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Serotonin has been associated with a wide range of neural
computations and behaviours, yet an overarching function of
this neurotransmitter has been hard to pinpoint. Here, we
combine recent theories and findings on serotonin and propose
a framework where serotonin integrates information on
resource availability and state value to represent a cost-benefit
trade-off at the neural level. Critically, this framework supports
meta-decision making, that is, the flexible allocation of
resources to decision-making. We highlight a computational
and neural implementation of this framework, and through this
novel, lens interpret empirical findings in the domains of
controllability and persistence.
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Introduction

The major ascending modulatory neurotransmitters (do-
pamine, serotonin, noradrenaline, and acetylcholine)
share their characteristic structural organisation, with a
single brain stem ‘source’ that projects widely throughout
the cortex and subcortical structures. The diffuse
‘broadcasting’ nature of these signals make them per-
fectly placed to signal important, global computational
variables to shape behaviour. Of these modulatory neu-
rotransmitters, serotonin remains the most elusive in
terms of our thinking of such a putative ‘global’ function.
Rather, serotonin has been implicated in a wide and
sometimes seemingly contradictory range of cognitive
and affective functions [1-11]. Medications acting on the
serotonin system are the first-line treatment in a similarly
wide range of mental health disorders [12]. Serotonin’s
elusive nature has at least two sources. One factor is the
complexity of the serotonergic system, with no fewer
than 14 known receptor subtypes in the brain, compared
with, for example, ‘only’ five dopamine receptor sub-
types. To further complicate matters, distinct dorsal
raphe nucleus (DRN) populations (the primary source of
serotonergic projections) appear to project to distinct
cortical and subcortical regions, with different or even
opponent functional characteristics [13]. Indeed, the
spatial distribution of different serotonin receptor sub-
types is associated with distinct cognitive processes, in-
cluding impulsivity and negative biases [14].
Furthermore, activity evoked by DRN stimulation has
been suggested to reflect functional rather than direct
anatomical connectivity in anaesthetised animals [15].
However, in awake animals, the effects of DRN stimu-
lation do map more closely onto anatomical connections
[16,17]. To further complicate matters, distinct DRN
populations appear to project to distinct cortical and
subcortical regions, with different or even opponent
functional characteristics [14]. A second, and perhaps
even more important factor, is that until relatively re-
cently, our tools to measure and manipulate serotonin
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2 Cognitive Flexibility

with high specificity have been limited, hampering its
functional characterisation. It is only in recent years that
reliable measures of serotonin release and activity have
become readily available, such as optogenetic techniques
that allow for reliable tagging and stimulation of ser-
otonin neurons and voltammetry measurements to track
release in animals [18] and humans [19]. These advances
have lent great momentum to serotonin research, with
over 65 000 published papers in the last decade (source:
PubMed). In this abundance of empirical data, serotonin
has been associated with aversive processing, behavioural
inhibition [6,8], patience for rewards [20], reward sig-
nalling [21], prediction error coding [22], uncertainty
[11], and recently, tracking average reward over extended
period [23]. A major and persistent challenge has been to
synthesise this long list of seemingly divergent findings
under a single theoretical framework based on a shared
underlying computational principle.

In this review, we build on previous proposals for uni-
fying serotonergic function [10,18,24-28] and present a
novel integrative explanation of serotonin’s function in
meta-decision-making. Meta-decision-making refers to
the optimisation of /fow we select and integrate in-
formation to come to our decisions, that is, decisions
about how decisions are made. Thus, meta-decisions
involve the evaluation of the costs and benefits of a
particular decision strategy [29] and imply decisions
about whether to stick to a decision policy or switch to a
different one. We discuss our framework in a high-level,
conceptual manner and do not commit to one particular
mathematical formalisation of the meta-decision con-
struct but instead recognise that there are multiple al-
ternative formal accounts of how serotonin regulates
meta-decision-making. Thus, we focus on the broad
scope of the meta-decision account of serotonin and raise
various qualitative (rather than quantitative) predictions
for effects of serotonin.

Through this lens, a variety of the prior findings on
serotonin function can be interpreted as tracking of costs
(delay, uncertainty, punishment, cognitive, and physical
effort) or benefits (momentary rewards, rewards over an
extended period), leading to the idea that serotonin may
support meta-decision-making by signalling the in-
tegration of costs and benefits over extended time scales.
In this view, serotonin may modulate arbitration be-
tween more frugal versus more resource-intensive deci-
sion styles and discourage or promote persistence. Such
meta-decisions require not only the tracking of rewards
and punishments over time but also of statistical features
of the environment such as its controllability [30] and
environmental richness and the individual differences in
goals and skills that impact these quantities. Notably,
these parameters thus represent subjective estimates,
affected by the individual’s beliefs, prior experiences,
and mood [28,31], rather than being objective quantities.

We first review key prior evidence demonstrating a role
of serotonin in resource cost and reward signalling and
discuss two recent theories that aim to unify serotonergic
function [18,24]. We integrate these theories with recent
evidence suggesting serotonin is involved in the re-
presentation of average environmental ‘richness’ and
propose serotonin represents a cost—benefit integration
over time that informs meta-decisions. We then discuss a
possible neurocomputational mechanism underlying this
cost-benefit integration [27] and conclude by defining
the scope of this novel meta-decision account of ser-
otonin, highlighting future avenues of investigation in
the domains of controllability and persistence.

Aversive processing, anticipatory responding,
and resource investment

Serotonin has long been hypothesised to play a key role in
aversive processing and inhibitory responding. For in-
stance, earlier accounts have linked serotonergic signal-
ling to anticipatory responses to threat [1], behavioural
inhibition [32], waiting for reward [33], punishment pre-
diction errors (as a dopamine opponent) [34], or average
punishment rates [35]. Other accounts have attempted to
reconcile these different explanations by considering
serotonin in light of hardwired coupling between pun-
ishment prediction errors and behavioural inhibition
[4,36,37]. 'This hypothesis has been incorporated into
theories where serotonin is proposed to act as an oppo-
nent to dopamine [4,5,35]. Over the years, ample evi-
dence supporting the aversive processing/inhibition
account for serotonergic function has come from studies
in both humans and animal models [7-9,36]. A second
line of research, primarily in rodents and nonhuman pri-
mates, has emphasised the role of serotonin in anticipa-
tion [21] and anticipatory responding in the context of
rewards, specifically active waiting and patience for re-
ward [2,20,33]. For example, activation of DRN serotonin
afferents both promotes and is necessary for successful
waiting for a reward [33,38,39], while low levels of ser-
otonin promote impulsive responding when rewards or
punishments are at stake [6]. These observations related
to patience can be considered a particular example of
aversive inhibitory responding, as outlined previously
[35]. Within this framework, serotonin decreases the
(aversive) cost of time, that is, the time that is spent ex-
erting patience whilst choosing to withhold a response.

Distilling from these observations, with particular em-
phasis on the robust finding that serotonin increases
preparedness to wait, thus reducing sensitivity to the
opportunity cost of time, Doya et al. propose that the
unifying function of serotonin is to signal the availability
of time and resources. In doing so, higher serotonin le-
vels promote the willingness to ‘spend’ time or other
resources [18]. This framework accommodates observa-
tions beyond anticipatory responding to aversive and
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rewarding stimuli; for example, a signal of increased
availability of resources could favour more exploration
and learning, explaining serotonin’s role in cognitive
flexibility [22], promote the willingness to exert physical
effort [40], and the tendency for deliberation [41].
Within this framework, less serotonin would favour more
shallow search strategies and the pruning of decision
trees [4] and freezing rather than active coping responses
when presented with acute threat [17,42]. We note,
however, that a potential alternative hypothesis is that
high reward environments could instead favour a low-
cost Pavlovian strategy, as ‘errors’ do not lead to loss of a
rare opportunity.

Reward and long-range average value

While the above ‘time and resource availability’ account
can account for a wide range of observations related to
serotonin [18], it does not address findings implicating
serotonin in the representation of reward and punishment
in the absence of variability in costs or resource invest-
ment. Numerous studies demonstrate serotonin’s in-
volvement in the processing of rewards and the learning
of value, that is, the average of rewards and punishments
over a longer timescale [10,43]. For instance, DRN
neuron activity in both rodents and macaques is modu-
lated by the value of expected and received rewards
[21,44] and DRN serotonin neuron activity covaries with
both positive and negative reward prediction errors in the
context of reversal learning [22]. In macaques, functional
Magnetic Resonance Imaging (fMRI)-derived DRN ac-
tivity was found to track recent reward history or reward
state [45], and similarly, in humans, serotonin levels in
substantia nigra tracked offer value in social decision-
making [19]. Finally, serotonergic signalling in response
to punishment [7,22] could in some cases be interpreted
as the rewarding properties of relief from an aversive
stimulus [24,46,47].

Based on these findings implying serotonin in processing
reward on both longer and shorter timescales, it has been
suggested that serotonin signals a long-running value
signal. Harkin et al. recently formalised this hypothesis
in a biologically constrained neurocomputational model
of DRN firing, where serotonin encodes state value,
quantified as the temporally discounted average of fu-
ture expected rewards and punishments, approximated
from past experience [24]. In other words, in this model,
DRN serotonin signalling keeps track of the reward state
of the environment, that is, how good the current en-
vironment is. This model reproduces several character-
istic activity patterns of DRN, including phasic
responses to rewards, reward-predicting cues, and im-
minent relief of punishment [24]. Furthermore, the
model also captures tonic serotonin dynamics over
longer timescales across periods of rewards or punish-
ments. As we shall see, such a, putatively serotonergic,
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state value signal might provide a heuristic for deciding
on effort or resource investment [48].

In summary, the ‘time and resource availability’ and ‘state
value’ theories each capture important aspects of ser-
otonin function. Doya et al. present a high-level con-
ceptual framework that aims to explain a wide range of
relevant behaviours but does not provide specifics re-
garding the neural computations [18]. In contrast, Harkin
et al. provide a precise model of DRN serotonin firing and
the computations this embodies in the context of trace
conditioning experiments but remain agnostic about how
this expected value signal might influence learning and
decision-making behaviour more broadly [24]. While it is
possible that the suggested ‘resource availability’ and
‘state value’ accounts are indeed separate aspects of ser-
otonin signalling subserved by different neural circuits,
we believe that there is explanatory merit in integrating
these ideas, as we will set out below.

Integrating serotonin theories of resource
availability and state value

We propose that the theories discussed above embody
two aspects of serotonergic function that can be combined
into a single model of serotonin that integrates these
quantities of resource availability and state value into a
cost-benefit trade-off to inform flexible allocation of re-
sources to decision-making, that is, meta-decisions
[29,48,49]. From psychology to economics, the over-
arching consensus is that choice is not a unitary process.
Rather, efficient decision-making requires a ‘meta-opti-
misation’ that accounts for the benefits and costs of the
internal processes. This meta-optimisation involves the
arbitration between different behavioural strategies at any
timescale, each associated with their respective benefits
of obtaining a potential reward, pitted against the internal
and external resources and opportunity costs [29].

A first hint that serotonin could be crucial to such meta-
decision processes is its apparent role in the evaluation
of the value of a current offer relative to the average,
long-term reward value or ‘richness’ of the environment.
This evaluation approximates opportunity cost, that is,
how worthwhile it is to invest in the current opportunity,
knowing that it will make one miss out on other op-
portunities [48,50]. Recordings from rodents and non-
human primates show that DRN neurons signal not only
various features of the reward on offer, like value or
uncertainty [11,20,51], but also the average reward rate,
that is, richness, of the environment [51]. In another
study, fMRI-derived DRN activity related to the value
of an offer relative to the environment, and the average
richness of the environment influenced the willingness
to invest time to obtain rewards [23]|. In addition,
changes in the value of the environment are tracked by
DRN, and DRN activity relates to transitions in
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4 Cognitive Flexibility

motivational states [52]. Finally, when DRN activity is
disrupted, sensitivity to the richness of the environment
decreases. Taken together, these findings make a case
for DRN to guide decisions to invest resources or not
[23] or to engage or disengage in the task at hand.

The work by Khalighinejad et al. [23] provides two
further important pieces of evidence in support of ser-
otonin’s involvement in resource allocation. First, DRN
tracked the intertrial interval (I'TT), which related to the
relative scarcity of reward. Then, when serotonin was
modulated through semi-chronic administration of a se-
lective serotonin reuptake inhibitor (SSRI), subjects
became more willing to invest time to obtain reward,
particularly when opportunities to obtain benefits were
scarcer. This role of serotonin appears to extend to al-
location of cognitive resources, as pharmacological ma-
nipulations of serotonin in rats changed decision
boundaries for cognitive effort allocation [53]. These
findings suggest that serotonin signals integrated in-
formation on costs, benefits, reward history, and en-
vironment to guide resource allocation, thus supporting
meta-decision making.

Neurobiological implementation

In line with the idea that the allocation of resources —
such as time and effort — is optimised depending on the
expected return [49,54,55], we here propose that the
underlying computational principle of serotonergic
function is the long-term integration of cost and benefits
to support meta-decisions. This requires optimising de-
cision-relevant variables, such as reward prediction
(combining reward value and uncertainty) and required
effort [20,51,56] at the momentary time scale while op-
timising the appropriate meta-level decision-policy, in-
fluencing decisions at the temporally extended time
scale. This dynamic momentary optimisation regulates
short-term decisions to allocate resources (e.g. cognitive
and physical effort, time), while the meta-level optimi-
sation controls the overall resource allocation policy de-
pending on the extended context (e.g. how much of
these resources should be allocated on average), arbi-
trating between a more frugal and a more generous al-
location policy, depending on the expected benefit.

Notably, momentary decisions have been associated with
dopamine and noradrenaline release [57-59] in concert
with the dorsal anterior cingulate cortex (dACC)
[49,56,60,61]. A recent computational framework im-
plemented this theoretical view through a neurobiologi-
cally plausible architecture, proposing reinforcement
meta-learning as the critical computation linking mo-
mentary and extended timescales [54,55]. This model
captures cost—benefit computations at the momentary

level through catecholamine action, while serotonin em-
bodies the critical link between momentary and extended
timescales by modulating catecholamine release at a
longer timescale [27]. In this model, higher serotonin le-
vels mitigate the cost of spending resources (via ca-
techolamine release). Concretely, lower serotonin levels
lead to an overall more frugal catecholaminergic man-
agement policy compared to when serotonin levels are
high. Such a frugal policy results in increased cost of re-
leasing catecholamines, leading to reduced exertion. For
further details on the model, including some critical
predictions, see Box 1. We note that the algorithmic im-
plementation of this particular model is discussed else-
where [27,55], whilst here we will restrict ourselves to a
brief conceptual description. Compellingly, the notion
that serotonin acts on more extended timescales generally
concurs with the proposal linking serotonin, mood, and
decision-making [28], and the finding that serotonin
mediates the interaction between mood and reward [31].

In sum, serotonin may act as a high-level neuromodu-
lator of meta-level optimisation of the integration of all
relevant momentary variables, thus supporting meta-
decisions. This way, dynamic momentary integration
leads to long-term emergence of temporally extended
behaviours that can be shifted toward more resource-
heavy or frugal policies in terms of cost—benefit running
average. While noradrenaline and dopamine are critical
for short-sighted incentive-driven responding and in-
vigoration, serotonin may promote far-sighted meta-level
integration and decisions to pay a higher resource cost
and persist despite the costs over a longer timescale.
Such meta-decisions to persist/invest versus give up/re-
ject then result from a combination of information about
cognitive, energetic and time resources, and features of
the environment such as environmental richness. As
such, shifts in modes of decision-making become an
emergent property of the system, without postulating an
additional control or ‘meta-decision’ homunculus.

Interpreting serotonin’s role in controllability
and persistence through the lens of meta-
decision making

We have introduced an integrative proposal for ser-
otonergic function in meta-decision making by building
on theoretical and empirical accounts in the domains of
aversive processing, anticipatory responding, reward
learning, and resource investment. We now highlight
two other topical cognitive domains where serotonin is
suggested to play an important role and for which the
proposed framework yields testable predictions.

A factor that should normatively influence whether to
invest resources in a particular action is whether that
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Box 1 The Reinforcement Meta-Learner (RML) model.
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The neurobiologically plausible RML model performs dynamic tracking of multiple external (i.e. environmental) and internal variables, such as
reward expected value, temporal expectations, volatility, information value, and required effort [55,78]. This dynamic momentary optimisation
regulates short-term decisions to allocate resources, such as cognitive and physical effort or time, when engaging in a specific task. Based on this
multivariate and dynamic optimisation of momentary variables, the meta-learning architecture leads to the emergence of a temporally extended
decision policy consistent with the proposed meta-decision process. Importantly, in this model, momentary optimisation relies on bidirectional
signalling of relevant variables (such as reward, punishments, volatility) via input of dopamine and noradrenaline, from the ventral tegmental area
and locus coeruleus, respectively, to the dACC [55], and in turn dACC top-down control of noradrenaline and dopamine release (Figure 1). Hereby,
serotonin may provide the critical link between momentary and meta-level timescales through the modulation of dopamine and noradrenaline

release at a slower timescale [27].

Qualitative simulations of this computational framework show that depletion of a putative serotonergic meta-parameter leads to reduced will-
ingness to exert effort for rewards [27]. These simulations match evidence of reduced willingness to exert effort for reward in patients with major
depressive disorder [79,80] — where serotonergic medication typically alleviates symptoms — and mirrors evidence of increased willingness to
exert effort after chronic serotonin reuptake inhibition in healthy individuals [40].

Figure 1

Current Opinion in Behavioral Sciences

Schematic overview of the RML model (Figure adapted from Ref. [55]
with author permission).

action is going to matter for obtaining the desired out-
come [29,62]. Therefore, meta-decisions should factor in
whether an agent can control its environment [63]. The
well-documented role of serotonin in the phenomenon of
learned helplessness suggests that serotonin may indeed
play a role in signalling environmental controllability
[64-66]. Within the framework outlined here, an increase
in serotonin should boost investments of resources in
environments with high controllability. Indeed, there is
long-standing evidence showing that learned helplessness
can be reversed with chronic SSRI administration [67].
However, this is at odds with experimental data showing
that uncontrollable stress in fact izcreases DRN serotonin
release [64,68]. Future studies could investigate this dis-
crepancy at the microcircuit level [18] using computa-
tional and empirical frameworks that disentangle
controllability from uncertainty and environmental reward
richness [30,63]. An interesting prediction of the frame-
work would be that serotonin modulates the reward
richness experienced by an individual and that this in
turn modulates one’s sense of controllability (rather than
directly modulating estimated controllability). Another
important question to be addressed is whether serotonin
primarily promotes exploratory action necessary for the

detection of control or rather mediates the effects of
controllability estimates on the recruitment of different
decision strategies [69].

The idea that serotonin integrates information about
benefits and costs toward a long-term goal also implies
an important role of serotonin in effortful persistence.
Most rewarding outcomes are obtained with effort, a
quantity considered as a cost to be minimised in most
models of motivated control [49,55]. Serotonin may mi-
tigate these momentary costs of effort and sustain a
costly behavioural policy when justified by the rewards
on the long-term horizon (c.f. [27]). Importantly, this
dynamic may emerge from the interplay of momentary
catecholamine exertion and sustained serotonin levels,
balancing between strategies (higher willingness to pay,
resulting in more persistence and higher effort, but also
more cognitively effortful decision-making strategies).
An open question is whether tonic serotonin levels in-
deed orchestrate the balance between different decision
strategies and to what extent momentary DRN firing
contributes to triggering shifts in such strategies.

A critical prediction of the framework is that serotonin
would not boost persistence per se. Rather, it mediates
effortful persistence or resource-intensive decision stra-
tegies, as a function of the expected value of effort that
itself depends on meta-decision parameters like in-
dividual representations of environmental richness and
controllability. Precisely how serotonin affects this
computation warrants further research; one possibility is
that serotonergic signalling reduces the cost parameter in
the cost-benefit evaluation (as proposed by Ref. [27]) in
line with empirical evidence that serotonergic medica-
tion promotes effort exertion [40]. Another possibility is
that serotonin does not mediate effortful persistence it-
self but boosts (cognitively) frugal strategies as a func-
tion of the cost parameter, in line with previous
theorising [4] and the observation that uncontrollable
stress induces serotonin release [68]. According to this
account, serotonin release would inhibit effortful
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decision strategies in anticipation of aversive outcomes,
instead promoting low-cost, in particular, aversive Pav-
lovian, strategies, but only when effort costs are high, for
example, because the current environment is un-
controllable. Indeed, optogenetic activation of serotonin
neurons led to increased effortful reward exploitation in
a foraging task [70] and serotonergic medication given to
patients with obsessive-compulsive disorder improved
effortful switching in a deterministic reversal learning
task [71]. This prediction could be tested in experiments
where both required (cognitive) effort or resource in-
vestment and reward richness are manipulated in-
dependently, and combining such a study design with a
serotonergic manipulation, for example, optogenetic
stimulation in rodents or SSRI administration in humans.
Another phenomenon that similarly stretches across
momentary and long-term timescales is fatigue [72].
Considering the link with effort exertion and the fact
that fatigue can be regarded both as a momentary cost as
well as a long-term build-up, future studies could in-
vestigate whether DRN dynamics impact experienced
fatigue, and whether this could be accounted for by the
proposed meta-decision integrative function for ser-
otonin.

Final considerations

In this brief review, we have focused on the cognitive
and computational role of serotonin in motivated deci-
sion-making. While we did not discuss the large litera-
ture on serotonin and social cognition and behaviour
[73,74], the meta-decision processes proposed here may
well generalise to social decision-making. Indeed, a re-
cent voltammetry study in humans shows tantalising
evidence that serotonin release in substantia nigra tracks
social context as well as value signals during economic
exchange games [19]. We have also not addressed the
role of serotonin in brain development and plasticity, nor
discussed ensuing long-term effects on behaviour and
cognition [75,76]. However, we believe that this is an-
other fruitful avenue to investigate, as these long-term
effects on e.g. resilience likely interact with the meta-
decision making framework proposed here [77]. Finally,
we want to conclude by once again acknowledging the
complexity of the serotonergic neuromodulatory system
and emphasise that considering the functional role of
differentially spatially distributed serotonin receptor
networks [13] will be necessary to further finetune the
proposed framework. We hope that despite its necessary
omissions, this updated proposal for serotonergic func-
tion will spark further investigations and theorising to-
ward an overarching computational role for serotonin.
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