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Abstract

Pleasure and motivation are important factors for goal-directed behavior and well-being in both animals and humans. Intact
hedonic capacity requires an undisturbed interplay between a number of different brain regions and transmitter systems.
Concordantly, dysfunction of networks encoding for reward have been shown in depression and other psychiatric disorders.
The development of technological possibilities to investigate connectivity on a functional level in humans and to directly
influence networks in animals using optogenetics among other techniques has provided new important insights in this field
of research.

In this review, we aim to provide an overview on the neurobiological substrates of anhedonia on a network level. For this
purpose, definition of anhedonia and the involved reward components are described first, then current data on reward
networks in healthy individuals and in depressed patients are summarized, and the roles of different neurotransmitter
systems involved in reward processing are specified. Based on this information, the impact of different therapeutic
approaches on reward processing is described with a particular focus on deep brain stimulation (DBS) as a possibility for a
direct modulation of human brain structures in vivo.

Overall, results of current studies emphasize the importance of anhedonia in psychiatric disorders and the relevance of
targeting this phenotype for a successful psychiatric treatment. However, more data incorporating these results for the
refinement of methodological approaches are needed to be able to develop individually tailored therapeutic concepts based
on both clinical and neurobiological profiles of patients.

Keywords: depression, reward networks, functional MRI, functional connectivity, anhedonia

Introduction

Depression is a heterogenous diagnostic concept consisting of
a set of different symptoms, with decreased mood, anhedonia,
and reduced energy defined as core symptomatologies in ICD-10
and depressed mood and loss of interest and pleasure in DSM-5.
Current subtypes of depression are based on clinical stratifica-
tion without inclusion of neurobiological information and have
only limited relevance for prognosis and treatment choice.
Scientific progress with refinement and evolution of the tech-
nical possibilities to investigate brain function have led to the

perception that depression is a complex network disorder rather
than a dysfunction of a few specific brain regions. Thus, the descrip-
tion of how clinical subdomains of depressive symptomatology
translate into deficits in neurocircuitry is a relevant question. This
viewpoint seems to be necessary for the definition of relevant diag-
nostic categories, the identification of valid prognostic factors, and
the development of improved treatment recommendations.

With regard to clinical subdomains, anhedonia is likely to
be of particular relevance. The fact that both ICD-10 and DSM-5
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determine anhedonia and loss of pleasure, respectively, as a
core symptom of depression highlights its importance in this
disorder. Furthermore, it was shown that anhedonia is a nega-
tive prognostic factor for treatment outcome both in adolescents
(McMakin et al., 2012) and adults (Spijker et al., 2001; Vrieze
et al., 2014). Also, reduction of a symptom dimension named
“interest-activity dimension” in a paper by Uher et al., defined
as low interest and lack of enjoyment among other symptoms,
was shown to be a predictor for poor outcome in depressed
patients undergoing antidepressant treatment. This result was
found in a large cohort of 811 patients with major depressive
disorder (MDD) and consecutively replicated in a regression
analysis in a larger population of 3737 MDD patients derived
from the STAR'D trial within the same publication (Uher et al.,
2012). Conversely, improvement of anhedonia was shown to sig-
nificantly correlate with improvement of overall functioning in
depressed patients (Llorca and Gourion, 2015), and improvement
of anhedonia is a strong predictor for improvement in psycho-
social functioning (Vinckier et al., 2017). It was also suggested
that anhedonia might be a trait marker rather than an expres-
sion of a disease state, with persistence of reduced hedonic
capacity in euthymic remitted patients (Di Nicola et al., 2013).
Furthermore, early increase of positive emotions after start of
antidepressant treatment defined by adjectives such as “satis-
fied,” “enthusiastic,” and “energetic” in a paper by Geschwind
et al. predicted response and remission in MDD patients after 6
weeks (Geschwind et al., 2011).

It was proposed that current standard treatment of MDD,
particularly selective serotonin reuptake inhibitors (SSRIs), fail
to sufficiently treat reward-related symptoms of depression
(Dunlop and Nemeroff, 2007; Price et al., 2009; Di Nicola et al.,
2013). Therefore, there is a need for more effective treatment
of anhedonia in depression. Recently, positive results have
been reported for newer antidepressants such as ketamine and
agomelatine in this regard. Agomelatine, which acts via the
melatonergic system (MT1 and MT2 agonist) and as a antag-
onist on the 5-HT, receptor, has shown promising results in a
number of studies in this context (Kasper and Hamon, 2009; Di
Giannantonio et al., 2011; Martinotti et al., 2012; Gargoloff et al.,
2016).

Overall, a more detailed consideration of the role of anhe-
donia in depression seems to be worthwhile to explore. For this
purpose, we wanted to provide an overview of current state of
knowledge about reward processing in depression with a par-
ticular focus on network level alterations. However, this review
is a selective one and is intended as a basis for the stimulation
of further research on the topic more than a systematic over-
view. Thus, only studies explicitly focusing on reward processing
in depression at baseline and during treatment were includ-
ing but not all resting-state functional connectivity studies in
depression, although relevance for reward processing might be
indirectly given based on the involved regions.

Definition of anhedonia and possibilities of
assessment

Anhedonia is defined as the reduced ability to feel pleasure in
normally pleasurable situations and is a transdiagnostic key
symptom for several psychiatric disorders such as MDD and
schizophrenia. The clinical phenotype of anhedonia is thought
to reflect a dysfunctional processing of reward on a neurobio-
logical level. Since it was first described in the late 19th century,
the knowledge about reward processing has evolved and it has

become clear that anhedonia is an umbrella term including a
number of different components of reward processing that are
necessary for the ability to feel pleasure in response to an event
(Berridge and Kringelbach, 2008). According to current concepts,
and comprehensively summarized by Kring and Barch, 2014 and
Rizvi et al., 2016, reward processing is a multi-step process start-
ing with the establishment of an association between a given
stimulus and a connected reward, which is then followed by
the development of interest, desire, and anticipation defined as
“state of readiness for a reward” (Kring and Barch, 2014; Rizvi
et al., 2016). Based on the balance between expected value of
a given stimulus and the expected effort to gain this reward, a
“cost-benefit calculation” is performed and motivation in favor
or opposed to the initiation of goal-directed behavior is formed
(Kring and Barch, 2014). If motivation is strong enough, thus the
expected reward subjectively exceeds the necessary effort, an
action plan is constructed, followed by the behavioral compo-
nent of reward in which sustained energy is expended to gain
the expected reward. If the goal is achieved, the consummatory
phase of reward processing occurs, leading to hedonic response.
This whole cascade of events is then subject to feedback inte-
gration and reward-based learning, influencing future reward-
related processes.

The definitions of these different subdomains were shown to
be relevant for the understanding of neurobiological processes
underlying reward processing, because modulation of distinct
circuits or local transmitters were shown to influence these in a
specific manner. In remitted bipolar patients, for example, who
display increased levels of anhedonia compared to healthy vol-
unteers, only some aspects of hedonic capacity, namely inter-
ests and social interactions, seem to be impaired (Di Nicola
et al., 2013). In animal models of depression, dopamine deple-
tion in the nucleus accumbens (NAc) was shown to lead to a lack
of motivation as expressed by reduction of appetitive seeking
(Berridge and Robinson, 1998) but not to a reduction of liking
(orofacial expression to sucrose and disgust reaction to quin-
ine) (Wise and Raptis, 1986). Furthermore, it was suggested that
treatment does not influence all aspects of reward processing
to the same extent, with some studies showing stronger effects
on reward anticipation than consummatory aspects of reward.

In humans, anhedonia can be assessed with questionnaires
or reward-specific tasks as used in neuroimaging studies, for
example. The most frequently applied anhedonia-specific rat-
ing scales include the Snaith-Hamilton Pleasure Scale (Snaith
et al,, 1995), the Revised Chapman Physical Anhedonia Scale
(Chapman et al., 1976), and the Fawcett-Clark Pleasure Scale
(Fawcett et al., 1983). These tests evaluate different domains
such as social interaction and sensory experience among oth-
ers and were shown to have good test validity. Other tests were
designed to more specifically investigate subdomains of anhe-
donia such as the Temporal Experience of Pleasure Scale (Gard
et al,, 2007), which measures anticipatory and consummatory
pleasure, the Anticipatory and Consummatory Interpersonal
Pleasure Scale, which measures anticipatory pleasure and con-
summatory pleasure with regard to social context (Gooding and
Pflum, 2014), or the Behavioral Activation for Depression Scale
(Kanter et al., 2007), which measures motivated behavior (Der-
Avakian et al., 2016).

Computer-based tasks were shown to selectively investi-
gate different subdomains of anhedonia, such as reward learn-
ing, reward anticipation, and consummatory phase of reward
often using monetary rewards as stimuli. These computer-
based tasks were created to provide the possibility to objectively



investigate reward processing; this approach was described to
be particularly important in the context of translation of results
(Der-Avakian et al., 2016). For a more detailed review of ques-
tionnaire-based and behavioral methods to assess anhedonia in
depression, readers are referred to Rizvi et al. 2016.

Studies in humans, which are mainly based on self-report
questionnaires, lack adequate comparability with results gained
from behavioral tasks in animals. Furthermore, interpretation of
animal data in the context of human pathophysiology is often
challenging (Der-Avakian et al., 2016). For animal studies, new
technological possibilities have facilitated a more detailed ana-
lysis of this processes on a causal level, using optogenetic meth-
ods or genetically modified animals. However, a major challenge
exists in the translation of these results in humans. This is par-
ticularly true in females because current animal data is based
nearly exclusively on male animals. This issue was recently
addressed in a review and readers are referred to Heshmati
and Russo (Heshmati and Russo, 2015). Also, the importance
of differentiating the various aspects of reward processing has
expanded in the last years, and thus more specific tasks and
methods in humans have been developed to facilitate a better
translation of preclinical results.

Which networks for reward have been
detected?

A number of reviews focusing on reward circuits in animals and
humans have been published (Haber and Knutson, 2010; Russo
and Nestler, 2013; Keiflin and Janak, 2015). The most consist-
ently described reward network is the dopaminergic mesolim-
bic pathways originating in the ventral tegmental area (VTA)
and spreading onto the NAc located in the ventral striatum (VS),
bed nucleus of the stria terminalis, amygdala, and hippocampus
(Dunlop and Nemeroff, 2007). This evidence was recently fur-
ther investigated in an animal study using optogenetics, which
showed that activation of the VTA leads to dopamine release in
the NAc (Tsai et al., 2009; for a review, see Lenz and Lobo, 2013).
A total 60% of efferent projections of the VTA are dopaminergic,
although it contains glutamatergic and GABAergic neurons
also (Dobi et al., 2010). The NAc has also mixed dopaminergic
and glutamatergic afferent connections from the VTA and the
thalamus, prefrontal cortex (PFC), hippocampus and amygdala,
and efferent GABAergic projections to the ventral pallidum and
the VTA via its primary outputs, which run through the medi-
odorsal thalamus to the cortex. The complex relationship and
interconnections of the involved regions outline the role of the
NAc as integral hub for corticolimbic circuitry (Heshmati and
Russo, 2015). In addition to this main reward axis, the medial
PFC (mPFC) has been considered as core region of “reward pro-
cessing,” which, together with the VTA and the NAc, forms the
classical “mesocorticolimbic reward circuit”. Ferenczi et al. com-
prehensively investigated the modulatory relationship between
the striatum and the PFC and the neurobiological correlates of
reward-seeking behavior in rats using a multimodal approach
including functional magnetic resonance imaging (fMRI) and
optogenetics (Ferenczi et al., 2016). This study led to a number
of relevant results. The optogenetic stimulation of dopaminergic
neurons in the midbrain led to ipsilateral increases of the blood
oxygenation level dependent (BOLD) signal in the dorsal and VS.
On a behavioral level, blue light, inducing dopaminergic stimu-
lation, was self-administered by the rodents as an expression of
its rewarding effect. Furthermore, increased excitability of the
mPFC, as shown in depression, led to reductions of BOLD signal
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in response to stimulation of midbrain dopaminergic neurons in
the striatum and of reward-seeking behavior as measured with
the sucrose preference test and social interaction test (Ferenczi
et al., 2016). Thus, the results of this study implicate that the
undisturbed interaction between the striatum and mPFC via the
dopaminergic transmitter system is essential for the function-
ing of reward-related behavior. Disruption of this circuit as dem-
onstrated by increased mPFC excitability might be a correlate
for dysfunctional reward processing and anhedonia. Besides the
mPFC, the orbitofrontal cortex (OFC) was shown to be implicated
in reward processing. In a review by Berridge et al., it was stated
that the OFC is “best thought as an important nexus for sen-
sory integration, emotion processing and hedonic experience”
(Berridge and Kringelbach, 2008). However, the importance of
the OFC has been challenged in this and other work (Berridge
and Kringelbach, 2008; Stalnaker et al., 2015). Importantly, it has
to be highlighted that the ventromedial PFC (vmPFC) and the
OFC, although they differ in terms of function, are two highly
interconnected, overlapping regions with limited possibilities to
clearly distinguish these two areas in lesioning and other stud-
ies depending on the methodology (Pujara and Koenigs, 2014).

More recently, it was shown that additional regions are
involved in reward-related processes in a differentiated man-
ner; thus, the hypothalamus, lateral habenula (LHb), and dorsal
striatum have been detected as major players in this regard.

The LHb has dopaminergic projections to the substantia
nigra pars compacta and the VTA as well as serotonergic pro-
jections to the median and dorsal raphe nuclei (Herkenham
and Nauta, 1979). It was shown that the LHb has an inhibitory
influence on dopaminergic neurons (Matsumoto and Hikosaka,
2007) via GABAergic interneurons in the rostromedial tegmental
nucleus (Ji and Shepard, 2007; Jhou et al., 2009), which is reflected
by the fact that lesioning of the habenula leads to an increase of
cortical and striatal dopamine levels (Nishikawa et al., 1986). On
a behavioral level, it was shown that the habenula has a inhibi-
tory effect on dopaminergic neurons in reinforcement learning.
Thus, using a reward prediction error paradigm in monkeys with
a smaller than expected reward led to activation of LHb neurons,
whereas a larger than expected reward led to their inhibition
(Matsumoto and Hikosaka, 2007). For a review on habenula func-
tion, see (Hikosaka, 2010).

In terms of fibers that mediate reward, the medial forebrain
bundle (MFB) has gained increased attention, as it has become
a potential target for DBS treatment (see below). This structure
connects the VTA with the NAc via the mesolimbic dopamin-
ergic connection and the VTA with the PFC via the mesocortical
dopaminergic connection (Dobrossy et al., 2015).

Which reward networks are disturbed in
major depression?

In 2006 a review by Nestler and Carlezon focusing on the mes-
olimbic reward circuit in depression was published. In this art-
icle, the authors stressed the need to “better define the detailed
circuitry of the numerous and diverse molecular pathways” of
the VTA-NAc pathways partly “because the depression field has
focused largely on serotonergic and noradrenergic mechanisms
in other brain circuits (e.g., hippocampus and cortex)” (Nestler
and Carlezon, 2006). Since then, a number of studies have been
published linking the dopaminergic reward circuit and depres-
sion (Table 1).

On a neural activation level, studies have evaluated reward
processing often using fMRI with regions-of-interest (ROIs) in
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the “classical” dopaminergic reward-associated regions such
as the VS. As hypothesized, these studies revealed significantly
altered activation of reward-related regions such as the VS, thal-
amus, insula, and prefrontal regions during reward anticipation
and consummatory reward phase. A meta-analysis of 22 fMRI
studies including a total of 341 patients and 367 controls found
decreased activation mainly in subcortical and limbic areas
(caudate, thalamus and anterior cingulate cortex [ACC], puta-
men and insula) during reward processing in patients with MDD.
An increased neural activation was found in cortical regions
(cuneus, middle, and superior frontal gyrus, fusiform gyrus, and
lingual gyrus). When distinguishing between different aspects
of reward processing, namely reward anticipation and consum-
matory pleasure, reduction of caudate response was reported
for both conditions along with an increased activation in the
middle frontal gyrus and dorsal ACC during reward anticipation
in patients vs healthy controls (HCs) (Zhang et al., 2013).

Several studies showed a disruption of striatal activity dur-
ing reward learning, prediction-error encoding, and reward-
ing outcomes (Table 1) (Kumar et al., 2008; Gradin et al., 2011,
Robinson et al.,, 2012). In line with these results, an fMRI study
in a large sample of unmedicated MDD patients showed that
depressed patients show a disruption of the inverse correl-
ation between reward expectancy and prediction error-associ-
ated reactivity in the VS, which is found in healthy volunteers
(Greenberg et al., 2015). This disruption was associated with
anhedonia severity both in HCs and MDD patients. The associ-
ation between decreased activation of the striatum during pre-
diction-error processing and anhedonia severity was also found
in other studies in MDD patients (Gradin et al., 2011). It was
also proposed that the capacity to modulate the striatal activ-
ity and neural activation of the putamen in response to differ-
ent sizes of reward is disrupted in MDD patients compared with
HCs. Importantly, this difference in the VS was reduced by SSRI
treatment and correlated with the extent of symptom reduction
(Takamura et al., 2017). Furthermore, reduced activation during
the consummatory phase of reward was shown for the NAc and
caudate in MDD patients compared with HCs (Pizzagalli et al.,
2009; Redlich et al., 2015).

It was suggested that depression is associated with deficits
in reward motivation to a greater extent than consummatory
aspects of reward (Chentsova-Dutton and Hanley, 2010; Lally
et al., 2014). However, this fact is not supported by other studies
that showed significantly reduced response to rewarding monet-
ary outcomes in the NAc and the caudate (Pizzagalli et al., 2009)
and equally disrupted anticipatory and consummatory pleasure
in daily activities in depressed patients (Wu et al., 2017).

Compared with fMRI studies investigating neural activation,
less data are available on the disruption of reward process-
ing in MDD on a network level (Kraus et al., 2017b; Spies et al.,
2017; Kraus et al., 2018). These studies paint the picture of sig-
nificantly disturbed interaction between cortical and subcor-
tical brain regions in depression as a correlate of dysfunctional
reward processing. In a resting-state fMRI study in 75 unmedi-
cated MDD patients and 42 HCs, disrupted functional connect-
ivity was reported for the NAc with the caudate, medial OFC,
rostral ACC, superior temporal gyrus (left), insular lobe, dorso-
medial PFC (dmPFC), and dorsal ACC (Gong et al., 2017). A recent
investigation in a large cohort of 421 MDD patients and 488 con-
trols using a “brain-wide” voxel level analysis found a significant
reduction in functional connectivity of the medial OFC, BA 13,
which is known to be linked to reward processing (Cheng et al.,
2016). Overall, studies report a significant reduction in neural
activation in the caudate, NAc, OFC, and ACC. From a network
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perspective, the NAc has been described as a central hub, with
reduced functional connections to cortical regions such as the
OFC and ACC as well as reduced connectivity between cortical
regions such as the insula, ACC, and OFC (Figure 1). However,
results are too heterogenous to make a definite statement about
a pattern of MDD-associated alterations of reward processing on
both a neural activation and a network level.

During reward processing, more specifically loss vs reward
conditions, higher coupling between the VS and prefrontal areas,
including the ACC, as well as connectivity of the VS and the
left caudate and mid-cingulate was shown, which was mainly
driven by higher connectivity during loss/disappointment vs
relief/win (Quevedo et al., 2017). Furthermore, increased con-
nectivity between the NAc and the VTA in MDD patients vs HCs
was described during reward processing in an fMRI task focus-
ing on reward feedback (Redlich et al., 2015). In late-life depres-
sion, MDD patients showed significantly reduced increase of
functional connectivity between the striatum and operculoin-
sular cortex (left), the ventrolateral PFC (right), temporal gyrus,
thalamus, and posterior cingulate cortex (PCC) in response to
unpredicted reward vs unpredicted punishment compared
with age-matched nondepressed controls (Dombrovski et al.,,
2015). A study using music listening vs scrambled stimuli as
reward paradigm found a negative correlation between anhe-
donia and functional connectivity of the posterior vimPFC (seed
region) and the NAc, VTA/substantia nigra, OFC (left), and insula
(right) (Young et al., 2016). Thus, results point toward baseline
disruption of subcortical connectivity and functional coupling
between striatal and frontocortical regions. However, the direc-
tion of these changes are not consistent, which might be related
to differences in used stimuli and investigated reward subdo-
mains (Table 1).

Some studies have evaluated differences in functional
connectivity between treatment responders and nonre-
sponders with regard to reward networks. Applying resting-
state fMRI and network-based statistics, it was proposed that
treatment-resistant depression (TRD) patients and treat-
ment-sensitive depression (TSD) patients differ in terms of
disrupted subnetworks. In a study by He et al.,, TRD vs TSD
patients showed more extensive hypoconnectivity of OFC,
limbic regions, lateral parietal cortex, lateral temporal cor-
tex, and medial/inferior occipital cortex (He et al., 2016). In
another study, TRD patients showed disruption of functional
connectivity of the OFC and reduced volume of the caudate
compared with TSD patients. When using the caudate as
seed region, significantly decreased connectivity to fron-
tal regions, more precisely the middle and inferior frontal
gyrus, were found (Ma et al., 2012). Disturbed function of the
caudate in TRD patients was also found in a single-photon
emission computed tomography study comparing cerebral
perfusion between TRD patients and healthy individuals
along with fronto-temporal hypoperfusion, including the
ACC and the insula (Richieri et al., 2015). With relevance to
reward processing, a translational study in an animal model
of TRD (congenital learned helplessness [cLH]) showed sig-
nificant differences in relative cerebral blood flow within the
LHD in rats suffering from cLH compared with non-cLH rats.
In the same study, significant differences in functional con-
nectivity were found within regions with major relevance to
serotonergic transmission such as between the dorsal raphe
nucleus (DRN) and the OFC (Gass et al., 2014). Overall, stud-
ies propose that TRD is associated with more pronounced
hypoconnectivity between cortical regions, mainly in frontal
areas and subcortical areas such as the striatum, compared
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Figure 1. Schematic depiction of altered functional connectivity and neural activation during reward processing in patients with major depressive disorder (MDD) at
baseline. Blue borders of rectangles indicate brain regions with significantly reduced activation during reward processing in depressed patients vs healthy controls
(HCs; line thickness indicates the number of replications, as reported by Kumar et al. 2008; Pizzagalli et al. 2009; Redlich et al. 2015; Robinson et al. 2012). Blue-colored
connections indicate decreased functional connectivity and red-colored connections indicate increased functional connectivity between areas as measured by func-
tional magnetic resonance imaging (fMRI). Different connectivity studies are distinguishable by different colors. L and R serve to indicate hemispheric differences:
changes represented by lines connecting laterally in the cartoon were reported only for the represented side (Cheng et al. 2016: blue and burgundy; Gong 2017: dark

red; Young 2016: light blue and vermilion).

with TSD. However, differences in reward tasks used, analysis
approaches, and presentation in published material hamper
the comparability of results and their summarized presen-
tation (Figure 1). Furthermore, the analysis of functional
connectivity allows for only the indirect measurements of

connections between areas because it represents the statis-
tical analysis of synchronous fluctuations in neural activity
of two brain regions, without statement about anatomical
tracts and fibers as well as uncertainty if this connectivity
might be based on the shared modulation by a third region



or if other regions are interposed in this connection, for
example.

Only recently have efforts been made to allocate neurobio-
logical changes to distinct clinical phenotypes. Using a machine-
learning approach, different “biotypes” have been defined based
on fMRI resting-state connectivity patterns and clinical data
(Drysdale et al., 2017). This method led to a number of relevant
results in the context of this review. First, a “neuroanatomical
core pathology” was proposed including reward-related areas
such as the insula, OFC, vmPFC, and VS among other subcortical
areas. It was further described that 3 “core” symptoms were pre-
sent in >90% of included patients, one of which was anhedonia
(96.7%). In addition to this shared pattern of dysfunctional con-
nectivity, 4 distinct biotypes were found, each associated with a
specific symptom profile. Particularly, 2 biotypes should be high-
lighted that showed hyperconnectivity in thalamic and fron-
tostriatal networks and were related to increased anhedonia
and psychomotor retardation. These biotypes showed different
response rates for repeated transcranial magnetic stimulation
(rTMS) treatment of the dmPFC and the combination of biotype
classification and connectivity features had a high predictive
accuracy of 89.6% (Drysdale et al., 2017).

Which neurotransmitters are involved?

The dopaminergic system is traditionally associated with
reward processing, which has been confirmed in a number of
preclinical and clinical studies. More recently, interactions with
other transmitter systems such as the serotonergic, opioid, and
glutamatergic systems have broadened the picture of medi-
ation of reward on a transmitter level. It has been described that
a number of brain regions, such as the frontal cortex and the
hippocampus, provide glutamatergic input to the VTA and NAc
(Nestler, 2015). In fact, the VTA contains not only dopaminergic
neurons, which constitute about 60% of all VTA neurons, but
also GABAergic (25%) and glutamatergic (15%) neurons (Volman
et al,, 2013). It has been suggested that different transmitter
systems might mediate different domains of reward, with con-
summatory pleasure being linked to the opioid and serotoner-
gic system and anticipatory pleasure mainly to dopaminergic
mechanisms (Barbano and Cador, 2007; Der-Avakian et al., 2016).
In the following section, results regarding the implicated trans-
mitter systems will be summarized.

Dopaminergic System

It is largely known that the dopaminergic transmitter system
is strongly linked to reward processes. It was shown in posi-
tron emission tomography (PET) studies that reward leads to
dopamine release in the striatum and more specifically in the
NAc as indicated by reduction of the binding potential of the
dopamine receptor subtype 2 using the radioligand [*!C] raclo-
pride (Koepp et al., 1998; Zald et al., 2004; Jonasson et al., 2014).
A multimodal study using the same radioligand and fMRI dur-
ing a monetary incentive delay (MID) task could show a correl-
ation between dopamine release, again measured using [*C]
raclopride, and hemodynamic response in the substantia nigra/
VTA and the VS during reward anticipation in fMRI (Schott et al.,
2008). Importantly, the concept of reward prediction-error has
provided an elegant first explanation on how dopamine may
drive reward learning and reward choice. It was thus shown that
dopaminergic neurons increase the firing rate for unpredicted
reward outcomes only, whereas expected rewards provoke no
change in dopamine firing rate. The increase of firing rate is
affected in a size-dependent manner (Schultz, 2016). This is also
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true for aversive stimuli, with decreased firing rates of dopamin-
ergic neurons below baseline.

Serotonergic and Glutamatergic System

It was shown that reward-related areas, both cortical and subcor-
tical, show extensive innervation by serotonergic neurons, which
originate in the raphe nuclei. It was further reported that the
serotonergic transmitter system has a modulatory impact on the
reward network via different receptors such as the 5-HT,,, 5-HT,,
receptors, and the serotonin transporter (5-HTT) (Lanzenberger
et al,, 2012; Hahn et al,, 2014; Kraus et al., 2014; Spies et al., 2015).
A recent meta-analysis reported that MDD is associated with a
significant reduction of the 5-HTT in the midbrain and striatum
(Gryglewski et al., 2014). Although the serotonergic system has
been mainly associated with consummatory pleasure, some evi-
dence suggests an involvement of serotonin in reward anticipation
(Marutani et al., 2011). Thus, animal data show tonically increased
firing of serotonergic neurons in the DRN during reward anticipa-
tion (Li et al., 2016). For a review of the role of the serotonergic sys-
tem in reward processing, see also Kranz et al. (Kranz et al., 2010).
Importantly, an animal study showed that the DRN increases firing
rates during reward-associated tasks and that effects are mediated
via the serotonergic and glutamatergic system on a postsynaptic
level. Optogenetic stimulation of DRN neurons led to exploration
of stimulation-coupled spatial regions, shift in sucrose preference,
optical self-stimulation, and guidance of sensory discrimination
learning on a behavioral level. Blockage of either serotonin synthe-
sis or glutamate release resulted in partial impairments in reward
experiments (Liu et al., 2014). It is believed that the interaction
between glutamate and striatal activity serves as an important
modulator of synaptic plasticity and neural excitability (Surmeier
et al., 2007; Kreitzer et al., 2009; Lovinger et al., 2010; Gleich et al.,
2015). Especially glutamatergic innervation originating in the fron-
tal cortex has been highlighted in this regard, with studies report-
ing an influence of glutamatergic frontal neurons on dopaminergic
neurotransmission in the VS via GABAergic neurons (Carlsson
et al. 1999) and associations between glutamate concentration and
fronto-limbic functional connectivity (Duncan et al. 2013).

Opioid System

The opioid system in the NAc shell and the ventral pallidum
has been shown to mediate consummatory pleasure, with 2
to 3 times increases of hedonic experience to sucrose taste
when a microinjection of neuronal opioid was performed in
these areas (Berridge and Kringelbach, 2008). However, in the
recent years, a more complex role of the opioid system has
been proposed, including its involvement in the mediation
of incentive motivation and learning via p- and 8- opioid
receptors in the NAc; for a detailed review, see also Laurent
et al. 2015.

Treatment studies: effects on
a network level?

Based on the described baseline differences between MDD
patients and HCs, some studies have investigated how different
treatment approaches affect reward processing (Table 2). These
studies involved classical antidepressant drugs such as SSRIs
but also “newer” antidepressant drugs such as ketamine (Kraus
et al., 20173, 2017c) and agomelatine (Kasper and Hamon, 2009;
Di Giannantonio et al., 2011; Martinotti et al., 2012; Gargoloff
et al,, 2016) as well as nonpharmacological neuromodulatory
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approaches (TMS, DBS, ECT) (Lanzenberger et al., 2013) and psy-
chotherapy (Dichter et al., 2009; Walsh et al., 2017).

Serotonergic Drugs

Studies examining the effect of serotonergic drugs on reward
processing used fMRI and different reward-related tasks, includ-
ing financial, sensory, and erotic stimuli in HCs. These studies
revealed significant effects both of acute and prolonged treat-
ment with drugs enhancing serotonergic transmission such
as SSRIs and SNRIs and suppression of serotonergic transmis-
sion using acute tryptophan depletion in HCs (for a review, see
(Macoveanu, 2014). Only limited data are available for patients
suffering from major depression. Stoy et al. showed that MDD
patients exhibit reduced activation of the VS during reward
anticipation compared with HCs in an MID task. After 6-week
treatment with escitalopram, this difference was no longer
measurable (Stoy et al., 2012). However, another study using cit-
alopram found a reduction of the activation within the VS as
well as the vmPFC/OFC to positive stimuli and of the OFC in
response to aversive stimuli (McCabe et al., 2010). These results
could reflect the fact that anhedonia has a rather low response
to SSRI treatment compared with other symptoms (Opbroek
et al,, 2002; Price et al., 2009). It was, for example, shown that
approximately 40% of the patients achieving remission after 8
weeks of fluoxetine treatment still exhibited residual dimin-
ished pleasure or interest (Nierenberg and Wright, 1999). With
relevance to reward processing, it was shown that SSRI treat-
ment leads to changes in interregional relation of 5-HTT avail-
ability, for example, the ACC, insula, and putamen, as measured
with the radioligand [*'C]DASB and PET (James et al., 2017).

Dopaminergic Drugs

Drugs with assumed modulatory impact on the dopaminer-
gic system, such as bupropion, either did not have reliable
effect on the dopaminergic neurotransmitter system in thera-
peutic dosages or failed to have enough efficacy on overall
depressive symptoms. PET and single-photon emission com-
puted tomography (SPECT) studies using different tracers
in individuals treated with bupropion revealed rather low
occupancy rates of 14% to 26% (Meyer et al., 2002; Learned-
Coughlin et al., 2003; Argyelan et al., 2005). However, a study
about residual symptoms in depressed patients treated with
a variety of different antidepressants (SSRIs, SNRIs, tricyclic
antidepressants, NaSSa, bupropion) reported a lower rate of
anhedonia in patients treated with bupropion (33%) com-
pared with an overall rate of 46% (Goodwin et al., 2017). Using
nonantidepressant drugs with a mainly dopaminergic mech-
anism of action, Admon et al. investigated if amisulpride,
which is thought to provoke a dose-dependent increase of
dopaminergic neurotransmission via autoreceptor blockage,
might lead to changes of reward processing on a behavioral
and neurobiological levels as measured with fMRI and an
MID task (Admon et al., 2017). Results of this study showed
that patients receiving amisulpride showed increased neu-
ral activation in the striatum in response to reward cues and
increased functional connectivity between the NAc and the
midcingulate cortex in response to reward outcomes com-
pared with patients receiving placebo. This effect was not
mirrored by significant normalization of reward processing
on a behavioral level; the authors therefore concluded that
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longer term treatment might be necessary for behavioral
effects (Admon et al., 2017).

Glutamatergic Drugs

Lally et al. proposed a favorable effect of ketamine on anhe-
donia in bipolar patients currently experiencing a depressive
episode (Lally et al., 2014). Their study investigated whether a
single infusion of ketamine might lead to a significant reduction
of anhedonia as measured with the Snaith-Hamilton Pleasure
Scale questionnaire. Results showed that ketamine had signifi-
cant effects on anhedonia, which lasted for up to 2 weeks and
were accompanied by a significant increase of metabolism in
the VS (Lally et al., 2014). The functional circuit between the hip-
pocampus and the mPFC was shown to be of particular impor-
tance for the antidepressant response of ketamine in rats; thus,
recent investigations aimed to specifically target the hippocam-
pus to extract ketamine-like antidepressant effects without side
effects (Carreno et al., 2016).

Psychotherapy

With regard to psychotherapy (more specifically, behavioral acti-
vation therapy for depression [BATD]), it was proposed that MDD
patients show a lack of capacity of sustained activation during
reward outcomes in the NAc compared with HCs at baseline.
BATD, which uses a reward-oriented approach, led to functional
changes in prefrontal regions during reward selection and the
dorsal striatum during reward anticipation using a wheel-of-
fortune task (Dichter et al., 2009). Anhedonia was again a pre-
dictive marker for response, possibly because of the specificity
of this treatment approach for symptoms of anhedonia (Walsh
etal., 2017).

With regard to TMS, nonresponders showed significant
reduction of functional connectivity of the vimPFC to the caudate
and VTA. Importantly, at baseline, nonresponders scored signifi-
cantly higher in reward-related items of the Becks Depression
Inventory and Quick Inventory of Depressive Symptomatology
compared with responders to rTMS (Downar et al., 2014).
Furthermore, different aspects of reward (consummatory, appe-
titive), which were assessed clinically, were found significantly
predictive of nonresponse in this study. However, the predic-
tive effect was not replicated in another study using theta burst
stimulation (TBS) in depressive patients. In this study, effects
of stimulation in low- vs high-anhedonia MDD patients on stri-
atal activity were described using a probabilistic learning task in
fMRI after completed treatment. In patients with high anhedo-
nia load, neural activity increased in the caudate and putamen
after TBS, whereas patients with lower anhedonia displayed
decreased activity in the right striatum after treatment (Duprat
etal, 2017).

Deep Brain Stimulation

Deep brain stimulation offers the opportunity to investigate the
influence of direct modulation of neural circuits on neurobiologi-
cal and clinical parameters (Hoflich et al., 2013). Recently, several
studies have been published, which include DBS treatment for
TRD in areas with relevance for reward processing, such as the
NAc, VTA, and MFB. Schlaepfer et al. could show that stimula-
tion of the NAc as a core region of reward processing leads to
a significant increase of metabolism in the NAc, amygdala, and
the dorsolateral PFC and dmPFC and decreased metabolism in
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the ventral and ventrolateral PFC 1 week after starting DBS as
measured by FDG-PET (Schlaepfer et al., 2008). In a following
study in 10 patients with a longer observation period, FDG-PET
scans 1 year after implantations partly confirmed these results
with significant decreases of metabolism within prefrontal sub-
regions, including the OFC and subgenual ACC, thalamus, cau-
date, and PCC and an increase of metabolism in the precentral
gyrus (Bewernick et al., 2010). In animal studies, NAc stimulation
specifically led to a reversal of decreased sucrose preference as
an indicator of normalization of hedonic capacity (Gersner et al.,
2010). However, not all studies could show significant effects of
DBS on the dopaminergic system in the NAc with animal stud-
ies failing to show effects of DBS in the NAc core on dopamine
release and metabolites (Sesia et al., 2010; van Dijk et al., 2011).
VTA stimulation in animals was shown to significantly alter
BOLD signal in several subcortical and cortical areas, with BOLD
increases in the dorsolateral PFC, ACC, and PCC, insula, premo-
tor cortex, primary somatosensory cortex, and striatum and
decreases of the BOLD signal in the parahippocampal cortex,
anterior PFC, insula, inferior temporal gyrus, and primary soma-
tosensory cortex. Furthermore, VTA stimulation led to dopamine
release in the NAc as measured with fast-scan cyclic voltamme-
try in this study (Settell et al., 2017). Overall, these data could
reflect a restoration of the balance between subcortical and cor-
tical areas via the dopaminergic system. As described above, the
disturbance of functional interaction between subcortical and
cortical regions has been proposed as one of the neurobiological
correlates of MDD on a network level.

With regard to the MFB, studies showed that DBS in this area
leads to dopamine release in the striatum (Schlaepfer et al,,
2008) and to increase of dopamine receptor subtype 2 recep-
tor and dopamine transporter expression within the PFC and
hippocampus (Dandekar et al.,, 2017). Furthermore, bilateral
stimulation within the MFB in rats led to increases of intracra-
nial selfstimulation paradigm as an indicator of an effect on the
reward system (Edemann-Callesen et al., 2015). Another target,
which has been proposed for DBS in TRD patients, is the LHb,
with a case report showing significant efficacy. However, no
specific effect on reward processing has been reported in this
patient (Sartorius et al., 2010).

Conclusion

In conclusion, current studies paint the picture of a complex
interaction of different functional networks and transmitter
systems to permit hedonic capacity. The failure of one link of
this complex functional circuitry leads to deficits of reward
domains as seen in psychiatric disorders such as depression.
As current efforts in medical science aim for the precision of
treatment approaches and new strategies for the development
of more adequate biopsychological subdomains, the consid-
eration of anhedonia as a relevant phenotype is important.
Current studies emphasize the consideration of subdomains
of reward processing involved in anhedonia in future studies,
both in animals and humans. This is important because it has
been shown that both disorder and treatment do not always
affect all reward processes to the same extent. First, direct
application of the results gained on dysfunctional networks
was performed in neuromodulatory treatment approaches
such as DBS and TMS. Furthermore, refined analysis of symp-
tom-specific effects of different drugs and treatment options
is an important starting point for the establishment of preci-
sion treatment approaches in anhedonia.
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