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1. SUMMARY 

 

Emotions have long been a source of intrigue across many basic sciences and an intense 

focus of clinical research, with psychiatric disorders involving emotional dysfunction being 

among the most prevalent. Unfortunately, we, to this day, lack mechanistic understanding of how 

emotions arise in neuronal circuits and even the definition of emotion is still a highly disputed 

topic. One of the major hindrances to the study of emotion has been our lack of understanding of 

how such internal states link to observable behavior, and while expressions of emotion have been 

explored for centuries, most famously by Darwin and Ekman, they are still somewhat 

controversial in humans, with even more unknowns regarding their presence in non-primates.   

 

This thesis consists of three published manuscripts and represents an attempt at making 

internal emotion states measurable by linking them to objectively observable behavior and then 

using this entry point to mechanistically explore the underlying neural circuitry.  

 

First manuscript identifies facial expressions as a promising such observable behavior in 

mice, providing a comprehensive description of facial expressions of emotion and introduces 

machine vision approaches to objectively quantify them. Crucially, this opens a door to using 

modern neuroscientific approaches for neuronal observation and perturbation, further identifying 

cells in insular cortex as accurately reflecting emotional experience on a moment-to-moment 

basis. Second manuscript significantly expands on the first manuscript, focusing specifically on 

insular cortex and demonstrates its important role across a whole spectrum of emotional 

behaviors, further showing that it contains neural representations that might be at the core of 

emotion states of short and long timescales, which are also associated with facial expressions. 

Third manuscript summarizes and briefly discusses machine learning approaches useful for 

studying emotion states in mice and offers a perspective on future work on untangling emotion 

by using modern approaches to study the brain and behavior. 
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Taken whole, this thesis introduces tools and discoveries that make emotions more 

tangible by expanding available approaches for studying them in mice and combines these with 

deep neural circuit dissection tools available in mouse neuroscience. Finally, this led to 

significant new insights in understanding how emotion is implemented in the brain. 
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2. INTRODUCTION 

2.1 EMOTION AND ITS DEFINITION 

 

  Emotions in humans and animals were famously already studied by Charles Darwin 

(Darwin & Darwin, 2009), who argued that they are innate, evolutionarily adaptive and exist 

across species. However, over the last century and even today (Zych & Gogolla, 2021), 

definition of emotion remains a topic of intense debate across scientific fields. For the purpose of 

this thesis, I selected the following biological definition of emotion in line with an emotion 

framework proposed by Anderson and Adolphs (Anderson & Adolphs, 2014): Emotions can be 

defined as survival promoting patterns of behavioral, autonomic, and hormonal responses. More 

specifically, emotions are brain states which drive responses to stimuli in a fitness promoting 

manner and are therefore evolutionarily conserved, including their neural implementations across 

species. 
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2.2 HISTORIC PERSPECTIVE ON HUMAN FACIAL 

EXPRESSION 
 

 

Ancient Greeks already understood the link between emotions and their expressions. In 

their theaters, actors wore large clay masks stylized to represent characters’ faces and the 

emotions they were experiencing (Meineck, 2011). For a more immersive experience the actors 

trained extensively to further convey emotional content via bodily movements and voice.  

 

In 17th century, an influential French painter Charles Le Brun (Fig. 1), building on 

contemporary ideas by René Descartes, argued for the importance of facial expressions of 

emotions, then known as passions, in life and art. Le Brun had this to say (Lyons, 2019): 

“Ordinarily whatever causes passion in the soul occasions some action in the body. Since it is 

thus true that most passions of the soul produce bodily actions, we need to know which actions of 

the body express the passions and also what an action is. Action is nothing more than the 

movement of some part and change comes about only by a shift in the muscles. [...] If it is true 

that there is a part where the soul has the most immediate effect, and if that part is the brain, we 

can also say that the face is the part of the body where the soul most particularly manifests what 

it feels.” Le Brun further systematically explored similarities between facial features and 

expressions in people and animals. Unfortunately, much of Le Brun’s innovative work served as 

a foundation for the revival of physiognomy (Hartley, 2001), a now discredited study of person’s 

character by observing facial features, which was further popularized by Swiss pastor and writer 

Johann Kaspar Lavater and Charles Bell, a Scottish neurologist famous especially for his 

discovery of motor control of facial musculature via the seventh cranial nerve.  
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Figure 1: Sketches of passions (facial expressions of emotion) by Charles Le Brun (Charles Le Brun, the Expressions.jpg - 

Wikimedia Commons, 2011; public domain) 

 

 

In 19th century, Duchenne de Boulogne (Fig. 2), now recognized as the father of modern 

neurology and electrophysiology (Hueston & Cuthbertson, 1978; Parent, 2005), set to prove that 

the premises of physiognomy are false. He believed that face does not reflect the moral character 

but rather reveals the momentary emotional state of an individual. For this reason, he believed 

that the fleeting facial expressions cannot be accurately captured by drawing or description but 

require an alternative objective method of acquisition which is fast and objective – photography. 

He believed that different sets of facial muscles contracted in different ways based on emotional 

state, representing a sort of a map or an innate language that can be decoded into a taxonomy of 

internal states, writing: “In the face our creator was not concerned with mechanical necessity. 

He was able in his wisdom or – please pardon this manner of speaking – in pursuing a divine 

fantasy … to put any particular muscles into action, one alone or several muscles together, when 

He wished the characteristic signs of the emotions, even the most fleeting, to be written briefly on 

man's face. Once this language of facial expression was created, it sufficed for Him to give all 

human beings the instinctive faculty of always expressing their sentiments by contracting the 

same muscles. This rendered the language universal and immutable.” To study this “language of 

emotion” de Boulogne’s used of electrical stimulators on different muscles of the face in 

combination with photography and was able to recreate the spectrum of natural human 

expressions, going as far as to propose a set of 13 primary emotions based on the number of 

muscles needed to create the associated expression.  
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Figure 2: Duchenne de Boulogne performing a facial electrostimulation experiment. (Guillaume Duchenne De Boulogne 

Performing Facial Electrostimulus experiments.jpg - Wikimedia Commons, 2005; public domain.) 

 

De Boulogne’s work strongly influenced Charles Darwin (Fig. 3), who approximately a 

decade later published The Expression of the Emotions in Man and Animals (Darwin & Darwin, 

2009), observing that facial expressions of emotion, and therefore emotions, are innate, 

universal, biologically adaptive and might exist in humans and animals. Darwin further reduced 

the number of basic emotions to six: happiness, fear, sadness, anger, surprise, and disgust and 

argued against strong cultural influence on emotion or its expression, observing that expressions 

were already present in small children. However, many Darwin’s conclusions were strongly 

disputed, and universality of emotion and expression only became generally accepted in the 

second half of the 20th century, when Paul Ekman and Wallace V. Friesen (Paul Ekman et al., 

1969) published a series of studies investigation emotion and expression across cultures, going as 

far as to establish contact with pre-literate tribes in Papua New Guinea and observing high cross-

cultural agreement between emotional labels and linked expressions, proving their innateness 

and universality. To enable more objective and quantitative study of facial expression and finally 

further de Boulogne’s goal of creating a taxonomy of facial expression, Ekman and Friesen 

created Facial Action Coding System or FACS (P. Ekman & Friesen, 1978), a formal approach 

to registering any possible facial expression via visual inspection of contractions of individual 

facial muscles and linking these sets of muscular contractions to emotions. While initially 

manual, FACS has recently been computerized and automated (De La Torre et al., 2011).  
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2.3 FACIAL EXPRESSION OF EMOTION IN ANIMALS 
 

 

 
Figure 3: Examples of emotion expressions in a human and animals as observed by Darwin (Darwin & Darwin, 2009) 

 

Facial expressions have received considerably less attention in animal models than in 

humans, with animal emotions themselves still being relatively controversial (Panksepp, 2011). 

Facial expressions have been explored in various primates (L. A. Parr et al., 2010; Lisa A. Parr et 

al., 2005), who have been shown to employ them both to express emotion and as a non-verbal 

communication tool. In 1970’s Grill and Norgren (Grill & Norgren, 1978a, 1978b) demonstrated 

that rodents express what they called “liking” and “disgust” using orofacial movements in 

response to delivery of appetitive and aversive tastants (Fig. 4), interestingly reflecting both 

intrinsic and learned values. Further work by Berridge and colleagues (Berridge, 2018; Berridge 

& Kringelbach, 2013; Winkielman et al., 2005) identified parallels across expressions of liking 

and disliking across rodents, primates, and humans, indicating that basic emotions might be 

shared across mammals and have a similar neural implementation.  

 

 

Figure 4:Orofacial indicators of liking and disgust exist across mammals (Berridge & Kringelbach, 2013) 
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More recently, scientists described orofacial indicators of longer lasting pain (Langford et 

al., 2010; Sotocinal et al., 2011) (Fig. 5), positive affect (Finlayson et al., 2016) and aggression 

(Defensor et al., 2012) in rodents. Additionally, FACS has been successfully applied to seven 

animal species, among them horses, dogs and cats (Caeiro et al., 2017; Micheletta et al., 2015; L. 

A. Parr et al., 2010; Lisa A. Parr et al., 2007; Waller et al., 2013; Wathan et al., 2015), indicating 

that approaches to analyzing human orofacial behavior might be transferable to other mammals. 

 

 

Figure 5: Mouse pain grimace scale (Langford et al., 2010) 

 

 

Advances in computer capabilities and dissemination of computational analysis, 

computer vision and machine learning have had a profound effect on neuroscience. Facial 

expression analysis is not an exception, with systems like FACS now existing in automated, 

computerized versions (De La Torre et al., 2011). Advances in technology did not solely result in 

automated versions of previously manual expression scoring tools, but also lead to a large 

number of alternative human facial expression recognition methods (Samadiani et al., 2019), 

some relying on modern statistical and machine learning tools to distinguish expressions in an 

unsupervised, rather than a supervised manner. 

 

 

 

 

 

 

 



14 

 

2.4 THE INSULAR CORTEX 

 

The insular cortex (IC) is a subdivision of cerebral cortex, in rodents located on the 

lateral cortical surface, above the rhinal fissure (Gogolla, 2017). In humans, who possess a 

folded brain, insular cortex is a deeply invaginated cortical area within the temporal sulcus. IC is 

commonly divided along the rostro-caudal axis into anterior and posterior insula. While this is an 

anatomical distinction, these sections, although strongly interconnected, differ significantly in 

their brain-wide connectivity and function (Gehrlach et al., 2020). Furthermore, IC can be 

divided based on cyto-architecture, into granular (6-layer cortex), dysgranular and agranular (5-

layer cortex which lacks layer IV) insula, which roughly follow each other in a dorso-ventral 

axis.  

 

 

Figure 6: Insular cortex in the human and rodent brain (Gogolla, 2017) 

 

 

Connectivity wise, IC is a major hub (Gehrlach et al., 2019, 2020; Gogolla, 2017), with 

strong reciprocal connections to many cortical and subcortical areas, connecting several distinct 

brain networks, fitting for its role as an important brain center of information integration. IC 

receives wealth of extra- and intra-sensory information from across modalities, both from 

sensory cortices and directly from the thalamus. Moreover, parts of insula perform primary 

sensory cortex functions, for example in gustation and interoception, the sensation of own body, 
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with sections of insula also being known as primary gustatory and primary interoceptive or 

visceral cortex. Furthermore, IC has been shown to receive proprioceptive input from facial 

muscles (Ikenoue et al., 2018; Sato et al., 2017; Tsutsumi et al., 2018) and to project to brain 

areas known to be involved in emotion and expression of emotion like the parvocellular nucleus 

of reticular formation, amygdalar nuclei and frontal and motor cortical areas (Gehrlach et al., 

2020). 

 

 

 

Figure 7: Connectivity of insular cortex (Gogolla, 2017) 

 

 

 Human fMRI studies have long implicated IC in emotion processing and regulation, with 

changes in IC activity being associated with many disorders of emotion (Gogolla, 2017; Paulus 

& Stein, 2010; Sliz & Hayley, 2012), for example anxiety disorders. Association between insula 

and anxiety has been also shown in rodents (Méndez-Ruette et al., 2019). Insula has also been 

proposed as a detector of salient stimuli of any modality, gated based on the homeostatic state 

(Livneh et al., 2017). Very interestingly, IC has been shown to activate when observing facial 

expressions (Lin et al., 2016), lesions of insula in humans have been shown to lead to 

impairments in facial expression recognition (Phillips et al., 1997; Terasawa et al., 2015) and 

lesions in rodents have shown a significant decrease in production of grimaces associated with 

pain (Langford et al., 2010). 
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2.5 SYNTHESIS – MAKING INVISIBLE, VISIBLE 

 
  

 Modern neuroscience is principally based on the idea that studying the biological 

substrate for cognition – the nervous system – is sufficient for gaining a complete understanding 

of its function to the level of its most minute detail. This principle establishes that even what 

some might consider as entirely subjective experiences, for example, of emotional states, exist as 

specific patterns of measurable changes in activity of the nervous system. However, as the brain 

is typically constantly active, it is nontrivial to determine which of the activity corresponds to 

one or another function, even more so when the function is not easily observable externally, as in 

internal emotion states. Our ability to accurately determine neuronal function is further limited 

by the fact that even cutting-edge neurophysiological tools enable observation and manipulation 

of only small sections of mammalian brain at a time. 

 

Decades ago, Kupferman and Weiss (1978) famously established a framework for 

rigorously determining mechanistic neural function by formalizing the concept of a “command 

neuron”, a neuron which has a critical function in a normally occurring behavior. They 

postulated that if a neuron is active during a certain behavior (activity), its artificial activation 

produces such behavior in absence of any external stimuli (sufficiency) and its removal prevents 

the behavior from forming even in response to relevant stimuli (necessity) such neuron can be 

considered a command neuron. At first glance, one might consider such a framework unsuitable 

for studying internal cognitive phenomena like emotion as they are not inherently linked to 

observable behavior. However, if accurate behavioral correlates of emotion can be identified in a 

model organism where neural activity can be precisely recorded and perturbed at scale, then a 

door to identifying command neurons of emotion might be open. Existing work already made 

significant strides toward understanding the neural substrate of emotion using such an approach 

by recording and manipulating neural activity in mice and observing relatively unspecific 

behaviors like avoidance, approach and freezing, mainly in freely moving mice (Zych & 

Gogolla, 2021; Anderson & Adolphs, 2014) Importantly, the goal of studying emotion is not 

simply to understand emotional behavior but to capture and decode the actual ethereal subjective 



17 

 

emotional experience on a moment to moment basis. Identifying a behavior specific to emotion 

and reflective of its properties and qualities (Anderson & Adolphs, 2014) would open a door to 

significant strides to be made in our understanding of emotional function. 
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3. FIRST MANUSCRIPT 

From:  

Dolensek, N., Gehrlach, D. A., Klein, A. S., & Gogolla, N. (2020). Facial expressions of emotion 

states and their neuronal correlates in mice. Science, 368(6486). 

https://doi.org/10.1126/science.aaz9468 

Reprinted with permission from AAAS. 
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4. SECOND MANUSCRIPT 
 

From:  

Gehrlach, D. A., Dolensek, N., Klein, A. S., Roy Chowdhury, R., Matthys, A., Junghänel, M., 

Gaitanos, T. N., Podgornik, A., Black, T. D., Reddy Vaka, N., Conzelmann, K. K., & 

Gogolla, N. (2019). Aversive state processing in the posterior insular cortex. Nature 

Neuroscience, 22(9), 1424–1437. https://doi.org/10.1038/s41593-019-0469-1 

Reprinted with permission from Springer Nature. 
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5. THIRD MANUSCRIPT 

 

From:  

Dolensek, N., & Gogolla, N. (2020). Machine-learning approaches to classify and understand 

emotion states in mice. Neuropsychopharmacology 2020 46:1. 

https://www.nature.com/articles/s41386-020-00857-8 

Reprinted with permission from Springer Nature. 
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6. DISCUSSION 
 

 

Each of the three respective manuscripts, which form the heart of this dissertation, 

already contains a detailed discussion of its findings standing on its own. Therefore, I am going 

to use this section to focus on the findings, to which I solely significantly contributed, attempt to 

synthesize them, and discuss how they fit in the wider field of emotion research. 

 

The main findings of my work presented in this thesis are as follows: first, mice exhibit 

stereotyped facial expressions of emotion, which do not depend on, or simply reflect, responses 

to physical stimuli, but rather echo internal emotion states. Second, these facial expressions of 

emotion can be automatically and objectively detected and quantitatively measured using 

machine vision approaches I developed, resulting in a moment-to-moment description. Third, 

insular cortex, an understudied brain region known to be strongly involved in emotion 

processing, encodes emotionally salient stimuli across modalities. Fourth, while some single 

neurons in insular cortex displayed tightly stimulus-locked responses, much of the neural activity 

in this region could not easily be explained by sensory stimulus presentation, because of its 

duration, timing, and magnitude, indicating encoding of some other process. Fifth and last, 

emotional state readouts as derived from facial expressions strongly correlate with activity of 

single neurons in insular cortex, a brain region known to be strongly involved in emotion, and 

uncovered distinct neural subpopulations associated with different emotions.  

 

My work on facial expressions of emotion and their neural code introduces tools and 

findings that make emotions tangible in mice and enables deep dissection of neural circuits 

involved in emotion using advanced modern neuroscientific tools available to mouse 

neuroscientists. In addition to that it further supports mice as a valid model organism for 

studying emotion, with their emotional experience seemingly not unlike that of other mammals 

or even humans, which has long been a point of heated contention. However, a traditional view 

on facial expressions sees them as mainly having a social role. While recent work has shown that 

rodents do experience social transfer of emotion to some degree (Ferretti & Papaleo, 2018), it 

has long been known that mice rely on a plethora of olfactory and tactile cues to communicate, 
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with facial expressions serving a yet unknown role. Nonetheless, many mammals, including 

rodents, do interact using their faces (Brecht & Freiwald, 2012). Leaning on existing literature 

and my findings, I propose a potential triple function of facial expressions of emotion, not only 

in mice but also in other organisms known to exhibit them, like primates. The three functions I 

hypothesize are the defensive, social and feedback roles. 

 

Defensive role has already been proposed by Darwin (Darwin & Darwin, 2009) and to 

some degree by Grill, Norgren and Berridge (Berridge & Kringelbach, 2013; Grill & Norgren, 

1978a). In this role, facial musculature either exposes, to enhance sensory acquisition, or protects 

sensory and vital organs when appetitive or aversive stimuli are presented. For example, a 

mouse, but also a monkey, or a baby will retract its tongue and close its mouth immediately after 

tasting a bitter substance, preventing further stimulation of taste buds, and blocking the entry of 

the potentially dangerous substance. On another hand, tasting a sweet tastant will make an 

animal extend its tongue and open its mouth, exposing itself to more of the substance. This might 

indicate that facial expressions are rather specific to the modality of the stimulus and selectively 

block or expose the sensory organs directly exposed to a specific stimulus. Crucially, I observed 

that not to be the case. A painful electric shock delivered to a mouse’s tail, as far away from the 

face as possible, caused a profound change in facial expression, with eyes closing and ears being 

pressed to the body even though they received no sensory stimulation of any kind. I observed 

that all aversive stimuli resulted in facial expressions protecting most sensory organs of the face, 

regardless of the modality or location of the stimulation. On another hand appetitive stimuli 

caused facial expressions exposing these same sensory organs across the board. A study 

(Susskind et al., 2008) performed on humans reported a related finding, where exhibiting facial 

expressions of fear or disgust had an effect on the nasal volume and the amount of air inhaled, 

with both increasing with a fearful expression (leading to enhanced sensory acquisition in a 

potentially dangerous situation) and decreasing with a disgusted expression (leading to reduced 

sensory acquisition when in contact with a potentially noxious substance). This might indicate 

that facial expressions serve a sort of a heuristic adaptive and protective role, where a stimulus is 

almost immediately assigned to be associated with one of a handful of “broader” basic emotions, 

triggering a set of less-than-specific orofacial musculature contractions. 
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The second role of facial expressions might be the social role. Facial expressions in 

humans are known to serve an important role in social interaction, by providing a readout of 

one’s emotional state to people nearby. Ability to perceive otherwise hidden internal state of 

actors in your surroundings is certainly an evolutionary beneficial trait and has been broadly 

observed. Animals, including rodents, were shown to be able to use visual information to detect 

emotion in conspecifics and even other species (Albuquerque et al., 2016; Bartal et al., 2011; 

Ferretti & Papaleo, 2018; Mason, 2021). However, it has yet to be shown whether mice can 

perceive emotional expressions of one another. An interesting initial approach could be to 

measure whether mice observe facial features of other mice using eye tracking. 

 

The third and final role of facial expressions of emotion might be the feedback role. 

Bodily expressions of emotion have long been proposed to be significant components of 

emotion, with James-Lange theory of emotion and Facial Feedback Hypothesis even postulating 

a central role (Zych & Gogolla, 2021). Many studies support this position at least to some 

degree, with a series of studies showing that facial Botox injections (Vianna et al., 2006), which 

impair the movement of facial muscles, result in a diminished emotional experience and a 

reduction in activation of brain regions like amygdala (Kim et al., 2014) after emotional stimulus 

presentation. A recent literature metanalysis (Coles et al., 2019) reported that effects of facial 

feedback in humans are significant, but small.  Studies in rodents have shown that especially 

breathing and freezing have a strong effect on emotion (Bagur et al., 2018). Curiously, orofacial 

movements in resting mice were found to have a significant influence on  neural activity in 

visual cortex (Stringer et al., 2019), indicating a perhaps global feedback effect. 

 

Importantly, it is possible and probable that facial expressions don’t serve a singular role 

but multiple simultaneously. More research work, systematically testing each of the roles 

described above is necessary to gain a more complete picture. An especially interesting approach 

to answering these questions would be to compare neural mechanisms for facial expressions to 

those known to drive other better studied emotional behaviors, for example freezing, escapes, 

approaches, and avoidance. Facial expressions might be revealing otherwise hidden (as in not 

considered to be directly resulting in outwardly observable behavior) cognitive neural processes, 

which could be separate in function and neural implementation from the neural circuitry driving 
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classical emotional behaviors. Emotions could be a form of intermediate neural representations, 

created in the brain on the path from sensory perception to action, serving mainly to rapidly 

modulate both the upstream and the downstream processing, both via direct neural connections, 

but also indirectly, by for example exerting influence on the orofacial musculature, where many 

sensory organs are located. Insular cortex is an interesting candidate for a such function, 

considering its strong bidirectional connectivity with sensory input regions like the thalamus and 

brain regions known to drive emotional behaviors like the amygdalar and brain-stem nuclei. 

Furthermore, studies (Gehrlach et al., 2019; Livneh et al., 2017) have shown that insula, while 

having a profound effect on a wide range of emotional behaviors, likely mainly serves a gating 

or biasing role for its downstream regions, which are actually necessary and sufficient to produce 

behavior. On another hand, insula is possibly necessary for production of facial expressions of 

emotion (Langford et al., 2010; Shepherd & Freiwald, 2018) and their perception (Lin et al., 

2016; Phillips et al., 1997; Terasawa et al., 2015), likely via a form of mirror neurons. Same 

circuitry implementing emotional processes themselves, their behavioral indicators in the form of 

facial expressions and also their perception fits models long discussed by empathy researchers 

(Iacoboni & Lenzi, 2002) and elegantly fits existing data, including my findings. 

 

My analysis of facial expressions suggested they are discrete, and only continuous 

intensity-wise for each single emotion. This was further supported by the finding of non-

overlapping “face” neurons in insular cortex, activity of which correlated with only a single 

facial expression. This is an especially interesting finding, since it relates to one of the oldest 

questions in the science of emotion – do emotions exist on a spectrum or are they discrete 

categories? However, neural activity of only two emotions was tested in the first manuscript. A 

future study would require the use of a battery of stimuli used in the calcium imaging 

experiments in the second manuscript, which resulted in strong insular cortex responses, find 

“face” neurons for each emotion, and confirm that the “face” neurons across all emotions are still 

non-overlapping. Likewise, the discreteness of facial expressions might be related to the analysis 

approach used. Principal component embedding indicated that all facial expressions can be 

represented on two to three common axes with only some loss of information and thus more 

unsupervised analysis approaches might be needed to answer this question. Therefore, evidence 

is still inconclusive whether emotions are discrete or continuous. 
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Finally, I would like to discuss how my work fits into the broader field of emotion 

research and cover some potential pitfalls. Facial expressions are interesting in their own right 

but it is important to note that it would be a mistake to deduce that emotional experience can be 

completely reduced to expression. While expression might reflect and even significantly affect 

neural states related to emotion it likely only reveals a platonic shadow of complex changes in 

activity distributed across large parts of the nervous system. Even behavior-wise it is not likely 

that facial expressions stand alone, even though they do offer some unique advantages over the 

more established behavioral readouts of emotion states. For example, optogenetic perturbations 

that elicited facial expressions in manuscript 1 also elicited many other more commonly studied 

behaviors, for example avoidance and approach behaviors and changes in pupil size, as covered 

in manuscript 2. Furthermore, in a classic study, Grill and Norgren (1978) demonstrated that 

even chronically decerebrate rats exhibit some orofacial movements and motor behaviors like 

rearing in response delivery of different tastants, indicating that while emotional behaviors can 

be driven by activity in high-level brain regions associated with subjective emotional experiences 

like insula, these behaviors are not necessarily specific to activity in those regions. In addition to 

that, any behavioral measurement is unavoidably at least a step removed from any neural activity 

driving it as it relies on observing results of muscular contractions which do not necessarily have 

the same dynamics as the neural systems driving them. Instead of suggesting that emotion can be 

completely reduced to its behavioral correlates, I believe that these instead offer excellent entry 

points to a rigorous study of the neural circuitry in which emotion is actually manifested. The 

fact that both the expressions themselves and the related emotional activity in insular cortex 

recorded reflected many proposed qualities of emotion (Anderson & Adolphs, 2014) is a 

confirmation of this belief. 

 

  

Taken together, research presented in this thesis presents a significant step forward in the 

study of emotions by enabling the use of a rodent model, with all accompanying tools, to 

research the neuronal basis of emotion, function of insular cortex and the role of facial 

expressions. 
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