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Arfif{e history: Despite being considered primarily a mood disorder, major depressive disorder (MDD) is characterized by
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explicit predictions about learning and behavior, specifying the process parameters of RL, differentiat-
ing between model-free and model-based RL, and the computational model-based functional magnetic
resonance imaging and electroencephalography. With these merits there has been an emerging field of
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ii’;lvgz;ﬁ:a computational psychiatry and here we review specific studies that focused on MDD.

Computational psychiatry Considerable evidence suggests that MDD is associated with impaired brain signals of reward pre-
Depression diction error and expected value (‘wanting’), decreased reward sensitivity (‘liking’) and/or learning (be
Dopamine it model-free or model-based), etc., although the causality remains unclear. These parameters may
Incentive salience serve as valuable intermediate phenotypes of MDD, linking general clinical symptoms to underlying
Learning rate molecular dysfunctions. We believe future computational research at clinical, systems, and cellu-
‘Liking’ lar/molecular/genetic levels will propel us toward a better understanding of the disease.
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1. Depression and reinforcement learning

Due to its hallmark feature of anhedonia, the inability to experi-
ence reward, major depressive disorder (MDD) has been considered
primarily a mood disorder (Beck and Alford, 2009; American
Psychiatric Association, 2014). However, deficits in cognitive func-
tion (McDermott and Ebmeier, 2009; Gotlib and Joormann, 2010;
Lee et al., 2012b; Snyder, 2013; Belzung et al., 2014b) and decision
making (Treadway and Zald, 2011; Paulus and Yu, 2012; Must et al.,
2013) also occur in MDD, which reduces response to treatment,
increases the risk of relapse and recurrence, and impairs social
adaptation. Recently several lines of research have suggested dys-
functional reinforcement learning (RL) in MDD. RL, the process of
maximizing reward and minimizing loss by modifying the behav-
ior as a consequence of experience with the environment, plays a
central role in decision making (Sutton and Barto, 1998; Schultz,
2006; Doll et al., 2012; Glimcher and Fehr, 2013).

Firstly, patients with MDD perform poorly on the lowa Gambling
Task which relies on RL (Must et al., 2013). In this task, subjects
are asked to choose cards from four decks followed by monetary
reward or punishment. Two of the four decks are disadvantageous
because even though picking from them may be followed by a big
gain, a bigger punishment occasionally occurs which eventually
leads to inferior outcomes. Subjects have to learn this underlying
rule by trial and error experiences. Research has consistently found
that MDD patients tend to choose from the disadvantageous decks
(Must et al., 2013).

Secondly, research using the signal-detection task also suggests
impaired RL in MDD (Ragland et al., 2009; Pizzagalli, 2014). Simi-
larly subjects have to learn a hidden rule in a probabilistic reward
task and signal-detection analysis has shown that healthy vol-
unteers would eventually demonstrate a bias toward frequently
rewarded choices. The bias is likely based on implicit learning as it
is rather difficult to infer the hidden rule explicitly (Ragland et al.,
2009). On the other hand, MDD patients generally fail to show this
bias and the impairment is correlated with anhedonia symptoms
(Ragland et al., 2009; Pizzagalli, 2014).

Thirdly, consistent with these behavioral dysfunctions, in
reward related tasks fMRI research has consistently found a low
striatal (but see Knutson et al., 2008. Experimental design may have
contributed to this inconsistency, which will be discussed later in
Section 3.4) and high medial prefrontal cortex (PFC, although this
is still somewhat controversial) response during monetary antici-
pation and/or outcomes stages in MDD (Steele et al., 2007; Kumar
et al., 2008; Gradin et al., 2011. See a review by Forbes and Dahl,
2012; Zhang et al,, 2013; Kerestes et al., 2014; Pizzagalli, 2014).
Notably, striatum and medial PFC are both implicated in RL (Daw
etal,2011; Dolletal.,2012; Garrisonetal.,2013; Chase etal.,2015).

Therefore a close examination of RL in depression may provide
promising new insights into the underlying behavioral, cognitive
and neural pathophysiology of the disease.

2. The computational approach and its merits

In the past decades, arising from two fast-advancing (but
overlapping) fields of computational neuroscience (Sutton and
Barto, 1998; Schultz, 2006; Niv, 2009; Doll et al., 2012) and

neuroeconomics (Hasler, 2012; Sharp et al., 2012; Glimcher and
Fehr, 2013), the computational theory of RL has been a major
framework accounting for decision making. Under this framework,
subjects choose actions according to mathematical value functions,
which define the expected value of each action. Value functions can
be updated through historical trial and error experience (i.e. pre-
diction errors (PEs), the difference between received and expected
values) or by prospective planning based on internal cognitive maps
or learned models of the environment. The former is known as
model-free RL and is habitual and slow to change. The latter is
known as model-based RL, is goal-directed, and allows subjects
to update value functions more flexibly (Daw et al., 2005; Dayan,
2009; Doll et al.,2012; Daw and O’Doherty, 2013; Dolan and Dayan,
2013; Nakahara, 2014). In model-based RL, subjects may simulate
the consequences of potential actions that they may choose and
then use the hypothetical outcomes to update their value functions.
Therefore it is also known as counterfactual thinking (Lee et al.,
2012a). There are at least four advantages of this computational
approach.

Firstly, the mathematical analysis of RL allows explicit testable
predictions about learning and behavior, thus linking learning and
behavior to psychological processes and providing a useful norma-
tive framework to study them (Niv, 2009; Wiecki et al., 2015).

Secondly, the computational approach specifies the process
parameters of RL, such as PE, learning rate, reward sensitivity,
and memory of previous reinforcement (which will be discussed
in detail below). For instance, in the field of depression, this
reduces the broadly defined symptom of anhedonia to more spe-
cificand refined constructs (Treadway and Zald, 2011; Der-Avakian
and Markou, 2012. See our later discussion of ‘wanting’, ‘liking’
and learning in Section 3.4). This moves the field from general
symptom-based descriptions to direct and precise identification of
impaired latent functions (Wiecki et al., 2015).

Thirdly, the recent differentiation of model-free and model-
based RL brings the two most important but separated fields,
cognition and reward learning/decision making together. This
enables novel synthesis and may generate valuable insights
regarding learning and behavior. The differentiation also perfectly
resembles popular dual-process theories of decision making, learn-
ing and memory, such as the models of automatic and controlled
processing (Shiffrin and Schneider, 1977), feeling and thinking
(Zajonc, 1982), experiential and cognitive processing (Epstein,
1994), system 1 and system 2 (Kahneman, 2011), habitual and goal-
directed control (Dickinson and Charnock, 1985; Balleine, 2005;
Balleine and O’Doherty, 2010) and nondeclarative and declara-
tive memory (Squire and Zola, 1996) (for an insightful review, see
Dayan, 2009). Thus the computational approach provides a power-
ful and parsimonious tool to address these theories.

Fourthly, computational modeling makes model-based func-
tional magnetic resonance imaging (fMRI) (O’Doherty et al., 2007.
See also Huettel, 2012) and electroencephalography (EEG) (Larsen
and O’Doherty, 2014) possible, which moves observations from
the behavioral and cognitive level down to the underlying neural
level. Briefly speaking, in model-based fMRI and EEG, a computa-
tional model is first fit to observed behaviors, and the best-fitting
model is regressed against the fMRI data of blood-oxygen-level
dependent (BOLD) or EEG signal changes over time. In this way,
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statistical correlation of the cognitive process and BOLD or EEG
signal change could be detected. This allows precise under-
standing of the neural computation of the cognitive process,
which goes beyond mere ‘activation’ or ‘response’ of brain areas
reported by traditional neuroimaging and electrophysiological
studies (O’'Doherty et al.,, 2007). Further, the combined model-
based fMRI-EEG allows more advanced simultaneous analysis
of spatio-temporal dynamics of the computation (Larsen and
O’Doherty, 2014).

Thanks to these merits, there has been an emerging field of
computational psychiatry (Huys et al., 2011; Maia and Frank,
2011; Montague et al.,, 2012; Lee, 2013; Stephan and Mathys,
2014; Wiecki et al., 2015). Computational psychiatry has been
on its way to address the fundamental challenges of psychiatric
research especially the key issue of a lack of intermediate phe-
notypes (Gottesman and Gould, 2003; Rasetti and Weinberger,
2011; Bogdan et al., 2013). Intermediate phenotype connects clini-
cal symptoms and behavioral observations to underlying molecular
dysfunctions (Gottesman and Gould, 2003; Rasetti and Weinberger,
2011; Bogdan et al., 2013. See also Montague et al., 2012; Wiecki
etal.,2015),alack of which poses a serious obstacle for the drug dis-
covery in psychiatry (Papassotiropoulos and de Quervaine, 2015).

Despite dozens of reviews on computational psychiatry, to date
no single focused review on computational research of depres-
sion is available. The purpose of the present article is to fill in
this gap and review computational studies that have focused on
depression. In the following, we first provide a brief introduc-
tion of the computational framework of model-free RL (for a more
detailed introduction, please see Sutton and Barto, 1998; Niv, 2009;
Glimcher, 2011; Daw, 2013; Daw and Tobler, 2013) and review
studies that have employed this framework. We then introduce
the recent differentiation between model-free and model-based
RL (for a more detailed account, see Gldscher et al., 2010; Daw
etal, 2011; Doll et al., 2012; Daw and O’Doherty, 2013; Otto et al.,
2013; Radenbach et al,, 2015) and review related studies. Finally,
we suggest several directions for future lines of investigation.

3. Research with model-free RL
3.1. Theoretical framework

As aschematicintroduction, in a probabilistic learning task, sub-
jects are asked to choose between stimulus A and B. Unknown to
them, choosing A has a high probability of being rewarded and low
probability of receiving no reward (omission) or punishment, while
choosing B results in the opposite. After subjects have learned the
rule, receiving the less frequently conditioned feedback or revers-
ing the contingency would generate PEs. Specifically, PE can be
calculated for each subject by a Rescorla-Wegner (RW) model as:

PE = R(t) — V(t) (1)

in which R(t) is the received value in trial t, and V(t) is the expected
value of the choice in trial t. In model-free RL, subjects rely primar-
ily on historical PEs to update the expected value of choosing the
stimuli in a forthcoming trial t+1,

V(t+1) = V(t)+ e xPE (2)

whereas € is learning rate. Learning rate is the core variable in
model-free RL, and it reflects the efficiency of utilizing PE infor-
mation to update the value function.

A more advanced model is temporal difference (TD) learning
which takes future reward into consideration, such that PE is cal-
culated as:

PE = R(t) + pV(t + 1) — V(¢) 3)

Rescorla-Wagner model Temporal difference model

Cue Reward Cue Reward
— -  § >Time ——— @8 > Time

PE PE

At first |_| |—|

Expected value

PE Expected value

After learning E : m- i

Fig. 1. Schematic comparison of time course of the prediction error and expected
value signals in the Rescorla-Wagner (RW) model and the temporal difference (TD)
model, respectively. At first an unexpected reward generates a prediction error (PE),
in both the RW and TD model. As the task progresses, subjects will learn the cue-
reward contingency gradually. After learning, the cue will result in an expected
value signal, in both the RW and TD model. However, according to the RW model,
there is no PE signal here (i.e. learning has already finished) since PE only occurs
after receiving unexpected reward and here the reward has been predicted. In con-
trast, according to the TD model, the occurrence of the cue itself will generate a
PE signal whose magnitude reflects the future predicted reward. For more detailed
descriptions, please see Niv and Schoenbaum (2008), Niv (2009).

whereas y is a discount factor or the weight given to future reward
and V(t+1) is the expected value of reward at trial (or state) t+1,
which itself is only an estimate at trial t. Please see Fig. 1 for a
schematic comparison of time course of the PE and expected value
signals predicted by the RW model and the TD model, respectively.

Recentresearch suggests that PE signals are primarily calculated
in the midbrain (ventral tegmental area, or VTA, and substantia
nigra, or SN) dopamine neurons which then broadcast to the rest
of the brain (see Fig. 2A for a schematic illustration of dopamine
projections; Sutton and Barto, 1998; Niv, 2009; Schultz, 2010;
Glimcher, 2011. For detailed descriptions of these projections,
please see Haber and Knutson, 2010; Sesack and Grace, 2010;
Roeper, 2013; Russo and Nestler, 2013; Haber, 2014; Haber and
Behrens, 2014; Yetnikoff et al., 2014). The phasic dopamine activ-
ity signals PE so that it is enhanced by positive PE but suppressed by
negative PE (more accurately speaking, here PE refers to reward PE
rather than aversive PE, see discussion below; Schultz, 2006; Niv,
2009). However, the phasic dopamine is not exclusive to reward
and punishment might be informed by a different signal other than
dopamine (see Berridge, 2007; Schultz, 2010). Further, dopamine
responses to reward or delayed reward have been found to be
more consistent with the predictions of the TD model due to its
superiority in accounting for the temporal relationships of multiple
stimuli and rewards within a learning trial, and temporal discount-
ing (reward that is far away in time is viewed as less valuable; for
areview please see Niv and Schoenbaum, 2008, Niv, 2009).

In the following we review recently published articles falling
under this section. This includes six studies on patients with MDD
(Chase et al., 2010; Dombrovski et al., 2010, 2013, 2014; Gradin
et al., 2011; Kumar et al., 2008), two on healthy subjects under
stress (Friedel et al., 2014; Robinson et al., 2013) and one meta-
analytic computational synthesis of six previous studies on patients
with MDD or healthy subjects with depressive symptoms or under
stress (Huys et al., 2013). The reason why we included studies on
stress is that it is one of the most important risk factors for MDD so
these studies may reveal the etiology and pathophysiology of MDD
(de Kloet et al., 2005; Hammen, 2005; Maier and Watkins, 2005;
Beck and Alford, 2009; Lupien et al., 2009; Bogdan et al., 2013).

To review these studies, a delineation between omission and
punishment as negative feedback in the task is necessary since the
former leads to negative ‘reward PE’ (RPE) while the latter leads
to positive ‘aversive PE’ (APE). It is observed that omission of a
reward suppresses dopamine neurons but delivery of a punishment
activates dopamine neurons (Schultz, 2006, 2010; Niv, 2009). The
phasic dopamine response to reward and omission of reward fits
well with prediction by the reinforcement learning theory (Schultz,
2006, 2010; Niv, 2009; Glimcher, 2011). Thus recently omission of
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Fig. 2. A schematic illustration of dopamine projections (A) and dopamine neuro-
transmission (B). (A) Dopamine nuclei within the midbrain (VTA/SN) projects to the
rest of the brain, including the striatum, PFC, hippocampus, amygdala, and thalamus,
etc. Note that this is a simplified illustration in a way that does not differentiate the
VTA from the SN projections. For detailed description of these projections, please
see references in the text. (B) Dopamine is synthesized in the presynaptic neuron
cytoplasm (for dopamine metabolism, see Meiser et al., 2013) and stored into the
synaptic vesicles by the vesicular monoamine transporter 2 (VMATZ2, Schuldiner
et al,, 1995; Liu and Edwards, 1997; Chaudhry et al., 2008). Upon neuronal exci-
tation (action potential) dopamine is released into the synaptic cleft (for factors
that influence dopamine release, Rice et al., 2011; Aggarwal et al., 2012). Once in
the synapse, dopamine binds to and activates the postsynaptic dopamine receptors,
which then trigger intracellular signal transduction. Dopamine receptors are subdi-
vided into D1-like (D1 and D5) and D2-like (D2, D3, and D4) receptors according to
their structural, pharmacologic and signaling properties (Beaulieu and Gainetdinov,
2011; Gerfen and Surmeier, 2011; Tritsch and Sabatini, 2012; Perreault et al., 2014;
Savica and Benarroch, 2014). After an action potential, dopamine quickly becomes
unbound from its receptors. It is then (1) reuptake back into the presynaptic neuron
viadopamine transporter (DAT, Bannon, 2005; Eriksen et al., 2010) and subsequently
repackaged into vesicles by VMAT2 or degraded by the enzyme monoamine oxi-
dase (MAO, which is localized to the mitochondrial outer membrane and has two
isoforms, MAO-A and MAO-B. For an overview of MAO and its role in depression,
see Duncan et al.,, 2012; Finberg, 2014), or (2) uptake by glia cells via DAT and
then degraded by either MAO or catechol-O-methyltransferase (COMT, Mdnnisto
and Kaakkola, 1999; Karhunen et al., 1995; Schott et al., 2010), or (3) uptake into
the postsynaptic neuron by a DAT-independent but yet unknown mechanism and
then degraded by COMT (Karhunen et al., 1995; Schott et al., 2010). Notably, the
expression of DAT in the PFC is low and dopamine is reuptake by both DAT and
norepinephrine transporter (Sesack et al., 1998; Wayment et al., 2001). In addition,
D2-like receptors (autoreceptors) are also expressed on the midbrain dopamine
neurons and on their axon terminals in projection areas. As feedback regulators,
activation of these receptors decreases the excitability of dopamine neurons and
the release of dopamine (Ford, 2014).

reward has been frequently treated in the reward category and used
to generate negative RPEs. This treatment is also consistent with the
findings in probability discounting of uncertain reward and punish-
ment(Rachlinetal., 1991; Takahashietal.,2013)in which uncertain
non-gain (omission of uncertain reward) is processed as probability

Outcome

MDD is characterized by (1) hyposensitivity to reward and (2) hypersensitivty to punishment.

Fig. 3. Schematic value functions. According to prospect theory (Kahneman and
Tversky, 1979; Kahneman, 2011), humans are more sensitive to an increase in loss
than gain (‘loss aversion’), and are risk aversive in gain but risk-taking in loss. Algo-
rithmically, a value function v(x) can be described as,

v(x)=x* (forx > 0, gain)

v(x) = —A(=x)* (forx < 0, loss)

where A indicates loss aversion (>1) and a (<1) indicates risk-aversion in gain and
risk-proneness in loss. In other words, value function is concave in gain but convex
in loss. As MDD is associated with reduced reward sensitivity (hyposensitivity to
reward) and enhanced sensitivity to punishment (hypersensitivity to punishment,
see the test for references), we speculate that MDD patients may have larger A values
and may be more risk aversive in gain while more risk-taking in loss than healthy
subjects.

discounting of gain, while uncertain loss is processed as probabil-
ity discounting of loss, by human and animal subjects. Research has
shown that reward (gain) and aversiveness (punishment/loss) have
different value functions (Kahneman and Tversky, 1979; Takahashi
et al., 2008a,b; Kahneman, 2011; Han and Takahashi, 2012) and
that their neural basis are different (Boureau and Dayan, 2011;
Garrison et al., 2013). Human valuation has been known to differ
between gain and loss. In prospect theory (Kahneman and Tversky,
1979; Kahneman, 2011), such gain-loss asymmetry is character-
ized with the value function (Fig. 3). This describes that humans
as more sensitive to an increase in loss than gain, and engage in
more risk-taking behaviors in loss than gain (i.e., value function
is concave in gain but convex in loss). Specifically, as depression
is associated with reduced reward sensitivity (hyposensitivity to
reward, Steele et al., 2007; Kumar et al., 2008; Gradin et al., 2011.
See a review by Forbes and Dahl, 2012; Zhang et al., 2013; Kerestes
et al., 2014; Pizzagalli, 2014) but enhanced punishment sensitivity
(hypersensitivity or oversensitivity to punishment or error, Steele
et al., 2007; Dombrovski et al., 2013, 2014. See reviews by Olvet
and Hajcak, 2008; Clark et al., 2009; Vaidyanathan et al., 2012), we
speculate that MDD patients may have an exaggerated tendency of
this gain-loss asymmetry in their valuation. That is, they may have
different features of RPE and APE than healthy controls.

3.2. RPE studies

Kumar and colleagues (Kumar et al., 2008; Gradin et al., 2011)
conducted studies that used drops of water as positive feedback
(rewards) and absence of drops of water as negative feedback
(omission of rewards). Specifically, subjects were asked to not drink
fluids the night before experiment to ensure they were thirsty.
Kumar and colleagues examined RPE signals with the TD model-
based fMRI.

Kumar et al. (2008) found that compared to healthy controls (age
42.0+12.8 years), MDD patients (age 45.34+12.3 years) who are
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unresponsive to antidepressant treatment (Beck depression inven-
tory (BDI) or Hamilton depression score>21 despite more than
three months of continuous antidepressant treatment) demon-
strated reduced RPE signals in the ventral striatum and dorsal
anterior cingulate cortex (ACC) and increased RPE signals in the
VTA, rostral ACC, retrosplenial cortex and hippocampus. However,
the increased signals in the rostral ACC, retrosplenial cortex, and
hippocampus were due to lack of deactivation in the patients. That
is, the RPE signals in these areas were actually attenuated and only
the RPE signal in VTA increased. Surprisingly, in healthy controls
(age 41.7 £ 12 years) three days of SSRI citalopram medication also
induced similar attenuated RPE signals. The explanation of the lat-
ter finding remains unsure but it does suggest the involvement of
5-HT in RL (see a discussion by Eshel and Roiser, 2010). Never-
theless, when compared to medicated controls, MDD patients had
blunted RPE signals in the rostral ACC and increased RPE signals
in the VTA. Finally, the severity of MDD was associated with RPE
signals, such that more severe MDD was associated with weaker
hippocampal and rostral ACC signals but stronger VTA and amyg-
dala RPE signals.

Note that in this study, the authors did not estimate the learning
rate for each subject but instead used a fixed learning rate based
on previous research for all subjects (¢ =0.1, the results were also
stable when €=0.4). The former is known as ‘individual learning’
whereas the latter is referred to as ‘fixed learning’ (Cohen, 2007;
Chase et al., 2015). Whereas individual learning is better at accom-
modating subjects’ behaviors, fixed learning reduces noise and may
improve reliability but at the expense of losing individual learning
rate data (Cohen, 2007; Chase et al., 2015).

In their later study, Gradin et al. (2011) employed the indi-
vidual learning strategy. They found no difference in the learning
rate between MDD patients (age 45.27 + 12.32 years) and healthy
controls (age 40.64 4 11.87 years). With the TD model-based fMRI,
they found reduced RPE signals in the striatum, thalamus, midbrain
and right hippocampus of patients. Further, the signal reduction
in the striatum and midbrain correlated with increased anhedonia
(derived from BDI). The authors also estimated the expected value
signal. They found that MDD patients showed reduced expected
value signal in the right hippocampus and parahippocampus gyrus,
although the reduction was not correlated to severity of depression
or anhedonia. We will discuss this expected value signal later in
Section 3.4.

Taken together, these two RPE studies consistently reported
reduced brain signals of RPE in the hippocampus, ACC, striatum, and
thalamus in depressed patients. Some of these attenuated signals
were associated with the severity of MDD or anhedonia. However,
whereas Kumar et al. (2008) found increased RPE signals in the VTA
in patients, Gradin et al. (2011) found decreased RPE signals in the
VTA. Further, in both studies these RPE signals were correlated with
increased severity of anhedonia symptom. How does one explain
these seemingly contradictory findings?

On the one hand, the findings by Gradin et al. (2011) sug-
gest that the RPE signals in the mesolimbic system are overall
reduced. As mentioned above, the RPE signals are primarily cal-
culated in the midbrain (VTA/SN) dopamine neurons which then
broadcast to the rest of the brain (Fig. 2A). Therefore, the find-
ings by Gradin et al. (2011) may have highlighted the role of the
hypoactive midbrain (the source of RPE signals) in MDD. In sup-
port of this, research shows that whereas lesions of dopamine
neurons in the VTA or SN (Winter et al., 2007; Favier et al., 2014;
Santiago et al., 2014) or optogenetic inhibition of VTA dopamine
neurons (Tye et al.,, 2013) enhance depressive-like behavior in
rodents, deep brain stimulation of the VTA (Friedman et al., 2009,
2012; Gazitet al., 2015) or optogenetic activation of VTA dopamine
neurons (Tye et al., 2013) alleviate depressive behavior in animal
models of depression. Several antidepressants, such as ketamine,

escitalopram, and desipramine, have also been shown to cor-
rect reduced VTA dopamine neuron firing while normalizing
depressive-like behavior in animal models of depression (Friedman
et al., 2008; Schilstrom et al., 2011; Belujon and Grace, 2014).
Together these findings argue for the fundamentally critical role of
the VTA/SN and the dopamine system in the etiology, pathophysiol-
ogy and treatment of depression and anhedonia (Kapur and Mann,
1992; Naranjo et al., 2001; Nestler and Carlezon, 2006; Gershon
et al., 2007; Dunlop and Nemeroff, 2007, 2010; Russo and Nestler,
2013; Pizzagalli, 2014; Polter and Kauer, 2014).

In line with the notion that overall reduced dopamine plays
a role in depression, maladaptive coping with stress (such as
learned helplessness) has been shown to be associated with
reduced mesolimbic dopamine release (Cabib and Puglisi-Allegra,
2012). Similarly, people who are genetically predisposed to lower
dopaminergic neurotransmission are more likely to have higher
levels of depression (Pearson-Fuhrhop et al., 2014). Further, cel-
lular and molecular studies suggest that depression is associated
with (1) reduced homovanillic acid (a major dopamine metabo-
lite) in central nervous system in depression (see a brief review
by Dunlop and Nemeroff, 2007; Pizzagalli, 2014. See Fig. 2B for
a brief introduction of the dopamine neurotransmission); (2) ele-
vated monoamine oxidase-A (MAO-A, an enzyme that metabolizes
monoamines) throughout the brain in patients with MDD, notably
the dopamine system (i.e. midbrain, striatum, prefrontal cortex,
and hippocampus; Meyer et al., 2006; Chiuccariello et al., 2014;
Sacher et al.,, 2015); (3) reduced vesicular monoamine transporter
2 (VMAT2, which packages dopamine into vesicles presynaptically
to be ready for release upon receiving an action potential) in the
VTA, SN and striatum (Schwartz et al., 2003); (4) hyperactivity of
catechol-O-methyltransferase (COMT), one of the main enzymes
responsible for catecholamine degradation (Opmeer et al., 2010;
Kocabas, 2012; Antypa et al., 2013).

On the other hand, the results by Kumar et al. (2008) that RPE
signals in VTA were increased in MDD and were correlated with
the severity of MDD, makes the picture more complex. How can
the source of RPE signals be enhanced while the receiving ends
are attenuated? One possibility is that, perhaps the deficit is at the
level of the receiving ends (e.g. ventral striatum, dorsal ACC, and
hippocampus) whereas the dopamine activity in the source (VTA)
up-regulates in a compensatory way (Dunlop and Nemeroff, 2007).
This might especially be true in severe depression (Dunlop and
Nemeroff, 2007; Kumar et al., 2008). Indeed, increasing evidence
supports this receiving-ends-deficits account of depression. Deep
brain stimulation of the striatum has demonstrated its effectiveness
and efficacy in treating depression both clinically (Schlaepfer et al.,
2008; Aouizerate et al., 2009; Malone et al., 2009; Bewernick et al.,
2010, 2012) and preclinically (Gersner et al., 2010; Schmuckermair
et al, 2013; Hamani et al., 2014). At cellular level, the deficits
in striatum might be related to reduced VMAT2, elevated MAO-
A (reviewed above), increased DAT (Laasonen-Balk et al., 1999;
Brunswick et al., 2003; Yang et al., 2008; Amsterdam et al., 2012;
Hsiao et al., 2013), decreased D2 receptor binding (Willner et al.,
1991; Papp et al.,, 1994), and/or deficient D3 receptor (Moraga-
Amaro et al., 2014). Bupropion, which selectively blocks DAT, is
effective at treating depression in patients, likely by decreasing
striatal DAT binding (Hsiao et al., 2013). Further, antidepressant
treatments increase the density of D2/D3 binding sites in the
nucleus accumbens (ventral striatum; Ainsworth et al., 1998. But
see Hirvonen et al., 2011), whereas the antidepressant-like effect
of ketamine and MK-801 is prevented by the dopamine D2/D3
receptor antagonist (Li et al., 2015). The dopamine D2/D3 recep-
tor agonist pramipexole alone or as an additive to traditional
antidepressants, is effective in treating depression or drug-resistant
depression in patients (Cassano et al., 2004; Barone et al., 2006;
Inoue et al,, 2010; Cusin et al., 2013. But see Leentjens, 2011;
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Franco-Chaves et al.,, 2013), and in reversing the motivational
deficit induced by SN dopamine depletion (Favier et al., 2014) and
preventing depression-like behavior (Maj and Rog6z, 1999; Liet al.,
2015) in rats. Actually, the increased expression or binding of the
dopamine D2-like receptor (Gershon et al., 2007) especially D3
receptor (Lammers et al., 2000) has been proposed to be a common
pathway of chronic antidepressant treatments. Similar findings
have been reported for the prefrontal cortex and hippocampus.
For instance, greater severity of depression was associated with
elevated MAO-A density in the PFC and ACC (Chiuccariello et al.,
2014; Sacher et al., 2015). As well, chronic isolation stress caused
reduction of the VMAT2 protein in the rat hippocampus (Spasojevic
et al., 2012). Further, social defeat stress increased DAT binding in
the medial PFC (Novick et al., 2011) and up-regulated dopamine 3-
hydroxylase protein (which converts dopamine to norepinephrine)
levels in the frontal cortex and hippocampus (Fan et al., 2013). Of
note, the latter was prevented by treatment with the antidepres-
sant desipramine, an inhibitor of the norepinephrine transporter
which prevents dopamine re-uptake into noradrenergic neurons
(Fanetal.,2013). Further, chronicrestraint stress reduces D1 recep-
tor binding in the medial PFC which is normalized after chronic
recovery (Goldwater et al., 2009), whereas pramipexole increases
the tonic activation of postsynaptic D2 receptor in PFC in rats
(Chernoloz et al., 2012).

The findings by Kumar et al. (2008) and our proposed receiving-
end-deficits account of depression can also be understood from
the perspective of neural functional connectivity. We can specu-
late that the functional connectivity between the VTA/SN and the
deficit receiving-end(s) might be reduced in MDD. Indeed, a recent
study reported that, with higher level of baseline anhedonia, non-
responders to repetitive transcranial magnetic stimulation (rTMS)
of the dorsomedial PFC demonstrated reduced baseline functional
connectivity between the VTA and medial PFC when compared to
responders (Downar et al., 2014).

Of course, the compensatory mechanisms can also occur at the
receiving-ends outside of the VTA. Similar compensatory mecha-
nisms to reduced dopamine release include increased D1 receptor
density in the PFC in chronically stressed rats (Mizoguchi et al.,
2000) and decreased DAT levels and increased D2 receptor bind-
ing in the striatum in MDD patients (see a review by Dunlop and
Nemeroff, 2007, 2010; Pizzagalli, 2014).

Finally, in addition to the compensatory mechanism theory,
clinical heterogeneity might also contribute to the inconsistency
of VTA activation. For instance, social defeat and chronic restraint
increase VTA dopamine neuron firing while chronic cold stress and
inescapable, uncontrollable footshock decrease it (Valenti et al.,
2012; Belujon and Grace, 2014; Friedman et al., 2014. For a review
and discussion of this opposite effect, please see Russo and Nestler,
2013; Polter and Kauer, 2014).

Whatever the underlying mechanism may be, what is obvious
from these studies is the essential role of the dopamine system in
depression and the usefulness of the RL approach in differentiat-
ing the subtypes and revealing the underlying pathophysiology of
MDD. Specifically, the abnormal RPE signals might be especially
helpful in identifying the origin of the dysfunctional brain network
in MDD and in revealing treatment target(s).

3.3. RPE and APE studies

Chase et al. (2010) and Dombrovski et al. (2010, 2013, 2014)
used ‘Correct’ and ‘Incorrect/Wrong’ as the feedback, which have
shown similar behavioral and neural effects as symbolic or mone-
tary reward and punishment.

Using a probabilistic reversal learning task, Dombrovski et al.
(2010) found that suicide attempters (age 66.8 + 7.8 years) were
impaired in the reversal but not acquisition stage when compared

to non-depressed controls (age 65.6+4.6 years), non-suicidal
depressed patients (age 70.0 +7.4 years), or patients with suici-
dal ideation (age 68.8 £5.6 years). In contrast, Dombrovski et al.
(2013) found that MDD patients all performed poorly in the rever-
sal stage compared to controls (age 70.7+8.7 years), with no
difference between suicide attempters (age 65.9 +6.3 years) and
non-suicidal patients (age 66.7 & 5.7 years). However, non-suicidal
depressed patients were more likely to switch after misleading neg-
ative feedback than controls (as they were likely oversensitive to
the punishment). Finally, excluding six participants missing mea-
sures of executive control from the sample of Dombrovski et al.
(2013), the researchers re-analyzed their data and reported that
depression predicted lose-switches in the task (i.e. oversensitivity
of punishment), while poor executive control was associated with
a failure to persist with reward actions (although executive control
but not depression predicted the overall correct responses in the
task; Dombrovski et al., 2014).

Since subjects can achieve learning in reversal learning task by
either trial-and-error experience (model-free RL) or by inferring the
reward rule (model-based RL) (Daw et al., 2005; Costa et al., 2015),
the impairment in reversal learning observed by Dombrovski and
colleagues suggests dysfunctional model-free RL, model-based RL,
or both. Further, the association between depression and oversen-
sitivity to punishment found by Dombrovski et al. (2013, 2014) is
consistent with a large literature on the impaired control over nega-
tive feedbackin depressed individuals, behaviorally and/or neurally
(Steele et al., 2007; Mueller et al., 2015. See reviews by Olvet and
Hajcak, 2008; Clark et al., 2009; Vaidyanathan et al., 2012). The
neural response frequently visited is known as feedback-related
negativity (FRN) or error-related negativity (ERN), a component of
the event-related brain potential that closely follows error commis-
sion in reaction-time tasks (Holroyd and Coles, 2002; Nieuwenhuis
et al., 2004). It is proposed that the FRN or ERN resembles the
RPE and/or APE signals in RL framework (Holroyd and Coles, 2002;
Nieuwenhuis et al., 2004; Walsh and Anderson, 2012).

With regard to computational analysis, Chase et al. (2010) used
the RW model. They observed that the rewarding learning rate and
punishment learning rate were both reduced in MDD patients (age
46.22 +2.25 years) compared to healthy controls (age 47.74 +£2.14
years) in the initial training phase but not in the subsequent test
phase. Similarly, they also found a negative correlation between
learning rate and anhedonia (measured by the Snaith-Hamilton
anhedonia score, high score reflects low anhedonia) for all subjects
inthe training phase, and the results were not significantly different
betweenreward learning rate and punishment learning rate. Unlike
the RW model used by Chase et al. (2010) however, Dombrovski and
colleagues (Dombrovski et al., 2010, 2013, 2014) also incorporated
a ‘memory’ parameter to predict the expected value (as compared
to formula (2)):

V(t+1)=m=«V(t)+ € «xPE (4)

whereas m is memory, or the degree to which subject is influ-
enced by the prior reinforcement history rather than the last trial
on that choice. This reflects one of the on-going efforts to bridge
the approaches of memory and RL (Landauer, 1969; Shimp, 1976;
Williams, 1991; Ragland et al., 2009; Otto et al., 2013).

With the new formula, Dombrovski et al. (2010) found that
the three depressed groups tended to have a lower punishment
learning rate (p = 0.066) than non-depressed controls, although the
reward learning rate did not differ across groups. Further, suicide
attempters had lower memory than non-depressed controls. In
contrast, Dombrovski et al. (2013) detected a decreased reward
learning rate among suicide attempters (p =0.048), while the pun-
ishment learning rate and memory did not differ across groups.

Recall that in Section 3.2, Gradin et al. (2011) did not find
reduced learning rate in middle-aged MDD patients. Here Chase
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et al. (2010) found equally reduced reward and punishment learn-
ing rate in middle-aged MDD patients in the initial training phase.
While Dombrovski et al. (2010) found a trend toward reduced pun-
ishment learning rate in older depressed patients, Dombrovski et al.
(2013) found reduced reward learning rate in older patients with
suicide behaviors. The reinforcer type may have contributed to this
inconsistency. Gradin et al. (2011) used drops of water and absence
of drops of water for thirsty subjects as the reinforcer, while Chase
et al. (2010) and Dombrovski et al. (2010, 2013) used ‘Correct’ and
‘Incorrect/Wrong’. The former is more actual and immediate and
belongs to the RPE (reward and omission of reward) paradigm.
The latter is more cognitive and abstract and belongs to the RPE
and APE (reward and punishment) paradigm. It is possible that
depressed patients may be much worse at learning from cogni-
tive and abstract reinforcers given their cognitive deficits, and at
learning from reward in the face of punishment. This hypothe-
sis remains subject to further investigation. Besides, depression
severity and number of probability reversals in the trial may also
have affected the result. Patients in Dombrovski et al. (2013) seem
to be less severely depressed (Hamilton depression score: non-
suicidal depressed 11.1+6.2; suicide attempter 12.94+8.1) than
those in Dombrovski et al. (2010; Hamilton depression score: non-
suicidal depressed 18.5+3.7; suicide ideator 20.2 +4.7; suicide
attempter 19.24+4.7), Kumar et al. (2008; Hamilton depression
score: 23.2+5.3; BDI: 22.948.2), Gradin et al. (2011; Hamilton
depression score: 23.2 +4.3; BDI: 22.9 +8.2),and Chase et al.(2010;
BDI: 26.78 + 1.79). Whereas Dombrovski et al. (2010) included one
acquisition stage and one reversal stage, others generally had sev-
eral reversals. For instance, Dombrovski et al. (2013) included 300
trials in which the contingency changed every 25 trials. These
findings suggest that impaired learning rate may not be reliably
detected in MDD patients, depending on the specific research
paradigm (e.g. reinforce type, number of probability reversals),
patient characteristic (e.g. age, severity of depression, and history
of suicide behaviors), and situation (e.g. training vs. test phase), etc.

Further, the reduced memory of previous reinforcement history
in suicide attempters found by Dombrovski et al. (2010) mer-
its attention. It suggests that suicide attempters are excessively
influenced by the last single episode compared to all previous rein-
forcement history. That is, they may frequently focus on the current
negative outcomes irrespective of previous and future rewards.
This is consistent with impaired reward-related memory (Gotlib
and Joormann, 2010; Russo and Nestler,2013; Belzung et al.,2014b;
Dillon et al., 2014) and dysfunctional cognitive style of rumina-
tion (Belzung et al., 2014b; Watkins and Nolen-Hoeksema, 2014)
frequently observed in MDD. It again suggests that among MDD
patients those with suicide behaviors in particular may have dys-
functional RL. This is in accordance with a recent meta-analysis
which found that suicide attempters perform much worse than
mood disorder patient controls and healthy controls in several deci-
sion making and cognitive tests, including the IGT, category verbal
fluency, and the Stroop interference test (Richard-Devantoy et al.,
2014). These dysfunctions seem to be rooted in the impaired neu-
ral control over reaction to salient negative stimuli, which has been
linked to structural and functional deficits of the brain, e.g. reduced
volume of caudate nucleus and increased activation of ACC (van
Heeringen et al., 2014).

Finally, Dombrovski et al. (2013) also examined the RPE signals
with a model-based fMRI. They found reduced positive RPE signals
in MDD patients in the corticostriatothalamic networks, includ-
ing the right thalamus, bilateral superior temporal gyrus, bilateral
operculoinsular cortex, bilateral postcentral gyrus, and bilateral
supplementary motor area. This observation held true when the
authors excluded the parameter memory in their computational
modeling (i.e. formula (2)). These findings were robust to co-
occurring substance use and anxiety disorders, and antidepressant

treatment, etc. The reduced positive RPE signals observed here is in
agreement with those found by the RPE studies in Section 3. Fur-
ther, Dombrovski et al. (2014) showed that poor executive control
and depression additively explained the reduced brain RPE signals
in the corticostriatothalamic networks, controlling for age, gender
and education. This is consistent with the essential role of execu-
tive control and cognition in model-based RL (Chen, 2014), which
will be discussed in detail below in Section 4.2.

Besides, Dombrovski et al. (2013) also analyzed the expected
value signal. The neural responses to expected value were qualita-
tively similar between non-suicidal depressed patients and healthy
controls. However, suicide attempters failed to display the paral-
imbic responses to high expected value. Specifically, a history of
suicide attempts was associated with a reduced expected value sig-
nal in the ventromedial PFC. Again we will return to these results
on expected value signal in Section 3.4.

Unfortunately however, Dombrovski et al. (2013) failed to pre-
dict BOLD responses to punishment with the model-based fMRI,
confirming that the neural substrates of RPE and APE may be indeed
different. It suggests the limitation of the current computational
models in addressing APE in MDD and future research should iden-
tify more specific algorithms for modeling APE.

In addition of these RPE and APE studies on MDD, Robinson et al.
(2013) and Friedel et al. (2014) examined RPE and APE in healthy
subjects under stress. Both studies employed a probabilistic learn-
ing task with a happy or smile face as positive feedback (reward)
and a fearful or frowning face as negative feedback (punishment)
and a RW model for computational modeling. Robinson etal.(2013)
found that an acute stress of foot shock threat enhanced the ven-
tral striatum signals of APE but not RPE. This is in agreement with
the frequent involvement of the ventral striatum in signaling APE
(Delgado et al., 2008; Schiller et al., 2008; see review by Garrison
et al., 2013. However, ventral striatum itself may not be the origin
of APE, see Roy et al., 2014) and the facilitation of aversion learning
by stress (Maier and Watkins, 2005). It is also in accordance with
growing evidence from the ERN approach that acute stress espe-
cially unpredictable stress increases the ERN (Hajcak et al., 2005;
Riesel et al., 2012; Jackson et al., 2015). In contrast, Friedel et al.
(2014) examined chronic stress as defined by the number of stress-
ful life events happened in the past two years, and investigated its
effect on brain signals of overall PE without differentiating the RPE
from APE. They showed that chronic stress was positively corre-
lated with BOLD PE signal in the left ventral striatum, controlling
for age. Moreover, they found a positive association between fluid
IQ and BOLD PE signal in the bilateral ventral striatum, and that
this association was enhanced in subjects reporting more chronic
stress. As Friedel et al. (2014) did not separate RPE from APE, it is
difficult to interpret their findings except that chronic stress influ-
ences brain signals of PE and that the fluid IQ also plays a role in
it. It remains for future investigations to clarify potential hidden
associations.

To summarize, the research we reviewed in Sections 3.2 and
3.3 with the model-free approach seems to support three prelim-
inary conclusions. Firstly, depression is associated with impaired
brain signals of RPE, which may help locate the deficit brain area(s).
Secondly, whether learning rate is reduced in depression remains
relatively inconsistent (see Table 1), although it may be impaired
under some research paradigms, in particular patients or under
specific situations. Thirdly, memory of previous reinforcement may
be impaired in patients with suicide behaviors.

3.4. Learning rate or reward sensitivity? The dissociation of
learning, ‘liking’ and ‘wanting’

However, an important limitation of the above studies is that
they may have failed to specify another critical factor, the reward
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Intermediate phenotypes of depression suggested by computational research.

Intermediate

Neural substrates®

Changes in depression

phenotypes
RPE signals Phasic dopamine in the (1) VTA/SN:
Neural VTA/SN and its projection 4 (Kumar et al., 2008)
areas, e.g. striatum, PFC, | (Gradin et al., 2011)
hippocampus (2) Striatum, ACC, hippocampus, thalamus, etc.:
| (Kumar et al., 2008; Gradin et al., 2011; Dombrovski et al., 2013)
(3) Amygdala:
4 (Kumar et al., 2008)
‘Wanting’ Expected value® Medial PFC, hippocampus (1) Hippocampus:
| (Gradin et al., 2011)
(2) Ventromedial PFC:
| (Suicide attempters, Dombrovski et al., 2013)
‘Liking’ Reward sensitivity Opioid/endocannabinoid | (Meta-analysis, Huys et al., 2013)
. ‘hedonic hotspots’ in
Behavioral nucleus accumbens,
ventral pallidum, etc.
Learning Model-free: learning Ventral striatum, putamen (1) Reward learning rate:
rate (dorsolateral striatum) | (Chase et al., 2010; suicide attempters Dombrovski et al., 2013);
— (Dombrovski et al., 2010; Gradin et al., 2011. Meta-analysis,
Huys et al., 2013)
(2) Punishment learning rate:
| (Chase et al., 2010; Dombrovski et al., 2010);
— (Dombrovski et al., 2013)
(3) + Maddox et al. (2014)
Model-based Medial PFC, hippocampus, | (Blanco et al., 2013; Maddox et al., 2014)
ventral striatum, caudate
(dorsomedial striatum)
Others Memory of previous | (Suicide attempters, Dombrovski et al., 2010)

reinforcement

— (Dombrovski et al., 2013)

a This is cognitive ‘wanting’. Other measures of ‘wanting’/motivation include incentive salience (incentive ‘wanting’), effort willing to engage to pursue the reward, etc.

b For references, please see the text.

sensitivity (Huys et al., 2013), neither theoretically nor algorith-
mically. With a closer look at formula (1) we described in Section
3.1, PE is determined by received value R and expected value V, the
latter being affected by learning rate. Since in the modeling R is
generally chosen as 1 for delivery of reward and O for omission, the
value subjects assign to R (i.e. reward sensitivity or ‘liking’) is not
explicitly specified.

One prominent theory proposes that ‘liking’ is dissociable from
‘wanting’ and learning (Berridge and Robinson, 1998; Berridge,
2007, 2012; Berridge et al., 2009). ‘Liking’ represents a neuro-
physiological response to hedonic stimuli and is consummatory.
‘Wanting’ refers to the incentive salience that motivates the
individual approach rewards and is anticipatory. ‘Wanting’ usu-
ally corresponds to the expected value V (learned prediction
about the associated reward outcome or cognitive ‘wanting’, see
formula (2)), but under some situations such as physiological
state changes (e.g. appetite, satiety or drug-state changes) the
cue-triggered incentive ‘wanting’ can dramatically depart from
cognitive ‘wanting’ (Berridge et al., 2009; Berridge and O’Doherty,
2014). On the other hand, learning is defined as the acquisition
of contingencies between rewards and cues to construct expected
value functions, which can be achieved by either model-free or
model-based RL. Unlike the involvement of mesolimbic dopamine
system in ‘wanting’ and learning, ‘liking’ seems to depend on opi-
oid/endocannabinoid ‘hedonic hotspots’ in a few discrete brain
structures, such as the nucleus accumbens and ventral pallidum (for
recent reviews see Richard et al., 2013; Castro and Berridge, 2014.
For a description of ongoing debates, see Berridge and O'Doherty,
2014).

A new formula incorporating the reward sensitivity for calcu-
lating PE would be,

PE = p*R(t) — V(t) (5)

whereas p is reward sensitivity. Therefore, the reduced RPE sig-
nals in MDD may result from either decreased reward sensitivity

or decreased learning rate. Previous research may have not sep-
arated them. However, firstly, as shown by Huys et al. (2013),
learning rate and reward sensitivity have partially replaceable roles
and are anti-correlated with each other. Secondly, reward sensitiv-
ity can be substituted by another internal temperature parameter
controlling exploration/exploitation, which has been often incor-
porated into the computational modeling. These two issues make
the computational method used by Huys et al. (2013) somewhat
complicated and potentially confusing (for detailed methodological
discussions please see Huys et al., 2013). Nevertheless, separating
reward sensitivity from learning rate in the computational model-
ing is theoretically pioneering and merits special attention.
Employing the new formula, Huys et al. (2013) re-analyzed
the behavioral data in six of their previous RPE studies under
signal-detection approach (subjects including MDD patients, bipo-
lar disorders patients, and healthy volunteers, etc.). They observed
a significant negative association between anhedonia and reward
sensitivity. Surprisingly, despite a negative correlation between
learning rate and reward sensitivity (r=-0.41), anhedonia was
not associated with learning rate. A group-level comparison also
showed that subjects with MDD or high anhedonia had reduced
reward sensitivity but not learning rate. Therefore the authors con-
cluded that anhedonia and MDD affect primarily reward sensitivity
rather than learning rate. However, they found that stress reduced
both reward sensitivity and learning rate in healthy subjects.
Consequently based on Huys et al. (2013)and studies that identi-
fied consistent dysfunctional nucleus accumbens (involved in both
model-free and model-based RL) but inconsistent dysfunctional
midbrain (involved more in model-free RL) in MDD (e.g. Kumar
et al,, 2008 vs. Gradin et al., 2011), Huys et al. (2015) argued that
the learning problem in depression may rest more on deficits in the
model-based rather than model-free RL. This argument is poten-
tially in agreement with emotion regulation literature that has
shown that voluntary rather than automatic regulation process
is impaired in MDD (Rive et al., 2013). It may also explain the
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inconsistent results on learning rate we reviewed in Sections 3.2
and 3.3 (see Table 1). Nevertheless, it seems still immature to draw
any conclusive statements regarding this issue. Whether model-
free RL is unaffected in MDD, or it is only impaired under some
research paradigms, in particular patients or under specific situa-
tions remain to be clarified.

On the other hand, the reduced reward sensitivity (‘liking’)
in depression is consistent with the reduced striatal reactivity to
reward outcomes (Steele et al., 2007; Kumar et al., 2008; Gradin
et al., 2011. See a review by Forbes and Dahl, 2012; Zhang et al.,
2013; Kerestes et al., 2014; Pizzagalli, 2014), which might be partly
accounted for by the deficit opioid/endocannabinoid system. Early
evidence suggested reduced endogenous opioid tone in depressed
people (Burnett et al., 1999). Later, Zubieta et al. (2003) reported
that in healthy human volunteers, sadness was characterized by
reduced mu-opioid neurotransmission in the hedonic hot spot ven-
tral pallidum, the reduction of which was correlated with increases
in negative affect and decreases in positive affect. More recently,
Kennedy et al. (2006) reported dysfunctional mu-opioid trans-
mission in both the nucleus accumbens and ventral pallidum in
depressed patients. Further, the mu-opioid receptor agonists, delta-
opioid receptor agonists and kappa-opioid receptor antagonists
show promising anti-stress and antidepressant effects (Bershad
et al., 2015. See reviews by Lutz and Kieffer, 2013; Van't Veer
and Carlezon, 2013; Bali et al., 2015 for related findings). In the
meantime, chronic unpredictable stress, a rat model of depression,
decreases cannabinoid CB1 receptor binding density in the ven-
tral striatum, which was attenuated by concurrent antidepressant
treatment (Hill et al., 2008). Mice lacking CB1 receptor has been
considered a validated animal model for depression (Valverde and
Torrens, 2012; Burokas et al., 2014), while mice overexpressing
CB2 receptor show decreased depressive-like behavior (Garcia-
Gutiérrez et al., 2010). Acute administration of a CB1 receptor
agonist (Kruk-Slomka et al., 2015), CB2 receptor agonist (Bahi et al.,
2014; Kruk-Slomka et al., 2015) or antagonist (Kruk-Slomka et al.,
2015) also causes antidepressant-like effect in mice. In humans,
variation in the endocannabinoid genes is found to (1) be related to
depression (Onaivi et al., 2008), (2) moderate the effects of child-
hood physical abuse (Agrawal et al., 2012) and recent life events
(Juhasz et al., 2009) on anhedonia and depression, and (3) affect the
pallidum reactivity to happy faces and responsiveness to antide-
pressant treatment (Domschke et al., 2008. See reviews by Vinod
and Hungund, 2006; Hill et al., 2009; Gorzalka and Hill, 2011 for
research on endocannabinoid and depression). Given the central
role of opioid/endocannabinoid in hedonic ‘liking’ (Richard et al.,
2013; Castro and Berridge, 2014), together these findings suggest
underlying molecular pathophysiology of the attenuated ‘liking’ in
depression.

Finally, with regard to ‘wanting’, earlier in Sections 3.2 and
3.3 we have described findings on brain signals of expected value
by Gradin et al. (2011) and Dombrovski et al. (2013). Recall that
Gradin et al. (2011) found reduced expected value signal in the
right hippocampus and parahippocampus gyrus in MDD patients.
Dombrovski et al. (2013) reported qualitatively similar expected
value signals between non-suicidal depressed patients and healthy
controls, but disappeared paralimbic signals of high expected value
in suicide attempters. Specifically, a history of suicide attempts was
associated with a reduced expected value signal in the ventrome-
dial PFC. These results suggest deficient ‘wanting’ in patients with
depression and in particular suicide behaviors. That is, they show
reduced motivation to pursue rewards, which may contribute to
the onset and maintenance of the disease. At least three lines of
evidence support this hypothesis. Firstly, as we have mentioned at
the beginning of this review, fMRI research has consistently found
a low striatal and/or high medial PFC response during monetary
anticipation in MDD (Steele et al., 2007. See a review by Forbes

and Dahl, 2012; Zhang et al., 2013; Kerestes et al., 2014; Pizzagalli,
2014). A recent meta-analysis confirmed the role of ventromedial
PFC in coding expected value (Chase et al., 2015; for an elegant
review, see also Rangel and Clithero, 2013). Secondly, Treadway
et al. (2009) identified an inverse association between anhedonia
and willingness to expend effort for rewards, an objective mea-
sure of reward motivation. Treadway et al. (2012a) further found
that MDD patients were less willing than controls to expend effort
for rewards, and the impairment was more severe in patients with
longer duration of the current episode. Not surprisingly, the will-
ingness to expend more effort for larger rewards was correlated
with individual differences in dopamine functioning in the striatum
and ventromedial PFC, particularly when the probability of reward
receipt was low (Treadway et al., 2012b). Thirdly, the reduced
‘wanting’ is also in line with the behavioral approach deficits in
depression (Trew, 2011). Behavioral approach or behavioral activa-
tion is defined as desires to approach rewards or positive outcomes.
It is in contrast to the construct of behavioral avoidance or behav-
ioral inhibition, which refers to avoiding punishment or negative
outcomes (Trew, 2011). Research shows that approach motivation
predicts depression development and recovery (Trew, 2011), and
that behavioral activation treatment which aims to enhance the
approach motives and goals and initiation of actions is effective
at relieving depression (Mazzucchelli et al., 2009; Kanter et al.,
2010; Dimidjian et al., 2011; Trew, 2011). Thus, ‘wanting’ may be
impaired in depression. Recently Baskin-Sommers and Foti (2015)
argued that ‘wanting’ is intact in MDD, mainly based on findings
by Knutson et al. (2008) and Pizzagalli et al. (2009). Both stud-
ies used a monetary incentive delay task, in which subjects were
asked to earn rewards by quickly responding to a cue indicating a
potential outcome and learning contingencies. Two variable delays
(e.g. 3-85s) exist, one between the cue and the stimuli to which
subjects respond, the other between subjects’ responding and the
feedback outcome. This was designed to ‘leverage the spatial and
temporal resolution of functional magnetic resonance imaging (i.e.,
millimeters and seconds) to ‘localize’ affective responses deep in
the brain’ (pp. 418, Knutson and Heinz, 2015). In these two stud-
ies, MDD patients displayed robust nucleus accumbens activation
during anticipation of rewards and showed normal reaction time
similar to those of health controls (Knutson et al., 2008; Pizzagalli
et al., 2009). Therefore Baskin-Sommers and Foti (2015) argued
that ‘wanting’ is intact in MDD, at least when patients are explicitly
instructed to earn rewards. However, we agree with Treadway and
Zald (2011) that the anticipation phase of this task may not be a
pure, reliable measure of motivation, as it may capture the neural
responses of motor preparation. Thus in agreement with Treadway
and Zald (2011, 2013), we argue that ‘wanting’ might be impaired
in MDD.

Do impairments arise in all of these processes, learning, ‘liking’
and ‘wanting’ in MDD? Not necessarily. For instance, in a recent
study by Sherdell et al. (2012), MDD patients and healthy controls
reported similar consummatory liking of humorous cartoons. How-
ever, levels of liking predicted motivation to expend effort for the
rewards in healthy controls but not in MDD patients, suggesting
dissociated ‘liking’ and ‘wanting’ in MDD. Thus, impairments may
arise from problems in some or all of these processes and clarifica-
tion of this can facilitate more precise differentiation of subtypes
of MDD and improve diagnoses and treatments.

4. Research with model-based RL
4.1. Theoretical framework

Following the recent advance in theoretical differentiation
between model-free and model-based RL, Daw and colleagues have
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designed a two-step task and computational algorithms to directly
simulate this differentiation (Glascheretal.,2010; Daw et al., 2011;
Otto et al., 2013). In this task, subjects are asked to choose between
two stimuli (action ap vs. ag) at step-one (sq) that, with different
probabilities (e.g. 0.7 with a vs. 0.3 with ag) lead to one of the
two different subsequent step-two states (S, Vs. Spp). At step-two
they have to make another choice. The reward probability of this
second choice changes over time and subjects have to adjust their
choices trial by trial. Consider a step-one choice (ag ) associated with
a lower probability (0.3) of transition to a step-two state, and the
subsequent step-two choice is rewarded. Under a pure model-free
RL that depends primarily on reinforcement history, subjects would
repeat the same step-one choice (ag) since itis ultimately rewarded.
In contrast, model-based RL predicts a decreased tendency to repeat
the same step-one choice (ag) because itis the other choice (as) that
has a higher probability (0.7) of leading to the rewarded step-two
state. In general, subjects with model-based RL first learn the tran-
sition function, i.e. which step-one action maps to which step-two
state with what probability and then learn the reward value for
each state, after which they calculate the cumulative state-choice
values by iterative expectation. Further, the relative influence of
model-free vs. model-based RL can also be estimated. For details
about the algorithms, please refer to Daw et al. (2011), Otto et al.
(2013), Radenbach et al. (2015).

Utilizing this framework and other similar logics, recent neu-
roimaging research has demonstrated that, whereas model-free RL
involves the ventral striatum (Daw et al., 2011) and the dorsolateral
striatum (Liljeholm and O’Doherty, 2012; for a schematic anatomy
of the striatum and current theories of the function of its subre-
gions, see Chen et al., 2014), model-based RL involves the ventral
striatum (Daw et al., 2011), the dorsomedial striatum (Liljeholm
and O’Doherty, 2012), the lateral/dorsolateral PFC (Gldscher et al.,
2010; Smittenaar et al., 2013), the medial PFC (Daw et al., 2011;
O’Doherty, 2011; Seo et al., 2014), the orbitofrontal cortex (OFC;
McDannald et al., 2014; Wilson et al., 2014), and the hippocam-
pus (Bornstein and Daw, 2012; McKenzie et al., 2014; for a recent
review see Daw and O’Doherty, 2013; Nakahara, 2014) etc.

4.2. Model-based RL under stress and depressive symptoms

Recall our reviewed studies above in Section 3, despite acquir-
ing the framework of model-free RL, some of the reduced RPE
signals do reflect impaired model-based RL, for instance, ACC and
hippocampus. In theory, the learned helpless model of depression
(Maier and Seligman, 1976; Maier and Watkins, 2005) predicts that
under depression the prior belief that the situation is uncontrollable
will discourage subjects from exploring and using model-based RL
(Montague et al., 2012). Further, it has been proposed that cognitive
function is closely associated to model-based RL (Chen, 2014). It is
likely that the cognitive deficits in MDD (IMcDermott and Ebmeier,
2009; Gotlib and Joormann, 2010; Lee et al., 2012b; Snyder, 2013;
Belzung et al., 2014b) as well as its underlying dysfunctional lateral
and medial PFC, OFC and hippocampus (Clark et al., 2009; Russo
and Nestler, 2013; Pizzagalli, 2014) would predispose patients to
diminished model-based RL. Further considerable evidence from
clinical and preclinical research has shown that rTMS of the dorso-
lateral PFC (see meta-analyses by Berlim et al., 2013, 2014; Gaynes
et al., 2014) or deep brain stimulation (clinical: Mayberg et al.,
2005; Lozano et al., 2008, 2012; McNeely et al., 2008; Neimat et al.,
2008; Kennedy et al., 2011; Holtzheimer et al., 2012; Puigdemont
etal., 2012; Riva-Posse et al., 2014. Preclinical: Hamani et al., 2010,
2012, 2014; Rea et al., 2014; Veerakumar et al., 2014) or optoge-
netic stimulation (Covington et al., 2010) of the medial PFC relieves
depression. As it has been shown that similar stimulations may
enhance cognition and memory (Bergfeld et al., 2013; Brunoni and
Vanderhasselt, 2014), we speculate that cognition and memory or

more specifically the model-based RL (Chen, 2014) might mediate
the above therapeutic effect on depression by these stimulations.

Actually, research has already indicated impaired counterfac-
tual thinking (one form of model-based RL; Lee et al., 2012a) in
subjects with depressive symptoms. When asked to imagine future
negative events and make counterfactuals about those events, com-
pared to non-depressed subjects, subjects with mild-to-moderate
depressive symptoms (BDI-II 10-23) generated more proportion
of controllable counterfactuals (which could have been done to
change the situation, e.g., “If only I had studied more...”). In
contrast, severely depressed subjects (BDI-II 24+) generated coun-
terfactuals that were less controllable (which could not have been
done, e.g., “If only I were naturally brilliant. ..”), less reasonable
(unlikely to be the cause of the outcome), and more characterolog-
ical (e.g., “if only” a trait aspect of the self had been different) in
nature (Markman and Miller, 2006. See also Markman and Weary,
1996 and discussion by Howlett and Paulus, 2013). In a later study,
Quelhas et al. (2008) studied counterfactual thinking in a real-
life situation in which subjects experienced a negative outcome
(failure in an academic test). They found that depressed subjects
(BDI-1I>17) were less likely to use counterfactual thinking than
non-depressed subjects (BDI-II 0-5). Moreover, among those who
did use counterfactual thinking, depressed subjects were less likely
to benefit from it cognitively (e.g. feel more prepared for future
events) and behaviorally (e.g. intention to change in the coming
week). These findings together indicate dysfunctional counterfac-
tual thinking therefore model-based RL in depression, consistent
with impaired control over negative outcomes in depression we
discussed in Section 3.3.

The hypothesis that the model-based RL may be attenuated has
yet to be tested by computational research in depression but it has
been studied in healthy subjects under stressful situations (Otto
et al,, 2013; Radenbach et al., 2015). Within the above framework,
Otto et al. (2013) showed that under a stressful Cold pressor test,
subjects reduced the employment of model-based but not model-
free RL in a stress response-dependent way. That is, subjects with
higher cortisol response showed more severely reduced use of
model-based RL. Further, this reduction was moderated by work-
ing memory such that subjects with lower working memory were
more sensitive to this stress effect. Radenbach et al. (2015) repli-
cated the stress effect on model-based RL by Otto et al. (2013) with
a potent psychosocial stressor (Trier social stress test). Subjects’
cortisol response was negatively correlated with reduced use of
the model-based RL. Besides, Radenbach et al. (2015) found that
subjective ratings of arousal and chronic life stress in the past 12
months also moderated the stress effect. Those with higher subjec-
tive rating of arousal showed increased use of the model-based RL,
while individuals with higher levels of chronic life stress in the past
12 months demonstrated more severely impaired model-based
RL after acute stress induction, indicating the interplay between
chronic and acute stress. These findings provide computational
support for the observation that stress impairs the PFC structure
and function (Arnsten, 2009; McEwen and Morrison, 2013) and
shifts goal-directed to habitual control (Schwabe and Wolf, 2011;
Schwabe, 2013). They also go beyond and further reveal important
moderating factors that contribute to the individual vulnerability to
stress, suggesting that stress induced impairment in model-based
RL may play a role in the onset and maintenance of depression.

In addition, with a similar logic albeit different task, Blanco et al.
(2013) and Maddox et al. (2014) examined model-free vs. model-
based RL in healthy subjects with depressive symptoms (scored
16 or greater in the Center for Epidemiologic Studies Depression
Scale). Blanco et al. (2013) employed a probabilistic Leapfrog task.
Of two choices in this task, one brings a higher reward. How-
ever on any trial the inferior choice may increase its reward thus
leapfrog over the other choice. Subjects could stick to the current
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choice with higher reward (exploiting) or switch to see if the other
choice has leapfrogged (exploring). Model-free RL explores with
equal probability on each trial, whereas model-based RL explores
more after each consecutive exploitive choice, since only the latter
tracks uncertainty with a world model. By fitting computational
models, Blanco et al. (2013) found that depressive subjects used
model-based RL less than non-depressives (even on the model-
based RL optimal trials), and that within depressive subjects, those
have higher depressive scores were better fit by the model-free RL
model.

Maddox et al. (2014) borrowed the dual-process paradigm in
auditory category learning (ACL). Echoing the distinction between
model-free and model-based RL, it is postulated that ACL can be
achieved by a non-verbalizable reflexive system or a verbaliz-
able reflective system. Maddox et al. (2014) found that depressive
subjects showed a deficit in reflective-optimal ACL, but an advan-
tage in reflexive-optimal ACL. Further, using a Mandarin tones
ACL task and computational models of Striatal Pattern Classi-
fier and reflective category learning system, Maddox et al. (2014)
showed that the advantage in depressives was due to their faster,
more accurate (surprisingly) and more frequent use of reflexive
strategies.

Consistent with the theoretical prediction, these studies
together suggest that stress and depressive symptoms attenuate
model-based RL while favor model-free RL. It remains for future
study to see if these findings hold true for MDD patients, whether
this reduced model-based RL constitutes the underlying cause
of MDD, and address the inquiry raised by Huys et al. (2013,
2015) that model-based rather than model-free RL is affected in
MDD.

5. Conclusions and future directions

Although still in its infant stage, the computational approach
has contributed substantially to our understanding of the etiol-
ogy and pathophysiology of MDD. Going beyond previous studies
with the lowa Gambling Task (Must et al.,, 2013), the signal-
detection task (Ragland et al., 2009; Pizzagalli, 2014), and the
monetary incentive delay task or other pseudorandom reward
tasks (Forbes and Dahl, 2012; Zhang et al., 2013) that have sug-
gested impaired RLin MDD, computational research is gaining more
insights into the underlying mechanism and specific processes of
this impairment. As summarized in Table 1, research from the
perspective of model-free RL suggests that MDD is characterized
by impaired brain signals of RPE and expected value (‘want-
ing’), decreased reward sensitivity (‘liking’), learning rate (although
somewhat inconsistent), and/or memory of previous reinforce-
ment. Research employing the model-based approach found
attenuated model-based RL in subjects with depressive symptoms
and in subjects under stress. These dysfunctional features demon-
strated by computational research hold enormous promise to serve
as valuable intermediate phenotypes of depression (Gottesman
and Gould, 2003; Rasetti and Weinberger, 2011; Bogdan et al.,
2013). These intermediate phenotypes are particularly useful as
they can link the general symptom-based descriptions to pre-
cise underlying molecular dysfunctions, and fill the explanatory
gap between them by bridging clinical and preclinical discoveries
(Montagueetal.,2012). They may also improve the stagnant antide-
pressants development (Papassotiropoulos and de Quervaine,
2015).

We have already mentioned several possible directions for fur-
therresearch throughout this review. Here we would like to suggest
other five lines of future inquiry at the level of computational
methodology, clinical, systems, cellular/molecular/genetic and ani-
mal research.

5.1. Computational methodology

Most of our reviewed articles have employed the RW approach,
either the original (Chase et al., 2010; Robinson et al., 2013; Friedel
et al., 2014) or the modified (Dombrovski et al., 2010) RW model,
or the RW model-based fMRI (Dombrovski et al., 2013, 2014). Only
two have employed the TD model-based fMRI (Kumar et al., 2008;
Gradin et al.,, 2011). Given the superiority of the TD model to the
RW model (Niv and Schoenbaum, 2008; Niv, 2009) and the merit
of the model-based fMRI (O’Doherty et al., 2007) as well as the
model-based fMRI-EEG (Larsen and O’Doherty, 2014), future stud-
ies should try to utilize these advanced tools.

More importantly, although the two studies we reviewed with
TD model (Kumar et al., 2008; Gradin et al., 2011) have incor-
porated the TD discount factor y, both of them used a fixed
parameter (y=1) therefore the individual data was actually not
analyzed. Further, in the current RL literature, y is typically per-
ceived as time-independent. That is, an individual has a stable
discount factor along the time scale. It is only recently that the
temporal discounting or the “hyperbolic” (time-inconsistent, the
discount factor is an increasing function of delay, see Takahashi,
2009 for a review) is incorporated into the computational frame-
work (Alexander and Brown, 2010). Our previous study (Takahashi
et al.,2008b) showed that the discount factor in patients with MDD
is more time-dependent than healthy subjects (see Fig. 4 for tem-
poral discounting curves for gain and loss in healthy subjects and
MDD). They devalue rewards in the near future but value those
in the distant future. Also, patients are more sensitive to delayed
punishment (loss) in the distant future, in comparison to healthy
subjects (Takahashi et al., 2008b). This indicates that patients with
MDD may have exaggerated anxiety for potential bad events in the
distant future. Further, patients with suicide behaviors may have
specific features of temporal discounting (Dombrovski et al., 2011;
Takahashi, 2011b). As we have shown that psychological time dif-
fers between waiting for delayed gain and loss (Han and Takahashi,
2012), it can be speculated that depressed patients have marked
differences in psychological time between delayed gain and loss
(Fig.5). They may perceive gain as much farther while loss as nearer
than healthy subjects. Prospective studies can employ the “hyper-
bolic” computational framework to advance our understanding of
these psychophysical effects.

Further, although we mentioned that incentive ‘wanting’ can be
parsed apart from cognitive ‘wanting’, throughout our discussion
we treated these two as if they are the same. It has to be noted that
the differentiation of incentive ‘wanting’ from cognitive ‘wanting’ is
the essence of the incentive salience theory (Berridge and Robinson,
1998; Berridge, 2007, 2012; Berridge et al., 2009; Berridge and
O’Doherty, 2014). Zhang et al. (2009) recently suggested a com-
putational model that incorporates a dynamic physiological factor
(kappa), which changes according to physiological states such as
appetite, satiety or drug-state changes, and which thus modulates
incentive ‘wanting’ generated from the learned value of a relevant
conditioned stimulus for reward (cognitive ‘wanting’). In Sec-
tion 3.4 we have reviewed evidence suggesting reduced cognitive
‘wanting’, reduced willingness to exert effort for rewards, and defi-
cient behavioral approach. It will be interesting for future research
to examine incentive ‘wanting’ in depression using the Zhang et al.
(2009) or similar computational model of incentive salience.

Finally, due to a lack of research, some important moderating
or confounding factors are actually not addressed in the present
review. For instance, regarding the probabilistic learning task, all of
our reviewed studies employed the instrumental paradigm except
Kumar et al. (2008) and Robinson et al. (2013), who used the Pavlo-
vian paradigm. In Pavlovian learning, subjects predict the reward
value by a conditioned cue. In instrumental learning, on the other
hand, subjects have to predict which cue will be rewarded and
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Fig. 4. Temporal discounting curves for gain (A) and loss (B) (from Takahashi et al., 2008b data). Temporal discounting is well-described with the following g-exponential

time-discount model for gain and loss (Han and Takahashi, 2012).

u(x, £) = v(x, 0)/(1 + k(1 — q)r)"/1-9

where k indicates time-discount rate at delay=0 and q (<1) indicates the deviation from exponential (i.e., time-consistent) temporal discounting (q=1 corresponds to
exponential discounting where time-discount rate is time-independent, while g=0 corresponds to hyperbolic discounting). We can see that temporal discounting is faster
(steeper temporal discount curve) in the near future in comparison to the distant future, indicating that time-discount rate is time-dependent (i.e., time-discount rate is a
decreasing function of delay; i.e., g<1). Also, temporal discounting is faster (steeper) for gain than loss (the sign effect in temporal discounting). Takahashi et al. (2008b)
demonstrated that MDD patients are more time-inconsistent in temporal discounting of gain and loss, and the sign effect in temporal discounting was greater for MDD
patients. MDD patients devalue rewards in the near future (delay < 1000 days) but value those in the distant future (delay > 1000 days) more than healthy subjects. In the
meantime, they devalue delayed punishment (both in the near and distant future) less strongly than healthy subjects.

choose among cues. Pavlovian learning and instrumental learn-
ing seem to depend on different neural substrates (Liljeholm and
O’Doherty, 2012; Daw and O’Doherty, 2013; Chen et al., 2014).
Other factors such as the individual vs. fixed learning, reinforcer
type, etc.(Chase et al.,2015) may also affect the behavioral and neu-
ral results of RL. Future research should try to analyze the effects of
these factors.

5.2. Clinical considerations

We list several promising directions for research at the clini-
cal level. Firstly, research has shown that several well documented

factors that moderate the risk of depression, such as age, sex, and
socioeconomic status (see a review by Gotlib and Hammen, 2014)
also affect dopamine activity (Backman et al., 2010; Wahlstrom
et al., 2010; Gillies et al., 2014; Sinclair et al., 2014) and/or PFC
and hippocampal reactivity to stress (Lupien et al., 2009; McEwen
and Gianaros, 2010; Brito and Noble, 2014; McEwen and Morrison,
2013). We have mentioned above in Section 3.2 that animal liter-
ature suggests that stress under various paradigms, such as acute
vs. chronic, social isolation and restraint vs. cold and footshock,
may affect dopamine neurotransmission in different ways (see also
Pizzagalli, 2014). Future research of how these factors influence RL
may shed light on the etiology of depression.
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where « and B are free parameters (Han and Takahashi, 2012). Also, our previous theoretical study (Takahashi, 2011a) indicates that « and 8 are modulated by dopamine
and serotonin, respectively. Logarithmic psychological time explains time-inconsistent temporal discounting for gain and loss (Takahashi, 2009; Han and Takahashi, 2012).
This perception error in future time during temporal discounting may be exaggerated in MDD patients. Specifically, MDD patients may have prolonged psychological time
for delayed gain (i.e., hyposensitivity to future reward) but reduced psychological time for delayed loss (hypersensitivity to future punishment), in comparison to healthy

subjects.

Secondly, our reviewed studies have examined RL in the anhe-
donia or melancholic MDD, MDD unresponsive to treatment, and
MDD with suicide ideations and attempts. RL in other subtypes of
MDD, notably the atypical MDD remains to be addressed. Atypical
MDD, or depression with atypical features, is characterized by alack
of anhedonia (patients show mood reactivity to actual or potential
positive events), overeating, oversleeping interpersonal rejection
sensitivity, and leaden paralysis (feelings of physical heaviness like
lead) (American Psychiatric Association, 2014; though the appro-
priateness of this diagnosis itself is still controversial, see Lam and
Stewart, 1996; Parker et al., 2002; Quitkin et al., 2003; Akiskal and
Benazzi, 2005; Stewart et al., 2009; Thase, 2009). It shows prefer-
ableresponse to MAO inhibitors than tricyclic antidepressants (Lam
and Stewart, 1996; Quitkin et al., 2003; Stewart, 2007). Given the
influence of MAO inhibitors on dopamine, it will be stimulating for
future research to investigate the likely specific link between RL
and atypical MDD.

Moreover, the dopamine system has long been target for treat-
ing depression (Kapur and Mann, 1992; Nestler and Carlezon,
2006; Dunlop and Nemeroff, 2007, 2010; Gershon et al., 2007;
Russo and Nestler, 2013). Besides above reviewed dopamine-
related reagents in Section 3.2 (e.g. pramipexole), several atypical
antipsychotics, e.g., aripiprazole, quetiapine, and olanzapine have
consistently been demonstrated to be effective and regularly used
adjunctively with antidepressants in treatment-resistant depres-
sion (Kato and Chang, 2013; Wright et al., 2013; McIntyre et al.,
2014; Turner et al., 2014). Dopamine has been proposed to be an
underlying pathway of this add-on effect (Rogdz, 2013). As another
line of research, recently several dopamine-related drugs have
shown to be effective in improving RL performance and ‘wanting’
(motivation). For instance, acute administration of amisulpride, a
dopamine D2 receptor antagonist, enhanced the striatal PE coding
and ventromedial PFC tracking of learned value in a later trans-
fer phase of RL, which in turn predicted performance (Jocham
et al., 2011). Acute administration of the dopamine precursor

levodopa enhanced model-based over model-free RL (Wunderlich
et al.,, 2012) and restored neural signals of RPE in aged people,
improving their learning rate and task performance up to the level
of young adults (Chowdhury et al., 2013). Moreover, administration
of the dopamine agonist d-amphetamine enhanced the willing-
ness to exert effort in healthy subjects, particularly when reward
probability was low (Wardle et al., 2011). Similarly, the dopamine
precursor levodopa enhanced the subjective expectation of plea-
sure when imaging future positive life events (Sharot et al., 2009)
while reduced negative expectations and increased an optimism
bias by impairing the ability to update belief in response to neg-
ative information (Sharot et al., 2012). Therefore it is interesting
to investigate whether the above mentioned dopamine-related
drugs exert their antidepressant effect through the mediation
of RL, e.g., by normalizing RPE signals, improving learning rate,
enhancing model-based RL and/or increasing ‘wanting’, etc. With
regard to learning, taking this inquiry one step further, Roiser
et al. (2012) argued that the cognitive mechanism, i.e. normalizing
the negative information processing biases, is a common path-
way of the therapeutic effect of both antidepressant drugs and
psychological therapies. Whereas antidepressants achieve this by
a bottom-up approach of gradually altering the brain’s process-
ing or learning of affective stimuli, psychological therapies resolve
the high-order cognitive biases and train cognitive control directly
in a top-down manner (Roiser et al., 2012). Following this pro-
posal, we predict that antidepressants might work more through
the model-free RL, while psychological therapies may more specif-
ically enhance model-based RL. Future research is warranted to
test this prediction. This not only improves our understanding of
the therapeutic effect of antidepressants and psychological ther-
apies, but also contributes to our current knowledge of the role
of RL in depression. Besides dopamine, drug targeting the opi-
oid/endocannabinoid system is another area of future antidepres-
sants development, as they may normalize the attenuated ‘liking’ in
depression.
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Finally, several authors (e.g. Lee et al., 2012b; Roiser et al., 2012;
Martinez-Aran and Vieta, 2015; Solé et al., 2015) have suggested
cognitive function as a target for early detection and treatment of
MDD. The present review further highlights RL as a more refined
candidate undertaking this role. As encouraging preliminary data,
Bress et al. (2013) showed that reduced feedback negativity, which
encodes a PE (Holroyd and Coles, 2002; Nieuwenhuis et al., 2004;
Walsh and Anderson, 2012), predicted the onset of MDD over
two years in adolescents, controlling for baseline neuroticism and
depressive symptoms. Using the signal-detection approach, Vrieze
et al. (2013) further reported that diminished behavioral reward
learning in MDD increased the odds of being unresponsive to 8
weeks of treatment (odds ratio 7.84) (see Forbes et al., 2010;
Morgan et al., 2013 for the predictive value of the striatal and
medial PFC activation in pseudorandom reward tasks, and see
Pizzagalli, 2014; Proudfit, 2014 for a discussion of other related
findings). Since our reviewed computational studies have all been
correlational in nature, longitudinal studies are urgently needed
to investigate the causality between impaired RL and depres-
sion, and to examine the potential usefulness of the intermediate
phenotypes suggested by computational research (Table 1) as
early detection biomarkers and therapeutic intervention targets
for MDD. In addition, possibly distinct features of RL in different
subtypes and etiology of MDD and the prediction that antidepres-
sants work more through model-free RL whereas psychological
therapies more specifically enhance model-based RL may pro-
vide a new possibility to detect which patients will benefit the
most from what kind of treatment therefore achieve individualized
therapeutic treatment (Stephan and Mathys, 2014; Wiecki et al.,
2015).

5.3. Systems level

At the systems, brain area or network level, recent work has
revealed a significant role of the lateral habenula, which sends
projections to the VTA (Lammel et al., 2012), in coding ‘negative
value’ signals and the hyperactivity of lateral habenula in depres-
sion (Lecca et al., 2014; Proulx et al., 2014). Similarly dorsal raphe
nucleus, a key area involved in MDD (Maier and Watkins, 2005;
Michelsen et al., 2007; Lowry et al., 2008; Deakin, 2013), has also
been linked to negative PE (Berg et al.,2014). Computational model-
based fMRI or model-based fMRI-EEG can be designed to detect the
potential role of these areas in RL and MDD.

Moreover, Dombrovski et al. (2014) has observed disrupted
functional connectivity between the striatum and PFC following
unpredicted rewards in aged patients suffering from MDD. It has
been found that the white matter tract strength between the pos-
terior putamen and premotor cortex predicted performance of the
model-free RL while that between the caudate and ventromedial
PFC predicted performance of the model-based RL (de Wit et al.,
2012). In another study, Chaudhury et al. (2013) showed that opto-
genetic stimulation of the VTA-nucleus accumbens projection was
sufficient to produce depressive-like behaviors, while inhibition of
it elicited opposite effects. In contrast, inhibition of the VTA-medial
PFC projection elicited depressive-like effects while stimulation of
it had no effect. The precise explanation still remains unsure but we
believe future studies especially those with advanced techniques
such as optogenetics (see a review or perspective by Belzung et al.,
2014a; Tye, 2014) can improve our knowledge of the role of these
networks in the onset and treatment of MDD (for excellent discus-
sions of RL at the network or interaction level, see Frank and Claus,
2006; Roeper, 2013; Buschman and Miller, 2014; Chatham et al.,
2014. For discussions of depression and stress at the network level,
see Price and Drevets, 2010; Russo and Nestler, 2013; Walsh and
Han, 2014).

5.4. Cellular, molecular and genetic studies

Cellular, molecular and genetic study of the neurochemical and
neuroendocrinal abnormalities is another area of future research.
Our understanding of the dopamine neurotransmission has pro-
gressed greatly in the past decades (Fig. 2B). As described above
in Section 3.2, the impairment in dopamine neurotransmission in
depression may arise from the process of synthesis, degradation,
release, uptake, reuptake, and/or receptor binding (e.g. D2-like vs.
D1-like) etc. Whether these different cellular and molecular mecha-
nisms lead to distinct features of dysfunctional RL remain unknown.

Besides dopamine, human and animal research has established
the abnormalities of serotonin (Maier and Watkins, 2005; Berton
and Nestler, 2006; Dayan and Huys, 2009; Blier and El Mansari,
2013; Deakin, 2013), noradrenaline (Berton and Nestler, 2006),
and the hypothalamic-pituitary-adrenal (HPA) axis (de Kloet et al.,
2005; Hammen, 2005; Maier and Watkins, 2005; Lupien et al.,
2009; Bogdan et al., 2013) in the pathophysiology of MDD and
their role in the treatment. In the meantime, serotonin plays a
major role in aversive processing (Doya, 2008; Dayan and Huys,
2009; Robbins and Arnsten, 2009; Boureau and Dayan, 2011) and
may also be associated to reward processing (Ullsperger et al.,
2014) such as moderating the use of goal-directed (model-based)
vs. habitual (model-free) behavioral control (Worbe et al., 2015).
Noradrenaline is involved in estimation of uncertainty and risk (Yu
and Dayan, 2005; Doya, 2008; Preuschoff et al., 2011; Nassar et al.,
2012; Payzan-LeNestour et al., 2013) and temporal discounting
(Takahashietal., 2007,2008a,2010).Italso has profound influences
on cognition (Chamberlain and Robbins, 2013). Stress and HPA axis
activates the mesolimbic dopamine system (Koob and Kreek, 2007;
Starcke and Brand, 2012; also see studies reviewed above) and
affects temporal discounting (Takahashi, 2004; Takahashi et al.,
2010).

Despite these findings, the independent and collective influence
of these neurochemical and neuroendocrinal factors on the impair-
ment of RL in MDD is far from clear. Future research should try to
address this by means of cellular, molecular and genetic studies.

5.5. Animal research

There has been extensive animal literature on habitual and
goal-directed behavior (Dickinson and Charnock, 1985; Balleine,
2005; Balleine and O’Doherty, 2010) and animal models of RL
have long been available (Markou et al., 2013; McDannald et al.,
2014; Wilson et al., 2014). However to our knowledge none
of them has been combined with animal models of depression
(Henn and Vollmayr, 2005; Berton and Nestler, 2006; Nestler and
Hyman, 2010; Caldarone et al., 2015; see also Berton et al., 2012;
Dzirasa and Covington, 2012 for insightful discussions). Initiation
of animal research allows subsequent pioneering pharmacological
intervention as well as extensive cellular, molecular and genetic
investigation, thus it will be another illuminating direction for
future research.

We believe that these areas of research will propel us toward
a better understanding of the disease, promote its prevention and
treatment and may ultimately bring a ‘paradigm shift’ to psychiatry.
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