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Expressions of emotions across species

Anna D Zych'# and Nadine Gogolla’

What are emotions and how should we study them? These
questions give rise to ongoing controversy amongst scientists in
the fields of neuroscience, psychology and philosophy, and have
resulted in different views on emotions [1-6]. In this review, we
define emotions as functional states that bear essential roles in
promoting survival and thus have emerged through evolution.
Emotions trigger behavioral, somatic, hormonal, and
neurochemical reactions, referred to as expressions of emotion.
Wediscuss recent studies on emotion expression across species
and highlight emerging common principles. We argue that
detailed and multidimensional analyses of emotion expressions
are key to develop biology-based definitions of emotions and to
reveal their neuronal underpinnings.
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Introduction

Emotions are one of the most fascinating yet mysterious
products of brain function. Sometimes defined from the
perspective of their conscious experience in humans, here
we adopt the definition of emotions as a class of internal
states that are expressed by specific behaviors as well as
somatic responses and exist across the animal kingdom
[1,5,9] (see Box 1 ‘A functional definition of emotions’). In
line with this definition, there is ample evidence that
basic ‘emotion states’, such as defensive, aggressive or
hedonic states, exist across species and elicit observable
behavioral and physiological adaptations. These expres-
sions of emotion affect the entire organism and involve
motor, somatic and biochemical (e.g. hormonal, neuro-
chemical) reactions. Intriguingly, modes of emotion
expression, as well as the underlying brain mechanisms,
show great similarities across highly distinct species,
suggesting that emotions are central brain functions,
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which rely on universal principles of brain computation.
By presenting recent evidence from studies across diverse
species, we attempt to answer questions on how, when,
and why are emotions expressed, and where in the brain is
emotion expression triggered. We mostly focus on model
organisms commonly used in neuroscience laboratories,
but also elaborate on the value of broadening the scope of
observations to non-typical model organisms. Finally, we
briefly discuss the recent technological advancements in
the field and the challenges future studies on the expres-
sion of emotions across species face.

How are emotions expressed?

Multiple modalities of emotion expression

Emotion states trigger ‘action patterns’ in multiple
modalities, such as behavioral, physiological, and bio-
chemical [16,19,20] (Figure 1). For example, the emotion
state of fear may prompt widening of the eyes, heavier
breathing, shifts in attention, redistribution of blood,
release of hormones, motor responses such as freezing
or flight, and sustained avoidance. Despite the fact that
various modalities of emotion expression commonly occur
simultaneously, we first consider them separately, giving
examples from diverse species to illustrate evolutionarily
conserved principles.

Locomotion and motor behaviors

Changes in locomotion and acute motor reactions accom-
pany many, if not all, emotion states. Particularly obvious
motor reactions are observed in multiple species when
they are in a state of fear. Vertebrates, including fish and
mice, as well as invertebrates, such as flies, exhibit
strikingly similar defensive motor responses including
freezing and escape in response to threat, such as a
visually approaching object [21-24]. The reliability of
these responses and the accessibility of model organisms
for neuroscientific investigations have enabled scientists
to map the mechanisms underlying the detection of threat
and the expression of fear onto specialized circuits in the
brain [24,25,26°,27,28°]. Indeed, the ease to trigger and
recognize behavioral expressions of fear and anxiety in
laboratory animals, in particular rodents, has led to a great
abundance of neuroscientific studies. Consequently, to
date, we have detailed insights into the neuronal mecha-
nisms underlying the expression, regulation and learning
of fear and anxiety [29,30] that exceed our knowledge
about many other emotion states by far. These mecha-
nistic insights are particularly remarkable in the context
of studies providing evidence that fear expression and the
underlying neuronal mechanisms are to some extent
conserved across species [31]. For instance, Terburg
et al. recently demonstrated that the same neuronal circuit
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Box 1 A functional definition of emotions

What is an emotion? There are still vigorous debates about how to define emotions and as a consequence how to approach their investigation [2—
9]. One of the most divisive aspects of this debate is whether consciousness is regarded as an indispensable, core feature of ‘emotion’ or not.
Indeed, leading scientists in the field have argued that emotions are cognitively assembled and by definition conscious concepts of one’s own
(human) internal state [4,10,11]. These views have led to recommendations to refrain from using words referring to human emotions when
describing animal research. Other influential scientists have promoted a different view on emotions, which does not imply consciousness as a
prerequisite but rather as a feature that has evolved in higher species and was added on top of otherwise conserved primitive emotion processes
[1,9,12-14]. Maybe the most important consequence of these views is whether or not animal research can, and if so to what extent, teach us about
emotion processes in humans. A further important implication of some theories, such as the ‘theory of constructed emotion’ developed by Lisa
Feldman Barrett [11] is that emotions have, according to this view, no specific neuronal substrates in the brain but are solely inferred from
circumstances (environmental and internal).

Here, we adopt a definition of emotions adhering to the framework proposed by Anderson & Adolphs [1,5,15]. This framework defines emotions as
evolutionary conserved functional and central brain states that drive organismal responses (expressions of emotions) to stimuli. Emotion states
have thus specific and evolutionary conserved brain correlates and expression patterns. We support this definition for several reasons. Most
importantly, behavioral regularities, or patterns of multimodal adaptive changes, are observed across animal species, when confronted with
circumstances that influence the individual’s prospect of survival or procreation [5,16]. If one accepts this functionality of emotions, it is likely that
emotions have emerged from evolutionary processes and thus primitive forms and conserved features must exist across phylogeny as already
suggested by Darwin [16].

Another reason to regard consciousness as a feature rather than a prerequisite for emotion is the finding that humans can exhibit measureable
behavioral adaptations even when they are unaware of changes in their emotion state [17]. Thus, humans can express emotions unconsciously and
conscious awareness of an emotion is not necessary for the underlying emotion state to affect behavior. Analogously, many core functions of the
brain, such as vision, memory or decision-making regularly involve consciousness in humans yet do not rely on it. There are multiple examples of
blind sight, non-declarative memory, and unconscious decision-making in humans. It thus seems that several core functions of the brain can be
executed in absence of conscious appraisal.

A further argument for an evolutionary origin of emotion states, is strong evidence that the brain circuits and regions regulating similar types of
emotion expressions are conserved across species [18°°]. However, even if we agree that primitive forms of emotion may exist in animals, and we
believe that we can use insights gained from studying brain mechanisms of emotion in animal models, identifying and defining emotion states and
their expressions in distant species is not trivial.

Towards a cross-species approach of emotion studies, Anderson and Adolphs therefore proposed that emotions and their expressions are
characterized by general features, also called ‘emotion primitives’ [5]. Emotion expressions are commonly more complex than reflexes, such that
they are highly regulated by prior experience, physiological state and context. On the other hand, emotion expressions are dissimilar from planned,
learned or volitional behaviors, but rather constitute recurring, regular action patterns, that span multiple modalities. Therefore, the basic emotion
features proposed by Anderson and Adolphs include valence (emotions are positive or negative), persistence (emotions tend to outlast their
trigger), intensity (emotions can be weak or strong) and generalization (the same emotion can occur in different contexts or be triggered by different
stimulus conditions). Behaviors in humans down to the most primitive model organism should adhere to these emotion features to qualify as an
expression of emotion (see also Figure 1).

mechanisms control defensive behaviors, such as freezing
and escape, in rodents and humans [18°°].

It is important to note that emotions are often expressed
in a non-linear fashion. The seemingly same emotion
state can elicit diverse reactions dependent on the inten-
sity of the underlying state, the context, or the features of
the trigger event. Fear, for example, can trigger various,
even opposing, motor reactions, such as freezing, escape
and approach. This observation has led to the formulation
of the ‘threat imminence theory’ which postulates that
these diverse behaviors are a direct consequence of the
distance to the threat, such that imminent danger will
result in escape, while more distant harm will lead to
freezing [32]. Other emotions are also expressed non-
linearly. Aggressive behaviors, for example, comprise
multiple diverse actions, which largely depend on the
context and trigger in multiple species including flies,
birds, mice and primates [33]. Interestingly, aggression in
flies and mice has been shown to be the behavioral
expression of a persistent internal state, that can be

triggered by the activation of analogous brain regions
[34,35], and is thus reminiscent of ‘rage’ or ‘anger’ states
in higher species.

Somatic expressions and endocrine responses

In parallel to changes in motor behaviors, emotions trigger
somatic reactions, which are so noticeable that in the
nineteenth century James and Lange proposed that
bodily changes in themselves cause emotions, rather than
being part of their expression [36,37]. The James-Lange
theory was later challenged on several grounds [38]. For
instance, somatic expressions may be too slow, or not
differentiated enough to account for diverse and distinct
emotion states. However, there is still evidence that
somatic signals exert strong influence on emotions and
their expression in humans and other species [39-41].
Indeed, recent studies in rodents have dissected precise
neuronal connections between the peripheral organs and
the brain which monitor bodily parameters and provide
reward-associated or negatively valenced teaching signals
to guide behavior [42°°,43°°]. These may well be
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Modes of emotion expression.

Emotions are expressed through several modalities summarised in this schematic. Across species (inner circle) organismal response to a relevant
stimulus can evoke changes in locomotion, motor behaviour, facial expressions, vocalisations, cardiovascular, gut and endocrine reactions and
arousal (outer circle). Emotions, together with their expressions, have been proposed to encompass different features (middle circle) which are

explained in further detail in Box 1.

examples of how bodily inputs can trigger, or at the very
least, regulate emotions. The intimate relationship
between somatic reactions and physiological feedback
on emotion processes are further illustrated by the fact
that many, if not all, emotion-relevant brain regions that
have been reported to evoke somatic changes are also
sensitive to visceral input [44,45]. For example, a recent
study in mice showed that the visceroceptive (posterior)
insular cortex gives rise to changes in emotion expression,
such as persistent changes in anxiety-related behaviors,

and at the same time triggers bodily reactions, such as
increases in breathing rate [46°°]. It is thus likely that
most emotion-relevant brain regions engage in tight loops
between emotion expression and physiological feedback.

Vocalizations and facial expressions

It seems intuitive that humans communicate emotions
vocally. Indeed, both prosody [47] and vocal bursts, such
as shrieks, laughter or crying [48] are used and recognized
as indicators of distinct emotion states across human
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cultures. However, also many other animals, including
rodents and monkeys use vocal abilities to express and
communicate both positive as well as negative emotion
states [49-51]. For instance, multi-parametric analyses of
squirrel monkey vocalizations revealed that specific
acoustic parameters of their calls were correlated to the
degree of aversion displayed by the monkeys [49].

Apart from vocalizations, one of the historically best-recog-
nized indicators of emotions are facial expressions. Most
famously, Paul Ekman studied human facial expressions
cross-culturally and proposed the existence of six universal
basic emotions expressed on the human face [52]. Together
with his colleague Wallace Friesen, he also developed the
‘facial action coding system’ (FACS), an anatomy-based
system for classifying emotions into categories based on
changes in facial expressions [53]. More recently, the FACS
was successfully applied to seven other species, including
chimpanzees [54] and macaques [55]. Strong indications
that also rodents express affective value via orofacial
expressions already existed since the 1970s when Grill
and Norgren demonstrated in a series of elegant studies
that rodents exhibit ‘liking’ versus ‘disgust’ in response to
tastants of different intrinsic or learned values [56,57].
Further evidence for rodent affective facial expressions
came from a study introducing a mouse grimace scale as a
measure of pain [58], that was later also translated to rats
[59]. Recently, Dolensek ez a/. employed machine vision
and machine learning tools to classify and quantitatively
describe facial expressions of several distinct emotion
states in mice [60°°]. Importantly, the authors were able
to show that mouse facial expressions reveal basic emotion
features, such as intensity, persistence, generalization and
flexibility. Taken together, facial expressions appear to be
evolutionarily conserved across mammalian species and in
combination with modern analysis methods hold great
promise as universal tools for classifying emotions in rodent
species and beyond.

When are emotions expressed?

Emotions are expressed at very different time points and
scales. Some expressions, such as freezing, escape or
vocalizations, occur immediately and can be very short-
lived, commonly lasting only a few seconds. Other
expressions, such as sustained states of avoidance or
aggression have been shown to persist for minutes to
hours across species including flies, mice and humans
[11,21,22,46°°,61].

Emotion states do not only change behaviors but also
have lasting consequences on cognitive abilities. While in
humans, cognition and emotion are strongly intertwined
[63,64], intriguingly, even honeybees exposed to threat
(e.g. vigorous shaking) showed subsequent pessimistic
cognitive bias towards an ambiguous stimulus [65], and
bumblebees when offered sucrose to elicit pleasure,
exhibited an opposite response [66°°]. These findings

clearly suggest that even invertebrates exhibit primitive
forms of cognitive changes as expression of emotion state.

While the persistence of emotion expressions may on the
one hand arise from prolonged effects of released hor-
mones or neuromodulators, recent evidence also high-
lights the involvement of neuronal activity mechanisms.
For instance, Kennedy ¢7 4/. showed that in the mouse
hypothalamus, sustained states characterized by pro-
longed occurrence of defensive actions depend on stimu-
lus-specific and slow neural dynamics [62°°]. Taken
together, a characteristic feature of diverse emotion states
is that a single state is commonly expressed and repre-
sented in the brain at diverse timescales.

Why are emotions expressed?

Charles Darwin proposed already in the 19th century that
emotion expression might serve diverse functions: pre-
paring the organism adaptively to environmental stimuli,
communicating critical information, and possibly contrib-
uting to the emergence or maintenance of the emotion
state itself [16] (Figure 2).

Self-centered functions

Maybe the most ancient function of emotion expression is
that of self-preservation. Escape or freezing reactions in
case of fear can prevent being detected or caught by
predators. The accompanying bodily changes, such as
changes in blood flow and breathing, famously support
fight or flight reactions. Shifts in attention and sensory
processing facilitate detection and identification of threat.
Following a similar logic, reactions to pleasurable or
disgusting stimuli evoke patterns of rejection or intake
across rodents, monkeys and human babies [67] and
suggest a role for facial expressions in sensory regulation.
Indeed, facial expressions, which we intuitively relate to
communicative functions in humans, were shown to bear
such sensory functions. In a study by Susskind e 4/.
human facial expressions of fear were shown to enhance
sensory acquisition, while expressions of disgust dimin-
ished sensory exposure [68]. Therefore, in many
instances expression of emotions provide very clear func-
tional advantages and promote the survival of the
individual.

Social and communication functions

While emotion expressions thus certainly have self-pres-
ervation functions, they undoubtedly also gained com-
municative value [20,69]. In a two-stage model, emotion
expressions initially evolved as self-centered, adaptive
functions. Soon after, both the exaggerated display of
emotion state, as well as the interpretation of emotional
display, became adaptive [69].

Especially in social animals, emotions are recognized
across individuals of the same and occasionally different
species [70]. The recognition and interpretation, as well
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Functional roles of emotion expression.

Expression of emotion across species has been shown to support: self-centered, social and communication as well as instructive and feedback

functions.

as sharing a similar emotion state, have long been
regarded as a human-specific capacity. However, to date,
we have ample evidence that emotion contagion and even
empathy-like behaviors, as well as some suggested neu-
ronal correlates thereof, for instance in the form of mirror
neurons, exist across species [70,71,72°°73]. Interest-
ingly, several factors influence the capacity of emotion
recognition. For example, communication of emotion
state is usually facilitated by familiarity, such as belonging
to the same social group [74-76]. Also, experience with a
given emotion state may enhance or be required for
emotion recognition. This has been shown both in obser-
vational fear [74] but also empathy [75,77] in mice and
monkeys. Further factors that can influence emotion
communication and recognition within a species are
sex, competition and rank [70]. Especially in social ani-
mals, emotion communication is thus tightly regulated
and of outstanding functional importance.

Instructive and feedback functions

Emotion expressions powerfully change the behavioral
and bodily states. The somatic expression of emotions has
influenced many emotion theories [36,37,78,79] and
today most experts in affective neuroscience would agree
that physiological and behavioral feedback modulate
emotional behavior and experience.

Indeed, emotion expressions, whether in the form of
freezing or heartbeat acceleration, provide feedback sig-
nals into emotion circuits at all levels and may even be
sufficient to reinforce or trigger certain emotions states

[78,80]. Freezing responsive neurons, for instance, have
been described in the amygdala, insular cortex, and the
prefrontal cortex [46°°,81°°,82,83°] and a recent study
highlights how freezing evoked changes in breathing
may provide an important feedback signal for fear main-
tenance [84]. In humans, the ‘facial feedback hypothesis’
suggests that facial expressions provide feedback that can
in itself influence the emotion state of an individual
[85,86]. Furthermore, the theory of ‘interoceptive
inference’ postulates that the brain compares predictions
of internal state with feedback from the body that are
then used to infer emotion states [87,88]. While these are
all good indications for important roles of emotion expres-
sions in feedback or instructive functions, much remains
to be learned about the influence of body and behavior on
emotion processes.

Where in the brain are emotion expressions
triggered?

Emotions may be best regarded as distributed brain states
since evidence from diverse species suggests that emo-
tion states engage networks across the entire brain and
across time [6,13,46°°,62°°,64,83°,89,90]. Interestingly, a
recurrent set of brain regions participates in these
‘emotion networks’ and contributes to emotion states
as diverse as ‘fear’, ‘disgust’, ‘reward’ or ‘social emotions’.
Amongst those common ‘emotion’ brain regions are the
prefrontal cortex, including orbitofrontal, insula, and
anterior cingulate cortices, and subcortical structures such
as the nucleus accumbens, the ventral pallidum, the
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amygdala, the periaqueductal grey and the hypothalamus
[29,60°°,67,89,91,92].

Indications that certain basic emotion states and their
expressions engage homologues brain regions across-spe-
cies come from studies on social emotions, such as aggres-
sion and mating, in flies and mice [93], or expressions of
‘pleasure’ in humans, monkeys and rodents [67].

A recurrent motif found within these brain regions is that
opposite emotion expressions, such as related to
‘aggression’ versus ‘mating’, ‘fear’ versus ‘desire’, or
‘pleasure’ versus ‘disgust’, are mapped onto neighboring,
intricately interwoven and antagonistic neuronal popula-
tions and circuits. This is true at all levels of the neuraxis,
such as in the orbitofrontal or insular cortices, the central
and basolateral amygdala, the nucleus accumbens, or the
hypothalamus [13,30,60°°,67,93,94°,95°,96-102]. Impor-
tantly, studies across many species suggest that this
organization may be a functional principle of emotion
processing rather than a particularity of one type of brain
organization. Strikingly, antagonist sets of emotional
behaviors had already been proposed by Darwin in his
‘Principle of Antithesis’ [16].

It is further important to note that emotion expression can
be triggered at various sites along this ‘emotion network’,
suggesting a nested representation with feedback loops
between all levels [30]. Fear reactions, for instance, can
be triggered by activity manipulations in the prefrontal
cortex [103], the insular cortex [46°°], the amygdala [97]
and related midbrain structures, such as the periaque-
ductal grey, which further project to pre-motor targets in
the medulla [104]. However, the course of activation is
not unidirectional and functional feedback loops exist
amongst all levels [30].

Thus, across emotions, interconnected circuits control
and select appropriate expression patterns. However,
how this coordination amongst different components
along the neuraxis occurs and which parts of an emotion
can be dissociated without losing the core of the emotion
state is still poorly understood. While different aspects of
emotion processes, such as detection of trigger events,
emotion expression or regulation, may require the contri-
bution of specialized brain regions and neuronal circuits,
it has been suggested that the contributions of distinct
parts within this network may not be separable but rather
intimately linked [64]. While we have learned a lot about
different aspects of certain emotion states, one of the
most prominent outstanding questions may therefore be
how the brain links the diverse processes that constitute
an emotion state into a cohesive internal state.

Future directions and concluding remarks
We have argued here that emotion expressions are
windows into the internal affective state of an

individual across species, from insects to humans. His-
torically, research into the neuronal underpinnings of
emotion has leveraged this proximity of internal state
and consequent behavioral adaptation. Indeed, we have
gained detailed mechanistic knowledge about certain
emotion processes, especially for those emotion states
where behavioral readouts have been well established,
such as fear [29,30] or, to some lesser extent, aggression
[33]. In these instances, quantitative assessments of
motor behavior were matched with targeted activity
measurements and manipulations. The tractability of
certain animal models to neuroscientific investigation
and established behavioral readouts within these spe-
cies, have allowed the identification of detailed mecha-
nisms underlying emotions, including specialized brain
circuits and genetically defined neuronal populations
[29,30,33]. In the case of fear, we now have in-depth
accounts for neuronal correlates of fear learning, expres-
sion, and regulation that have started to translate into
generalized principles of emotion encoding across spe-
cies [18°%,29-31]. The importance of behavior for our
understanding of brain mechanisms of emotion
becomes obvious when comparing the abundance of
knowledge about the neuronal underpinnings of ‘fear’
to the lack of knowledge about other emotion states,
where expressions may be less recognizable and/or
ecologically relevant triggers are more difficult to iden-
tify. Indeed, we may not even be able to list many
relevant emotion states in distant species, because we
oftentimes lack crucial evidence, which emotion states
exist, and how they are defined. However, the recent
increase in methodological developments to measure
and quantify naturalistic behaviors in unsupervised
manner provides an unmatched opportunity for advanc-
ing our understanding of emotions. Machine vision and
machine  learning  approaches are  blossoming
[105°%,106,107,108], and methods for comprehensive
quantifications of precise movements, behavioral sylla-
bles, sequences and patterns have been established
[109,110°°]. This precision and ability to assess hidden
or highly dimensional parameters of motor behavior
have started to vyield unprecedented details about
behavioral alterations. Amongst those are accounts of
the behavioral consequences of treatments with psycho-
active drugs [110°°], or the identification and quantita-
tive assessment of previously poorly established emo-
tion states in widely used model organisms [60°°,106].

However, the assessment of motor behavior alone may
oftentimes lead to ambiguous results. As an example,
approach behavior is displayed in states of fear, aggression
and hedonia. Combining further analytic parameters with
the classification of motor behavior, such as by adding
measures of heart rate, breathing, arousal, body tempera-
ture, release of neuromodulators, or facial expressions,
may greatly enhance the resolution and reliability of the
analysis of emotion states. We therefore suggest that a key
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to a biology-based definition of emotions, and a more
precise means to address the fundamental principles of
their brain basis, is to leverage the high dimensionality of
emotion expression and combine assessments in multiple
dimensions, such as motor, somatic and chemical. While
to date most studies have focused on a single or very few
parameters of expression, future studies may greatly
benefit from quantitative assessment of emotion expres-
sion across multiple modalities simultaneously, attempt-
ing to create multidimensional representations and clas-
sifications. Multidimensional analyses achieved through
computational approaches may be crucial to address
whether emotion states are truly discrete categories or
to what extent they are confluent. Furthermore, by pro-
viding more graded emotion readouts, computational
analysis methods may allow to address brain correlates
of diverse emotion features, such as the processing of
valence, intensity or persistence across different emotion
states.

Despite the great promises of computational techniques
to analyze highly dimensional data, important and diffi-
cult challenges remain. One particular challenge may
relate to identifying ecologically relevant emotion trig-
gers and exploring behavior in naturalistic settings.
Another challenge may be the brain-wide encoding of
emotions. Our current knowledge strongly suggests that
emotion states engage networks spanning the entire
brain. Many currently employed neuroscience techniques
are thus likely to miss crucial dynamics of the entire brain
for a function, which depends on activity in networks
rather than single brain regions. Recent developments,
such as functional ultrasound imaging, a technique able to
measure the brain-wide activity and functional connec-
tivity in real-time in awake behaving animals, may there-
fore hold great promise for the investigation of emotions
in mammals [113,114]. Future challenges may also lie in
ideally matching high-dimensional behavioral and neuro-
nal data, distinguishing emotion-relevant from irrelevant
behavior or neuronal activity, and identifying triggers and
conditions that can be employed to evoke and study
emotion across species [9,111,112]. Since emotions are
evolutionarily evolved products of brain function, it may
reveal crucial to investigate how emotion states are
implemented across diverse species, wherever possible
including classical and non-typical model organisms
[115]. Only this approach may allow us to extract univer-
sal principles of emotions and their neuronal basis and
distinguish them from mechanistic details in specific
brains.
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