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Review

Introduction

The brain’s “reward circuit”—the putative network of 
regions encoding various aspects of pleasure, motivation, 
value, and decision making—is a major focus of research 
on the pathophysiology of mental illness. Clinical neuro-
imaging studies have consistently identified abnormali-
ties in reward circuit function across a range of psychiatric 
disorders, including substance use disorder, depression, 
schizophrenia, obsessive–compulsive disorder, autism, 
and attention deficit hyperactive disorder. The involve-
ment of the reward circuit in these various disorders sug-
gests that this circuit underlies some crucial domain (or 
domains) of function that cuts across traditional diagnos-
tic categories. For psychiatric medicine to advance 
toward a more neuropathophysiologically based system 
of diagnosis and treatment, it will be necessary to more 
fully elucidate how particular elements of social, cogni-
tive, and affective dysfunction relate to disordered activ-
ity in key brain networks, such as the reward circuit. 
Although neuroscientific studies have made considerable 
progress in identifying functional characteristics of indi-
vidual nodes of the reward circuit, there remain critical 
unanswered questions about how these brain areas inter-
act, and how disordered interactions in this circuit may 
give rise to particular symptoms of psychiatric illness. In 
this article, we focus on what is currently known about 
the interactions between two central nodes of the reward 
circuit—the ventral striatum (VS) and the ventromedial 

prefrontal/orbital frontal cortex (vmPFC/OFC). We will 
review findings from preclinical animal models as well as 
humans and describe how dysfunction in the communica-
tion between these regions may contribute to psychopa-
thology, with particular attention to major depressive 
disorder (MDD) and substance use disorder (SUD).

The Reward Circuit

Identification of the brain’s reward circuit can be traced 
back to the pioneering work of Olds and Milner (1954), 
who demonstrated that the placement of electrodes at par-
ticular areas of the brain in rats could elicit repetitive 
behavioral responses to trigger electrical stimulation. 
This seminal finding, which first mapped positive rein-
forcement to specific brain sites, initiated decades of 
research aimed at teasing apart the neural underpinnings 
of how a pleasurable outcome (“reward”) can shape an 
organism’s behaviors or decisions. Today, various brain 
regions, including the prefrontal cortex, striatum, ventral 
tegmental area (VTA), ventral pallidum, thalamus, hypo-
thalamus, hippocampus, amygdala, and habenula (Haber 
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and Knutson 2010) (Fig. 1) interconnected by transmitter 
systems involving dopamine, serotonin, glutamate, 
GABA, and opioids (Koob and others 1994) have been 
incorporated into a conceptual “reward circuit,” which 
mediates aspects of value representation and behavioral 
reinforcement.

This review will focus specifically on two key nodes 
of the reward circuit that are thought to play critical roles 
in human social affective function, and, by extension, 
psychiatric illness: the ventral striatum (VS) and the 
vmPFC)/OFC (Fig. 2). In the following two sections, we 
summarize findings from animal and human research that 
demonstrate the importance of each of these areas for 
various aspects of reward processing. In the subsequent 
section, we highlight research that has begun to illumi-
nate the functional interactions between these regions. 
We continue with a section describing how disrupted 
interactions between VS and vmPFC/OFC could contrib-
ute to particular dimensions of dysfunction across a vari-
ety of mental illnesses. We conclude with a section 

outlining future research directions that could help trans-
late the neurobiological findings into clinical benefit.

Ventral Striatum

The VS (Fig. 1A) is known as the “limbic–motor” inter-
face of the brain because of its connections to limbic 
and cortical brain regions to serve as an integrator for 
affective and cognitive processes influencing motor out-
put (Mogenson and others 1980). A major source of 
input to the VS comes from ascending dopaminergic 
pathways originating in the VTA of the midbrain. These 
pathways play a crucial role in signaling information 
about rewards to the VS (Schultz 1998). Dopamine neu-
rons in the midbrain are characterized by phasic, short-
latency spiking activity that corresponds to the temporal 
presentation of a reward, such as a drop of juice. If a 
stimulus is repeatedly paired with a rewarding outcome, 
a learned association occurs between the stimulus and 
the reward that it predicts. VTA neurons reflect this 
learned association by eventually firing more in response 
to the reward-predicting stimulus rather than the reward 
itself (Fig. 3A-C). Moreover, when an expected reward 
or reward-predicting stimulus is omitted or temporally 
delayed, there is a depression in dopaminergic cell fir-
ing (Fig. 3D). These signals about the presence and 
absence of reward have been termed “prediction error” 
signals and seem to be guiding reward-based learning 
(Schultz 1998). Because of this neuronal input from 
VTA, dopamine seems to be a potent modulator of 
reward-related activity in VS.

Figure 1. A diagram showing the connectivity among 
brain regions implicated in a putative “reward circuit,” with 
emphasis on striatum and prefrontal cortex. Blue arrows 
indicate inputs and gray arrows indicate outputs to and from 
the striatum. Amy = amygdala; BNST = bed nucleus of the 
stria terminalis; dACC = dorsal anterior cingulate cortex; Hipp 
= hippocampus; Hypo = hypothalamus; MD = mediodorsal 
nucleus of the thalamus; OFC = orbitofrontal cortex; PPT = 
pedunculopontine nucleus; S = shell; SNc = substantia nigra, 
pars compacta; STN = subthalamic nucleus; Thal = thalamus; 
VP = ventral pallidum; VS = ventral striatum; VTA = ventral 
tegmental area; vmPFC = ventromedial prefrontal cortex. 
Figure adapted from Haber and Knutson (2010).

Figure 2. (A) Coronal view depicting the ventral striatum (in 
blue). (B) Sagittal (top panel) and axial (bottom panel) views 
depicting the ventromedial prefrontal cortex (vmPFC; in red) 
and orbitofrontal cortex (OFC; in orange).
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In a complementary line of work done in rodents, the 
VS has been shown to be essential for mediating responses 
to rewards. Functional mapping studies have linked 
behavioral reward responses to a smaller subregion 
within the VS known as the nucleus accumbens (NAc) 
(Robbins and Everitt 1996; Voorn and others 2004). 
Influential work by Kent Berridge in rodent models has 
served to distinguish between hedonic or “liking” pro-
cesses associated with unconditioned responses on 
reward consumption and motivational or “wanting” pro-
cesses during the anticipation of reward (Berridge and 
Kringelbach 2008). Hedonic or “liking” responses are 
primarily mediated by opioid transmission within a spe-
cialized subregion of the NAc called the NAc “shell” 
(NAcS), which is distinguished from another NAc sub-
region called the “core” (NAcC) on the basis of func-
tion. Many so-called “hedonic hotspots” have been 
found in the NAcS because of increased behavioral “lik-
ing” responses to sucrose when stimulated (Berridge 
and Kringelbach 2013). Meanwhile, motivational or 

“wanting” behaviors are mediated by opioids and dopa-
mine in both the NAcS and NAcC. The link between neu-
romodulatory effects of dopamine on the NAc in relation 
to the animal’s behavior was not established until seminal 
work by Salamone (1994), which shows that dopamine 
depletion from the NAc drives an animal away from a 
state of motivation for reward seeking without affecting 
the consumption of freely available but less appetitive 
food. Extracellular NAc dopamine levels are also 
enhanced during anticipatory or “wanting” phases of 
reward learning (Robbins and Everitt 1996).

Studies involving loss of function following NAc 
lesions have established crucial roles for NAc (and its 
subregions) in performances on value-based tasks. In a 
discrimination learning task, control rats are able to with-
hold responses to odor cues that predict negative out-
comes while increasing responses to odor cues predicting 
positive outcomes, as indicated by increased difference in 
response latency to negative versus positive odor cues 
(Schoenbaum and Setlow 2003). Rats with NAc lesions 

Figure 3. (A) Phasic firing of neurons occurs in response to a reward (represented as a drop of juice in purple). (B) Initial 
pairing of conditioned stimulus (represented as a star cue) with reward yields phasic firing of dopaminergic neurons to the 
reward. (C) Neurons eventually fire in response to the cue predicting the reward but not to the reward itself. (D) When an 
expected reward is omitted, there is a depression in dopaminergic cell firing. Adapted from Schultz (1998) to demonstrate 
“Prediction Error” signaling in dopaminergic ventral tegmental area (VTA) neurons.
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failed to discriminate responses based on cue-outcome 
value information, since these animals did not show a 
decrease in the latency of responses to negative cues. 
Thus, the NAc must be intact for discrimination learning, 
especially about negative outcomes. Rats with NAcC 
lesions also tend to favor smaller, immediate rewards 
over larger, delayed rewards (Cardinal and Howes 2005; 
Cardinal and others 2001), ascribing a role for the NAcC 
in withholding impulsive responses. More broadly, the 
NAc (and especially the NAcC) seems to be crucial for 
guiding approach/avoidance behaviors based on salient 
features of a reward (such as probability and valence), 
which is information conveyed to VS by VTA dopami-
nergic neurons.

Most of what is currently known about the role of the 
VS in reward in humans comes from functional neuroim-
aging studies. Because of the limited spatial resolution of 
fMRI, subregional NAc specificity is difficult if not 
impossible to attain. Thus, the VS in the context of fMRI 
is more inclusive of a larger swathe of the basal ganglia, 
including the NAc, the ventral medial caudate, and the 
rostroventral putamen (Haber and Knutson 2010). The 
VS in fMRI studies has been reliably activated by stimuli 
predicting rewards (Knutson and Cooper 2005; Knutson 
and others 2001). The VS has also shown increased 

activation during the consumption of a reward (O’Doherty 
and others 2002; Yacubian and others 2006), especially 
when a reward is unpredicted or of a higher magnitude 
than expected (Berns and others 2001; Yacubian and oth-
ers 2006). In accord with the animal electrophysiology 
results, human neuroimaging studies have shown that 
activity in the VS correlates with prediction errors (Daw 
and others 2011; Hare and others 2008; McClure and oth-
ers 2003; O’Doherty and others 2003; Pessiglione and 
others 2006; Tobler and others 2006) (Fig. 4).

Overall, the human functional imaging data demon-
strating associations between reward-related behaviors 
and VS activity align closely with animal evidence for 
the role of VS in reward. The data from both experimen-
tal approaches converge to indicate that VS is important 
for the hedonic and anticipatory responses to reward—
processes that may be critical for guiding adaptive 
responses to rewards or the stimuli that predict rewards.

Ventromedial Prefrontal Cortex/
Orbitofrontal Cortex

The vmPFC and OFC are two overlapping subregions of 
PFC that together comprise the lower medial wall and 
ventral surface of the frontal lobe, respectively (Fig. 1B). 

Figure 4. Examples from human neuroimaging studies showing that activity in the striatum, typically in ventral striatum (VS), 
correlates with prediction errors. Adapted from (A) Daw and others (2011) (y = 10, right; y = 16, left); (B) McClure and others 
(2003) (y = 4); (C) O’Doherty and others (2003) (y = 6); (D) Tobler and others (2006) (y = 3); (E) Pessiglione and others (2006) 
(y = 12); (F) Hare and others (2008) (y = 21).
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Although there may be important differences in the func-
tions of these PFC subregions (Rudebeck and Murray 
2011), vmPFC and OFC are densely interconnected, sub-
serve related processes and representations, and are func-
tionally and structurally distinct from other regions of the 
PFC (Grabenhorst and Rolls 2011; Ongur and Price 2000; 
Wallis 2012). Moreover, in human research methodolo-
gies, such as neurological lesion studies and fMRI, the 
inherent limitations in spatial resolution often do not per-
mit clear distinctions between the two areas. For the pur-
poses of the present article, we thus refer to this region of 
PFC collectively as vmPFC/OFC.

Whereas electrophysiological recording and stimula-
tion techniques provided the initial insight into the reward 
processing characteristics of VS, studies of focal brain 
lesions offered the first evidence that vmPFC/OFC is 
critical for certain aspects of value-based decision mak-
ing (see Fig. 5 for examples of vmPFC/OFC lesions in 
humans). Dating back to the landmark case of Phineas 
Gage (Harlow 1868), and corroborated by a series of sub-
sequent neurological case reports throughout the twenti-
eth century (Blumer and Benson 1975; Eslinger and 
Damasio 1985), it has become well-established that dam-
age to the vmPFC/OFC precipitates significant impair-
ments in processing risk, uncertainty, reward, and 
punishment. The essence of the real-world decision-mak-
ing deficits observed in vmPFC/OFC lesion patients was 

first captured in the laboratory with the Iowa Gambling 
Task (IGT). In the IGT, subjects play cards from four 
decks that vary with respect to the relative frequency and 
amount of monetary gain or loss. Through trial-and-error, 
subjects must learn to adapt their card choices to enact 
advantageous selections in their subsequent turns. In the 
first-ever demonstration of performance on the IGT fol-
lowing vmPFC/OFC damage, Bechara and others (1994) 
report a so-called “myopia for the future,” wherein lesion 
patients base their choices on risky (and ultimately disad-
vantageous) prospects of large, immediate payouts, as 
opposed to more modest but consistent payouts that are 
advantageous in the long term. Since this initial finding, 
impairments in the IGT and related gambling tasks as a 
function of vmPFC/OFC damage have been replicated in 
rodents (Jentsch and others 2010; Paine and others 2013; 
Rivalan and others 2011; Zeeb and Winstanley 2011) and 
humans (Fellows and Farah 2003; Hsu and others 2005; 
Naccache and others 2005; Waters-Wood and others 
2012). In a related line of work, the vmPFC/OFC has also 
been shown to be crucial in inhibiting prepotent responses 
to immediate, small rewards in favor of delayed, larger 
rewards—a decision-making phenomenon referred to as 
temporal discounting. Although human OFC lesion stud-
ies of temporal discounting have yielded mixed results 
(Fellows and Farah 2005b; Sellitto and others 2010), 
work in rodents (Cardinal and others 2001; Kheramin and 

Figure 5. Lesion overlap map showing four neurological patients with bilateral damage to the ventromedial prefrontal 
cortex/orbitofrontal cortex (vmPFC/OFC). Color indicates the number of overlapping lesions. The top row shows midsagittal 
views (left and right) and an axial view (middle). The coronal slices in the bottom row correspond to the white vertical lines 
on the sagittal views.
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others 2004; Mobini and others 2002) suggests that the 
vmPFC/OFC may be crucial for temporal discounting.

A study by Jones and Mishkin (1972) has provided 
key evidence in nonhuman primates suggesting that 
impairments following damage to the vmPFC/OFC may 
specifically reflect an inability to update new information 
due to changes in contingencies (reversal learning), as 
opposed to an inability to learn from initial action–out-
come contingencies (discrimination learning). This defi-
cit in reversal learning has since been replicated in 
additional vmPFC/OFC lesion studies of primates 
(Chudasama and others 2007; Dias and others 1996; Man 
and others 2009), rodents (Bissonette and others 2008; 
Churchwell and others 2009; Izquierdo and others 2013; 
McAlonan and Brown 2003; Schoenbaum and others 
2003; Stalnaker and others 2007), and humans (Fellows 
& Farah 2003, 2005a; Tsuchida and others 2010). The 
robustness of these effects indicates a role for the vmPFC/
OFC in updating information regarding the value of an 
outcome, with evidence in primates and humans suggest-
ing that vmPFC/OFC may be more critical for perfor-
mance in stimulus-outcome as opposed to action–outcome 
reversal learning tasks (Rudebeck and others 2008).

Yet another way to assess the role of the vmPFC/OFC 
in updating values of outcomes is through learning tasks 
that use extinction trials following posttraining altera-
tions in the value of an outcome. One such task known as 
outcome or reinforcer devaluation involves initial dis-
crimination learning using cues predicting at least two 
separate rewarding stimuli, one of which is subsequently 
devalued through either satiation or induced aversion via 
pairing with a noxious stimulus. This paradigm has 
revealed devaluation impairments following vmPFC/
OFC lesion in rodents (Gallagher and others 1999; 
Pickens and others 2003; West and others 2013) and non-
human primates (Izquierdo and others 2004; Machado 
and Bachevalier 2007; West and others 2011). Although 
we are not aware of any human lesion data on the effect 
of vmPFC/OFC damage on reinforcer devaluation task 
performance, human fMRI studies show that OFC activ-
ity tracks the devaluation of an outcome and the cue pre-
dicting a devalued outcome through satiety (Gottfried 
and others 2003; Valentin and others 2007). Work involv-
ing other tasks requiring updating of stimulus–outcome 
associations provides further evidence for the importance 
of the vmPFC/OFC for this function. Takahashi and oth-
ers (2009) used a Pavlovian overexpectation task in rats 
to show that OFC lesions impair the ability to adjust 
response behaviors based on violations of expected 
reward magnitudes. Similarly, contributions of the OFC 
in related reinforcement tasks such as “blocking” have 
been demonstrated in work with rodents (Burke and oth-
ers 2007) and humans (Tobler and others 2006). (For a 

detailed review of these studies, see Schoenbaum and 
others 2011.)

One important caveat to keep in mind when compar-
ing results across species is that vmPFC/OFC may not be 
directly homologous between rodents and primates 
(Wallis 2012). Regardless, taken together, lesion studies 
in both rodents and primates on reinforcement learning 
and decision making that involve changing contingencies 
and outcomes demonstrate a clear role for the vmPFC/
OFC in integrating information about the magnitude or 
value of a specific outcome to guide future actions. This 
conclusion is further supported by human functional 
imaging work, which has shown that, across a wide vari-
ety of contexts, stimuli, and outcomes, vmPFC/OFC 
activity commonly represents reward value (Diekhof and 
others 2012; Grabenhorst and Rolls 2011; Levy and 
Glimcher 2012; Liu and others 2011).

Interactions between VS and 
vmPFC/OFC

Collectively, the extant data on the functions of vmPFC/
OFC and VS in reward processing provides evidence for 
complementary roles that may be crucial for the control 
and execution of value-based decisions. A critical unre-
solved question, however, is how these two areas interact 
to mediate the observed functions. In this section, we out-
line research findings suggesting that vmPFC/OFC serves 
to modulate VS activity during reward-related behavior.

First, we note that anatomical and functional connec-
tivity data from animals and humans are consistent with 
putative interactions between vmPFC/OFC and VS. 
Rodent studies have demonstrated direct glutamatergic 
projections from vmPFC/OFC to VS (Gabbott and others 
2005; Sesack and others 1989; Voorn and others 2004), 
whereas human fMRI studies indicate highly correlated 
activity between the vmPFC/OFC and VS at rest (Di 
Martino and others 2008) and during tasks involving 
favorable outcomes or rewards (Cauda and others 2011; 
Diekhof and others 2012). Although consistent with 
vmPFC/OFC modulation of VS activity, these circum-
stantial and correlational findings do not provide evi-
dence of causality. Evidence corroborating the exact 
causal functional dynamics between the VS/NAc and 
vmPFC/OFC has only recently begun to emerge as a 
result of novel technological advances, which, at present, 
are only available for nonhuman animal studies.

Using computational modeling, Frank and Claus 
(2006) provided a mechanistic account of frontostriatal 
interactions derived from theories of reward and rein-
forcement learning. In this model, a striatal system 
receives dopaminergic inputs from the midbrain, which 
monitor the frequency of positive and negative decision 
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outcomes via go and no-go (“trial-and-error”) learning to 
refine motor actions. The OFC receives information 
about these positive and negative decision outcomes from 
the VS and constitutively updates information about the 
magnitude of an outcome to facilitate subsequent action 
selection on the basis of these updated value terms. 
Taking the OFC “off-line” in this OFC–striatal neural 
network model results in deficits in decision making, 
reversal learning, and devaluation, much like the effects 
seen in these tasks following lesions to the vmPFC/OFC 
across species. This model thus proposes that the expres-
sion of fast, flexible, and adaptive decision making relies 
on intact interaction between the OFC and striatum. More 
specifically, it indicates a role for the OFC in the top-
down biasing of striatal activity for action selection, 
wherein information about the magnitude or value of an 
outcome becomes integrated with information about sim-
ple frequencies of positive and negative outcomes to 
quickly and efficiently influence differentiation between 
“go” and “no-go” responses. This intriguing computa-
tional model preceded direct, in vivo tests of VS–vmPFC/
OFC interactions by several years, owed to the recent 
emergence of novel applications of multimodal tech-
niques used to test the behavioral consequences of causal 
interactions between these two brain regions.

Novel combinations of techniques have only recently 
been used to relate the causal interactions between 
vmPFC/OFC and VS to animal behavior. Ghazizadeh and 
others (2012) did this for the first time by combining 
electrophysiological recording of neurons in the NAcS 
with concurrent inactivation of the vmPFC in rodents 
during performance on a reward learning task. In the task, 
pressing an “active” lever was required during the pre-
sentation of a tone to procure a sucrose reward and termi-
nate the tone. Rats concurrently learned to inhibit 
responses to an “inactive” lever, which produced no 
reward if pressed during the presentation of a different 
tone. In contrast to control animals that were able to 
respond with greater frequency to the active lever while 
reducing lever pressing during the neutral tone presenta-
tion, animals with inactivated vmPFCs lever-pressed dur-
ing both tone presentations. This disinhibition following 
vmPFC inactivation was temporally specific to the pre-
sentation of the neutral tone, since responding was higher 
during the neutral tone presentation compared to other 
task epochs, such as the time delay between reward con-
sumption and a new trial.

These compelling behavioral data call to question the 
exact influence that vmPFC can have on NAcS activity to 
affect appropriate time-sensitive responding. As expected, 
vmPFC inactivation results in direct modulation of NAcS 
neuronal activity and corresponds with response disinhi-
bition during tone presentations (Ghazizadeh and others 
2012). vmPFC is specifically responsible for both a 

suppression of phasic firing that promotes behavioral cue 
responding and for providing excitatory input to increase 
the basal firing of NAcS neurons that inhibit responses 
generalized to reward seeking (i.e., responses with no 
bearing on actual outcome). Putting this in the context of 
the computational model described above, vmPFC seems 
to control at least two distinct populations of neurons in 
the NAcS to mediate appropriate responding: (1) one 
population that facilitates actions (“go”) and (2) one pop-
ulation that inhibits responses (“no-go”). The dual nature 
of this modulation suggests a process of summation or 
integration of opposing signals for the ultimate expres-
sion of motoric output.

In a parallel effort to characterize the importance of 
the VS–vmPFC/OFC neural pathway on value-based 
decision making, St Onge and others (2012) performed 
concurrent inactivation of both brain regions and assessed 
the effects of this functional disconnection on rodent per-
formance in a probabilistic discounting task. In this task, 
larger, uncertain rewards were pitted against smaller, sure 
rewards. Rats learned that pressing the lever that corre-
sponded to large/risky outcomes was disadvantageous 
over time as the probability of obtaining a reward 
decreased over the course of the task. Although discon-
nection of the vmPFC and NAc did not impair the acqui-
sition of probabilistic reward learning, the animals were 
less accurate and had slower response times and reduced 
locomotor activity. The authors suggest that these find-
ings reflect impaired attention or vigilance.

This interpretation finds support in an earlier study 
showing that mPFC and NAc inactivation or disconnection 
resulted in attentional impairments in a five-choice serial 
reaction time task (Christakou and others 2004). However, 
reevaluating these findings in the context of the previously 
described working model of VS–vmPFC/OFC interactions 
provides an alternative interpretation of the data. If both 
VS and vmPFC/OFC are taken “off-line,” there is no infor-
mation from vmPFC/OFC about value to integrate with 
dopamine signals from the midbrain to influence and effi-
ciently guide discrimination of “go” or “no-go” respond-
ing. In effect, the most efficient (and perhaps most direct) 
pathway involved in guiding value-based decision making 
has been “wiped out,” and it could be the case that other 
brain regions (i.e., amygdala, hippocampus, thalamus, dor-
solateral PFC) are processing these reward–outcome asso-
ciations, but to a much less efficient degree. This would 
explain the paradoxical nature of these findings, wherein 
learning is still intact but occurs at a much slower rate and 
is subject to error (or, in the context of Christakou and oth-
ers, 2004, perseveration).

Despite these promising initial findings, substantially 
more work needs to be done to characterize the interactions 
within the VS–vmPFC/OFC circuit. Virtually no human 
studies have been done to understand the causal nature of 
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these interactions and how these interactions relate to 
behavior. Future directions exploring the causal role of 
vmPFC/OFC activity on VS activity in humans could, like 
the previously described studies, combine multiple tech-
niques. For example, in a recent study by Cohen and others 
(2012), NAc activity was recorded simultaneously with 
surface electroencephalogram on patients with obsessive–
compulsive disorder undergoing deep brain stimulation in 
the NAc during performance on a task of reward anticipa-
tion and motivation. Granger causality analyses showed 
that “top-down” or frontal cortical to NAc synchrony was 
stronger when rewards were being anticipated. As another 
example, a combined fMRI lesion approach has been 
employed with amygdala-damaged patients (n = 2) to 
assess the causal role of the amygdala on vmPFC activity 
during engagement in a reversal learning task (Hampton 
and others 2007). These studies presage future opportuni-
ties to examine the effects of manipulations of vmPFC/
OFC function (e.g., through deep brain stimulation or neu-
rological damage) for detectable differences in VS activity 
(compared with healthy controls) during their engagement 
in a reward processing task.

To this point, we have summarized evidence that adap-
tive value-based learning and decision making depends 
critically on efficient integration of reward-related infor-
mation within the VS–vmPFC/OFC pathway. A corollary 
of this supposition is that variation in the integrity of this 
circuit would be associated with variation in overt levels 
of social and affective functions related to reward pro-
cessing. In the next section, we describe evidence that 
numerous psychiatric illnesses may involve deficiencies 
in VS–vmPFC/OFC circuit function.

Evidence of Abnormal VS and 
vmPFC/OFC Activity and Structure 
in Mental Illness
Dysfunction within the VS–vmPFC/OFC circuitry may be 
a key neuropathophysiological mechanism underlying cer-
tain symptoms of mental illness. Here we provide exam-
ples of clinical research findings that associate dysfunction 
in reward processing with abnormal structural and/or func-
tional characteristics of VS and vmPFC/OFC. In particular, 
we focus on SUD and MDD, which together illustrate how 
disorder in the VS–vmPFC/OFC circuit can be linked to 
distinct symptoms related to reward processing.

We begin with SUD, as abuse and dependence on 
drugs and alcohol is virtually defined by maladaptive 
reward-related decision making. Perhaps not surpris-
ingly, VS activity in response to rewards and reward-pre-
dicting cues has been found to be altered in individuals 
with SUD for a number of substances, including cocaine 
(Hyatt and others 2012; Jia and others 2011; Konova and 
others 2012), nicotine (David and others 2005; Franklin 

and others 2007; Peters and others 2011; Rose and others 
2012), alcohol (Beck and others 2009; Braus and others 
2001; Schacht and others 2011; Volkow and others 2007; 
Wrase and others 2007), and other drugs (Bjork and oth-
ers 2008; Nestor and others 2010). Across disorders, 
there seems to be a general dissociative trend of either 
reduced or no detectable change in VS activity during 
reward anticipation (Beck and others 2009; Bjork and 
others 2008; Jia and others 2011; Peters and others 2011; 
Rose and others 2012; Wrase and others 2007) and 
increased VS activity during reward receipt/“consumption” 
(Bjork and others 2008; Braus and others 2001; David 
and others 2005; Franklin and others 2007; Jia and others 
2011; Konova and others 2012; Wrase and others 2007) 
(Fig. 6). The remarkable similarities in VS activation pat-
terns during different stages of reward processing speak 
to a possible common underlying dysfunction for users of 
different substances. However, inconsistencies in experi-
mental paradigms to test reward processing in individuals 
with SUD necessitates future work that carefully exam-
ines differences in the types of rewards used to elicit 
activity as well as the specific drug of abuse in question. 
Overall, nonnormative VS activity across substance use 
groups appears to reflect the marked changes in appeti-
tive and hedonic experiences of SUD patients.

Many human neuroimaging studies of SUD patients 
have implicated the PFC, specifically the OFC, as a 
region showing reward-related impairments (Goldstein 
and Volkow 2011; London and others 2000). For instance, 
cocaine administration was shown to induce activations 
in the OFC along with other PFC regions (Kufahl and 
others 2005). SUD subjects also show reduced gray mat-
ter volumes of the vmPFC/OFC (Durazzo and others 

Figure 6. An example of reward circuit dysfunction in 
substance use disorder (SUD). Greater activation over 
time (percentage signal change) occurred in bilateral ventral 
striatum (VS) in response to receipt of reward (+5.00) 
in substance-dependent patients (SDP) versus healthy 
participants. Bilateral VS activation does not differ between 
groups for a neutral outcome (+0.00). Figure adapted from 
Bjork and others (2008).
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2011; Ersche and others 2011; Konova and others 2012; 
Tanabe and others 2009). VS volume is relatively less 
well-characterized but shows reductions in alcohol abus-
ers (Sullivan and others 2005) and increases in cocaine 
users (Ersche and others 2011).

There are indications that interactions between VS and 
vmPFC/OFC may be important for the development of 
SUD. OFC activity is negatively associated with methyl-
phenidate-induced DA increases in the VS, whereas low 
dopamine D

2
 receptor availability was associated with 

increased mPFC responses to rewards (Asensio and oth-
ers 2010). Furthermore, decreased functional connectiv-
ity between the NAc and OFC is associated with duration 
of opioid dependence (Upadhyay and others 2010). Deep 
brain stimulation of the NAc in a patient with severe alco-
holism resulted in less risky, more careful choices during 
NAc stimulation, with recruitment of a region of vmPFC 
(Heldmann and others 2012).

In combination, these studies suggest that impaired 
communication between the VS and vmPFC/OFC during 
reward processing may be a critical neural substrate for 
the dysfunctional decision-making apparent in SUD.

Next, we consider MDD. One of the core symptoms of 
MDD is anhedonia—the loss of interest or pleasure in 
most, if not all, activities (Der-Avakian and Markou 
2012). Anhedonia is a governing symptom for “reward 
circuit” studies of the disorder because of its relation to 
impaired emotional and motivational responses to posi-
tively valenced stimuli. When compared with healthy 
controls, patients with MDD show markedly different VS 
activity in response to money and other rewarding or 
pleasant stimuli, with the majority of these studies impli-
cating VS hypoactivity (Diener and others 2012; Greening 
and others 2013; Heller and others 2009; Kumar and oth-
ers 2008; McCabe and others 2009; Robinson and others 
2012; Stoy and others 2012) (Fig. 7).

Likewise, MDD patients display differences in 
vmPFC/OFC engagement when processing both money 
and other rewards (Knutson and others 2008; McCabe 
and others 2009; Smoski and others 2009, 2011) and pos-
itively valenced stimuli (Heller and others 2009; 
Johnstone and others 2007; Keedwell and others 2009) 
compared with controls. Consistency in these findings on 
vmPFC/OFC engagement during reward processing in 
MDD is less established than it is for VS, with some stud-
ies reporting hyperreactivity and others reporting hypore-
activity of these regions. However, studies of OFC gray 
matter volume consistently report gray matter reductions 
in MDD patients compared with controls (Bremner and 
others 2002; Lacerda and others 2004; Lee and others 
2003). Interestingly, Koenigs and others (2008) report 
markedly low levels of depression in patients with bilat-
eral vmPFC lesions. Taken together, converging evidence 
of structural and functional impairments of VS and 

vmPFC/OFC in MDD provides the basis for targeting 
VS–vmPFC/OFC pathways for clinical treatments.

Emerging evidence on neural outcomes following 
treatment interventions support the involvement of these 
nodes of the reward circuit in MDD. The subgenual ante-
rior cingulate cortex (sgACC), a region of the vmPFC, is 
a main target of deep brain stimulation for MDD treat-
ment (Giacobbe and others 2009). A recent investigation 
of deep brain stimulation in treatment-resistant MDD has 
confirmed sgACC and the VS as primary targets based on 
successful treatment outcome (Taghva and others 2012). 
Pharmacological intervention studies have shown nor-
malization of VS activity to monetary rewards (Stoy and 
others 2012), vmPFC/sgACC activity to emotionally 
salient pictures (Keedwell and others 2010; Rosenblau 
and others 2012), and sustained frontostriatal connectiv-
ity during emotion regulation (Heller and others 2013) 
following treatment.

As in SUD, the totality of evidence on MDD strongly 
implicates dysfunction in the VS–vmPFC/OFC circuit as 
a critical neural substrate for the pathogenesis of the dis-
order. Dysfunction in this circuit may also underlie a 
number of other disorders that present a wide range of 
social and affective symptoms. Although it is beyond the 
scope of the present review to describe the individual 
findings in detail, multiple studies have demonstrated 
alterations in VS and vmPFC/OFC structure and/or func-
tional engagement in reward-related fMRI tasks in 
schizophrenia, obsessive compulsive disorder, autism, 
and attention deficit hyperactive disorder, among other 
disorders (Dichter and others 2012).

Figure 7. An example of reward circuit dysfunction in major 
depressive disorder (MDD). Relative to healthy controls, 
unmedicated individuals with major depressive disorder 
exhibit reduced activity (beta values) in right anteroventral 
putamen, an area that corresponds to ventral striatum (VS), in 
response to unexpected rewards.
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Conclusion and Future Directions

In this article, we have outlined evidence that sectors of 
the basal ganglia and prefrontal cortex (VS and vmPFC/
OFC, respectively) interact to mediate aspects of process-
ing reward and positive affect that are critical dimensions 
of mental illness. One pressing issue currently facing this 
field of research is how advances in our understanding of 
these brain–behavior relationships can ultimately trans-
late into improved psychiatric patient care. In the near 
future, additional research could answer a number of out-
standing questions related to the potential clinical benefit 
of these findings. For example, could clinically useful 
neurobiological and/or psychological assessments of 
reward processing be developed? These assessments 
could include behavioral test performance (e.g., reversal 
learning, temporal discounting, etc.) and also functional 
or structural imaging of the VS-vmPFC/OFC circuit. 
Could these assessments provide information about the 
risk for developing a particular disorder? If so, how early 
during the lifespan could these assessment techniques be 
useful? Could the diagnostic neurobiological and/or psy-
chological assessment information be used to predict a 
patient’s response to the various treatment options? 
Moreover, could the information be used to develop 
novel treatments (e.g., cognitive–behavioral therapies to 
specifically modify risk/reward sensitivity or cultivate 
and sustain positive affect, or possibly pharmacological 
or brain stimulation techniques to modulate activity in the 
reward circuit)? In some cases, research projects designed 
to address these important questions are well underway. 
As the translation from basic neuroscience to psychiatric 
patient care continues to progress, the brain’s reward cir-
cuit figures to play a prominent role.
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