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Abstract 22 
Apathy and anhedonia are common syndromes of motivation with no established therapies 23 
that occur across a wide range of brain disorders. Research using animal models suggests 24 
that a useful framework for understanding motivated behaviour lies in effort-based 25 
decision making for reward. The neurobiological mechanisms underpinning such decisions 26 
have now begun to be implicated in individuals with apathy or anhedonia, providing an 27 
important foundation for developing new treatments. The findings suggest that there 28 
might be some shared mechanisms between both syndromes. A transdiagnostic approach 29 
that cuts across traditional disease boundaries provides a potentially useful means for 30 
understanding these conditions. 31 
 32 
 33 
Introduction 34 
Loss of motivation is a common syndrome observed across neurological and psychiatric 35 
disorders. In recent years, researchers have identified lack of motivation (also termed 36 
amotivation) among substantial proportions of individuals with stroke1; traumatic brain 37 
injury2,3; common neurodegenerative diseases including Alzheimer’s disease4,5, Parkinson’s 38 
disease6,7 and vascular dementia or small vessel cerebrovascular disease8; rarer disorders 39 
such as frontotemporal dementia9 and Huntington’s disease10; and psychiatric conditions 40 
such as major depressive disorder (MDD)11,12  and schizophrenia13,14 (Box 1).  41 
 42 
Several syndromes associated with diminished motivation have been described.15 43 
Historically, these reports arose from a diverse range of medical and psychological experts 44 
in the nineteenth century.16 Although different terminologies were used for different 45 
patient groups – sometimes rather loosely and interchangeably –  it is now recognized that 46 
these phenomena overlap greatly.  47 
 48 
In neurological disorders, amotivation is typically categorised as the syndrome of apathy, 49 
defined as diminished motivation for physical, cognitive or emotional activity.17–19 50 
In psychiatry, although the term apathy has also been used, amotivation is more often 51 
referred to in the context of either anhedonia20 or negative symptoms [G].21 Classically 52 
anhedonia was defined by Ribot as an inability to experience pleasure. This was later 53 
broadened in psychiatric diagnostic criteria to include a motivational component – i.e., a 54 
loss of interest or pleasure in previously rewarding activities.22 Recent research suggests 55 
that there might be some common mechanisms underlying both apathy and anhedonia.  56 
 57 
Findings from behavioural studies, computational modelling, neuropharmacological or 58 
optogenetic manipulations, brain lesions, deep brain stimulation and neuroimaging — in 59 
humans and in animal models — have identified the brain systems that are dysfunctional in 60 
amotivated states. The results point to disruption of mechanisms underlying the way in 61 
which reward is processed to motivate behaviour.22–25 In this Review, we explain how, 62 
broadly speaking, these mechanisms can be conceptualized within the framework of effort-63 
based decision making for rewards.26,27 That is, how the potential benefit or reward for 64 
performing an activity is evaluated with respect to the cost in effort required to attain it. 65 
 66 
The mechanisms underlying such decision making appear to be affected in people with 67 
amotivation across brain disorders regardless of underlying pathology, suggesting that it 68 
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might be timely to develop a transdiagnostic approach which cuts across traditional 69 
diagnostic boundaries. Here we examine whether such an approach might indeed be useful 70 
by focusing on apathy and anhedonia, and their associated neural and behavioural 71 
signatures, across different neurological and psychiatric disorders. 72 
 73 
 74 
Definitions  75 
Although there has been debate, most experts now consider apathy to be a syndrome. One 76 
set of criteria19 builds on previous conceptualizations28,29 and has been validated across 77 
neurological and psychiatric conditions. It defines apathy as loss of or diminished 78 
motivation compared to an individual’s previous state; associated with at least two out of 79 
three of diminished goal-directed behaviour, cognitive activity or emotion; that causes 80 
clinically significant impairment in everyday life; but is not explained by physical or motor 81 
disability, reduced conscious level or drugs.19 However, it is appreciated that this definition 82 
might not capture all aspects of apathy. For example, recent research has identified social 83 
apathy — reduced interest in interacting with other people30,31 — as another possible 84 
component or dimension of the syndrome. 85 
 86 
Some clinicians also use the terms avolition21 [G] or abulia16 [G]. People with avolition or 87 
abulia encounter difficulty in initiating behaviours, but can perform the same actions when 88 
prompted to do so. Avolition can be a prominent negative symptom of schizophrenia.21 An 89 
extreme form of avolition is akinetic mutism [G], which is characterized by little or no self-90 
generated movement or speech.32 91 
 92 
Anhedonia is defined as consistently and markedly diminished interest or pleasure in 93 
almost all daily activities. Although originally conceptualized as lack of pleasurable 94 
experience, for several decades psychiatrists have recognized that this symptom may also 95 
reflect a loss of interest to act in order to seek pleasure.22 This distinction is important for 96 
recent conceptualisations of amotivational syndromes, which consider anhedonia to share 97 
some aspects of apathy. It is also important for animal models of anhedonia, in which 98 
affective experiences of pleasure are challenging to measure, whereas motivation to obtain 99 
rewards is far easier to investigate. Similar to work on apathy, there is evidence that 100 
anhedonia might exist for different dimensions, with dissociable axes of loss of interest or 101 
pleasure in social activities, sensory experiences, hobbies, or food or drink.33 Fractionation 102 
of apathy and anhedonia into components potentially provides a way to examine 103 
similarities between the syndromes at a fine-grain level. 104 
 105 
Along with depressed mood, anhedonia is one of the cardinal symptoms of MDD. 106 
According to the DSM-5 (Diagnostic and Statistical Manual of Mental Disorders, Fifth 107 
Edition) criteria, patients meet criteria for MDD if they have five or more symptoms, one of 108 
which must be either depressed mood or anhedonia. However, anhedonia can occur 109 
outside of MDD. For example, it has long been recognized as a negative symptom of 110 
schizophrenia, and is increasingly appreciated to be an important component of post-111 
traumatic stress disorder, eating disorders and substance use disorder.34  112 
 113 
Anhedonia and apathy are measured using either questionnaires filled by the patient or 114 
caregiver, or by a structured interview performed by the clinician (Box 1). The closeness of 115 
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apathy and anhedonia as syndrome constructs is emphasized by the results of a few studies 116 
that have examined both in clinical populations. In Parkinson’s disease, for example, some 117 
investigators have reported significant positive correlations between scores on apathy and 118 
anhedonia scales.35  In schizophrenia, apathy and anhedonia usually cluster together as 119 
negative symptoms36–38, and the severity of apathy correlates with scores of anhedonia, 120 
avolition or asociality39 as well as with negative symptom scores.40 However, some reports 121 
also show that anhedonia – at least in terms of inability to experience pleasure – can be 122 
dissociable from apathy, for example in Parkinson’s disease.41   123 
 124 
These findings demonstrate how important it might be to deconstruct apathy and 125 
anhedonia into component processes, rather than to consider them as single, monolithic 126 
entities. To the best of our knowledge such an approach, using either behavioural 127 
experimental studies or computational modeling, has not hitherto been used to compare 128 
mechanisms underlying both apathy and anhedonia within the same individual or patient 129 
group (see also Box 1). 130 
 131 
Aspects of apathy and anhedonia may also relate to two common symptoms: anergia [G] 132 
and fatigue [G]. People with anergia complain of feeling sluggish, being drained or lacking 133 
strength even without exerting themselves, whereas fatigue refers to tiredness following 134 
activity, either physical or mental. It is not uncommon to find patients who articulate lack of 135 
motivation in terms of lacking energy or being fatigued. When apathy, anhedonia and 136 
fatigue are evaluated concurrently, there are significant positive correlations between all of 137 
these symptoms31, for example in Parkinson’s disease.42 Furthermore, the International 138 
Classification of Diseases-10 criteria for MDD include lack of energy or fatigue as a cardinal 139 
symptom, in addition to anhedonia and depressed mood.  140 
 141 
Anergia and fatigue can also occur in individuals without depression — for example, in 142 
systemic illnesses or chronic fatigue syndrome. An important question is whether, in 143 
addition to any peripheral muscular factors, there might be central motivational 144 
contributions to these symptoms. Similarly, it is now recognized that apathy and 145 
anhedonia occur not only in the context of clinical diagnoses but also in the general 146 
population, in milder forms, particularly with ageing.43,44 This realization has led some 147 
researchers to investigate whether there might be a neurobiological basis to these 148 
symptoms in otherwise healthy individuals45, with ageing46–48 or in people at high risk of 149 
developing depression.49  150 
 151 
 152 
Behavioural approaches 153 
Given the importance and clinical impact of disorders of motivation, several paradigms 154 
have been developed to examine such behavioural changes in animal models.25 In turn, 155 
some of these have led to analogous tests for humans, including various clinical 156 
populations.24 Broadly speaking, it is possible to consider many of the animal-model tasks 157 
as examining one or more of the decision, appetitive [G], consummatory [G] or learning [G] 158 
phases of behaviour, although different authors vary in their classification of these 159 
phases.20,23,25 Despite a lack of complete agreement, one area of consensus is that there 160 
might be several possible mechanisms – or combinations of mechanisms – underlying 161 
amotivation in people.50 This has important implications for treatments. Here we examine 162 
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apathy and anhedonia using the conceptual framework of mechanisms deployed to 163 
perform effort-based decision making for rewards (Fig. 1).  164 
 165 
Option generation. One important component in effort-based decision making for rewards 166 
is the ability first to generate options for behaviour51– whether self-generated or cued by 167 
environmental stimuli. Many patients with amotivational syndromes are able to perform 168 
behaviours when prompted by others, but experience difficulty in initiating activities 169 
themselves. Testing volitional generation of behavioural options is challenging in animals. 170 
In humans, it is possible to use tests that require participants to generate as many options 171 
as possible for real-life scenarios (for example, “It’s a sunny day. What could you do?”). Few 172 
studies testing option generation have been performed in clinical populations, but one has 173 
shown that the degree of apathy in individuals with schizophrenia correlated inversely with 174 
their ability to generate options.40 Another study in Parkinson’s disease failed to find a 175 
relationship with apathy but did uncover a strong relationship with apathy scores in healthy 176 
people.52 Option generation tests are very similar to tests of fluency [G], an index of 177 
(frontal) executive control, raising the possibility that in some individuals symptoms of 178 
amotivation may be driven by executive dysfunction.53 179 
 180 
Decision making leading to option selection. Even if the ability to generate options is 181 
intact, individuals might experience difficulty in selecting between possible options — 182 
especially when a decision made now may affect which decisions are available in the future. 183 
Many factors affect such selection, including: subjective valuation of potential outcomes; 184 
risk or probability of obtaining the reward (probabilistic discounting); devaluation of 185 
rewards due to waiting (temporal discounting); and perception of the effort required to 186 
gain the reward (effort discounting).54 In Parkinson’s disease, people with apathy show 187 
reduced sensitivity to rewards55, particularly low levels of reward.56 The ability to settle on a 188 
choice – rather than vacillate – is also important, especially if options are similar in value, or 189 
if there are numerous options. In extreme states of amotivation, any effort might be 190 
considered too costly so no action is performed, regardless of the potential reward. 191 
 192 
Anticipation. Once an individual has selected an option, they typically experience 193 
motivational arousal (evidenced by physiological measures such as heart rate or pupil 194 
dilation) in anticipation of action and/or reward.57 For example, people normally show 195 
anticipatory pupil dilatation that scales with potential reward magnitude in advance of 196 
making speeded movements to obtain reward. This pupil response is blunted in some 197 
patients with apathy (Fig. 2A,B).58 198 
 199 
Action and effort. The initiation, maintenance and invigoration of action together 200 
constitute part of appetitive behaviour – for example, locomotor approach of an animal to a 201 
potentially rewarding experience, such as when searching for food. Appetitive behaviour 202 
has been referred to as a measure of ‘wanting’ (distinct from ‘liking’)23, although some 203 
caution against the use of subjective terms in reference to animal studies.  204 
 205 
Tasks used to study appetitive components of behaviour often measure how much effort 206 
an animal is willing to allocate to obtain a reward. For example, in progressive ratio tasks, 207 
the number of lever presses a rat has to make to obtain a set reward progressively increases 208 
until the animal reaches its ‘breaking point’ and is no longer willing to exert further effort.25 209 
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Similarly, in a variation of the T-maze, rodents have to decide between scaling a barrier to 210 
obtain highly rewarding food versus opting for the low-effort, low-reward food option59 211 
(Fig. 2C). In humans, effort allocation can be manipulated using the number of button 212 
presses, the speed of response or the amount of force exerted to obtain rewards (Fig. 2D-F) 213 
– often such tasks use choice behaviour as an indication of willingness to exert 214 
effort.60,61,55,62 215 
 216 
Fewer studies have examined willingness to allocate cognitive effort. Rodents might, for 217 
example, have to choose to opt for a highly demanding attention trial (detect a brief 218 
illumination) over a low-demand one (detect a prolonged illumination) to obtain a greater 219 
reward.63 In humans too, researchers have probed willingness to expend mental effort (in 220 
tasks that place high demands on attention or working memory) versus physical effort 221 
(squeezing tightly on hand-held dynamometers).64,65 One important aspect of both 222 
cognitive and physical effort tasks is that the highly effortful option must be achievable – 223 
otherwise any observed changes in decision making could relate to probability discounting, 224 
not effort discounting.  225 
 226 
A paradigm commonly used to assess ‘wanting’, originally developed in rodents, is 227 
Pavlovian-instrumental transfer [G] (PIT). This involves three stages: Pavlovian (passive) 228 
conditioning between an initially neutral stimulus (e.g., a tone or light) and a rewarding 229 
outcome (food); instrumental (active, choice-based) association between an action 230 
(pressing a lever) and a rewarding outcome; and finally, the PIT phase itself – the 231 
presentation of the Pavlovian conditioned stimulus (CS) during instrumental performance 232 
(usually during extinction — that is, without delivery of rewarding outcomes). Presentation 233 
of the (unrelated) CS causes an invigoration of instrumental responding (PIT effect), and is 234 
interpreted as reflecting incentive salience, or ‘wanting’.66 Human analogues of the PIT task 235 
have been developed54, with some evidence that the PIT effect is attenuated in 236 
depression.67 237 
 238 
Hedonic impact. Consummatory behaviour refers to the achievement of a goal — for 239 
example, eating food. Some refer to this as the ‘liking’ phase of motivated behaviour.13 One 240 
probe used to index consummatory behaviour in animal models is the sucrose preference 241 
test: rodents given the choice between water and dilute sucrose solution develop a 242 
preference for the latter. However, animals exposed to chronic mild stress (a rodent model 243 
of depression) show decreased preference for sucrose68, taken to indicate reduced hedonic 244 
capacity. Direct pleasure from the consummatory phase of behaviour has also been 245 
indexed by facial expressions of rodents and primates in response to sweet versus bitter 246 
substances.23 However, several studies in humans suggest that hedonic aspects of the 247 
consummatory phase (measured by self-reported pleasure to sweet tastes) may be intact in 248 
people with schizophrenia with pronounced negative symptoms24 or MDD,69 raising the 249 
question of how appropriate decreased ‘liking’ (assessed through sucrose preference or 250 
facial expression) in rodents is as a model of anhedonia in humans. 251 
 252 
Learning. Finally, an important aspect of effort-based decision making for reward is how 253 
individuals learn from the outcomes of their actions to guide future selections. This is 254 
reinforcement learning – how rewards or losses associated with a stimulus or an action alter 255 
subsequent behavious through updates to stimulus value. Learning can be assessed by 256 
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examining how choices change over time in response to feedback. In early work, this was 257 
often achieved for example, by analysing performance on early versus late trials, e.g., in the 258 
Iowa Gambling task [G]70, revealing differences between patient groups and healthy 259 
volunteers.71 However, interpretation of such differences is challenging, as several 260 
processes could potentially contribute (e.g., option selection, hedonic impact and learning). 261 
A fruitful alternative approach that has gained popularity is to use computational 262 
modelling.72 263 
 264 
 265 
Computational modeling 266 
Computational models (Boxes 2 & 3) leverage the richness of observed data (e.g., patterns 267 
of behaviour which evolve on a trial-by-trial basis) to provide important insight into which 268 
processes are important in driving individual differences.50 For example, a difficult, partially 269 
rewarded perceptual task was developed to examine anhedonia. The authors found 270 
reliable, replicable differences in reward responsiveness [G] (indexed by the bias towards 271 
selecting the stimulus more frequently associated with reward) between controls and 272 
individuals with depression.73 However, alterations in several processes — including 273 
learning, reward valuation or simply perceptual discrimination — could potentially 274 
contribute to such a difference. 275 
 276 
Application of a computational model (similar to that in Box 3) to a large number of data 277 
sets produced a clearer interpretation: symptoms of anhedonia were associated not with 278 
differences in incremental learning [G] or perceptual discrimination, but instead with 279 
blunted reward valuation (Fig 1).74 In a different context, computational modeling of data 280 
from a reinforcement learning task in individuals with schizophrenia again revealed an 281 
apparent sparing of incremental learning, with poor performance predominantly accounted 282 
for by working memory impairment (which can be important in learning tasks due to the 283 
time delay between stimuli and outcomes).75 Thus, the use of computational models in 284 
these studies helped to dissect the different cognitive processes involved in reward tasks, 285 
showing that learning per se is spared, and that instead differences in behaviour on tests of 286 
reward processing are accounted for by different processes. 287 
 288 
In Parkinson’s disease, computational modeling has demonstrated that improvement in 289 
apathy scores when patients were on dopaminergic medication was associated with 290 
greater reward sensitivity but not changes in effort sensitivity.55 Conversely, healthy 291 
individuals on a serotonin reuptake inhibitor produced more effort, which modeling 292 
revealed to be due to reduced effort costs, not changes in reward sensitivity.76 These 293 
examples show how using a computational approach can illuminate how specific cognitive 294 
processes map on to different symptom profiles and treatments, although to date there 295 
has been little systematic use of modeling in this field. 296 
 297 
 298 
Brain regions 299 
Reports of previously well people suddenly developing profound amotivation following 300 
strokes or other focal lesions have implicated a set of brain regions that appear to be crucial 301 
for motivated behaviour in humans.77 These include the basal ganglia (particularly ventral 302 
aspects including globus pallidus and ventral striatum (VS), parts of the anterior cingulate 303 
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cortex (ACC) and ventromedial prefrontal cortex (vmPFC), which is often referred to as 304 
medial orbitofrontal cortex (OFC).32,78–82 305 
 306 
Early experimental deep brain stimulation (DBS) studies in people institutionalized for 307 
psychiatric disorders reported that they might gain pleasure from self-stimulation of 308 
electrodes implanted in the septal region, which included the nucleus accumbens (NAc) – 309 
part of the VS – and ventral pallidum.83 However, closer scrutiny suggests that stimulation 310 
might have in fact led to patients merely wanting to engage in more pleasurable 311 
activities.84 More recent human DBS studies show that ACC stimulation can induce the 312 
expectation of an imminent challenge that the patient feels determined to overcome.85 313 
Furthermore, DBS of the subgenual ACC can ameliorate symptoms in some people with 314 
treatment-resistant depression86, although results vary.87 315 
 316 
Findings from many investigations in animals also converge on a pivotal role in motivation 317 
for a network of brain regions that includes ventral basal ganglia structures (such as NAc 318 
and ventral pallidum), ACC, ventral tegmental area (VTA) and basolateral amygdala (BLA) 319 
(Fig. 3A).26,84  The VTA is the source of widespread dopamine (DA) pr0jections to the VS 320 
(which represent the mesolimbic DA system); to ACC and prefrontal cortex (mesocortical 321 
DA system); and amygdala. In rodents, lesions of NAc or ACC, disconnection of NAc from 322 
ACC as well as inactivation of BLA or BLA-ACC connections, can all lead to profound 323 
alterations in motivation, with reduced willingness to allocate effort for rewards.88–91 In 324 
monkeys too, reduced frequency of self-initiated actions to collect reward is observed 325 
when bicuculline (a GABA antagonist) is injected into VS and putamen (Fig. 3C).92 326 
 327 
By contrast, classical intracranial self-stimulation studies – and more recently optogenetic 328 
methods – have revealed that rodents will choose to work in order to receive stimulation of 329 
VTA, the medial forebrain bundle (which includes the mesolimbic DA pathway) and parts of 330 
the lateral and posterior hypothalamus (Fig 4).93,94 One pioneering study combined 331 
optogenetic stimulation with functional MRI and electrophysiological recordings in rats. 332 
Stimulation of mPFC reduced reward-seeking behaviour, assessed for example by sucrose 333 
preference. It also blunted striatal activation and reward-seeking elicited by optogenetic 334 
stimulation of VTA DA neurons, indexed by the fact that animals that preferred places 335 
where they received VTA stimulation no longer did so under simultaneous mPFC 336 
stimulation.94 The authors consider this to be a potential model for anhedonic behaviour. 337 
 338 
Reward and effort valuation signals in humans. A recent meta-analysis has suggested 339 
that while vmPFC, VS and midbrain regions invoving VTA might preferentially signal 340 
reward; ACC and the anterior insula are key nodes that signal effort.50 Activation of ACC 341 
and/or the supplementary motor area (SMA) occurs when people perform effort-based 342 
decision making tasks.45,95–97 One investigation also reported that dorsomedial frontal 343 
activation was positively correlated with behavioural apathy scores in healthy people.45 344 
This might indicate that people who are more apathetic are confronted by a greater 345 
energetic brain cost when making cost-benefit decisions about whether the physical effort 346 
required is worth the reward on offer, i.e., when they perform a subjective valuation of a 347 
potential reward. Intriguingly, disruption of SMA activity – but not primary motor cortex – 348 
using transcranial magnetic stimulation also leads to a decrease in perceived effort level.98  349 
 350 
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Integration of reward and effort signals. Several neuroimaging studies in healthy humans 351 
have attempted to examine the basis of cost-benefit decision making when effort  is 352 
required to obtain rewards50 (Fig 1). Activation of the VS or pallidum varies with reward 353 
magnitude and, in some reports, this activity is also modulated by effort, revealing an 354 
interaction between reward and effort signals.64,95,99 ACC activity is positively correlated 355 
with physical effort but negatively related to reward45,96,100. Thus some authors argue that 356 
the ACC plays a key role in integrating costs (effort) and benefits (reward) to compute the 357 
net value of performing an action50. 358 
 359 
Investigations of cognitive versus physical effort have revealed both common and unique 360 
brain activation patterns.64,65 One study found that reward devaluation by both types of 361 
effort was represented within a common network including ACC and other dorsomedial 362 
frontal regions, anterior insula and dorsolateral prefrontal cortex.65 Activity within the 363 
amygdala appeared to reflect domain-specific processing of the value of rewards 364 
associated with cognitive effort. Importantly, activation in the ‘domain-general’ regions 365 
also covaried positively with effort and negatively with reward, suggesting these 366 
parameters might be integrated within these areas.  367 
 368 
Option selection and option generation. Intriguingly, when people have to select from 369 
reward-effort combinations, activation of ACC or SMA corresponds to the difference in 370 
reward or effort levels of the chosen and unchosen options.97 This suggests that these 371 
dorsomedial frontal regions might be important for option selection after valuation of 372 
potential behavioural options presented to an individual (Fig 1). Which brain regions are 373 
involved in self-generated options for behaviour remains to be established but some data 374 
point to a role of the pre-SMA and possibly dorsolateral prefrontal cortex.101,102 375 
 376 
Brain regions in apathy and anhedonia. Neuroimaging studies across a range of human 377 
neurodegenerative conditions have revealed that apathy is strongly associated with 378 
atrophy of or functional disruption of dACC, vmPFC or OFC, VS, VTA and brain regions 379 
connected to these areas.27 Intriguingly, work examining neural correlates of anhedonia in 380 
patients with psychiatric diagnoses has implicated a largely convergent network of brain 381 
regions that show blunted activation, relative to controls, when they perform tasks 382 
incorporating appetitive, cost-benefit decision and consumatory or learning phases of 383 
reward processing. In depression, reduced activation occurs in regions including VS, 384 
caudate, vmPFC or OFC and dACC (though contradictory results were reported in this 385 
region in different reports).103–105 386 
 387 
Although the precise pattern of regions observed to showed blunted responses in 388 
depression is not identical across studies, some of this inconsistency is attributable to 389 
clinical heterogeneity (with frequent reports that the degree of blunting correlates with the 390 
severity of anhedonic symptoms103) and different paradigms. For example, recent 391 
investigations reported no differences between depressed and non-depressed groups in 392 
reward prediction-error signals in the VS106, part of learning from outcomes (Fig 1), in 393 
contrast to earlier findings.  394 
 395 
The results from investigations in adult depression discussed above are consistent with a 396 
large study of motivational processing in adolescents, which identified robust relationships 397 
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between blunted VS activation during the anticipatory phase of reward processing (Fig 1) 398 
and symptoms, especially anhedonia (Fig 3B), as well as future risk of depression.107 A 399 
similar picture is evident during the anticipatory phase in studies of anhedonic individuals 400 
with schizophrenia108, although the ubiquitous use of anti-psychotic medications, which 401 
block DA transmission, complicates interpretation. A meta-analysis including 33 studies in 402 
depression and 24 studies in schizophrenia (with paradigms tapping a variety of the 403 
processes depicted in Fig 1) concluded that reward-related responses were reliably blunted 404 
in the caudate, putamen and ACC in both diagnoses.109  405 
 406 
 407 
Neuromodulators 408 
A large literature exists on the impact of pharmacological manipulations of 409 
neurotransmitters on motivational processing in animals. Other investigations have 410 
correlated motivation with monoamine neurotransmitter release measured using 411 
microdialysis or with fast-scan cyclic voltammetry (FSCV) obtained concurrently with 412 
behaviour.110 Some studies have manipulated midbrain monoaminergic neurons directly 413 
using optogenetic methods.94  414 
 415 
Dopamine in animal studies. The first evidence for a role of DA in motivation came from 416 
findings that depletions of DA – by the neurotoxin 6-OHDA – led to robust reductions in 417 
conditioned responses (an aspect of sustaining effort, Fig 1), reversed by amphetamine 418 
(which enhances DA signalling).111,112 Later, direct microinjections of DA agonists and 419 
antagonists into the NAc of rats revealed that DA affects conditioned reinforcement.113 420 
Similar manipulations also affect performance on PIT53 and effort expenditure tasks26,114: 421 
e.g., DA antagonists reduce vigour (sustaining eff0rt) and preference (cost-benefit decision 422 
making) for high effort–high reward options.  423 
 424 
Importantly, hedonic responses during the receipt of primary reward [G] (i.e., the 425 
consummatory phase of reward processing, sometimes assessed by facial expression, Fig 426 
1) are not affected by DA in rats66 but are altered by opiate manipulation.23 This suggests 427 
that DA profoundly influences the decision and action phases of reward processing, but not 428 
the consummatory phase. More recent work shows that adenosine A2A receptor 429 
antagonists can reverse deficits in effort allocation produced by several interventions, 430 
potentially by acting on adenosine A2A receptors that co-localize with DA D2 receptors in 431 
striatum and NAc.26 432 
 433 
There is also good evidence that DA is involved in learning (Fig 1), with an influential study 434 
showing that midbrain phasic DA neuron firing corresponds, in timing, to the evolution of 435 
reward prediction errors115 (a computational quantity indicating the difference between 436 
expected and actual outcomes; Box 2). This finding has since been confirmed using 437 
optogenetic methods.116,117 It led to a proposed distinction between tonic DA, proposed to 438 
play a primary role in encoding action and effort, and phasic DA, hypothesised to influence 439 
reward learning.114,118 440 
 441 
However, the dichotomy between tonic and phasic DA has been challenged by FSCV 442 
findings. When rats navigate mazes to retrieve rewards, NAc DA signals ramp up slowly 443 
during approach as animals come closer to their goals (action and anticipation, Fig 1), 444 
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scaling with reward magnitude.110 These DA ramping signals might represent the estimated 445 
expected value of reward, which in turn might be used in cost-benefit decisions to evaluate 446 
whether it is worth engaging in effortful activity.119  Intriguingly, DA release seems to be 447 
contingent on action (and therefore effort), not just valuation, because when rats perform a 448 
rewarded go/no-go task, DA signals are attenuated when animals must inhibit movement 449 
to obtain a reward.120  450 
 451 
Together, these findings suggest that the tonic–phasic DA hypothesis might require 452 
revision, and that instead a unitary account, in which phasic signals simultaneously 453 
influence both valuation and learning, might provide a better explanation for the role of DA 454 
in reward processing121 – with phasic DA signals before choice affecting valuation and 455 
propensity to deploy effort, and those during consummation affecting learning.119 456 
 457 
Dopamine in human studies. Building on evidence linking DA to effort-based decision 458 
making for reward in animals, human psychopharmacology has provided a largely 459 
consistent set of results.122 Dietary depletion of DA precursors, which reduces DA 460 
synthesis123, attenuates participants’ sensitivity to rewards during decision-making124 and 461 
also increases punishment learning relative to reward learning125, with some reporting 462 
corresponding reductions in reward-elicited BOLD responses in the striatum.126 Research 463 
using DA receptor antagonists to block transmission has yielded less consistent results, 464 
possibly owing to doses used and the actions of these compounds on other monoamine 465 
systems as well as inhibitory autoreceptors.122 L-DOPA (which increases DA synthesis), 466 
amphetamine and methylphenidate (which block DA reuptake) and D2/3 receptor agonists 467 
generally increase a variety of the processes depicted in Fig 1, including: speed127 and 468 
vigour128 of responses (action); effortful61 and risky129 choices (cost-benefit decision 469 
making); reward learning;130 and associated reward-related striatal BOLD responses 470 
(reviewed in ref 109).122 471 
 472 
Despite the clear evidence that DA transmission, especially in the striatum, plays a central 473 
role in controlling motivated behaviour, standard pharmacological treatments for 474 
depression do not target the DA system.131 To our knowledge, besides a few pilot studies of 475 
agomelatine132 (an atypical antidepressant that disinhibits dopamine release through its 476 
action on on 5-HT2c receptors), there has never been a trial specifically focused on treating 477 
anhedonia, although a D2/3 receptor agonist, piribedil, has been reported to be successful 478 
in treating of apathy in DBS-treated individuals with Parkinson’s disease who subsequently 479 
have their DA drug dose reduced.133 Dopaminergic drugs also modulate effort-based 480 
decision making in Parkinson’s by boosting reward sensitivity (cost-benefit decision 481 
making, Fig 1).55,56 A cholinesterase inhibitor has also been reported to confer 482 
improvement in apathy in Parkinson’s disease.134  483 
 484 
Interestingly ketamine which antagonises NMDA receptors and is effective in treatment-485 
resistant depression (in which anhedonia is common)135, has profound facilitatory 486 
downstream effects on DA transmission.136 Ketamine has also been reported to be effective 487 
in ameliorating anhedonia over-and-above general depressive symptoms, with reduced 488 
anhedonia correlating with altered resting-state metabolism in striatum and ACC.137 489 
Further studies are needed to investigate whether ketamine can improve symptoms 490 
amotivation in disorders other than treatment-resistant depression. 491 
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 492 
A few studies have linked DA to motivational symptoms in individuals with neurological 493 
and psychiatric disorders using positron emission tomography (PET). In depression, striatal 494 
D2/3 receptor binding is reported to be negatively associated with anhedonia.138 In 495 
Parkinson’s disease139 and anhedonic depression140 there is a negative relationship between 496 
striatal DA transporter binding and amotivation, and in cannabis users apathy has been 497 
associated with low DA synthesis capacity. 141  These attenuations of DA function may in 498 
part be caused by chronic inflammation142, which is common in disorders in which fatigue, 499 
anhedonia and apathy are prominent.143  500 
 501 
Serotonin in animal studies. The other major neurotransmitter linked to motivation is 502 
serotonin (5-HT). A common finding from neurophysiological studies is there are opponent 503 
interactions between 5-HT and DA.144 For example, drugs acting at the 5 HT2C receptor can 504 
modulate release from DA neurons of the mesolimbic and mesocortical pathways. The 5-505 
HT2C receptor antagonist SB-242084 increases the number and duration of effortful 506 
responses that rats will make for food rewards (which could be due to changes in either the 507 
decision-making or action phases of reward processing, Fig 1).145  508 
 509 
One influential computational account — based in part on evidence that 5-HT plays a role in 510 
inhibition of action in the face of aversive stimuli146 and in learned helplessness147 (which 511 
would have the effect of reducing motivational responding) — has hypothesized that DA 512 
signals prediction errors for reward, whereas 5-HT signals those punishment (i.e., part of 513 
learning, Fig 1).148 More recent theoretical formulations propose a more nuanced picture, 514 
suggesting that 5-HT may promote Pavlovian (reflexive) inhibitory control (which could be 515 
related to either decision making or action).149 516 
 517 
Empirical research has suggested that a simple relationship between 5-HT and aversive 518 
processing is an over-simplification.150  Recordings made directly from neurons in the dorsal 519 
raphe nucleus (DRN), a major source of 5-HT neurons, show that firing is modulated by the 520 
size of upcoming reward (related to anticipation, Fig 1), similar to the pattern observed in 521 
DA neurons151, though with substantial heterogeneity between DRN neurons, not all of 522 
which are serotonergic. Optogenetic stimulation of identified 5-HT neurons results in 523 
increased patience for rewards delivered after a delay (part of decision making, Fig 1).152 524 
Other optogenetic studies stimulating DRN neurons report that stimulation is reinforcing 525 
and elicits a greater propensity to exert effort (part of decision making, Fig 1). However, this 526 
effect is not solely related to 5-HT release as some of the stimulated neurons are 527 
glutamatergic.153  528 
 529 
Serotonin in human studies. Pharmacological manipulations of 5-HT in humans have 530 
provided some consistent effects. Dietary 5-HT-precursor depletion reliably results in 531 
reduced behavioural inhibition in the face of potential punishment (i.e., disinhibition, which 532 
would have the effect of increasing vigor, Fig 1)154, a conclusion supported by 533 
neuroimaging.155 Other reports show that precursor depletion reduced representation of 534 
expected reward value (assessed using computational modelling of choices during a 535 
learning task, part of decision making, Fig 1)156 and speed of responding for reward (part of 536 
action, Fig 1).157 Another investigation in healthy volunteers demonstrated that selective 537 
serotonin reuptake inhibitor administration affected decision making, reducing effort costs 538 
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but not reward valuation (Fig 1).76 Of note, apathy in Parkinson’s disease has been 539 
associated with low 5-HT transporter binding, which some researchers interpret as a 540 
measure of neuronal integrity.158  However, in general the role of 5-HT in motivation is far 541 
from clear and requires substantial further empirical work. 542 
 543 
Summary. Extensive investigations have suggested that DA and 5-HT systems play a 544 
modulatory role in several aspects of effort-based decision making for rewards. However, 545 
the findings do not suggest that there is a simple mapping of each of these 546 
neurotransmitter systems to the components identified from behavioural studies (Fig 1). 547 
Rather, the results appear to suggest more complex involvement of these 548 
neuromodulators, and very few studies to date have examined their interaction in shaping 549 
motivated behaviour. These considerations have implications for development of new 550 
therapies for apathy and anhedonia. Given the complexity of each behavioural syndrome – 551 
with dissociable component processes and potentially different patterns of behavioural 552 
deficit across individuals labelled as having the same syndrome – it seems unlikely that a 553 
single drug therapy would be appropriate for all patients. 554 
  555 
 556 
Conclusions 557 
This Review of diverse sets of data from human and animal model experiments reveals 558 
some of the mechanisms that might be involved in the genesis of apathy and anhedonia, 559 
and provides a framework for developing potential treatments. To move forward, it seems 560 
crucial to establish which underlying brain mechanisms contribute to a syndrome of 561 
amotivation, such as apathy or anhedonia, in an individual patient. Using clinical definitions 562 
might not be sufficient to capture these (see also 24) because different constellations of 563 
disrupted mechanisms might occur in different individuals. Moreover, the pattern of 564 
deficits need not be disease specific. Hence, future research will need to focus on 565 
elucidating the mechanisms that underpin a behavioural syndrome.  566 
 567 
As we have seen, anhedonia and apathy are strongly related across different disorders 568 
when both have been measured using clinical scales.35,38,39 However, there is not a perfect 569 
overlap, so the question arises as to which mechanisms might be common to both and 570 
which might be unique to each of these syndromes. The development of new 571 
questionnaires provides one way to address this question. One of them now attempts to 572 
distinguish between anticipatory and consummatory aspects of motivation but has not 573 
always been useful in making distinctions in clinical groups.159 However, it has to be borne 574 
in mind that these are subjective assessments which do not necessarily provide the 575 
granularity required.  576 
 577 
Perhaps a better way to answer establish whether there are any fundamental differences 578 
between apathy and anhedonia might be to fractionate behaviour and examine underlying 579 
components, such as those delineated in Fig 1. To improve phenotyping in this way would 580 
require a battery of behavioural paradigms, ideally combined with computational 581 
modelling (Boxes 2 and 3). To investigate whether dysfunction of the same brain regions 582 
underlies the disruptions of reward-related behaviour observed across brain disorders 583 
would require the application of a core battery of functional imaging tasks across clinical 584 
diagnoses. 585 
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 586 
Although both apathy and anhedonia are clinically debilitating and have a profound impact 587 
on quality of life, there have been few attempts to develop pharmacological treatments.131 588 
This seems an area ripe for investigation, given the clear clinical need and close 589 
correspondence between behavioural tests developed to assess humans and animals. The 590 
results of pharmacological modulation and stimulation in rodent models have revealed the 591 
complexity of neurotransmitter involvement in motivated behaviour. Nevertheless, they 592 
provide hope that it might be possible to develop treatments targeted to components of 593 
effort-based decision making for reward. This might be relevant to psychological therapies 594 
as well. For example, behavioural activation therapy [G] for depression, which specifically 595 
targets goal-directed behaviour148, can be as effective as cognitive behavioural therapy 596 
[G].160 Additionally, a number of psychosocial interventions, including cognitive 597 
behavioural therapy or exercise therapy, seem to be modestly effective at treating negative 598 
symptoms in schizophrenia, although better-controlled studies are required.161 599 
 600 
These considerations suggest that to progress further in this field, it is essential to 601 
understand the mechanisms underlying the ‘surface manifestations’ of apathy and 602 
anhedonia – the clinical presentation – and characterize the phenotype more carefully in 603 
individual cases. The ultimate aim would be to use this framework to develop personalized 604 
treatments – pharmacological or psychological – for patients suffering from debilitating 605 
motivational symptoms. 606 
 607 
 608 

609 
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Glossary definitions 610 
Avolition: Inability to perform self-directed, purposeful activities. 611 
Negative symptom: Thoughts, feelings, or behaviours normally present that are absent or 612 
diminished. 613 
Akinetic mutism: Loss of ability to self-initiate limb movement and speech. 614 
Abulia:  Reduced spontaneous verbal, motor, cognitive and emotional behaviours. 615 
Anergia: Loss of energy. 616 
Fatigue: Weariness or diminished ability following mental of physical activity. 617 
Appetitive: Approach or goal-seeking phase of behaviour. 618 
Consummatory: Completion or consummation phase of a behaviour. 619 
DSM-IV field trials: Reports on the first attempts to apply the new diagnostic criteria laid 620 
down in the Diagnostic and Statistical Manual of Mental Disorders-IV in real-world settings. 621 
Learning: Acquisition of information, in this case to alter future behaviour. 622 
Fluency: The number of examples generated of a verbal (e.g. words beginning with the 623 
letter F) or non-verbal category (e.g. different patterns on a dot array using four straight 624 
lines). 625 
Inverse temperature parameter: Constant term in the commonly used softmax decision 626 
rule, a form of the logistic function (see Box 2). The parameter affects the steepness of the 627 
function around the inflection point, resulting in more consistent choices at higher values. 628 
Pavlovian-instrumental transfer: The influence of an irrelevant conditioned stimulus on 629 
ongoing instrumental behaviour. 630 
Iowa Gambling task: A neuropsychological test of decision-making for reward. 631 
Reward responsiveness: The development of a bias towards a more frequently rewarded 632 
stimulus. 633 
Incremental learning: Learning over trials. 634 
Primary reward: Rewarding stimuli that facilitate survival of an organism or its offspring, 635 
e.g., food, water and sex. 636 
Behavioural activation therapy: A psychological therapy that focuses on activity scheduling 637 
to encourage patients to approach activities that they avoid and on analysing the processes 638 
(e.g. rumination) that serve as a form of avoidance. 639 
Cognitive behavioural therapy: A psychological therapy that aims to assist a person to 640 
change their thinking and behavior by practicing effective strategies to decrease symptoms 641 
and distress  642 
Overfitting: Overfitting a model occurs when it becomes too complex (has too many 643 
parameters) and begins to describe random error in the data rather than the relationships 644 
between variables. 645 
 646 
 647 
 648 
 649 
 650 

651 
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Box 1 | Measurement and prevalence of apathy and anhedonia 652 
Clinically, apathy and anhedonia are measured using either self-report questionnaires or 653 
structured interviews.13,17–19,162 Popular anhedonia questionnaires13,162 include the Scales for 654 
Physical and Social Anhedonia (which focus on lifetime hedonic responses to specific 655 
environmental stimuli), the Snaith-Hamilton Pleasure Scale (more general, less culturally 656 
bound questions, rated over recent days) and the Temporal Experience of Pleasure Scale 657 
(which attempts to distinguish hedonic and appetitive components of anhedonia). Several 658 
questionnaires for apathy exist, with two commonly used ones being the Apathy Evaluation 659 
Scale and the Apathy Scale.17–19 660 
 661 
In interviews, scores are commonly derived using questions from measures such as the 662 
Scale for the Assessment of Negative Symptoms in schizophrenia, though such scales 663 
usually feature only a small number of items specifically relating to amotivation.13 However, 664 
structured interviews specifically focused on apathy (such as the Lille Apathy Rating Scale) 665 
and anhedonia (Clinical Assessment Interview for Negative Symptoms; Brief Negative 666 
Symptom Scale) have been developed.163 667 
 668 
Estimates of apathy in neurological disorders vary depending on the scales used and 669 
selection criteria, but some reported mean prevalence rates are shown in the table below. 670 
Good data regarding anhedonia in some of these groups is sparse, largely because studies 671 
in neurological disorders focus on apathy. However, in one investigation conducted in 672 
Parkinson’s disease, almost all patients who were apathetic were also anhedonic, but 673 
almost a third of the sample fulfilled criteria for anhedonia without having apathy.164 674 
 675 
Disorder Apathy in 

population (%) 
Ref Anhedonia in 

population (%) 
Ref 

Alzheimer’s disease 49 4 61 5 
Frontotemporal dementia  72 9 ?  
Huntington’s disease 47 10 ?  
Major depressive disorder 38 12 37 11 
Parkinson’ disease 40 6 46 7 
Schizophrenia 47 14 45 11 
Stroke 36 1 ?  
Traumatic brain injury  61 2 22 3 

Vascular dementia 65 8 ?  
 676 
Anhedonia is extremely common in depression, with both population-based surveys165 and 677 
DSM-IV field trials [G] 37 suggesting a prevalence of 85-95% in MDD, based on responses to 678 
a single question. Studies using questionnaires (with cut-offs defined by the authors of the 679 
scale) report clinically significant anhedonia in 37% of MDD patients.11 In schizophrenia, 680 
anhedonia has been reported to vary in prevalence from 45% when assessed using 681 
questionnaires11 to ~80% using clinical interviews.13 Anhedonia and apathy can occur within 682 
the same individual, as reported in both schizophrenia39 and Parkinson’s disease.35  683 
 684 
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Apathy has a severe impact on the quality of life of both the patient and the carer, as well as 685 
on functional independence and prognosis.18 The severity of anhedonia varies highly and 686 
correlates with more severe symptoms, poorer treatment response and low self-reported 687 
quality of life in depression39, and poor functional outcome in schizophrenia.166 688 
 689 
 690 
 691 
Box 2 | Utility of computational modelling of behaviour 692 
 693 
A computational approach can provide useful insights into what may drive observed 694 
patterns of behaviour. Computational models have increasingly been applied to tasks 695 
assessing motivation and decision making. In contrast to standard (“descriptive”) data 696 
analysis, computational approaches start by creating a generative model which includes the 697 
processes thought to be involved in task performance, specified in a mathematically precise 698 
form (an example is shown in Box 3). Models usually contain a number of free parameters, 699 
each of which governs the influence of a specific process on information processing and 700 
behavioural output. Parameters are estimated from the data, and can often capture 701 
patterns that would not be immediately evident from a descriptive analysis (for example 702 
patterns that evolve over time during learning). The estimated parameters can be used to 703 
summarise the data alongside traditional descriptive measures, as they can distil large 704 
amounts of information and are hypothesised to relate to specific cognitive processes.167 It 705 
is also possible to generate uncertainty estimates for each parameter at the individual 706 
subject level. 707 

 708 
Model fitting  709 
Model fitting involves adjusting the parameter values in the model until the pattern of 710 
output (e.g., choices) it makes matches, as closely as possible, those made by the real 711 
participant.168 The estimation process also produces a measure of model fit. Often, several 712 
different model architectures will be compared (model selection), with parameters 713 
extracted from the winning model. To avoid overfitting [G], the fit of a model is balanced 714 
against its complexity (related to the number of free parameters). It is also possible to 715 
perform averaging of parameters across several models, which can be useful if data from 716 
different individuals are best fit by different models (though this only makes sense if models 717 
are structurally similar). A crucial process is model checking — that is, testing whether the 718 
model faithfully reproduces the observed data — which may, in turn, lead to the 719 
construction of a better model. It is also important to check how accurately parameters can 720 
be recovered; this involves generating data from the model using known parameters, which 721 
should then be estimable. If parameter recovery fails, the model requires revision. 722 
 723 
Limitations of the computational approach 724 
There are certain limitations of the computational approach to consider.169 First, although 725 
modern desktop computers implement simple models and estimation methods quickly (e.g., 726 
maximum likelihood), more complex procedures (e.g., sampling) can be slow and thus not 727 
very practical. Second, parameters can be interpreted in multiple ways. For example, the 728 
inverse temperature parameter (β in Box 3) of the softmax function can be interpreted in 729 
terms of consistency, exploration or valuation, limiting the interpretation of such models. 730 
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Third, even simple models can contain redundant parameters, which can result in poor 731 
estimation. Fourth, as with any statistical analysis, larger data sets will tend to favour more 732 
complex models. This limits the utility of model comparison, as which model is favoured will 733 
depend in part on the amount of data included in the model. Indeed, some investigators 734 
eschew model comparison altogether, advocating a model checking approach.170 735 

 736 
 737 
Box 3 | Example of a simple computational model  738 
 739 
The example below assumes that participants perform a task in which two stimuli, A and B, 740 
are associated with high and low probabilities of reward, respectively.171 Participants must 741 
learn the contingencies and select the high-probability reward stimulus to perform well. A 742 
common way of modelling this type of task is to specify a learning rule (how stimulus or 743 
action values are updated over time) and a decision rule (how decisions are made based on 744 
those associations). 745 
 746 
Learning rule (value updating) 747 
Learning rules are often based on the prediction error – the discrepancy between actual and 748 
expected outcomes115: 749 
 750 

δ = r(t) – v(t)    [1]. 751 
 752 

δ is the prediction error, which can be positive or negative (better- or worse-than-expected, 753 
respectively). r(t) is the reward outcome (0 or 1) received on trial t. v(t) is the value of the 754 
choice (which depends on the strength of stimulus-outcome association and thus varies 755 
over the experiment), which evolves over time (depicted in part a of the Figure). The model 756 
then updates the value: 757 
 758 

v(t + 1) = v(t)+α*δ    [2]. 759 
 760 

The stimulus value for a new trial is equal to its value on the previous trial, plus the 761 
prediction error δ weighted by α, the learning rate parameter. In other words, α specifies 762 
the influence of the prediction error. It can be interpreted as the speed of learning, or the 763 
influence of recent outcomes – the higher the α value the more recent outcomes influence 764 
the value. Part a of the figure shows the effect of varying the value of α (different coloured 765 
lines) on value learning over 50 trials, of which 80% are rewarded and 20% not rewarded (at 766 
identical points in the game). 767 
 768 
Decision rule (choosing options based on value)  769 
When modelling decision making, one possible assumption would be that the higher value 770 
stimulus is always chosen. However, in reality organisms rarely behave in this manner and 771 
instead occasionally explore low-value options. One decision rule that incorporates the 772 
occasional opting for the lower-value option uses the softmax function172: 773 
 774 

p(A)=exp(β*vA(t))/(exp(β*vA(t)) + exp(β*vB(t)))  [3]. 775 
 776 
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p(A) is the probability of choosing A, proportional to the value difference between option A 777 
and option B. The inverse temperature parameter [G], β, governs how consistently the 778 
model chooses the higher-value stimulus. The higher the β value the more deterministically 779 
the algorithm chooses the higher value option (or alternatively, the less exploratory its 780 
choices), especially when the values are similar. Part b of the figure shows the effect of 781 
varying the value of β (coloured lines) on choices between options that are close (centre of 782 
x-axis) or very different (extremes of x-axis) in value.  783 

 784 
 785 

786 
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 788 

 

 
 
Figure 1 | Mechanisms underlying effort-based decision making to obtain rewards 
The clinical syndromes of apathy and anhedonia appear to overlap, sharing some possible underlying 
mechanisms. In the field of effort-based decision making for reward, several possible processes have been 
identified, some of which are displayed here. 
 
 789 

790 



 21 

 791 

 
 
Figure 2 | Behavioural paradigms for assessing amotivation 
A Speeded saccade for reward task in which the monetary reward won depends on the speed of response. 
The reward on offer is announced at the beginning of each trial, before the saccade target is presented. B On 
this task, participants’ pupils normally dilate more with greater anticipated reward after the auditory cue 
announcing maximum reward on offer. Reward sensitivity of the pupils is blunted in individuals with 
Parkinson’s disease and apathy, compared to those without apathy.58 C Rodent T-maze experiments reveal 
that depletion of NAc dopamine or lesions of ACC shifts rats from a strategy of working hard for large rewards 
(scaling an obstacle to obtain the large reward) to opting for a small reward which requires far less effort.59,89 
D Effort task which requires human participants to select between low or high physical effort options (number 
of button presses) associated with different levels of reward.60 E Effort task where human participants decide 
to accept or reject offers in which different levels of reward are available for different levels of physical effort 
(grip force). The image on the screen displays the reward on offer (depicted as the number of apples on a tree) 
and the force required to obtain that level of reward (indicated by yellow line on tree trunk). F On this task, 
the likelihood of accepting offers increases with stake (reward on offer) and decreases with increasing effort 
required.45 
 792 
 793 
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Figure 3 | Brain regions implicated in motivation, apathy and anhedonia 
A Frontostriatal circuits implicated in motivation to act for rewards and effort-based decision making include 
the dopaminergic projection from the ventral tegmental area (VTA) to the ventral striatum which includes the 
nucleus accumbens. Striatal regions project, via the thalamus, to different parts of the medial prefrontal 
cortex, including the ventromedial prefrontal cortex (vmPFC), dorsomedial prefrontal cortex (dmPFC) and the 
anterior cingulate cortex (ACC). These regions in turn project back to the basal ganglia. (Adapted from 173). B 
Ventral striatal activation (BOLD response) in response to anticipation of reward on a monetary incentive task 
is reduced in adolescents with depressive symptoms, especially anhedonia.107 The graph shows normalized 
levels of activation in different groups of individuals. 
 794 
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Figure 4 | Effects of optogenetic stimulation of dopamine VTA neurons blunted by 
medial prefrontal stimulation 
Stimulation of DA neurons in the VTA (green) led to increased BOLD activity in the striatum  (orange) and 
animals choosing to work for such stimulation. This effect appeared to be dopaminergic because a DA 
receptor antagonist blocked both effects. Optogenetic silencing of VTA DA neurons led to reduced reward-
seeking and striatal BOLD signal. Focally increased medial prefrontal cortex ( mPFC) stimulation that altered 
neural synchrony also suppressed reward seeking and blunted the effects of optogenetic VTA DA stimulation, 
both on striatal BOLD response and reward-seeking.94 
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