregions indeed, 

they do not account for the underlying network mechanisms. For example, activation of 

ventral mPFC (vmPFC)/ IL axons, but not dorsal mPFC (dmPFC) terminals in the amygdala 

during training promoted extinction learning, but not the expression of extinction memories 

per se, while inhibition in the acquisition phase resulted in disrupted extinction learning 

(Adhikari et al., 2015; Bukalo et al., 2015, 2021; Bloodgood et al., 2018). However, other 

studies (Vidal-Gonzalez et al., 2006; Do-Monte et al., 2015a) found that activation of vmPFC/IL 

neurons during extinction learning and extinction retrieval decreased freezing responses in 

both phases. Furthermore, pharmacological inhibition of the vmPFC also disrupted extinction 

learning, but also fear retrieval (Sierra-Mercado et al., 2006). These results indicate that the 

vmPFC promotes the acquisition of fear extinction via its projections to the amygdala, but the 

effect of this pathway on conditioned fear retrieval remains controversial. However, others 

reported that rats can express extinction after lesioning the mPFC one week before fear 

acquisition (Lebrón et al., 2004) or one day after extinction training (Garcia et al., 2006), 

indicating that mPFC is not the only region responsible for fear extinction. 

The studies mentioned above suggest that PrL is involved in the expression of learned 

fear, but not learning or extinction. Accordingly, electric microstimulation of the PrL region 

during fear retrieval resulted in increased freezing and impaired extinction (Vidal-Gonzalez et 

al., 2006), while pharmacological inactivation of the PrL during retrieval blocks freezing but 

has no effect if applied during the conditioning phase (Corcoran & Quirk, 2007). A recent study 

(Do-Monte, Quiñones-Laracuente, et al., 2015) also demonstrated that fear retrieval depends 

on the projections from PrL to BLA at early time points (6 h after conditioning) but requires 

PrL-to-PVT projections in the long term (7 days). Interestingly, studies investigating the 
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involvement of PrL in contextual fear conditioning yielded contradictory results (Corcoran & 

Quirk, 2007; Gilmartin & Helmstetter, 2010). 

Additionally, Gilmartin and Helmstetter (2010) found that pharmacological 

inactivation of the PrL before acquisition impairs cued trace fear conditioning, during which a 

temporal gap of few seconds is introduced between the CS and US, but not standard (delay) 

conditioning. A subsequent study also demonstrated the involvement of the amygdala and 

ventral hippocampus in trace fear conditioning (Gilmartin et al., 2012). This suggests that the 

PrL, possibly in concert with the amygdala and hippocampus, is selectively involved in the 

regulation of a more complicated form of conditioning that requires working memory, a 

known function of the mPFC (Floresco et al., 1999). In fact, optogenetic silencing of the PrL 

specifically during the temporal gap between the CS and US disrupted trace fear conditioning 

as reported in a follow-up study (Gilmartin et al., 2013). 

Taken together, most studies implicate the involvement of the PrL and IL subregions 

of the mPFC in fear regulation. Specifically, while PrL was suggested to control learned fear 

expression, IL is proposed to modulate the extinction of fear responses. Accordingly, it was 

demonstrated that IL can attenuate PrL activity (Ji & Neugebauer, 2012), supporting their 

antagonistic influence on the fear circuitry. However, the exact anatomical definition of PrL 

and IL and their separation from adjacent mPFC regions remains elusive making the correct 

interpretation of these results harder. For example, there are contradictory results published 

about the innervation of ITC clusters from different mPFC regions (Vertes, 2004; Pinard et al., 

2012; Adhikari et al., 2015; Bukalo et al., 2015; Strobel et al., 2015).  

Temporal association cortex  

Besides the mPFC, another cortical region frequently mentioned in relation to the 

amygdala and fear conditioning is the area ventral to the Au1 and dorsal to the rhinal cortices. 

Some authors refer to these regions as the ventral part of the secondary auditory cortex (AuV) 

and the temporal association cortex (TeA) (Paxinos and Franklin, 2001; Asede et al., 2015), 

while others call them temporal cortical areas 2 and 3 (Te2-3, respectively) (Arnault and Roger, 

1990; Shi and Cassell, 1997; Lanuza et al., 2004). For simplicity, hereafter I will collectively 

refer to these regions as TeA since most studies do not make a clear distinction between AuV 

and TeA either. Interestingly, much lower number of studies focused on the role of this region 

specifically in fear behavior than on the mPFC. 
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As it was described in detail in the previous chapters, TeA, unlike the adjacent Au1 

receives its main innervation from the LT nuclei around the main MGN, the same regions that 

innervate the amygdala (LeDoux, Ruggiero, et al., 1985; Arnault & Roger, 1990; Romanski & 

LeDoux, 1993b; Winer et al., 1999; Horie et al., 2013). A recent study (Zingg et al., 2014) 

investigating the connectivity profile of the entire mouse neocortex demonstrated that the 

TeA is connected to almost all other neocortical areas, as well as the claustrum and rhinal 

cortices. Therefore, the authors concluded that TeA is in an ideal position to integrate 

sensorimotor information of different modalities. Besides these, TeA is innervated weakly by 

a few subcortical structures, such as the DR, locus coeroleus and nucleus basalis (Arnault & 

Roger, 1990). 

In turn, TeA innervates the same thalamic regions it receives innervation from, and 

also the Au1 and the perirhinal cortex (Shi & Cassell, 1997). Furthermore, TeA sends significant 

innervation the LA, Astr, BMA/BMP and the ITCs (Romanski and LeDoux, 1993; Shi and Cassell, 

1997, 1999; Kwon et al., 2014; Strobel et al., 2015). Moderate levels of projections to the DR, 

locus coeruleus, nucleus basalis, IC, SC and the striatum were also reported (Arnault & Roger, 

1990). 

Despite its strong connections with the LT and amygdala, early lesioning studies 

yielded contradictory results about the involvement of the TeA in auditory fear conditioning 

(LeDoux et al., 1984, 1985b; Romanski and LeDoux, 1992b; Campeau and Davis, 1995; 

Boatman and Kim, 2006). However, a subsequent study indicated the involvement of TeA 

neurons in higher-order ascpects of fear-behavior, namely extinction-resistent long-term 

storage of fearful memories and anticipatory responses to the CS (Quirk et al., 1997), a notion 

that was suggested in earlier publications (Weinberger and Diamond, 1987; Edeline, 1990; 

Edeline and Weinberger, 1992). These results indicate that the TeA is not primarly involved in 

simple fear conditioning, but necessary for more complex aspects of fearful behavior.  

In line with this notion, subsequent publications provided evidence for the 

involvement of the neocortex in higher-order aspects of fear-conditioning (Letzkus et al., 

2011; Peter et al., 2012; Yang et al., 2016; Dalmay et al., 2019).  Specifically, if complex 

auditory signals are used as CS instead of pure tones, lesioning (Peter et al., 2012), 

pharmacological (Letzkus et al., 2011; Yang et al., 2016) or optogenetic inhibition (Dalmay et 

al., 2019) of the auditory cortex, including Au1, AuV and TeA, during fear conditioning or recall 

disrupts learning. Furthermore, it was also demonstrated that this disruption is mediated by 
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cortical interneurons via cholinergic disinhibitory mechanisms (Letzkus et al., 2011). 

Accordingly, a more recent publication (Feigin et al., 2021) demonstrated that TeA neurons 

specifically process complex auditory signals rather than pure tones, further supporting its 

putative higher-order nature. 

Yang and colleagues (Yang et al., 2016) specifically investigated the role of the LA-to-

TeA pathway in auditor fear recall using complex tones. They showed that this pathway is 

selectively involved in the recall of conditioned fear memories, using chemogenetic or 

optogenetic silencing of these connections. They also demonstrated that fear conditioning is 

accompanied by synaptic plasticity in LA-to-TeA terminals, but not in LT-to-TeA nor mPFC-to-

TeA terminals. These results indicate that the TeA is involved in the long-term storage of 

fearful memories, confirming earlier suggestions (Sacco & Sacchetti, 2010). 

Another direction in which the role of the TeA was investigated in relation to fear 

conditioning is the generation synaptic plasticity in the amygdala. It was shown in freely 

moving rats, that stimulation of thalamic or cortical inputs to the LA both elicit input-specific 

LTP, although the thalamic LTP was found to be stable for a longer period of time (Doyère et 

al., 2003). Furthermore, combined stimulation of thalamic and cortical inputs led to the 

strengthening of both synapses in this study, which was confirmed by subsequent in vitro data 

(Cho et al., 2012). Accordingly, simultaneous optogenetic stimulation of thalamic and cortical 

terminals in the LA is sufficient to serve as a CS when paired with a footshock (US) during fear 

conditioning (Kwon et al., 2014). 

Collectively, currently available data indicate that the TeA is mostly involved in higher-

order aspects of fear learning and expression, but not simple auditory fear conditioning per 

se. Specifically, TeA was implicated in the processing of complex sounds used for conditioning, 

the long-term storage of fearful memories and promotion of synaptic plasticity accompanying 

fear learning in the amygdala. Nevertheless, only a limited number of studies focused on the 

role of this region specifically, so future studies will most likely reveal important details about 

the functions of TeA and adjacent cortices. 
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Summary and Aims  

The regulation of fear learning, expression and extinction has been intensively 

investigated in the previous decades. According to the currently accepted model, originally 

proposed by J. E. LeDoux, external and internal stimuli reach the amygdala through the 

thalamus and the cortex, where this information is integrated to form enduring memories 

(Figure 1). The amygdala, in turn, governs behavioral, autonomic and hormonal responses 

directly through its subcortical connections. Extensive research data is now available for all 

elements of this network, although there are still plenty of unanswered questions and 

enigmatic features in this system. 

More specifically, at the level of the thalamus, the dorsal midline nuclei and the nuclei 

surrounding the main auditory nucleus (MGN) in the lateral thalamus are the two major 

sources of thalamic innervation to the amygdala. The model proposes that in a classical fear 

conditioning paradigm, during which a CS (usually a tone) and an aversive US (usually a foot 

shock) become associated, ascending sensory signals are relayed through these thalamic 

nuclei directly to the amygdala with short latency. However, careful investigation of the 

current literature raises questions about this proposition. 

First, the dorsal midline thalamus is mostly involved in the regulation of arousal levels, 

but not in primary sensory or nociceptive processing. However, since these nuclei are small, 

irregularly shaped and are surrounded by other, functionally diverse thalamic regions, specific 

investigation of the function of them has been challenging so far, so the exact function of 

these nuclei is still elusive. 

Second, although the lateral thalamus innervating the amygdala is generally 

considered as a relay station for auditory information, the actual nuclei innervating the 

amygdala (PIL, SG, mMGN, etc.) are rather multisensory in nature. However, similarly to the 

dorsal midline thalamus, due to their anatomical peculiarities, the specific investigation of the 

lateral thalamic nuclei in question are also not straightforward. This notion on the other hand 

leads to the following questions. What kind of information can these multisensory nuclei 

transfer to the amygdala? And where is the actual site of CS/US association?  

And third, although there are several contradictory results in the literature, it seems 

likely that these thalamic regions innervate different amygdala subnuclei with minimal 
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overlap. However, direct, systematic and quantitative comparison of the actual projection 

patterns of these thalamic regions in all amygdala subnuclei is still lacking. 

Therefore, the main aim of the present thesis is to clarify the anatomy of the thalamic 

innervation of the amygdala (THESIS STATEMENTS 1-2). We sought to identify molecular markers 

that can reliably define the thalamic source of amygdala innervation and the borders of 

different amygdala subnuclei to achieve maximal anatomical precision. 

At the level of the neocortex, the two most important regions known to provide 

significant projections to the amygdala are the mPFC and the higher-order associative regions 

of the temporal cortex (TeA). In accordance, these regions are strongly connected to the 

dorsal midline and lateral thalamus as well, respectively. According to the currently available 

data, the mPFC, especially the PrL and IL regions are actively involved in the precise tuning of 

the expression and extinction of fearful memories, respectively. On the other hand, the 

temporal cortical regions contribute to the processing of complex sensory signals during fear 

conditioning and are involved in the long-term storage of fearful memories.  

Although their involvement in fear-related processed are widely accepted, to the best 

of my knowledge, no studies compared their innervation patterns in the amygdala to each 

other and to thalamic innervation patterns directly. Therefore, the next major aim of this 

thesis was to describe and compare these cortical innervations in the different amygdala 

subnuclei (THESIS STATEMENT 3). 

Within the mPFC, the most often cited subregions in the context of fear regulation are 

the prelimbic and infralimbic cortices. However, the anatomical definition of these regions is 

relatively vague. Moreover, some studies use other terms, such as ventral and dorsal mPFC, 

sometimes interchangeably for PrL and IL, respectively, sometimes including adjacent mPFC 

subregions, further complicating the interpretation of physiological and behavioral data. To 

resolve this issue, we sought to describe the distribution of amygdala projecting neurons in 

the mPFC, with special focus on the PrL and IL cortices (THESIS STATEMENT 4), based on the 

molecular profile we established in Study 3. 

Circling back to the amygdala network model, once the information from these 

thalamic and cortical sources reaches the amygdala, the intra-amygdalar connections take 

over its processing. It is generally accepted that a relatively linear flow of information takes 

place in this structure, from the basolateral amygdala complex, and especially its lateral 

division, towards the central amygdala.  
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However, there are several inconsistencies and unanswered questions regarding the 

intra-amygdalar connectivity. Most notably, although a straight lateral-to-central amygdala 

pathway is considered as a crucial element of this network, direct anatomical evidence for the 

existence of this pathway is lacking. Therefore, the last aim of this thesis was to reliably map 

intra-amygdalar connections and compare them to the previously established thalamic and 

cortical innervation patterns (THESIS STATEMENT 5). 
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Thesis statements  

Thesis statement 1: The amygdala is innervated by two prominent 

thalamic sources in a non -overlapping manner  

We demonstrated that the vast majority (>90%) of amygdala-projecting thalamic 

neurons express calretinin (Calr) and are localized in the DMT and LT in Study 1 and Study 2. 

In these studies, we used a combination of classical retrograde, Calr-dependent anterograde 

viral tracing techniques and multiple fluorescent immunohistochemistry to confirm these 

connections in both directions. However, these two studies investigated DMT-amygdala and 

LT-amygdala connections separately.  

Therefore, we simultaneously labelled these two thalamic Calr-expressing populations 

using the same viral tools and directly compared their axon-densities in the amygdala. We 

used various molecular markers to identify and distinguish different amygdalar subnuclei in a 

biologically reliable manner. During these experiments we applied a custom-made ImageJ 

script specifically designed to tract and measure axon densities in high magnification 

fluorescent confocal images. According to these unpublished results, DMT and LT Calr-

expressing cells innervate the major amygdala subnuclei in a quantitatively non-overlapping 

manner indeed. Namely, the DMT most heavily innervates the BLA and CeL, while LT sends 

strong projections to the LA, Astr and BMA. 

These results indicate that ascending excitatory information of different nature from 

the thalamus may not directly converge in the major amygdala subnuclei. Specifically, these 

anatomical results suggest that arousal-related and sensory information from the thalamus 

(DMT, LT, respectively) mostly reach different amygdala regions. 

Related publications: 

Study 1: A highly collateralized thalamic cell type with arousal-predicting activity 

serves as a key hub for graded state transitions in the forebrain (2018), Mátyás, F* ., Komlósi, 

G.* , Babiczky, Á., Kocsis, K., Barthó, P., Barsy, B., Dávid, C., Kanti, V., Porrero, C., Magyar, A., 

{ȊǼŎǎΣ LΦΣ /ƭŀǎŎŀΣ CΦΣ ϧ !ŎǎłŘȅΣ [Φ, Nature neuroscience, 21(11), 1551ς1562. 

Study 2: Associative and plastic thalamic signaling to the lateral amygdala controls 

fear behavior (2020), Barsy, B.* , Kocsis, K.* , Magyar, A., Babiczky, Á., Szabó, M., Veres, J. M., 

Hillier, D., Ulbert, I., Yizhar, O., & Mátyás, F., Nature neuroscience, 23(5), 625ς637. 

Unpublished resulst  
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Thesis statement 2: The intercalated cells receive converging 

thalamic innervation  

In THESIS STATEMENT 1, I concluded that the two thalamic sources give rise to a mostly 

non-overlapping innervation pattern in the amygdala. One prominent exception could be the 

dm-ITC cluster and the so-called supra-intercalated cluster of neurons (SIC) first described in 

Study 2. These GABAergic cells clusters play an important role in intra-amygdalar inhibition 

(see Introduction), although their exact functional contribution to fear-regulation is not 

completely elucidated yet.  

In Study 2, we demonstrated that the SIC is selectively activated to the simultaneous 

presentation of CS and US, or US alone. Similar activation patterns were also reported for the 

dm-ITC cluster in previous studies (see Introduction). Furthermore, it was also shown that 

these regions receive LT innervation conveying noxious and sensory signals. However, in this 

study we did not quantify the strength of LT innervation. Furthermore, to the best of my 

knowledge, quantitative data for DMT projections in these clusters is also not available.  

Therefore, parallel to the quantification of thalamic innervation of the major amygdala 

subnuclei described in THESIS STATEMENT 1, we also measured axon densities in the SIC and 

dmITC. According to our unpublished results, these clusters receive similarly strong 

innervation from both the DMT and LT. In fact, the density of labelled axons was comparable 

to the most strongly innervated amygdala subnuclei for both thalamic regions.  

Taken together, our results indicate that thalamic innervation not only drives 

prominent excitatory pathways in the amygdala, but also shapes intra-amygdalar inhibition. 

Furthermore, we also demonstrated that GABAergic neuron clusters in question (SIC, dm-ITC) 

receive converging thalamic input from the DMT and LT, although the functional consequence 

of this concurrence is not clear yet. 

Related publications: 

Study 2: Associative and plastic thalamic signaling to the lateral amygdala controls 

fear behavior (2020), Barsy, B.* , Kocsis, K.* , Magyar, A., Babiczky, Á., Szabó, M., Veres, J. M., 

Hillier, D., Ulbert, I., Yizhar, O., & Mátyás, F., Nature neuroscience, 23(5), 625ς637. 

Unpublished resulst  
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Thesis statement 3: Cortical innervation of the amygdala resembles 

thalamic innervation patterns  

In Study 1, Study 2, and Study 3 connections between the DMT, LT and the neocortex 

were characterized. According to Study 1 and Study 3, DMT is reciprocally connected to the 

mPFC, especially to its PrL and IL regions. On the other hand, Study 2 demonstrated that the 

strongest neocortical partner of LT is the TeA region. We have not found evidence for 

significant direct connections between the DMT and TeA, nor between LT and mPFC in either 

direction. 

Besides these thalamo-cortical and cortico-thalamic connections, the amygdala also 

receives neocortical afferents from the mPFC and TeA. In Study 2 we demonstrated that LA is 

heavily innervated by the TeA, while data published in Study 3 indicate that mPFC IT neurons 

target the amygdala, especially the BLA subregion and the dm-ITC. However, amygdala 

subnuclei-specific systematic comparison of mPFC and TeA afferents is lacking. 

So, we virally labelled mPFC and TeA neurons and compared their projection patterns 

in the amygdala. Our unpublished results revealed that these two neocortical sources target 

different amygdala subnuclei indeed. Specifically, mPFC strongly innervates the BLA, BMP, 

CeM and, to some extent, Astr, while the most prominent targets of the TeA are the LA and 

Astr. Importantly, strongest mPFC and TeA innervation was observed in the nuclei that was 

also heavily innervated by DMT or LT, namely BLA and LA, respectively. Interestingly, the SIC 

received innervation from both cortical regions, the dm-ITC received most of its cortical input 

from the mPFC only.  

Taken together, our results demonstrated that besides the non-overlapping thalamic 

innervation, cortical afferents from the mPFC and TeA are also separated in the different 

amygdala subnuclei. Furthermore, this separation resembles thalamic patterns, especially in 

the cortical regions of the amygdala (LA, BLA). These observations indicate that higher-order 

cortical information from different sources does not converge directly in these amygdala 

regions similarly to thalamic innervation. One notable exception could be the SIC, where 

thalamic axons also overlap extensively. 

Related publications: 

Study 1: A highly collateralized thalamic cell type with arousal-predicting activity 

serves as a key hub for graded state transitions in the forebrain (2018), Mátyás, F* ., Komlósi, 
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G.* , Babiczky, Á., Kocsis, K., Barthó, P., Barsy, B., Dávid, C., Kanti, V., Porrero, C., Magyar, A., 

{ȊǼŎǎΣ LΦΣ /ƭŀǎŎŀΣ CΦΣ ϧ !ŎǎłŘȅΣ [Φ, Nature neuroscience, 21(11), 1551ς1562. 

Study 2: Associative and plastic thalamic signaling to the lateral amygdala controls 

fear behavior (2020), Barsy, B.* , Kocsis, K.* , Magyar, A., Babiczky, Á., Szabó, M., Veres, J. M., 

Hillier, D., Ulbert, I., Yizhar, O., & Mátyás, F., Nature neuroscience, 23(5), 625ς637. 

Study 3: Molecular characteristics and laminar distribution of prefrontal neurons 

projecting to the mesolimbic system (2022), Babiczky, Á., & Mátyás, F., eLife, 11, e78813. 

Unpublished results 
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Thesis statement 4: Amygdala subnuclei receive different 

innervation from mPFC subregions and layers  

Although previous studies investigated subregional differences in mPFC innervation in 

the amygdala, common nomenclatural inconsistencies and the lack of a clear and routinely 

used definition for mPFC subregions make the interpretation of these studies complicated. 

While some studies divide mPFC to a ventral and a dorsal region, others use differentiate 

between PrL, Cg and IL regions, among others, but the exact correspondence between these 

divisions remains elusive (see Introduction). For example, does vmPFC include exclusively the 

IL, or the ventral part of the PrL is also a part of it? If the latter is true, where is the border 

between a dorsal and ventral PrL? Besides these open questions, to the best of my knowledge, 

the laminar origin of mPFC-to-amygdala innervation has not been extensively investigated 

subnuclei to subnuclei.  

Therefore, we applied the molecular markers we defined in Study 3 (calbindin, 

parvalbumin, Ctip2, FoxP2) to discover the subregional and laminar distribution of BLA-, BMP-

, CeM- and Astr-projecting mPFC neurons labelled with classical retrograde tracing. According 

to these unpublished results, the vast majority of amygdala-projecting neurons were found 

in the PrL, IL, MO and Cg regions. However, while BLA-projecting neurons were mostly found 

dorsally in the Cg and PrL subregions, most BMP-, CeM- and Astr-projecting cells were 

localized ventrally in the PrL, IL and MO, although some overlap was detectably, especially in 

the PrL and IL. Furthermore, while neurons innervating the basolateral nuclei (BLA, BMP) were 

found both in the layer 2/3 and 5, cells projecting to the striatal nuclei of the amygdala (CeM, 

Astr) were almost exclusively in the layer 5. 

In sum, we confirmed earlier results indicating the subregional separation of mPFC 

innervation within the amygdala with previously unprecedented anatomical precision. Our 

results suggest that although different mPFC subregions indeed tend to innervate the 

amygdala differently, this separation is rather transitional than clear-cut. However, the 

basolateral complex and striatal amygdala receive innervation from different mPFC layers 

(L2/3-5 and L5, respectively), a notion that has not been published yet. 

Related publications: 

Study 3: Molecular characteristics and laminar distribution of prefrontal neurons 

projecting to the mesolimbic system (2022), Babiczky, Á., & Mátyás, F., eLife, 11, e78813. 

Unpublished results  
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Thesis statement 5: There are several parallel pathways within the 

amygdala  

Canonical models of amygdala-related associative learning propose a serial 

information flow from the LA to the CeA either directly or through the basal nuclei (see 

Introduction). However, thalamo-amygdalar and cortico-amygdalar innervation patterns 

described in THESIS STATEMENT 1-4 suggest the existence of several separated intra-amygdalar 

pathways. In Study 2, we proposed several possible intra-amygdalar pathways involved in fear 

conditioning and retrieval, although we did not investigate intra-amygdalar connections 

systematically in this study. 

To clarify intra-amygdalar connectivity in a quantitative manner, we mapped direct 

connections between each amygdala subnuclei in a line of classical retrograde tracing 

experiments with special focus on LA and BLA. The unpublished results of these investigations 

revealed that 1) there is no strong direct connection between LA and BLA, 2) nor between 

each of these regions and the CeL. Furthermore, 3) LA innervation is most prominent to Astr 

and BMP, while 4) BLA does not provide strong innervation to any other amygdala subnuclei. 

Taken together, we described a complex intra-amygdalar network in contrast to the 

classical, rather linear information flow model. Considering THESIS STATEMENT 1 and THESIS 

STATEMENT 3, a new model (Figure 10) can be proposed in which different thalamic (DMT, LT) 

and cortical (mPFC, TeA) innervations drive parallel excitatory pathways within the amygdalar 

network, most notably via the BLA and LA, respectively.    

Related publications: 

Study 2: Associative and plastic thalamic signaling to the lateral amygdala controls 

fear behavior (2020), Barsy, B.* , Kocsis, K.* , Magyar, A., Babiczky, Á., Szabó, M., Veres, J. M., 

Hillier, D., Ulbert, I., Yizhar, O., & Mátyás, F., Nature neuroscience, 23(5), 625ς637. 

Unpublished results  
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Studies  

Study 1  

A highly collateralized thalamic cell type with arousal-predicting activity serves as a 

key hub for graded state transitions in the forebrain (2018), Mátyás, F* ., Komlósi, G.* , 

Babiczky, Á., Kocsis, K., Barthó, P., Barsy, B., Dávid, C., Kanti, V., Porrero, /ΦΣ aŀƎȅŀǊΣ !ΦΣ {ȊǼŎǎΣ 

I., Clasca, F., & Acsády, L., Nature neuroscience, 21(11), 1551ς1562.
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Study 2  

Associative and plastic thalamic signaling to the lateral amygdala controls fear 

behavior (2020), Barsy, B.* , Kocsis, K.* , Magyar, A., Babiczky, Á., Szabó, M., Veres, J. M., Hillier, 

D., Ulbert, I., Yizhar, O., & Mátyás, F., Nature neuroscience, 23(5), 625ς637.
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