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Abstract

Humans’ everyday experience of the world is influenced by our mood. Moods are consciously
accessible affective states that extend over time that are characterized by their valence and arousal.
They also likely have a long evolutionary heritage and serve as an important adaptive affective
mechanism. When they become maladaptive or overly biased, pathological affective states such as
depression can emerge. Despite the importance of moods for human experience, little is known
about their causal neurobiological mechanisms. In humans, methodological and interpretational
limitations prevent causal investigations into the origins of mood, highlighting the importance of
animal models. Nonhuman primates that share key neuroanatomical, affective, and social features
with humans will be essential to uncovering their foundation. Identifying and validating mood-like
states in animals is, however, challenging not least because mood is a human construct requiring
verbal communication. Here we outline a theoretical framework for animal models of human
mood, drawing upon established psychological literature where it exists before reviewing the
extant studies of non-human primate models of mood-like states.
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Human mood provides color to our daily experiences. An engaging conversation with a good
friend over a morning coffee can leave a lasting air of pleasantness as we go about our day;
a board meeting in which budgets are cut and hard-working colleagues are fired is likely to
sour our mood considerably. The presence of things and people whom we enjoy is typically
experienced as positive and the presence of things and people whom we loathe is typically
experienced as negative. Momentary affect — encoding stimuli or other people as positive or
negative, as calming or arousing — can extend over prolonged durations, creating moods.
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At their best, moods provide important adaptive information about our relationship with the
world in terms of what is good for us and bad for us. Not all moods, however, are adaptive.
At their worst, moods can be detrimental to our wellbeing. Indeed, mood disorders, most
notably depression, are a one of the leading causes of disability worldwide (Depression

and Other Common Mental Disorders Global Health Estimates, 2017). This problem is
exacerbated by the chronic nature of mood disorders, which often last many years and

for which there is no single cure. Despite decades of study, new effective treatments and
interventions for mood disorders remain elusive. In part, this stems from the fact that the
biological mechanisms that generate healthy moods are largely unknown for a number

of reasons. First, apart from a few isolated exceptions (reviewed below), assessments in
humans are limited to correlations between people’s mood experiences and neuroimaging
measures that are unable to reveal causal mechanisms. Second, determining the causal
mechanisms of mood requires manipulating neural circuits, which requires experiments in
nonhuman animals (herein, animals). Animal studies have primarily focused on two types of
affect-related experiments — those that present stimuli very quickly for which the affective
response time window evaluated is very brief (e.g., delivery of a few drops of juice) and
those that generate major manipulations to the individual that cause life-long changes to
affective neural systems (e.g. early life stress inductions), neither of which are homologous
with human mood states. Additionally, a significant portion of research into affect-related
processes in animals utilize rodents, which may or may not be representative of all facets of
human mood systems due to their different social structures, ecological niches, evolutionary
histories, and neurobiology.

Our goal here is to begin to address what is and what is not known about how mood

is controlled at a neurobiological level, highlighting assumptions that have been made in

the animal literature relative to ideas about the basis of mood and affect in the human
literature. To do that, we begin by operationalizing definitions of the phenomenon of mood
and making clear what can and cannot be studied in animal models — an important first step
in translational neuroscience. We draw on work in animal models in which brief momentary
affect and temporarily extended mood-like states can be manipulated experimentally to
understand the neural mechanisms. We focus specifically on nonhuman primates as a model,
owing to their complex social structures, highly differentiated brains, as well as their shared
ecological niche and evolutionary heritage with humans. We finish by highlighting major
outstanding questions and chart a path towards determining how moods are generated and
regulated.

Mood in Humans, Temporarily Extended Affective States in Other Animals

One of the major challenges for translational affective neuroscience is defining or
operationalizing phenomena of interest. This is important as it means that the same
phenomena can be studied across species and makes clear when homologs do not exist.
Defining phenomena for the study of mood and mood disorders is particularly challenging
because in humans, the word mood is used to refer to many different sensations, and mood
is typically assumed to be available to conscious awareness (for a discussion see Russell,
2005). The extent to which nonhuman animals are able to consciously access and assess
their internal states is unclear. Even in cases where evidence exists that nonhuman animals
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can use and act on internal state information (for example, the contents of their memories;
Kornell et al., 2007; Middlebrooks and Sommer, 2012; Rosati and Santos, 2016; Templer
and Hampton, 2012), it remains unclear whether they have secondary reflexive awareness of
those states, a capacity that healthy humans certainly do have (see Lambie and Marcel, 2002,
for a discussion of different ‘levels’ of consciousness in affective and emotional experience).

Nevertheless, the capacity to experience states that are characterized by valence (hedonics)
and arousal (activation), like moods, are likely evolutionarily old and conserved across some
species (Bliss-Moreau, 2017). For that reason, we distinguish between moods and what we
call “temporally extended affective states”. Moods are consciously experienced and thus

an individual can be reflexively aware of them (e.g., “I feel depressed”); as a result, by
definition, they only occur in animals with the capacity for consciousness.! Temporally
extended affective states (TEAS) are moods without conscious experience and therefore can
occur in animals without the capacity for consciousness.2 Thus, TEAS form the basis of
mood and are our operational definition of these affective states.

Affect as the foundation of mood, TEAS, and emotions.

We define TEAS as affective states that extend over some period of time in order to
differentiate them from affective states that are fleeting (see below for further discussion of
the temporal aspect) (Figure 1). As discussed, affect is an omnipresent psychological state
that is characterized by valence (hedonics) and arousal (arousal) (Barrett and Bliss-Moreau,
2009; Barrett and Russell, 1999; Russell, 2005, 2003 for a discussions of affect). Affect

is thought to be homologous in mammals (Barrett, 2017; Barrett and Bliss-Moreau, 2009;
Bliss-Moreau, 2017) and likely other animals, opening the possibility of studying affect in
species other than humans.3 Affect comes to be psychologically realized via the integration
of sensory information about the individual’s external environment (sensory information;
exteroceptive information) with information about the individual’s internal environment
(physiological information; interoceptive information). Together this results in an integrated
representation that provides information to guide action in terms of what is good or bad

for the individual. This integration of exteroceptive and interoceptive information allows
for allostasis — the predictive regulation of physiology. In this way, affect serves as a

sort of barometer representing an individual’s place in the world, providing information
about what that individual should do next to optimize physiological and psychological
functioning. Affect is the foundation of both mood and TEAS, as well as discrete emotions
like happiness, sadness, and fear?.

1Typica||y, mood is differentiated from other affect-related phenomena like emotions in terms of features like time course and
duration, function, and objectlessness (or not being ‘about’ something). That said, it is often the case that the term mood is used
without clearly defining it and, or, without indicating how it is the same or different from other affect-related phenomena (for a recent
example, see Eldar et al., 2016).

For the purposes of this paper, we are agnostic about the process by which TEAS becomes mood. One possibility is that having
the capacity for conscious awareness of TEAS generates mood, in an additive or constructed way. Another possibility is the mood is
emergent from TEAS and consciousness.

Even single cell organisms generate behaviors that may demonstrate rudimentary affective processing. For example, bacteria and
viruses engage in chemotaxis, moving towards stimuli that have the potential to benefit them (e.g., food sources) and away from
stimuli that have the potential to harm them (e.g., concentrated acids) (Bliss-Moreau et al., 2018; Webre et al., 2003; Wolanin and
Stock, 2004)(Webre et al., 2003; Wolanin and Stock, 2004; for more on this argument see Bliss-Moreau et al., 2018).

A detailed discussion of emotions and how affect forms the basis of emotions is beyond the scope of this paper. Briefly,
psychological models posit that when conceptual knowledge about emotions is bound to affect via attentional processes and language,
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Affect reflects the momentary status of an individual's place and fit in the environment.
Consequently, affect is constantly changing as shifts occur both in the environment and, or,
in an individual’s physiology. Typically, momentary updates to affect give the individual
new information about how to act or what to do in a given situation. Affective states can

be fleeting or can extend over prolonged periods; when human affective states extend over
time and awareness to be felt consciously, we refer to them as moods (Gross, 1998; Larsen,
2000; Parkinson et al., 1996; Russell, 2005). Their extension over time is thought to reflect
ongoing allostatic (physiological) processes that reflect the individual’s attempts to adapt

or adaptation to the environment, changing and, or shifting intensity as the environment
changes (for a similar argument, see Larsen 2001). In that way, these temporarily extended
states provide information about our ability to face threats and challenges in the environment
(Morris, 1992). Importantly, while most discussions of the psychology of affect and mood
stipulate that they reflect internal physiological information and, or, environmental demands
in the form of exteroceptive information, neither affect nor mood need have an object or be
‘about something’ (Gross, 1998; Larsen, 2000; Russell, 2005). Instead, both phenomena can
be free floating, seemingly lacking a cause or object because interoceptive processes that are
critical for the generation of affect are generated on a slower timescale than exteroceptive
processes that provide information about the sensory world. This feature is rarely recognized
in neuroscientific studies, which present discrete stimuli to induce changes in affect/mood
and thus inherently link those states to the presented sensory stimuli (e.g., in humans, studies
that present affect-related stimuli like emotion faces or words to induce mood, see Quigley
et al., 2014 for a review on mood induction techniques).

Using temporal features to distinguish momentary affect from TEAS becomes particularly
important when evaluating nonhuman animals, and in particular, the nonhuman primate
(e.g., calling into question where the temporal boundary is between an affect state

and a TEAS). There is a substantial debate regarding what constitutes a moment in
affective experience — that is how an affective experience is temporally bound. Debate

in particular surrounds the time course via which affective and emotional experiences
unfold and people have the psychological experience of oscillating between experiences

or perceive experiences to co-occur (Hoemann et al., 2017; Norris et al., 2010; Russell,
2017; Russell and Carroll, 1999). Bounding affective experiences in time to distinguish
what is a momentary affect state from a mood state (in humans) may be an important
philosophical undertaking but one that is well beyond the scope of this paper. For the
purposes of discussion here, and in order to establish a model that can be applied to
animals but has translational relevance to humans, we distinguish momentary affect from
TEAS based primarily on the methodologies used to evaluate both in animals. Studies of
momentary affect typically deliver an affect-related stimulus and evaluate behavior and
biology concurrent with its presentation; often the presentation of the stimulus is very brief
(e.g., a 100 ms shock or delivery of 10 uL of juice). In contrast, studies of TEAS deliver an
affect-related stimulus and evaluate its impact on behavior and physiology both during and

an affective state can materialize into an emotion (Barrett, 2014; Lindquist, 2013). For example, a person might experience a negative,
high arousal affective state while watching two people fight. That affective state could become anger if the experiencer were to
identify that one of the people had been racially profiled or fear if the provocateur were to turn his attention to the experiencer (for
experimental evidence that illustrates this point see Lindquist and Barrett, 2008). The affective state in both of these situations would
be the same although the emotion would be different.
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following its presentation to evaluate how TEAS unfold over time. We operationalize studies
of affect versus TEAS in animals as related to the period of time in which the response is
evaluated. On this view, briefly presented affective stimuli (e.g., shocks) may produce longer
lasting TEAS (e.g., because they perturb physiology across longer durations or because

after their initial presentation the animal anticipates the next shock). The TEAS may occur
when the object of the initial affective response is no longer present and thus TEAS may be
“objectless” (Russell, 2005).

The relationship between TEAS and traits

The importance of, and lack of clarity around the use of, timescales for differentiating
affect-related phenomena is also germane to the distinction between states and traits made
in the human mood literature. This distinction (e.g., state versus trait anxiety; (Spielberger
etal., 1999)) is relevant for translational studies but made less often in the animal literature.
States are momentary or temporary behaviors, actions, or experiences that may have some
temporal duration, but from which an individual will return to some sort of baseline

(noting that “baselines’ are not static but may change over time). Traits reflect general
patterns of an individual’s behavior, action, and experience that represent the starting place
(or “baseline’) for subsequent momentary experiences (Figure 1). The human literature
widely recognizes that states and traits are related to each other — to wit, a person who is
consistently in a particular state may be said to have a particular trait. For example, the
human trait extraversion is characterized by high levels of positive affect and sociability
(although the relationship between the two is complex, see Lucas et al., 2008; Lucas and
Diener, 2001). Repeated states of positive affect therefore contribute to the trait extraversion.
Further, a person’s ‘baseline” may change over time. For example, an increased prevalence
of negative mood states may lead to depression which itself becomes the ‘baseline’ from
which subsequent affective states arise. Where the temporal boundary between state and
trait, or even healthy mood and disorder, is drawn may ultimately be somewhat arbitrary. In
the clinical literature the Diagnostic and Statistical Manual 5 assigns temporal features to
mood disorders, but they are only one piece of a multi-faceted criteria set used for diagnosis
(e.g., major depressive disorder requires symptomology including depressed mood or loss
of interest/ pleasure for at least 2 weeks; persistent depressive disorder requires depressed
mood for most of the day over most days during a 2 year period; APA, 2013).

For the purposes of discussion of the neurobiology of TEAS, the focus of this paper,

we operationalize traits as long lasting behavioral and experiential patterns from which
momentary behaviors and experiences arise. States are therefore momentary behaviors and
experiences that may be temporally extended, rising to the level of TEAS but from which
individuals return to their baseline (trait) functioning eventually. The sequelae of states
may be such that a new momentary state arises before an individual returns to baseline.
This is consistent with the idea that mood states drive the perception of and response

to mood-relevant information creating a sort of ‘momentum’ between states (Eldar et al.,
2016).
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A Snapshot of the Neurobiology of Mood in Humans

Studies of the neurobiology of human mood, by and large, have been carried out in either

1) individuals who are experiencing disordered mood or 2) in healthy people under different
experimental conditions using short term assessments (for literature and meta-analytic
reviews: Drevets, 1998; Drysdale et al., 2017; Kaiser et al., 2015; Lindquist et al., 2016,
2012; Price and Drevets, 2009). The latter of these may be more consistent with affect

or emotion than mood (given the short time scales; e.g., following mood inductions with
music or autobiographical recall). Of the available methods, these have typically used
electroencephalogram (EEG), positron emission tomography (PET) and functional magnetic
resonance imaging (fMRI) to glean insights into the brain regions involved in and brain
activity dynamics of mood states. Collectively this body of work has demonstrated that
there are brain regions that function as key hubs in larger networks that contribute to mood
states (including, subcallosal anterior cingulate cortex (ACC), hippocampus, insula cortex,
and amygdala). These large scale networks — often called functional or intrinsic networks

— are linked to affect and mood and can be elucidated via the analysis of functional MRI
data (Barrett and Satpute, 2013; Drysdale et al., 2017; Kaiser et al., 2015; Kleckner et al.,
2017; Lindquist et al., 2016; Seeley et al., 2007; Touroutoglou et al., 2015, 2012). Thus, this
work has been essential for constraining the areas involved in regulating mood to parts of
prefrontal cortex and limbic system and also to demonstrating large scale patterns of activity
in neural networks.

Despite the many insights garnered from neuroimaging studies in humans, neurocimaging
approaches are de facto limited with regard to the temporal resolution of their phenomena
of study (Sejnowski et al., 2014). Functional neuroimaging via MRI has a time scale of
seconds and may provide important information about the dynamics of large-scale brain
networks during mood states. But what functional MRI is actually measuring — that is, how
activity of single neurons or multi-neuron ensembles scale to MRI signals — is still debated
(Logothetis, 2008). Scalp EEG and magnetoencephalography (MEG) provide higher fidelity
temporal signals than MRI, but themselves have some limitations. Scalp EEG is limited to
recording from neuroanatomical regions on the surface of the brain, constraining it to cortex,
although MEG has the capacity to record neuronal activity across the brain. Neither method
is able to provide information about dynamics at the level of the activity of individual
neurons or groups of neurons that happen on the order of milliseconds or oscillatory neural
activity between areas that happens at frequencies of less than a second. Insights into the
specific patterns of sub-second changes in neural activity that are associated with moods are
largely lacking. For example, nowhere is this need for sub-second resolution more apparent
than in the refinement of deep brain stimulation (DBS) approaches for the treatment mood
disorders (Mayberg et al., 2005). High frequency DBS that is routinely used in the treatment
of depression and Parkinson’s disease alters neural activity of interconnected circuits by
functionally lesioning an area (Benabid, 2003). If we knew the specific pathways affected
and aberrant neural dynamics that are engaged in depression, it might be possible to correct
their failures with more targeted stimulation to reduce unwanted side effects (Rudebeck et
al., 2019).

Neurosci Biobehav Rev. Author manuscript; available in PMC 2023 September 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bliss-Moreau and Rudebeck

Page 7

In contrast with the methodologies discussed above, invasive human electrophysiological
studies do have the capacity to reveal information about the firing of single neurons, groups
of neurons, and the oscillatory activity between brain areas with high temporal fidelity.
However, these studies are only carried out in humans in very limited circumstances:
typically, intracranial electrodes are placed in people with extremely debilitating cases of
epilepsy in order to map seizure foci. In the period before a seizure occurs, these electrodes
can also be used to understand neural dynamics related to cognitive and affective processes.
A meta-analysis demonstrated that positive and negative affective states were supported by
broadly distributed networks with hubs in neocortex, limbic and paralimbic regions, and
subcortical nuclei (Guillory and Bujarski, 2014). Two recent studies of intracranial activity
in humans build upon the findings of that meta-analysis (and the papers that it reviews) and
now provide initial insights into the patterns of neural activity that support mood.

Kirkby and colleagues (Kirkby et al., 2018) identified a network centering on the amygdala
and hippocampus which was related to the valence of patients’ moods while they were
undergoing intracranial monitoring for epilepsy. In 13 out of the 21 patients in the study,
increased variability of coordinated activity (B-frequency coherence at 13-30 Hz) between
the amygdala and hippocampus was correlated with decreases in positive mood. No other
areas or frequency bands exhibited similar relationship to mood. In an effort to develop a
predictive neural model of mood, Sani and colleagues (Sani et al., 2018) recorded from
multiple neural regions thought to be involved in mood (orbitofrontal cortex, anterior
cingulate cortex, insula cortex, amygdala, and hippocampus, among other cortical regions)
while tracking patients mood via self-report. Using individual level data, they were able

to build a model for each patient that predicted mood across time (hours and days).
Importantly, regional activity that predicted mood varied across patients — with some
patients’ moods predicted by activity in the orbitofrontal cortex alone (N=3 of 7), one
patient’s mood was predicted by activity in the amygdala alone, and another patient’s mood
was predicted by activity in the hippocampus alone. The two remaining patients” models
included multiple areas — orbitofrontal cortex, dorsal anterior cingulate cortex and ventral
anterior cingulate cortex for the first; and dorsal anterior cingulate cortex, hippocampus,
and superior and middle frontal gyrus for the second.® While the algorithms relied on
different activity features across the patients, the best decoding of mood was made from
lower frequency neural oscillations.

While providing foundational insight into the neural basis of moods, it is probably wise

to treat findings from human intracranial recordings with caution. Patients with epilepsy
have comorbidities and the areas likely involved in regulating moods are also those directly
involved in the pathology of epilepsy, namely limbic structures (for a review, Onat et al.,
2013). Finally, the small number of participants in these studies were physically restricted
to a hospital bed, while receiving significant medication to manage pain produced by brain
surgery.

Slt is important to note that the specific area in which the electrodes were placed varied, so while the results speak to individual
differences, some variance may be accounted for by methodological variation.
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Animal models and their inherent assumptions

Issues associated with studying the neural basis of mood in humans highlight the need for
complementary approaches that allow the ability to probe, quantify, and causally manipulate
biological systems in minute detail from the level of genes and epigenetic changes through
to systems-level neurobiology and behavior. Animal models afford the ability to carry out
such experiments, although they come with their own challenges, often in the form of
assumptions that are made about how the model maps to human phenomena. The efficacy of
the animal model becomes questionable in cases where the assumptions are false or where
there is a paucity of research to support the assumptions.

Assumption 1: Overt animal behaviors map to discrete affective states in a one-to-one

manner.

The first set of assumptions that animal model studies of human affect-related phenomena
often make is about the mapping of overt behaviors to affect, moods, and discrete emations.
Often this is done without proper consideration of the face and construct validity of those
measures. It is often assumed that if a behavior in animals looks like X (e.g., an emotion,

a mental state, etc.) and X=Y in humans, then the behavior in question equals Y in the
animal being studied as well. For example, many primates (including humans) generate

a facial behavior in which the corners of the mouth are pulled back to expose the teeth

(see Bliss-Moreau and Moadab, 2017 for a review). This facial behavior in monkeys has
historically been referred to as the ‘fear grimace’ and evaluated (often, simply counted) as an
index of fear. The behavior, however, occurs in many different contexts, including those that
have nothing to do with submission or fear (e.g., during mating; (Allen and Lemmon, 1981)
and accumulating evidence demonstrates that its meaning is context dependent (Beisner and
McCowan, 2014). Thus, they are best interpreted as a complex social signal rather than as

a vertical signal of an internal state (Bliss-Moreau and Moadab, 2017). Further, behaviors
generated by animals are often confused for the constructs being studied, or the constructs
that scientists are attempting to study (e.g., measuring a startle response and calling it ‘fear’)
(for a similar argument, LeDoux, 2013). Part of this challenge is that behavioral outputs in
both animals and humans, even very ‘simple’ behaviors (for a review, Maren et al., 2013),
are variable and context dependent (A = B in Context 1, but A = C in Context 2)). Another
part of this challenge arises because unlike humans, animals do not have the ability to
verbally report on their internal states.

This challenge can be addressed via the use of what we have called trans/ational tools (Bliss-
Moreau et al., 2017; Bliss-Moreau, 2017) — tools that that can be deployed in humans and
animals in the exact same form and without modification or anthropomorphic assumptions
and that relate to affect in a specific way. These tools include measures of co-recorded
sympathetic and parasympathetic autonomic nervous system activity that appear to track
with affect in nonhuman animals (Bliss-Moreau et al., 2013)8, behavioral reactivity indices

6Heart rate is the most widely used metric in nonhuman primate studies of affect (Bliss-Moreau et al., under review), but is influenced
by activity in both the sympathetic and parasympathetic nervous systems (Brownley et al., 2000) and thus provides only an indication
that there has been a change to autonomic nervous system activity but not an indication of the specific pattern or system controlling

that change.
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that quantify the intensity or magnitude of the affective response (generally, rather than
recording specific behaviors thought to be indicative of affect or emotions like ‘freezing’)
(Bliss-Moreau et al., 2011; Bliss-Moreau and Baxter, 2018; Bliss-Moreau and Moadab,
2016), and specific reflex-like behaviors, such as startle (Lang and Davis, 2006). In all of
these methodological cases, there are direct homologs in human physiology and behavior
that do not require anthropomorphism to animal affective states. Take for example, the

case of autonomic nervous system physiology. In 2013, we documented that when we
induced affective states in rhesus monkeys by having them watch videos of other monkeys
that varied in valance, both parasympathetic and sympathetic activity of the heart tracked
with the valence of the stimuli in patterns that are consistent with the human literature.
Specifically, as stimuli ranged from negative to positive, parasympathetic activity (indexed
by respiratory sinus arrythmia) increased and sympathetic activity (indexed by pre-ejection
period) decreased (Bliss-Moreau et al., 2013). Similar patterns are observed in humans (for
a meta-analysis Cacioppo et al., 2000). For example, respiratory sinus arrythmia is positively
correlated with expressivity of positive emotions (Wang et al., 2013) and people with greater
levels of trait positive affective experiences have higher respiratory sinus arrythmia than
those with lower levels of trait positive affect (Oveis et al., 2009; Wang et al., 2013; although
see for a discussion of heterogeneity in these effects see Overbeek et al., 2012).

In cases where specific reflex-like behaviors are recorded, we interpret them as evidence

of an affective response, which may be characterized as having a magnitude/intensity or
duration, but not a specific affect (e.g., negative affect) or specific emotion (e.g., ‘fear’).

For example, imagine that the dependent variable for an experiment is whole-body startle

in response to electric shocks. If an animal generates a whole-body startle response of

1V in response to shock A and 2V to shock B we would say that shock B generates an
affective response that has two times the magnitude of shock B. In situations like this,
shocks are often assumed to generate a negative affective response and often discussed

as producing “fear’ (LeDoux, 2013). This inferential jump — between evidence of the
affective response and it being negative affect or fear — represents a significant and important
assumption, especially given heterogeneity in the human population with response to stimuli
that are presumed to be negative (including having positive or pleasant experiences while
watching others suffer, Cikara et al., 2011; or from physical injury, Nock, 2010) and shared
neurobiology (Leknes and Tracey, 2008).

Assumption 2: The neurobiology of affect and affect-related phenomena is evolutionarily
old and conserved across species.

A second set of assumptions often present in translational affective neuroscience is the
assumption that neural structures that are responsible for affect-related phenomena (e.g.,
structures in the limbic system) are evolutionarily old and thus have been largely conserved;
MacLean, 1990), at least across mammals. Perhaps the persistence assumption is part of
the reason the vast majority of neurobiology studies of affect-related phenomena in animal
models have used rodents. Decades of work in rodent models have elucidated circuitry
associated with momentary affect responses both to negative and positive stimuli (for
reviews: Kringelbach and Berridge, 2009; LeDoux, 2000). Trait-like changes to TEAS can
be induced in rodents through immunological challenge (as has been done in humans) or
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by subjecting animals to stressful situations (for reviews Hodes et al., 2015; Krishnan and
Nestler, 2008; Nestler and Hyman, 2010; Takahashi et al., 2018). In one of the most widely
used paradigms, social defeat stress, mice are repeatedly paired with older mice who are
liable to attack and aggressively interact with them, either because of age or sex differences
(for a review Nestler and Hyman, 2010). Following these experiences, a proportion of the
attacked mice exhibit a prolonged pattern of behavior indicative of a TEAS that may be akin
to depression (these are often referred to as susceptible mice): they are uninterested in social
interaction and other previously rewarding stimuli or situations. The induction of TEAS in
this paradigm results in a host of biological changes in at nearly all levels of analysis from
genetics to behavior. At the level of single neuron activity, mice exhibiting depression-like
TEAS have altered activity patterns across a broad network of areas (Hultman et al., 2018),
including a specific pattern of dopaminergic cell activity. Notably, optogenetic insertion of
the pattern of dopaminergic firing observed in susceptible mice induces a depression-like
TEAS in mice unaffected by social defeat stress (Chaudhury et al., 2012). In summary,
social defeat stress and similar rodent models have enabled fundamental insight into the
neurobiology of mood-like states in mice at nearly every level of study from genetics,
epigenetics, single neuron physiology, circuit physiology, and behavior (Russo and Nestler,
2013).

Translating findings from rodent studies of affect or TEAS directly to humans is, however,
not straightforward. Even extrapolating between rodent and non-human primates in the
study of neurobiology of affect is not straightforward. It has been known for some time

that there are differences in cortical neuroanatomy between rodents and non-human primates
(Preuss, 1995; Wise, 2008), but more recently the variation between rodent and nonhuman
primate subcortical structures implicated in mood has begun to be appreciated. For example,
the relative size and composition of rat and monkey amygdala nuclei differ (Chareyron et
al., 2011). Some monkey amygdala nuclei are not consistently larger than rat amygdala
nuclei, such that the central and medial nuclei are only slightly larger (8 and 4 times larger,
respectively), while the lateral, basal, and accessory basal nuclei are substantially larger (~37
times larger on average). Notably, neuron and glia density are also lower in the monkey than
the rodent (Chareyron et al., 2011). Despite these differences, the temporal trajectories for
postnatal amygdala nucleus development is similar in the rat and monkey (Chareyron et al.,
2012a, 2012b). The functional significance of these differences and similarities is largely
unknown.

A new study in marmoset monkeys (Wallis et al., 2017) also illustrates functional
dissociation in anatomical regions in rodents and non-human primates. In rodents, prelimbic
cortex, a division of the rodent medial frontal cortex, is required for the generating defensive
behaviors related to threats, whereas another part of medial frontal cortex, infralimbic
cortex, is required for storing memories about which stimuli lead to threats and thus generate
defensive responses (for review and discussion: Baldi and Bucherelli, 2015; Quirk and

Beer, 2006; Sierra-Mercado et al., 2011). In marmosets, by contrast, the opposite pattern is
true. Furthermore, pharmacologically increasing activity of the area in marmosets thought
to be homologous to rodent infralimbic cortex leads to reduced motivation for rewards, a
pattern not observed in rodents (Wallis et al., 2017). These divergent findings reflect the
marked differences in anatomical connections of the frontal cortex and subcortical structures
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between the two species, as well as enlargement and differentiation of the prefrontal cortex
in primates. Prefrontal cortex may be particularly important for TEAS because evidence
suggests medial prefrontal cortex maintains a representation of potential affective stimuli
even when they are no longer physically present (Alexander et al., 2019; Powell and
Ginsberg, 2005; Rudebeck et al., 2014). While variation in prefrontal cortex anatomy is
likely critical for differences across rodents and primates, cortex expansion across the whole
brain including areas of parietal and temporal cortex involved in social perception may also
result in important differences (Hill et al., 2010; Sherwood et al., 2012). Thus, parts of the
cortex in primates have taken on new functions given the differences in ecological niche,
social structures, and millions of years of divergent evolution. If we are to make progress in
understanding the neural basis of human moods, nonhuman primates are likely the next best
thing to humans.

The Neurobiology of Temporally Extended Affective States in Nonhuman

Primates

By comparison to the work in rodents, much less is known about the neurobiology of TEAS
in non-human primates. The vast majority of neurobiological studies on nonhuman primates
have focused on momentary affect (discussed in brief above), with little focus on how such
states extend in time, highlighting a critical need for the study of temporal dynamics in

the primate brain. Nevertheless, these studies have revealed important information about
the neural hubs and temporal dynamics of momentary affective states that set the stage for
greater consideration of temporal dynamics in TEAS. For example, brief aversive stimuli
such as airpuffs or appetitive stimuli such as sweet liquids are signhaled by punctate changes
in the firing rates of neurons in amygdala, ventral striatum, orbitofrontal, and anterior
cingulate cortex of monkeys (Costa et al., in press; Gothard et al., 2007; Matsumoto et al.,
2007; Morrison et al., 2011; Paton et al., 2006; Rudebeck et al., 2013). These neural signals
are dynamically modulated as animals learn which specific environmental stimuli predict
the delivery of aversive or appetitive stimuli, mirroring learning mechanisms described by
behaviorists. Neural activity in these areas is also influenced by the costs that might have

to be incurred before pleasant stimuli are delivered, such as a delay or an effortful action
meaning that they integrate both costs and benefits of different courses of action (Kennerley
et al., 2009) and may be modulated by social context (Chang et al., 2012; Rakoczy et al.,
2014; Watson and Platt, 2012). While these studies have been related to momentary affect,
their main impact has been to inform understanding of neural basis of foraging behaviors in
animals and provide a basis for economic behaviors in humans (for a review, Rushworth et
al., 2011).

In relation to the neurobiology of TEAS, a small number of studies in nonhuman primates
have looked at how factors like satiety or fatigue that accumulate during ongoing behavior
influence neural activity (Bouret and Richmond, 2010; Critchley and Rolls, 1996). Amongst
a number of areas, the ventromedial prefrontal cortex appears to be especially important for
tracking these states. The activity of neurons in this area appear to track an animals’ progress
through a session and their willingness to work (San-Galli et al., 2016). The issue with these
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studies is that it is challenging to disentangle the influence of reward satiety or fatigue from
the core concepts that make up TEAS, namely valence and arousal.

In part to get around these issues, another set of studies in nonhuman primates have
delivered specific patterns of electrical micro-stimulation to either dorsal ACC or striatum
while nonhuman primates make approach-avoidance decisions (Amemori et al., 2018;
Amemori and Graybiel, 2012). Because stimulation is counterbalanced across time (i.e.
either early or late in a session) it is possible to dissociate changes in TEAS from reward
satiety and task-related fatigue. Using this approach, the researchers could also look for
temporally extended changes in decision-making that extend after micro-stimulation has
ended. Any such long-lasting change would be indicative of a TEAS. Micro-stimulation of
either dorsal ACC or striatum predominantly, although not always induced a negative bias in
decision-making away from seeking rewards associated with aversive air puffs. Importantly,
the effects were cumulative such that increasing lengths of stimulation led to longer periods
of negative bias that persisted after stimulation ended. In addition, micro-stimulation of
striatum that led to a negative bias during decision-making that was associated with a
specific pattern of LFP activity, increased beta-oscillations. This finding potentially provides
a specific neural mechanism associated with negative bias in decision-making. What neural
mechanisms are associated with positive TEAS and whether micro-stimulation could be
used to control the balance between positive and negative states will be a key avenue for
future research.

Despite the paucity of a literature on the neurobiology of TEAS in healthy animals, a
number of promising animal models of human mood-related psychopathology exist and
some have begun to elucidate important information about neural mechanisms that may

be relevant to TEAS. Such models typically rely on identifying behavioral patterns that

are consistent with behaviors generated by humans with anxiety or depression, conferring
face validity, and then interrogate the biological mechanisms that support the generation

of such behavior. These models are often discussed as representing “anxious temperament”
(Kalin, 2017; Kalin and Shelton, 2003), or “depression in monkeys” and while accumulating
evidence demonstrates their validity relative to the human conditions, it is impossible to
determine whether the phenomenological aspects across species are comparable. For that
reason, we conceptualize these models as being models of trait TEAS rather than anxiety
or depression per se. Trait TEAS studies either capitalize on naturally occurring variation
in TEAS (e.g., animals high and low in anxiety) or studies that create long term changes to
TEAS via experimental manipulation (e.g., via early life stress).

Macaques vary in their spontaneous generation of behaviors associated with high arousal
negative TEAS and this variation is considered a phenotypic model for human anxiety
and, or, behavioral inhibition. One particularly fruitful avenue of research has been to
characterize macaques relative to the behaviors that they generate whichh are thought to
be indicative of anxiety in humans. Such data can be used as evidence of trait TEAS. The
advantage here is that variation in behavior and biology in animals that generate many of
those behaviors as compared to those who do not can then be interrogated (for a review of
nonhuman primate models, see Capitanio, 2018).
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Characterizing animals in terms of trait TEAS varies by laboratory. Capitanio and colleagues
(for a review Capitanio, 2018), evaluate 3-4 month old rhesus monkey infants via their
BioBehavioral Assessment program which includes a standardized battery of affect-related
and attention tasks, behavioral observations, and biological assays (e.g., cortisol) carried out
over a 25 hour period. Behavioral responses are scaled (z-scored) within each annual birth
cohort but can also be compared to historical data dating back many years. Infants who
generate few affective responses (including vocalizations, facial behaviors, etc.) during the
first behavioral observation (immediately after being relocated to the test room on Day 1)
and who have a high frequency of producing vigilance behaviors during the 25-hour test
period are said to have a “behaviorally-inhibited” phenotype. Behaviorally inhibited infants
differ from non-behaviorally inhibited infants on a number of TEAS-relevant behavioral and
physiological indices when tested both as infants and as juveniles. As juveniles, behaviorally
inhibited animals, compared to non-behaviorally inhibited animals, generated more anxiety
related behaviors when relocated to a new space (a test of anxiety), spent less time with
their mothers and other adult females engaged in behaviors indicative of close social
relationships (e.g., grooming) (Chun and Capitanio, 2016) and greater social stress induced
depression-related behavior (Hennessy et al., 2014). They were also more likely to have
hyper-responsive airways Capitanio et al., 2011; Chun et al., 2013). A combination of the
components of behavioral inhibition from the BioBehavioral Assessment evaluations and
cortisol responses to stress correctly classified 95% of the sample based on their airway
response (Capitanio et al, 2011; Capitanio, 2018).

A similar approach has been taken to identify individual differences in defense-related
behaviors, namely ‘freezing’, in response to anxiogenic stimuli, such as unknown humans
or snakes (for a review Kalin, 2017; Kalin and Shelton, 2003). Animals with high numbers
of these behaviors are said to have “anxious temperaments” which has been linked to
alterations in brain metabolism in prefrontal cortex, the amygdala and anterior hippocampus
(for a review Kalin, 2017). Animals with this phenotype have higher levels of activity in the
amygdala and hippocampus as indexed via PET (Shackman et al., 2017, 2013). For some
animals the phenotype is consistent over time (Shackman et al., 2017) and the phenotypic
relationship to variation in function of the amygdala appears to be heritable (Fox et al.,
2018, 2015). In humans, identification of behavioral inhibition or anxious temperament in
childhood is associated with increased risk of going on to develop anxiety disorders or
depression (for a review: Fox et al., 2005).

Macaques also develop a trait TEAS phenotype that is thought to be a model for

human depression. While such a phenotype can occur spontaneously (without experimental
manipulation; see Willard and Shively, 2012 for a discussion), models of persistent low
arousal negative TEAS in nonhuman primates typically rely on experimental manipulations
that are thought to be stressful, including manipulations of the early social environment
(e.g., rearing in contexts with limited social interactions), manipulations of the adult social
environment (e.g., single housing for brief durations of time), or manipulations of access
to food (e.g., “variable foraging’ paradigms) (see Willard and Shively, 2012; Worlein, 2014
for reviews; but also Hennessy et al., 2017; Hennessy et al., 2014). Animals who generate
behaviors consistent with this phenotype exhibit persistent low arousal negative trait TEAS
evidenced by disengagement from the environment (reduced ingestion, movement around
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enclosure), hunched posture, increased risk of coronary artery atherosclerosis, alterations in
metabolism and inflammation, lower weight/body mass, and higher heart rates (Hennessy et
al., 2017; Hennessy et al., 2014; Shively et al., 2009, 2002; Xu et al., 2015; for a review
Shively, 2017; Willard and Shively, 2012). Further, increased behavioral reactivity at 3-4
months of age (discussed above) predicted the magnitude of the behavioral phenotype for
depression (hamely hunched posture) later in life when relocated from a large social group
to individual housing. The number of seconds that animals spent in the depressed-like
posture (Hennessy et al., 2014) was similarly correlated with infant affective reactivity. This
constellation of behavioral traits suggests that the anxiety-related phenotype early in life
might predispose animals for depression-related experiences later in life.

There have only been a small number of neurobiological studies of animals with the low
arousal negative trait TEAS phenotype, and none, to our knowledge, have included direct
recordings from brain areas to elucidate neural dynamics in TEAS (reviewed in Shively,
2017). They do, however, point to the same set of neural hubs thought to be involved

in momentary affect, human mood, and studies of monkey models of anxiety (discussed
above). For example, compared to controls animals with the depression-like phenotype
exhibit reduced serotonin receptor density in the raphe nucleus, amygdala, and anterior
cingulate cortex (Shively et al., 2006) as well as reduced hippocampus volume (Willard
et al., 2009). Clearly, further neurobiological study of macaques exhibiting state and trait
TEAS is essential to uncovering the neural basis of this phenomena.

Conclusion and Future Directions

Our review highlights that the opportunities and challenges for studying state and trait TEAS
in animals, focusing on honhuman primates. As we note, we did not selectively review the
nonhuman primate TEAS literature, rather it is the case that very little is known about how
affect unfolds over time in the primate brain. Part of the challenge of this work is that it

has relied on assumptions about homologies in neurobiology and behavior, and inferences
about the mapping of behaviors to affective states, that may be unfounded or at the very least
require additional empirical investigation. Here we set out the theoretical basis by which
mood-like states in animals can be studied, highlighting key differences between TEAS,
momentary affective responses (states), and TEAS-related traits (Figure 1). Further we
emphasize that by using translational tools (e.g., cardiac physiology) to index TEAS during
neural recording or ongoing behavior, and considering time as a major factor contributing

to affect (that is, the temporal component of TEAS), it may be possible to bridge the
nonhuman primate and human literatures and uncover the neural basis of mood-like states
and speed forward the science of the neurobiology of mood. Connecting nonhuman primate
and human work in order to fill the gaps in the literature on affective states will ultimately
advance understanding of momentary human moods and persistent human mood-related
pathology. Doing so has the potential to further the development of effective treatments and
interventions to promote human health.
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Highlights

In humans, moods serve an important adaptive function, but their neural basis
is unknown.

Identification of mood-like states in animals requires both behavioral and
physiological markers.

Determining the neural basis of moods requires both correlative and causal
studies in primates.
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Figure 1: The relationship between affective phenomena and time scale.
Momentary affect is related to temporally quick or fleeting experience that can either be

conscious or unconscious. At longer timescales, temporally extended affective states (TEAS)
are differentiated from moods on the basis of conscious awareness. This temporal distinction
can be mapped to the state (yellow) to trait (blue) continuum, where states are temporally
bound and traits are general characteristics of individuals that are not bounded in time.

We note that the temporal boundary between momentary affective states and TEAS/mood,
represented here as the gradient transition between yellow and green, as well as the temporal
boundary between state and trait, represented here as the gradient transition between yellow
and blue, is not clear based on the literature and could be differentially positioned, as
depicted in panels a and b.
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