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ARTICLE INFO ABSTRACT

Keywords: Background: Two objectives of the NIMH Research Domain Criteria (RDoC) initiative are to identify (a)
Anhedonia mechanisms that are common to multiple psychiatric disorders, and (b) mechanisms that are unique to specific
Hypo/mania psychiatric symptoms, and that reflect markers of differential risk for these symptoms. With respect to these
RDoC

objectives, a brain-behavior dimension that has received considerable attention and that is directly relevant to
the Positive Valence Systems domain of the RDoC initiative involves reward processing.

Methods: The present review paper first examines the relationship between reward processing and mood-
related symptoms from an RDoC perspective. We then place this work in a larger context by examining the
relationship between reward processing abnormalities and psychiatric symptoms defined broadly, including
mood-related symptoms, schizophrenia, and addiction.

Results: Our review suggests that reward hyposensitivity relates to a subtype of anhedonia characterized by
motivational deficits in unipolar depression, and reward hypersensitivity relates to a cluster of hypo/manic
symptoms characterized by excessive approach motivation in the context of bipolar disorder. Integrating this
perspective with research on reward processing abnormalities in schizophrenia and addiction, we further argue
that the principles of equifinality and multifinality may be preferable to a transdiagnostic perspective for
conceptualizing the relationship between reward processing and psychiatric symptoms defined broadly.
Conclusion: We propose that vulnerability to either motivational anhedonia or approach-related hypo/manic
symptoms involve extreme and opposite profiles of reward processing. We further propose that an equifinality
and multifinality perspective may serve as a useful framework for future research on reward processing
abnormalities and psychiatric symptoms.

Reward processing
Approach-motivation
Dopamine

1. Introduction

A tectonic shift occurred in 1980 with the publication of the third
edition of the Diagnostic and Statistical Manuel of Mental Disorders
(DSM-3rd ed; American Psychiatric Association, 1980). DSM-III
moved away from broadly defined terms like neurosis, and instead
focused its taxonomy on clinical consensus and specifically defined
syndromes with the goal of increasing the reliability of psychiatric
diagnosis, which was lacking in the first two editions of the manual.
Although DSM's continued focus on clinical consensus has facilitated
reliable clinical diagnosis, many have questioned the validity of these
diagnoses. This questioning stems from the fact that the development
of DSM predates important breakthroughs in psychology, neu-
roscience, and genetics, as well as multiple problems that have been

documented over the past several years (see Insel et al. (2010) and
Insel and Cuthbert (2015)). Specifically, diagnostic categories based on
clinical consensus and self-reported symptoms (a) may fail to align
with current findings from psychological science, neuroscience, and
genetics, (b) are not predictive of treatment response, and (c) do not
appear to capture the fundamental underlying mechanisms of dysfunc-
tion. That is, DSM is not carving nature at its joints.

To help address this issue, the National Institute of Mental Health
(NIMH) recently launched the Research Domain Criteria (RDoC)
initiative. The RDoC initiative reflects a second tectonic shift in the
field of psychiatry and psychology, arguing for the development of new
ways of classifying psychiatric illness based on core brain-behavior
dimensions (Insel et al., 2010; Insel and Cuthbert, 2015). Rather than
start with an illness definition based on clinical observation and seek its
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mechanistic underpinnings, RDoC begins with our current under-
standing of brain-behavior dimensions and aims to link these dimen-
sions to specific symptoms. The intention of RDoC is to eventually
generate a classification system for psychiatric disorders that is
grounded in contemporary science. The argument is that this precision
medicine perspective will facilitate more accurate and timely psychia-
tric diagnosis and the development of targeted treatments that are
informed by up-to-date research on psychology, neuroscience, and
genetics.

In its present form, the RDoC framework involves five domains or
dimensions reflecting contemporary knowledge about major systems of
cognition, motivation, and behavior. These domains are Negative
Valence Systems, Positive Valence Systems, Cognitive Systems,
Systems for Social Processes, and Arousal/Regulatory Systems. RDoC
specifies multiple units of analysis that can be used to examine these
domains, including, genes, molecules, cells, circuits, physiology, beha-
viors, self-reports, and paradigms. One stated goal of RDoC is to
identify pathophysiological mechanisms that cut across, or are com-
mon to, multiple psychiatric disorders. Identifying pathophysiological
mechanisms underlying transdiagnostic symptom clusters can help
break down potentially arbitrary distinctions between categorically
defined psychiatric disorders and account for comorbidity among
current DSM diagnostic categories. As an example, deficits in threat-
related processes (Negative Valence Systems), executive control
(Arousal/Regulatory Systems), and working memory (Cognitive
Systems) are observed across multiple psychiatric disorders, including
unipolar depression (Hamilton et al., 2012; Wagner et al., 2006),
bipolar disorder (Phillips and Vieta, 2007; Almeida et al., 2010), and
anxiety disorders (Etkin and Wager, 2007; Pacheco-Unguetti et al.,
2011). Thus, deficits in threat processing, executive control, and
working memory may reflect risk factors for transdiagnostic symptoms
that are common to multiple psychiatric conditions.

Another stated goal of RDoC, however, is to identify mechanisms
that are unique to specific psychiatric symptoms, and that reflect
signatures of differential risk for these distinct symptom profiles.
Throughout medicine, disorders once considered unitary based on
clinical presentation often turn out to be heterogeneous and character-
ized by clinically and scientifically meaningful subtypes. For example,
under the DSM-5 (2013) definition of a Major Depressive Episode,
which requires the presence of 5 out of 9 possible symptoms, two
individuals may both be diagnosed with major depression while only
sharing a single symptom in common. This heterogeneity may mask
important associations that are related to specific symptoms, rather
than the whole diagnostic category. Relevant to this topic is evidence
that certain psychiatric disorders are characterized by distinct and
opposite profiles of reward processing and approach motivation within
the Positive Valence Systems (Nusslock et al., 2015; Whitton et al.,
2015). Reward processing relates to the value an individual places on
potential rewards, the perceived probability of reward receipt, and the
mechanisms by which an individual processes rewards or goal-relevant
cues. These cues can be either external (presence of a desired reward)
or internal (expectancies of reward attainment). Approach motivation
involves mechanisms/processes that regulate the pursuit of desired
rewards and goals in the environment.

Whereas unipolar depression (without a history of hypomania or
mania; hereafter referred to as hypo/mania) has been associated with
abnormally reduced positive emotion, reward processing, and ap-
proach motivation (e.g., Forbes, 2009; Pizzagalli et al., 2008;
Thibodeau et al., 2006; Treadway, 2016; Treadway and Zald, 2011),
bipolar disorder has been associated with abnormally elevated reward
processing and approach motivation (e.g., Alloy and Abramson, 2010;
Alloy et al., 2015b; Johnson, 2005; Johnson et al., 2012b; Nusslock
et al., 2014). Furthermore, and relevant to the RDoC initiative, is
growing evidence that abnormal reward processing in mood disorders
is particularly related to a subgroup of symptoms characterized by
motivational deficits and abnormalities. Thus, if one were to look for
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mechanisms of differential risk for specific mood-related psychiatric
symptoms or subtypes, we argue that the Positive Valence Systems may
be an important target.

Covering evidence from self-report, behavioral, neurophysiological,
and neural levels of analysis, the present review paper examines the
relationship between reward processing and mood-related symptoms
from an RDoC perspective. We first review evidence that unipolar
depression (without a history of hypo/mania) and bipolar disorder are
characterized by differential profiles of reward processing and reward-
related neural activation. Next, we move beyond considering unipolar
depression and bipolar disorder as unitary constructs or homogenous
disorders and instead discuss the relationship between specific profiles
of abnormal reward processing and specific symptoms. This aim is
directly in line with one of the stated goals of the RDoC initiative, which
is to identify mechanisms that are uniquely related to specific
psychiatric symptoms and that reflect signatures of differential risk
for these distinct symptom profiles (Insel et al., 2010; Insel and
Cuthbert, 2015). In particular, we summarize literature suggesting
that reward hyposensitivity and decreased approach motivation is
related to anhedonia in the context of unipolar depression, and that
reward hypersensitivity and elevated approach motivation is related to
a subgroup of hypo/manic symptoms characterized by excessive
approach motivation and psychomotor hyperactivation in the context
of bipolar disorder (elevated energy, increased goal-directed activity,
decreased need for sleep, increased confidence, irritability) (Fig. 1). As
discussed, future research is needed to better understand the relation-
ship between reward sensitivity and bipolar depression.

We also summarize literature arguing that in addition to RDoC's
focus on unpacking heterogeneity within diagnostic categories, it is
equally important to address heterogeneity within specific symptoms,
as distinct pathophysiological processes may have a unique relation-
ship to specific sub-components of a symptom. We address this issue as
it pertains to anhedonia, where Treadway and colleagues (Treadway &
Zald, 2011; Treadway, 2016) have argued that reward hyposensitivity
is uniquely associated with a sub-component of anhedonia character-
ized by motivational, as opposed to hedonic, deficits. Collectively, we
propose that vulnerability to motivational anhedonia in the context of
unipolar depression versus approach-related hypo/manic symptoms in
the context of bipolar disorder involve extreme and opposite profiles
along a brain-behavior dimension of reward sensitivity and approach
motivation.

Finally, we integrate this perspective with research on reward
processing abnormalities and psychiatric symptoms defined broadly,
with a particular focus on schizophrenia (i.e., non-affective psychosis)
and addiction. We extend the argument first put forth by Whitton et al.
(2015) that the principles of equifinality (a given outcome can be
reached by different means or mechanisms) and multifinality (similar
means or mechanisms can lead to dissimilar outcomes) may be
preferable to a transdiagnostic perspective for contextualizing future
research on reward processing abnormalities and psychiatric symp-
toms defined broadly.

2. The reward system

Although many regions in the brain respond to reward, the fronto-
striatal neural circuit is at the heart of the reward system (Berridge
et al., 2009; Haber and Knutson, 2010; Kringelbach and Berridge,
2009; Schultz, 2000; Schultz et al., 2000). This circuit involves
dopaminergic projections from midbrain nuclei (e.g., the ventral
tegmental area) to subcortical regions that are central to processing
the rewarding properties of stimuli (e.g., the ventral striatum, including
the nucleus accumbens) to cortical target regions (e.g., the orbitofron-
tal cortex, medial prefrontal cortex, anterior cingulate cortex). Both
animal and human research highlights the central role that this circuit
plays in reward-responsivity, incentive-based learning, assessing prob-
ability of reward receipt, prediction error, and goal directed behavior.
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Fig. 1. Reward sensitivity vulnerability-stress model of motivational anhedonia and approach-related hypo/manic symptoms (adapted from Alloy et al. (2016)). (For interpretation of

the references to color in this figure, the reader is referred to the web version of this article).

Down-regulation or deactivation of the reward system leads to
decreased motivation and goal-related cognitions, and increased with-
drawal, as well as emotions such as sadness and anhedonia.

Within the fronto-striatal circuit, the ventral striatum is a central
hub of reward processing. Anatomical definitions of the ventral
striatum vary across animal and human research; however, in human
neuroimaging, it frequently includes the nucleus accumbens, the
ventral medial caudate, and the rostroventral putamen (Haber and
Knutson, 2010). Both metabolic positron emission tomography (PET)
and fMRI studies indicate that exposure to both primary (e.g., pleasant
tastes, sounds and sights) and secondary rewards (e.g., monetary
rewards) increase striatal activity in humans (Blood and Zatorre,
2001; Delgado et al., 2000; Haber and Knutson, 2010; Knutson
et al., 2005; Small et al., 2001). The observed elevation in striatal
activity to both primary and secondary rewards is consistent with the
notion that striatal activation does not depend on sensory modality. A
number of factors modulate striatal activity to reward cues, including
the magnitude of the reward, the probability of reward receipt, the
amount of time until the anticipated reward can be obtained (i.e.,
delay), and the effort required to pursue the reward (see Haber and
Knutson, 2010 for review). Furthermore, elevated ventral striatal
activity during reward anticipation is associated with elevated self-
reported behavioral approach system (BAS)/reward sensitivity
(Caseras et al., 2013; Hahn et al., 2009).

The region of the cortex most often associated with reward is the
orbitofrontal cortex (OFC; Haber and Knutson, 2010; Kringelbach and
Rolls, 2004; Schultz et al., 2000). There is variability in how the OFC is
anatomically defined, particularly across animal and human studies.
Drawing from research on reward-related neural activation in bipolar
disorder (Bermpohl et al., 2010; Nusslock et al., 2012a), we define the
OFC as Brodmann Area (BA) 10, 11, and 47 for the present paper.
Several neuroimaging studies indicate that sensory and abstract
rewards recruit the OFC (Blood and Zatorre, 2001; Knutson et al.,
2000; Small et al., 2001). A meta-analysis of these findings
(Kringelbach and Rolls, 2004) suggests a potentially important dis-
tinction between medial and lateral regions of the OFC. This analysis
indicates that the medial OFC (BA 10, 11) is clearly sensitive to the
rewarding properties of stimuli and the generation of positive or
approach-related affect, but the lateral OFC (e.g., BA 47) appears to
be sensitive to both positive and negative (i.e., punishment cues) cues.
Accordingly, activation of the lateral OFC has been interpreted in terms
of arousal (Schmidt et al., 2009) and salience (Lewis et al., 2007) as
opposed to positive hedonic evaluation.

Both animal and human research highlights the central role of
dopamine neurotransmission in the fronto-striatal reward circuit
(Haber and Knutson, 2010; Schultz, 2002; Wise, 2002). Relative to
placebo injection, ligand-based PET research indicates that ampheta-
mine injection robustly increases striatal dopamine, and these in-
creases correlate with positive and arousing affective experiences
(Drevets et al., 2001; Volkow et al., 1999). Alcohol, cocaine, and
secondary rewards such as gambling all increase dopamine release in
the striatum (Boileau et al., 2003; Cox et al., 2009). As discussed below,
however, dopamine appears to be more involved in reward anticipation
and ‘wanting’, and less involved in reward outcome and ‘liking’ (see
Berridge, 2007; Berridge et al., 2009 for review).

3. Reward hyposensitivity and major depressive disorder

Decreased approach motivation and reduced positive affect has long
been considered a core feature of unipolar depression (Meehl, 1975;
Lewinsohn and Graf, 1973). Indeed, anhedonia, characterized by a
markedly diminished interest or pleasure in activities (American
Psychiatric Association, 2013), is a cardinal symptom of depression.
Individuals with unipolar depression self-report decreased behavioral
approach system (BAS) sensitivity (Kasch et al., 2002), report reduced
extraversion and pleasure sensitivity (Kazdin, 1989; Kotov et al., 2010),
and engage less frequently in goal-directed behavior (Forbes, 2009).
During gambling or monetary-reward tasks, adults with depression
make decisions that are more conservative (Corwin et al., 1990), slower
(Kaplan et al., 2006), and less flexible in the face of shifting con-
tingencies (Cella et al., 2010), and expend less effort for rewards when
compared with controls (Treadway et al., 2012a; Yang et al., 2014).
Depression — and anhedonia in particular — is associated with a failure
to exhibit a response bias toward rewarded stimuli in signal detection
tasks, in which one set of stimuli is subtly rewarded more frequently
than another (Pizzagalli et al., 2005, 2008). Moreover, reduced
approach motivation and blunted positive affect have been concur-
rently and prospectively linked to depression onset in adult samples
(Clark et al., 1994). In children, reduced positive affect at age 3
predicted depressogenic cognitive styles at age 7 (Hayden et al.,
2006) and was associated with a maternal history of depressive
disorders (Durbin et al., 2005).

At the neurophysiological unit of analysis, close to thirty years of
research suggests that relative left versus right frontal electroencepha-
lographic (EEG) activity reflects a neurophysiological index of ap-
proach motivation and reward-related affect (see Coan and Allen,
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2004; Nusslock et al., 2015 for reviews). Increased relative left-frontal
EEG activity indicates a propensity to approach or engage a stimulus,
whereas decreased relative left-frontal activity is associated with
decreased approach-motivation and blunted reward processing.
Consistent with the reward hyposensitivity perspective of unipolar
depression, individuals with unipolar depression typically show de-
creased relative left frontal EEG activity during both depressive (Gotlib
et al.,, 1998; Henriques and Davidson, 1991) and remitted states
(Henriques and Davidson, 1990), suggesting that reduced left frontal
EEG activity may be a state independent marker of unipolar depression
(see Thibodeau et al., 2006 for meta-analytic review; although see Reid
et al., 1998; Nitschke et al., 1999; and Thibodeau et al., 2006 for
studies reporting no relationship between frontal EEG asymmetry and
depression). Finally, unipolar depression is characterized by blunted
reward responsiveness, as indexed by the feedback negativity (FN; Foti
and Hajcak, 2009), an event-related potential (ERP) elicited by stimuli
that indicate monetary gain versus loss. Moreover, a blunted FN
prospectively predicts onset of a first major depressive episode (Bress
et al., 2013).

With respect to functional MRI (fMRI), investigators have devel-
oped a number of tasks to assess reward neural activation in the fronto-
striatal circuit (Richards et al., 2013), including simple guessing for
rewards (Delgado et al., 2000; Forbes et al., 2009), behavioral
performance for rewards (Knutson et al., 2001), and decision-making
reward tasks (Ernst et al., 2004). These studies document reduced
ventral striatal activation in major depressive disorder (MDD) to
reward anticipation cues (Forbes et al., 2009; Smoski et al., 2009),
reward receipt (McCabe et al., 2009; Pizzagalli et al., 2009; Wacker
et al., 2009), reward prediction errors (i.e., the difference between
experienced versus predicted rewards; Kumar et al., 2008; Steele et al.,
2007), and other positive stimuli (e.g., positive IAPS pictures, positive
words) (although see Knutson et al., 2008 for a report of no reduction
in ventral striatal activity to reward cues). Reduced striatal activation is
present among individuals with MDD during remission (Dichter et al.,
2012; Schiller et al., 2013; Takahashi et al., 2009), suggesting that
blunted reward responsiveness is state-independent, and observed
among offspring of depressed individuals who have yet to develop a
depressive episode (Gotlib et al., 2010; McCabe et al., 2012; Monk
et al., 2008; Olino et al., 2014, 2015; Sharp et al., 2014).

Finally, reward-relevant life events also are related to the course of
depression. According to the reward hyposensitivity model of major
depression, life events that deactivate the reward system (i.e., certain
loss or failure) should precipitate depressive symptoms and episodes
(see dark blue pathway in Fig. 1). Multiple conceptual frameworks
similarly emphasize the role of life events in depression (Hammen,
2005; Harkness and Monroe, 2016; Monroe and Harkness, 2005), and
empirical studies agree that stressful life events predict depression
onset in early childhood (Bufferd et al., 2014), adolescence (Monroe
et al., 1999), and adulthood (Kendler et al., 2003). Consistent with the
reward hyposensitivity model, reward-deactivating events involving
irreconcilable failures and losses have been shown to predict first onset
and recurrences of depression (see Alloy et al., 2005, 2009a for review).

4. Reward hyposensitivity and anhedonia: an RDoC
perspective

Thus far, our review of reward hyposensitivity in unipolar depres-
sion has focused on individuals with DSM diagnoses. This is because
most of the research on this topic has been conducted on depressive
disorder samples. As stated, however, a goal of RDoC is to move
beyond considering psychiatric disorders as unitary constructs and to
instead examine the relationship between core brain-behavior dimen-
sions and specific symptom profiles (Insel et al., 2010; Insel and
Cuthbert, 2015). In line with this perspective, here we summarize
literature arguing that reward hyposensitivity is uniquely related to the
unipolar depressive symptom of anhedonia. Next, we discuss the
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argument put forth by Treadway and colleagues (Treadway and Zald,
2011; Treadway, 2016) that even the term anhedonia is underspecified,
and that reward hyposensitivity likely relates to a specific variant of
anhedonia characterized by motivational, as opposed to hedonic,
deficits.

Anhedonia involves diminished interest or pleasure in response to
stimuli that were previously perceived as rewarding, and is one of two
required symptoms for the DSM diagnosis of MDD (American
Psychiatric Association, 2013). Recent reports estimate that approxi-
mately 37% of individuals diagnosed with MDD experience clinically
significant anhedonia (Pelizza and Ferrari, 2009). Growing evidence
from self-report (McFarland and Klein, 2009; Treadway and Zald,
2011), behavioral (Pizzagalli et al., 2005: Treadway et al., 2012a; Yang
et al., 2014), and neurophysiological (i.e., feedback negativity; Liu
et al., 2014) units of analysis suggests that reward hyposensitivity and
reduced approach motivation reflect anhedonia. Neuroimaging studies
indicate that anhedonia (but not general depression severity) is
associated with reduced ventral striatal activation to positive and
rewarding stimuli (Wacker et al., 2009; Keedwell et al., 2005), as well
as reduced ventral striatal volume (Wacker et al., 2009). Epstein et al.
(2006) reported that depressed participants were characterized by
reduced ventral striatal responses to positive pictures, and the strength
of these responses was negatively correlated with self-reported anhe-
donia. Finally, we recently reported that anhedonia, but not general
distress, was associated with deficits in functional connectivity between
the ventromedial prefrontal cortex and nucleus accumbens during
reward processing among individuals with MDD (Young et al., In
press).

4.1. Reward hyposensitivity associated with motivational deficits in
anhedonia

In addition to RDoC's focus on unpacking heterogeneity within
diagnostic categories, Treadway and colleagues (Treadway, 2016;
Treadway and Zald, 2011) recently argued that it is equally important
to address heterogeneity within the symptom of anhedonia. Their
stance is consistent with a number of other reviews that have called for
a critical reexamination of the anhedonia construct (Foussias and
Remington, 2008; Barch and Dowd, 2010; Strauss and Gold, 2012;
Pizzagalli, 2014). This perspective stems from animal and human
research documenting distinct neural circuits underlying motivational
(anticipation, “wanting”) versus hedonic (consumption, “liking”) re-
ward-related states. Treadway and others (Treadway, 2016; Treadway
and Zald, 2011; Pizzagalli, 2014) argue that reward hyposensitivity in
unipolar depression will be most strongly associated with a state of
anhedonia characterized by motivational, versus hedonic, deficits for
two reasons. First, preclinical research indicates that the dopaminergic
fronto-striatal reward circuit is primarily involved in the motivational
pursuit, anticipation, or “wanting” of a reward, as opposed to the
hedonic consumption of reward (see Treadway, 2016; Treadway and
Zald, 2011 for review). Initially, dopaminergic activity in this circuit
was thought to mediate an organism's experience of pleasure, or
“yumminess”, in response to rewarding stimuli (Wise, 1980). This
perspective has been largely abandoned over the past thirty years, and
dopamine signaling within the fronto-striatal circuit is now viewed as
the engine that facilitates approach or goal-directed behavior to obtain
rewards, as opposed to the mechanism by which an organism
hedonically enjoys, savors or consumes a reward [the primary neuro-
chemicals involved in pleasurable hedonic experiences appear to be
endogenous opioids (see Treadway and Zald, 2011 for review)]. For
example, lesions to dopamine synapses in the ventral striatum do not
impair hedonic liking expressions in rats (Berridge and Robinson,
1998). Furthermore, dopamine depleted mice still favor sucrose-water
over regular water and demonstrate a morphine-induced conditioned
place preference (Cannon and Palmiter, 2003), and increasing dopa-
mine shows no effect on liking or pleasure related behavior (Pecifia
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et al., 1997). By contrast, altering dopaminergic functioning has a
robust effect on an organism's motivation to pursue and work for
rewarding stimuli (Salamone et al., 2007), highlighting the role of
dopamine signaling in the pursuit of reward, as opposed to the pleasure
of consuming the reward.

Second, and perhaps more controversial, is the proposal that
anhedonia may not necessarily involve a reduction in the capacity to
experience pleasure, but rather primarily a deficit in ability or will-
ingness to recruit motivational resources to pursue pleasurable rewards
(Treadway and Zald, 2011). Take for example the “sweet taste test,”
which assesses hedonic capacity by having individuals rate the plea-
santness of different sucrose concentrations. In four separate studies,
individuals with depression and matched controls reported no differ-
ences in their ratings of the sucrose, suggesting that there is no deficit
in the hedonic capacity to experience a natural reinforcer in depression
(Amsterdam et al., 1987; Berlin et al., 1998; Dichter et al., 2010; Kazes
et al., 1994). Contrary to these data, however, are findings from Hajcak
and colleagues showing attenuated neurophysiological responses to
reward versus loss outcome among individuals with unipolar depres-
sion (Foti and Hajcak, 2009; Bress et al., 2013). Thus, future research
is needed to determine the extent to which anhedonia in the context of
depressive symptoms is primarily driven by motivational deficits, or
both motivational and hedonic deficits. Regardless of the outcome of
this research, however, we agree with the argument first put forth by
Treadway and colleagues (Treadway and Zald, 2011) that reduced
signaling in the fronto-striatal reward circuit will be most strongly
associated with motivational, as opposed to hedonic, components of
anhedonia.

Taken together, the above studies highlight the need for clinical
research to distinguish motivational from hedonic components of
anhedonia. In fact, Treadway and colleagues (Treadway, 2016;
Treadway and Zald, 2011) have argued that mood-related symptom
heterogeneity may be as problematic as diagnostic heterogeneity, as
both preclinical and clinical research highlight dissociable neural
circuits underlying motivational versus hedonic deficits in anhedonia.
Viewing anhedonia as a homogenous construct not only impedes
scientific progress into its pathophysiology, but also reduces the
precision with which anhedonia can be targeted in treatment.
Unfortunately, the majority of clinical assessment and research to date
does not distinguish motivation from hedonics, and if anything, gives
primacy to hedonic or pleasure deficits in anhedonia. For example,
DSM-5 defines anhedonia as “markedly diminished interest or pleasure
in all or almost all activities”, and says nothing about whether this
diminished pleasure is motivationally versus hedonically driven. In
keeping with DSM-5, the Structured Clinical Interview for DSM
Disorders (SCID) simply asks patients whether they “have lost interest
or pleasure in things they usually enjoy”. Finally, a content review by
Treadway and Zald (2011) of items used in the most common
anhedonia measures revealed that they unanimously emphasize the
experience of pleasure in response to positive stimuli with little or no
attention to diminished drive or motivation.

Treadway and colleagues have recently begun to address this issue
in a very sophisticated manner with the development of their effort
expenditure for reward task (EEfRT), which examines neural sub-
strates of effort mobilization in humans (Treadway et al., 2012a,
2012b; Wardle et al., 2011). During this task, participants perform a
series of trials in which they are asked to choose between completing a
“High Effort” and a “Low Effort” task in exchange for monetary
compensation, where the required effort is in the form of speeded
button presses. Mirroring the effects of dopamine potentiation in rats,
administration of a dopamine agonist (d-amphetamine) produces a
dose-dependent increase in the willingness to work for rewards in the
EEfRT (Wardle et al., 2011), and the magnitude of dopamine release in
dorsomedial and ventral components of the striatum positively predicts
the proportion of High-Effort choices participants made during low-
probability trials (Treadway et al., 2012b). Furthermore, and in line
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with the perspective that depression is characterized by fundamental
motivational deficits, patients with MDD expend less effort for reward
when compared with controls (Treadway et al., 2012a; Yang et al.,
2014), and the longer the depressive episode, the more impaired the
decision-making (Treadway et al., 2012a). Future research with the
EEfRT task and related paradigms examining motivational deficits in
anhedonia promises to have important scientific and treatment im-
plications.

4.2. Developmental pathways to motivational deficits in anhedonia

An important question for future research is to better understand
the developmental mechanisms leading to the eventual onset of reward
hyposensitivity and motivational deficits in anhedonia. Gene-environ-
ment models propose an interaction and/or correlation between
polygenic risk factors modulating dopamine signaling and both early
adversity (e.g., maternal separation, childhood maltreatment) and
chronic life stress (see Pizzagalli, 2014 for review). In line with this
perspective are genetic studies identifying several polymorphisms
related to dopaminergic function that increase one's risk for developing
depression and anhedonia (Lopez Leon et al., 2005; Chiaroni et al.,
2000). Additionally, early and chronic life adversity downregulate
mesolimbic dopamine signaling, reward-related brain function, and
reward responsiveness in both animals and humans (see Nusslock and
Miller, 2016; Pizzagalli, 2014 for reviews), all of which have been
associated with anhedonia (Dillon et al., 2009; Guyer et al., 2006).
Further research is needed, however, to better model the nature of the
relationship between genetic and environmental factors in the onset
and course of reward hyposensitivity and motivational deficits in
anhedonia.

Complimenting traditional gene-environment models, we argue
that peripheral inflammation may reflect a second developmental
mechanism facilitating the initial onset of reward hyposensitivity and
motivational deficits in anhedonia (Nusslock and Miller, 2016).
Considerable preclinical research indicates that dopamine signaling
in the fronto-striatal reward circuit is a primary target of peripheral
inflammation, which can spread to the brain through multiple mechan-
isms (see Miller et al., 2013 for review). This blunted reward
sensitivity, mediated by inflammatory cytokines, is part of a general-
ized set of adaptations to infection (Miller et al., 2009; Maier and
Watkins, 1998). These adaptions are collectively referred to as sickness
behaviors and, along with anhedonia, include dysphoria, fatigue,
psychomotor slowing, and behavioral disengagement (Dantzer et al.,
2008), all of which resemble the motivational anhedonia associated
with reward hyposensitivity discussed in the present paper. Human
imaging studies indicate that inflammatory agonists, such as lipopoly-
saccharide (LPS), typhoid vaccine, and chronic hepatitis C, all result in
significant reductions in reward-related neural activation in the ventral
striatum (Eisenberger et al., 2010; Harrison et al., 2009; Capuron et al.,
2012). Importantly, this reduction in reward-related brain function is
secondary to blunted dopamine transmission in both animals (Miller
et al., 2013) and humans (Capuron et al., 2012).

This inflammatory mediated reduction in reward sensitivity and
reward-related brain function is highly adaptive when it occurs in
moderation and reflects a time-limited response to pathogen exposure.
However, considerable evidence suggests that early life adversity (e.g.,
childhood maltreatment; low socioeconomic status) and chronic stress
are associated with a proinflammatory phenotype characterized by
chronically larger volumes of inflammatory cytokines (see Nusslock
and Miller, 2016 for review). Given that inflammation attenuates
reward sensitivity, reduces dopamine mediated reward-related brain
function, and induces motivational deficits, we argue that chronic
inflammation, secondary to early life adversity and/or chronic stress,
may reflect a second developmental mechanism underlying reward
hyposensitivity and motivational deficits in anhedonia. Future research
is needed to test this prediction.
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5. Reward hypersensitivity and bipolar disorder

Whereas unipolar depression is characterized by blunted reward
sensitivity, growing evidence suggests that risk for bipolar disorder is
associated with a hypersensitivity to reward-relevant cues. In this
section, we first review evidence relevant to the Reward
Hypersensitivity Model of bipolar disorder. Next, we move beyond
considering bipolar disorder as a homogenous construct and propose
that reward hypersensitivity uniquely relates to a cluster of hypo/manic
symptoms characterized by psychomotor hyperactivation and excessive
approach motivation (referred to as approach-related hypo/manic
symptoms).

The DSM defines bipolar spectrum disorders as encompassing three
diagnoses: cyclothymia, bipolar II disorder, and bipolar I disorder. All
three diagnoses involve extreme highs (hypomania or mania) and lows
(depression) of mood, motivation, cognition, and behavior, but differ in
severity, with bipolar I disorder being the most severe and cyclothymia
the least severe. Moreover, having a milder form of bipolar disorder
(cyclothymia, bipolar II) increases the risk for developing full-blown
bipolar I disorder in both children/adolescents (Birmaher et al., 2009;
Kochman et al., 2005) and adults (Alloy et al., 2012b), supporting the
concept that bipolar disorder involves a spectrum of severity.

Contrary to unipolar depression, evidence suggests that bipolar
disorder is characterized by elevated reward sensitivity and increased
approach motivation. These data have been conceptualized in the
context of the Reward Hypersensitivity Model of bipolar disorder
(Alloy and Abramson, 2010; Alloy et al., 2009a, 2015b; Johnson,
2005; Johnson et al., 2012b; Nusslock et al., 2014; Urosevi¢ et al.,
2008). This model proposes that risk for bipolar disorder symptoms,
and in particular hypo/manic symptoms, is characterized by a hyper-
sensitivity to goal- and reward-relevant cues. This hypersensitivity can
lead to an excessive increase in approach-related motivation (e.g.,
working excessively long hours) during life events involving rewards or
goal striving and attainment (e.g., when striving for or receiving a job
promotion). In the extreme, this excessive increase in approach
motivation is reflected in hypo/manic symptoms, such as elevated or
irritable mood, decreased need for sleep, increased psychomotor
activation, extreme self-confidence, and pursuit of rewarding activities
without attention to risks (see red pathway in Fig. 1). Thus, from the
perspective of the Reward Hypersensitivity Model, symptoms of hypo/
mania involve extreme expressions along an underlying core brain-
behavior dimension of reward-processing and approach motivation
(see below for a detailed discussion of reward-processing and bipolar
depression).!

There is evidence that reward hypersensitivity is a mood-indepen-
dent trait associated with bipolar spectrum disorders, as well as a
vulnerability factor for the onset and recurrence of mood episodes and
a worse course of bipolar disorder. For example, controlling for bipolar
mood symptoms, personality characteristics associated with high
incentive motivation and reward drive (such as achievement motiva-
tion, ambitious goal-striving, perfectionism, and self-criticism) as well
as self- or parent-reports of high BAS/reward sensitivity are greater in
individuals with bipolar conditions all along the spectrum compared to
healthy controls or individuals with unipolar depression (e.g., Alloy
et al., 2008, 2009b; Fulford et al., 2010; Gruber et al., 2013; Johnson
et al., 2012a; Lam et al., 2004; Lozano and Johnson, 2001; Meyer et al.,

! Future work is needed to examine the extent to which the BAS/reward hypersensi-
tivity model and research on the fronto-striatal neural circuit in bipolar disorder can
account for mixed episodes. Many individuals with bipolar disorder (up to 40% in some
clinical samples; Swann et al., 2013) present with mixed symptoms, and these are even
more common in individuals with early-onset bipolar disorder (Perlis et al., 2009).
Understanding the pathophysiology of mixed states has important scientific, diagnostic,
and treatment implications. We propose that mixed states may involve the co-activation
of both the fronto-striatal neural circuit, as reflected in excessive approach-related affect,
and the cortico-amygdala circuit, as reflected in excessive negative affect. Future research
is needed to test this hypothesis.
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2001; Quilty et al., 2014; Salavert et al., 2007; Scott et al., 2000; but see
Hayden et al., 2008 for an exception). And, the relationship between
bipolarity and reward sensitivity appears to be state-independent in
that it is not related to current levels of hypo/mania (Alloy et al., 2008;
Lozano and Johnson, 2001; Salavert et al., 2007; Scott et al., 2000),
and reward sensitivity continues to be elevated in remission relative to
controls (Lam et al., 2004; Meyer et al., 2001). Further corroborating
this questionnaire evidence, bipolar I patients exhibit less ability to
delay responding for rewards (Swann et al., 2009) and higher hypo/
manic symptoms are associated with greater emotional and cognitive
responsiveness to rewards (Johnson et al., 2005) on behavioral tasks.
Finally, self-reported reward hypersensitivity, as well as elevated goal-
striving and hypo/manic symptoms, are each associated with greater
odds of choosing the “high effort” option on the EEfRT task when
reward probability is low (Boland et al., In preparation).

Growing evidence indicates that self-reported reward sensitivity has
predictive validity for the onset and course of bipolar spectrum
disorders. Elevated self-reported reward sensitivity is associated with
a greater likelihood of having a lifetime bipolar spectrum diagnosis
(Alloy et al., 2006), a greater likelihood of developing a first onset of a
bipolar spectrum disorder (Alloy et al., 2012a), a shorter time to
recurrences of hypo/manic episodes (Alloy et al., 2008), an increase in
manic symptoms among recovered individuals with bipolar I disorder
(Meyer et al., 2001), and a greater likelihood of progressing to a more
severe bipolar diagnosis among those with milder bipolar spectrum
diagnoses (Alloy et al., 2012b). Furthermore, hypo/manic episodes are
triggered by both reward-striving (e.g., applying for a job; Nusslock
et al.,, 2007) and reward-attainment (e.g., receiving a job; Johnson
et al., 2000) life events, and self-reported elevated reward sensitivity
both predicts the greater occurrence of reward-relevant events, as well
as interacts with these events to prospectively predict increases in
hypo/manic symptoms (Alloy et al., 2009a; Boland et al., 2016;
UroSevi¢ et al., 2010).

At the neurophysiological unit of analysis, both individuals prone to
hypo/manic symptoms (Harmon-Jones et al., 2002) and individuals
with a bipolar spectrum disorder (Harmon-Jones et al., 2008) display
elevated relative left frontal EEG activity — a neurophysiological index
of approach motivation — during reward-related laboratory tasks
compared to healthy controls (although see Allen et al., 1993, for a
report of decreased relative left frontal activity among currently
depressed bipolar participants). Among individuals with a bipolar
spectrum diagnosis, elevated relative left-frontal activity was associated
with a greater likelihood of converting from cyclothymia or bipolar II
disorder to bipolar I disorder over a five-year follow-up period
(Nusslock et al., 2012b). This is the first study to identify a neurophy-
siological risk factor for conversion to a more severe bipolar diagnosis
and parallels the previously mentioned research indicating that ele-
vated self-reported reward sensitivity is associated with a more severe
bipolar course. In addition, individuals at temperamental risk for
hypo/manic symptoms display elevated reward responsiveness, as
indexed by the feedback negativity ERP component (Mason et al.,
2012).

In line with the BAS/reward hypersensitivity model, bipolar
disorder is associated with an excessive increase in fronto-striatal
reward-related neural activation to positive or approach-related stimu-
li. For example, bipolar individuals display elevated striatal (Hassel
et al., 2008; Lawrence et al., 2004), OFC (Elliott et al., 2004), and
amygdala (Bermpohl et al., 2009) activation to pictures of happy faces
or pleasant stimuli compared to healthy controls. There is preliminary
evidence that this effect is state-independent, as elevated reward-
related neural activation to positive emotional stimuli has been
observed in both remitted (Hassel et al., 2008) and manic (Bermpohl
et al., 2009; Elliott et al., 2004) bipolar individuals [although see Liu
et al. (2012) for evidence of decreased striatal, OFC, and ACC activation
in bipolar individuals to happy versus neutral faces].

The small number of studies that have employed fMRI reward



R. Nusslock, L.B. Alloy

paradigms provide compelling, albeit nuanced, support for the Reward
Hypersensitivity Model of bipolar disorder. Nusslock et al. (2012a)
reported that euthymic bipolar I disorder participants displayed greater
ventral striatal, medial OFC (BA 10), and left lateral OFC (BA 47)
activation during the anticipation, but not the outcome, of monetary
reward in a card-guessing paradigm relative to healthy controls. There
were no differences in neural activation between bipolar I and healthy
control participants during anticipation or receipt of monetary loss.
That reward-related neural activation was abnormally elevated in
bipolar I individuals during remission suggests that this profile of
fronto-striatal activity may reflect a trait-like or endophenotypic risk
factor for bipolar disorder. To establish a biological marker of a
disorder, however, it is important to examine the marker across
multiple phases of the illness. To date, two studies used an fMRI
reward paradigm with bipolar I individuals during a manic episode,
and two used such a paradigm with bipolar I individuals during a
depressive episode. With respect to mania, bipolar I individuals in a
manic episode displayed elevated left lateral OFC (BA 47) activation
during reward anticipation using the monetary incentive delay task
(Bermpohl et al., 2010), while healthy participants showed the inverse
effect. In a second study, manic participants showed increased activa-
tion in the ventral striatum coupled with reward omission compared to
healthy participants (Abler et al.,, 2007), suggesting that bipolar
individuals in a manic episode have a reduced capacity to discriminate
between rewards on the basis of their actual value and relevance.

With respect to bipolar depression, two fMRI studies report
decreased reward-related neural activation in both the anterior cingu-
late cortex (Chase et al., 2013) and ventral striatum (Reidlich et al.,
2015) among bipolar I individuals in a current major depressive
episode relative to healthy controls, and one study reports that
depressive severity among bipolar participants was associated with
reduced ventral striatal activity to reward cues (Satterthwaite et al.,
2015). These findings highlight the presence of state-dependent effects
of depression on reward-related neural activation in the ACC and
ventral striatum in individuals with bipolar disorder. However, Chase
et al. (2013) further reported that bipolar depressed participants
displayed elevated lateral OFC (BA 47) activation during anticipation,
collapsing across reward and loss trials. Thus, even during depression,
individuals with bipolar I disorder maintain heightened activation in
regions of the fronto-striatal neural circuit.

Further evidence for elevated reward-related neural activation in
bipolar disorder comes from research on individuals with a bipolar
spectrum diagnosis (i.e., bipolar II disorder), and individuals at
elevated risk for bipolar disorder who have not yet developed the
illness. For example, euthymic bipolar II participants displayed greater
ventral striatal and lateral OFC activation during reward anticipation
compared to healthy controls (Caseras et al., 2013; contrary to
prediction, this study did not find elevated ventral striatal activity
during reward anticipation among bipolar I individuals). In a PET
study, depressed bipolar II participants also displayed elevated meta-
bolism in the ventral striatum, anteroventral putamen, and OFC (Mah
et al., 2007). Finally, individuals with a hypomanic temperament who
have not yet developed bipolar disorder exhibited elevated ventral
striatal activation and lateral OFC activation during reward processing
(Harada et al.,, 2013). This latter finding suggests that elevated
functional reward-related neural activation may reflect a preexisting
risk factor for bipolar disorder, as opposed to a consequence of the
illness.

We and others (e.g., Johnson, 2005; Johnson et al., 2012b) propose
that a propensity to experience an excessive increase in reward and
approach-related neural activation is a central mechanism through
which individuals with bipolar disorder are at risk for developing hypo/
manic symptoms in the presence of reward-relevant life events.
Specifically, it is proposed that individuals with bipolar disorder
experience an excessive increase in reward/approach-related neural
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activation to reward-relevant life events, which is reflected in an
excessive increase in approach motivation. In the extreme, this increase
in approach motivation is reflected in hypo/manic symptoms (see
Fig. 1).

Collectively, this work indicates that risk for unipolar depressive
symptoms and hypo/manic symptoms are characterized by distinct and
opposite profiles of reward sensitivity and approach motivation within
the RDoC Positive Valence Systems domain. Specifically, risk for
unipolar depression is characterized by reduced approach motivation
and decreased reward-related neural activation, whereas risk for hypo/
mania is associated with elevated approach motivation and increased
reward-related neural activation. These findings have important im-
plications for understanding the pathophysiology of unipolar depres-
sion and bipolar disorder. As indicated, both these disorders are
characterized by comparable deficits in threat-related processes
(Negative Valence Systems), executive control (Arousal/Regulatory
Systems), and working memory (Cognitive Systems) (Hamilton et al.,
2012; Phillips and Vieta, 2007; Almeida et al., 2010; Wagner et al.,
2006). We argue that deficits in these RDoC domains likely reflect risk
factors for transdiagnostic symptoms that are common to depression
and bipolar disorder. These mechanisms, however, may not be
particularly informative in distinguishing what puts an individual at
risk for symptoms of unipolar depression versus bipolar disorder. We
further argue, however, that RDoC Positive Valence Systems are highly
relevant for understanding differential risk for symptoms of unipolar
depression versus bipolar disorder, and that reward-related neural
activation may reflect an endophenotypic marker of this differential
risk. Specifically, we propose that what differentiates risk for bipolar
disorder versus unipolar depression is risk for mania, and one of the
primary risk factors for mania involves a propensity to experience
abnormally elevated approach motivation to rewarding cues in the
environment. Thus, reward/approach-related processes are clearly
important for understanding what distinguishes bipolar disorder from
unipolar depression, whereas threat, executive control, and working
memory processes may be more informative in understanding what is
common or transdiagnostic across these illnesses. Finally, however, we
suggest that this logic can only take us so far and, in line with the RDoC
initiative, we argue that it is important to move beyond considering
mood disorders as homogenous disorders or unitary constructs and
instead examine the relationship between individual differences in
reward processing and specific mood-related symptom clusters.

6. Reward hypersensitivity and approach-related hypo/
manic symptoms: an RDoC perspective

With respect to hypo/mania, we predict that reward hypersensitiv-
ity will be most strongly associated with a cluster of symptoms
characterized by excessive approach motivation, specifically, elevated
energy, increased goal-directed activity, decreased need for sleep,
increased confidence, and irritability when goal-pursuit is thwarted.
We base this prediction on the strong convergence between the clinical
characteristics of these symptoms and elevated reward-related neural
activation, which is characterized by increased approach motivation,
increased reward sensitivity, and elevated goal pursuit. Reward proces-
sing and approach motivation have not been directly implicated in
cognitive activity (Alloy et al., 2015b), and thus, hypo/manic symptoms
of elation and expansiveness, as well as cognitive symptoms involving
distractibility and flight of ideas, should be less related to reward
hypersensitivity than the proposed cluster of approach-related hypo/
manic symptoms. Decreased need for sleep is included in this cluster of
approach-related hypo/manic symptoms, given the coupling of reward
processing and approach motivation with sleep variables (Holm et al.,
2009; Murray et al., 2009), circadian influences (Alloy et al., 2015a;
Boland et al., 2016; Murray et al., 2009; Hasler et al., 2010) and
circadian genes (Forbes et al., 2011). Increased confidence is included
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in this cluster, given that elevated reward sensitivity, approach
motivation, and bipolar spectrum disorders are linked with elevated
confidence following goal-attainment (Eisner et al., 2008; Johnson and
Jones, 2009; Meyer et al., 2010). Irritability is included because of the
neurobiological overlap between anger and approach motivation
(Harmon-Jones, 2003; Carver and Harmon-Jones, 2009) and the
increase in approach-related neural activity if goal-pursuit is thwarted
(Harmon-Jones, 2003). Finally, we propose that approach-related
hypo/manic symptoms may be etiologically distinct from hyperactivity
symptoms observed in attention deficit hyperactivity disorder (ADHD),
given that ADHD has been associated with blunted reward processing
and reward-related brain function (Volkow et al., 2009). However,
ADHD is characterized by significant heterogeneity and there are high
levels of comorbidity between ADHD and bipolar disorder (Wingo and
Ghaemi, 2007). Thus, there may be symptom dimensions that cut
across both ADHD and bipolar disorder that are characterized by
enhanced approach motivation. Future research is needed to test these
hypotheses.

7. Bipolar depression: reward hyposensitivity or
hypersensitivity?

Collectively, we have proposed that reward hyposensitivity should
be most strongly associated with the unipolar depressive symptom of
motivational anhedonia, and reward hypersensitivity should be most
strongly associated with a cluster of approach-related hypo/manic
symptoms. This raises the obvious and important question of what
mechanisms underlie bipolar depression, and in particular, anhedonia
among individuals with bipolar disorder. In its original conceptualiza-
tion, the Reward Hypersensitivity Model proposed that reward hyper-
sensitivity underlies risk for both hypo/manic and bipolar depression
symptoms (e.g., Depue and Collins, 1999; see also Alloy et al., 2015b).
The logic of this original conceptualization was that reward hypersen-
sitivity should make individuals hypersensitive to both cues signaling
the possible attainment and loss of reward, and that in the face of loss,
individuals with reward hypersensitivity should be at increased risk for
depression given the high value they place on rewards (see dashed light
blue pathway in Fig. 1). From this perspective, reward hypersensitivity
is viewed as a risk factor for excessive lability in approach motivation,
with excessive increases in approach motivation (i.e., hypo/mania)
occurring in response to goal striving and reward attainment and
excessive decreases in approach motivation (i.e., depression) occurring
in response to irreconcilable reward loss (reward loss that is perceived
to be remediable and merely a temporary thwarting of reward
attainment should activate approach motivation and trigger anger/
irritability symptoms of hypo/mania — e.g., Carver and Harmon-Jones,
2009).

To date, however, there is rather limited evidence related to this
lability perspective (Alloy and Abramson, 2010; Alloy et al., 2015a,
2016; Johnson, 2005; Johnson et al., 2012b; Nusslock et al., 2014), as
the data indicate that reward hypersensitivity is more strongly related
to risk for hypo/manic symptoms than bipolar depression symptoms.
This suggests two possibilities. The first is that there is a relationship
between reward hypersensitivity and bipolar depression that research-
ers have yet to identify. For example, by considering bipolar depression
as a homogenous or unitary construct, researchers may have missed or
masked the relationship between reward hypersensitivity and subtypes
of anhedonia among bipolar individuals. The prediction from this
perspective is that individuals with reward hypersensitivity (i.e.,
individuals at risk for bipolar disorder) are at particular risk for
motivational deficits in anhedonia in the face of loss or irreconcilable
failure to obtain a desired reward. The second possibility, however, is
that reward hypersensitivity is not related to bipolar depression and
different etiological mechanisms (e.g., threat processing) may underlie
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the symptom of anhedonia and affective lability among individuals with
bipolar disorder compared to unipolar depression. Future research is
needed to test these competing hypotheses.”

8. Beyond mood disorder symptoms: an equifinality and
multifinality model of reward processing abnormalities

Thus far, we have focused exclusively on the relationship between
reward processing and mood disorder symptoms. However, abnorm-
alities in reward processing and fronto-striatal neural circuitry have
been implicated in other psychiatric symptoms, most notably, schizo-
phrenia (i.e., non-affective psychosis) and addiction. We next briefly
review this literature. Then, integrating this work with research on
reward processing and mood-related symptoms summarized in the
present paper, we discuss both an equifinality and multifinality
perspective on reward processing abnormalities in psychiatric symp-
toms.

8.1. Reward processing in schizophrenia

Abnormalities in fronto-striatal neural circuitry and dopamine
transmission have long been considered a primary pathology in
schizophrenia (Howes and Kapur, 2009; Howes et al., 2012; Fusar-
Poli and Meyer-Lindenberg, 2013). The Aberrant Salience or
Dopamine Hypothesis of schizophrenia argues that negative and
positive symptoms result from inappropriate (as opposed to chronically
reduced or enhanced) dopamine release that fails to appropriately
respond to meaningful reward cues (resulting in negative symptoms),
while ascribing elevated or aberrant salience to irrelevant stimuli
(resulting in positive symptoms).

Support for the Aberrant Salience Hypothesis is found in studies of
negative symptoms in schizophrenia, which typically involve anhedo-
nia, decreased affective expression, reduced motivation, and self-
reported reductions in pleasurable experiences (see Strauss and Gold,
2012 for review). Phenomenologically, this clinical presentation is
similar to the anhedonia and motivational deficits observed in unipolar
depression. However, unlike unipolar depression, there is a growing
consensus that negative symptoms in schizophrenia do not reflect a
primary deficit in the capacity for hedonic experience or motivation,
but rather difficulty in representing the value of rewarding experiences
in cognition and working memory (Gold et al., 2008, 2013). For
example, despite self-reporting low positive affect and pleasurable
experiences on retrospective, prospective, and hypothetical (i.e., non-
current) self-reports of positive emotion (Strauss and Gold, 2012;
Horan et al., 2006; Kring and Moran, 2008), individuals with schizo-
phrenia typically show normative affective ratings when exposed to
positive stimuli in the laboratory, including positive pictures, faces,
sounds, words, and food (Cohen and Minor, 2010; Herbener et al.,
2008; Kring et al., 1993). Results from naturalistic experience-sam-
pling studies provide a similar picture, indicating that although
individuals with schizophrenia have a lower frequency of positive
events in their daily lives (Myin-Germeys et al., 2000), they report
experiencing increases in positive emotion that are comparable to those
of healthy participants when engaged in pleasurable activities (Gard
et al., 2007; Oorschot et al., 2013). Furthermore, studies using the
EEfRT task developed by Treadway et al. (2012a, 2012b) report that
individuals with schizophrenia do not exhibit an overall reduction in
effort expenditure for reward (as demonstrated in individuals with
MDD), but instead fail to select high effort options at times when it is
most advantageous to do so (Gold et al., 2013; Fervaha et al., 2013;
Barch et al., 2014). Complimenting these findings is growing evidence

2 Despite tentative evidence that unipolar depression is characterized by greater levels
of anxiety and general distress, there does not appear to be clear distinctions in the
symptom profiles of unipolar depression versus bipolar depression, or in how anhedonia
is expressed across these two disorders (see Cuellar, Johnson, & Winters, 2005).
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of cognitive and working memory deficits in individuals with schizo-
phrenia during non-current reward processing (e.g., retrospective,
prospective, hypothetical self-reports of rewarding experiences; Gold
et al., 2008, 2013), and compromises in orbital and dorsal prefrontal
structures that play a critical role in the ability to represent the value of
outcomes and plans (Barch and Ceaser, 2012; Barch and Dowd, 2010;
Ursu et al., 2011). This suggests that negative symptoms (i.e.,
anhedonia) in schizophrenia may be driven more by deficits in the
ability to cognitively represent past and future rewards, as opposed to
hedonic deficits in responding to and/or savoring rewards in the
moment.

Also supporting the Aberrant Salience Hypothesis is considerable
evidence that dopamine signaling is substantially up-regulated in
positive symptoms of schizophrenia (e.g., psychosis, hallucinations,
delusions; see Fusar-Poli and Meyer-Lindenberg, 2013 for meta-
analytic review), as well as fMRI studies highlighting associations
between aberrant striatal responses and a propensity for psychotic
symptoms (see Howes and Kapur, 2009 for review). Recent work has
further demonstrated both a blunting of neural prediction errors to
contextually relevant cues (Morris et al., 2011) and enhanced predic-
tion error to contextually irrelevant stimuli (Morris et al., 2013).
Collectively, these findings suggest that the pathophysiology of schizo-
phrenia does not involve abnormally elevated or attenuated dopamine
transmission, but rather the misallocation of fronto-striatal reward
signaling to task inappropriate cues.

8.2. Reward processing in addiction

Substance use and addiction are highly comorbid with mood-
related psychopathology, often having destructive consequences for
one's personal and professional life (Conway et al., 2006; Grant et al.,
2004). Recent integrative models of addiction suggest that abnormal-
ities in reward processing and fronto-striatal neural circuitry, com-
bined with poor impulse control, act in tandem to contribute to
substance use pathology (Salloum and Thase, 2000). There is debate,
however, about the specific profile of reward processing that puts an
individual at greatest risk for developing an addiction. The Reward
Deficiency Model of addiction postulates that persons with low reward
sensitivity self-medicate negative emotions and/or attempt to elevate
positive/rewarding emotions through high-risk addictive behaviors
(Blum et al., 2000; Volkow et al., 2003; Bowirrat, and Oscar-Berman,
2005). Consistent with this perspective, preclinical research documents
that blunted dopamine signaling in the striatum is centrally involved in
many addictive behaviors, including drug and alcohol addiction, as well
as food seeking and obesity (Volkow et al., 2003, 2007; Bowirrat and
Oscar-Berman, 2005). In humans, cause-and-effect relationships are
less clear. However, preliminary findings from neurogenetic research
indicate that reduced reward-related brain function in the striatum
may reflect both a pre-existing vulnerability for, as well as a conse-
quence of, engaging in high-risk, addictive behaviors (Stice et al.,
2008).

By contrast, a reward hypersensitivity perspective of addiction
argues that abnormally elevated reward sensitivity should reflect a
pre-existing vulnerability for addictive behaviors (Alloy et al., 2009c;
Kambouropoulos and Staiger, 2004). Given that elevated reward
sensitivity leads to approach behavior in situations involving poten-
tially rewarding stimuli, and drugs of abuse have such rewarding
properties, this perspective proposes that reward hypersensitivity
should lead to greater substance use and prospectively put an
individual at risk for addiction. In line with this logic, cross-sectional
and retrospective studies report associations between elevated self-
reported reward sensitivity and increased substance use and substance
use disorders (Franken and Muris, 2006; Johnson et al., 2003;
Knyazev, 2004). Behavioral measures of reward sensitivity also differ-
entiate heavy or binge drinkers from light drinkers (Colder and
O’Connor, 2002; Palfai and Ostafin, 2003) and drinking for enhance-
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ment reasons from drinking for coping or social reasons (Colder and
O’Connor, 2002). Finally, elevated reward sensitivity, as measured by
self-report or behavioral tasks, is also predictive of greater cravings,
intention to drink, and positive affective responses in alcohol cue
reactivity paradigms (Franken, 2002; Kambouropoulos and Staiger,
2001).

8.3. An equifinality and multifinality perspective

As noted earlier, there is a growing interest in identifying mechan-
isms that are transdiagnostic or common across psychiatric disorders
and symptoms (Insel et al., 2010; Insel and Cuthbert, 2015). Given that
reward processing has been implicated in everything from anhedonia,
to hypo/mania, schizophrenia and addiction, a reasonable conclusion
is that abnormalities in reward processing are a transdiagnostic risk
factor for these diverse conditions, or at least symptom clusters within
these conditions. We disagree with this perspective, and instead agree
with Whitton et al. (2015) that an equifinality and/or multifinality
perspective on reward processing abnormalities in psychiatric symp-
toms may be preferable. As noted, equifinality is the principle that a
given end state can be reached by different means or mechanisms,
whereas multifinality is basically the opposite, suggesting that similar
conditions or mechanisms can lead to dissimilar outcomes.

Whitton et al. (2015) were the first to highlight anhedonia as an
example of equifinality in the context of unipolar depression and
schizophrenia. They argue that although anhedonia has a similar
clinical presentation in unipolar depression and schizophrenia, it is
likely driven by distinct pathophysiological mechanisms across these
two disorders. Anhedonia in unipolar depression is argued to be driven
by a reduced capacity for hedonic experience, motivation, or decision
making, whereas anhedonia in schizophrenia is argued to be a
consequence of deficits in higher-order cognitive systems involved in
working memory and value representation of past and future rewards
(see also, Barch et al., 2016) (see Fig. 2A).

We argue here that an equifinality perspective may also be relevant
for understanding addiction (see Fig. 2B). Instead of reflecting oppos-
ing models of addiction risk, the reward deficiency and reward
hypersensitivity perspectives on addiction may instead represent
different pathways to addiction onset. That is, whereas individuals
with reward deficiency or hyposensitivity may initially be drawn to
addictive substances to elevate deficient positive affect and/or attenu-
ate negative affect, individuals with reward hypersensitivity may be
drawn to these same substances for very different reasons, e.g.,
sensation and thrill seeking purposes. Once in contact with the
addictive substance, the final common pathway to addiction onset
(i.e., altered dopamine signaling secondary to chronic substance use;
e,.g., Volkow et al.,, 2003) may look similar regardless of whether
reward deficiency or hypersensitivity initially propelled the individual
to the high-risk addictive substances. But the point here is that the end
(addiction) can be reached by different means (reward hyposensitivity
versus hypersensitivity). Furthermore, reward deficiency and hyper-
sensitivity may reflect distinct mechanisms underlying elevated rates of
comorbidity between addiction and both unipolar depression and
bipolar disorder. Reward deficiency or hyposensitivity may reflect a
common mechanism underlying elevated rates of comorbidity between
addiction and unipolar depression, as individuals with reward hypo-
sensitivity may be prone to self-medicate their low positive affect with
addictive substances. By contrast, reward hypersensitivity may underlie
elevated comorbidity between addiction and bipolar disorder, as
individuals with reward hypersensitivity may be more likely to engage
in high-risk, addictive behaviors during sensation/thrill seeking.

By contrast, we argue that the concept of multifinality is relevant for
understanding the nature of the relationship between bipolar symp-
toms of hypo/mania and positive symptoms of schizophrenia (see
Fig. 2C). Both these conditions are characterized by elevated dopamine
signaling in striatal circuitry (Berk et al., 2007; Fusar-Poli and Meyer-
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(A) Equifinality pathways to anhedonia onset in schizophrenia versus unipolar depression

Cognitive deficits in
representing the value of
reward in schizophrenia

Anhedonia

Motivational deficits in
reward pursuit in
unipolar depression

(B) Equifinality pathways to addiction onset via reward hypersensitivity versus reward hyposensitivity

Reward hypersensitivity
(sensation/thrill seeking)

Poor impuiu control |

Reward hyposensitivity
(self medication of low
positive/reward affect)

Risk for
addiction onset

(C) Multifinality pathways to hypo/mania versus positive symptoms of schizophrenia via elevated striatal dopamine

Excessive approach motivation
to task appropriate reward cues

Elevated striatal
dopamine signaling

\ Hypo/mania

" Positive symptoms
‘ of schizophrenia

Cognitive deficits leading to the
misallocation of salience to task
inappropriate cues

Fig. 2. An equifinality and multifinality model of reward processing abnormalities.

Lindenberg, 2013). In bipolar disorder, excessive striatal signaling is
typically directed towards contextually appropriate reward cues in
one's environment. As discussed in the present paper, this reward
hypersensitivity can then result in an excessive increase in approach-
and reward-related affect, which, in the extreme, is reflected in hypo/
manic symptoms (e.g., Alloy and Abramson, 2010; Johnson, 2005;
Johnson et al., 2012b). By contrast, positive symptoms of schizophre-
nia appear to be associated with elevated reward or dopamine signaling
to irrelevant or task inappropriate cues (e.g., Howes and Kapur, 2009;
Morris et al., 2013). Thus, in line with the logic of multifinality, similar
means (elevated striatal dopamine signaling) can lead to dissimilar
outcomes (hypo/mania vs positive symptoms of schizophrenia).
Furthermore, elevated striatal dopamine signaling in hypo/mania
and schizophrenia may be driven, in part, by distinct pathophysiolo-
gical mechanisms. Whereas elevated striatal signaling in risk for hypo/
mania is associated with an abnormally elevated hedonic or motiva-
tional response to reward cues (e.g., Nusslock et al., 2014), elevated
striatal signaling in schizophrenia may be driven more by cognitive
deficits in the cortex that lead to the misallocation of salience to
inappropriate or irrelevant stimuli (Barch and Ceaser, 2012; Gold et al.,
2008, 2013; Morris et al., 2013).

In summary, we agree with Whitton et al. (2015) that despite the fact
that reward processing abnormalities have been observed across multiple
disorders, an equifinality/mutifinality perspective on these abnormalities
may be preferable than a transdiagnostic approach. Such a perspective
does a better job of recognizing that reward processing is not a unitary
construct, and acknowledging that a symptom observed across different
disorders may be driven by distinct striatal abnormalities (equifinality), or
that striatal abnormalities can lead to dissimilar outcomes across different
disorders (multifinality). We, of course, acknowledge that other symptoms
and systems may be better captured by a transdiagnostic perspective, but
argue that in the context of reward processing, an equifinality/multi-
finality approach may lead to more precise models and interventions.
Future research is needed to test these predictions.
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9. Conclusion

A goal of the RDoC initiative is to identify pathophysiological
mechanisms that are common across multiple psychiatric disorders,
as well as mechanisms that are unique to specific psychiatric symp-
toms, and that reflect biosignatures of differential risk for these distinct
symptom profiles (Insel et al., 2010). Here we summarize literature
suggesting that the Positive Valence Systems domain of the RDoC
initiative may be particularly relevant for identifying mechanisms of
differential risk for specific psychiatric symptoms. In particular, we
highlight research suggesting that reward hyposensitivity uniquely
relates to a subtype of anhedonia characterized by motivational, as
opposed to hedonic, deficits. By contrast, we propose that reward
hypersensitivity is related to a cluster of hypo/manic symptoms
characterized by excessive approach motivation and goal-directed
activity. Future research is needed to test these predictions. Finally,
we integrate this perspective with research on reward processing
abnormalities and psychiatric symptoms defined broadly, with a
particular focus on schizophrenia (i.e., non-affective psychosis) and
addiction. We argue that the principles of equifinality (a given outcome
can be reached by different means or mechanisms) and multifinality
(similar means or mechanisms can lead to dissimilar outcomes) may be
preferable to a transdiagnostic perspective for contextualizing future
research on reward processing abnormalities and psychiatric symp-
toms defined broadly.
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