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Understanding the effects of serotonin
in the brain through its role in the
gastrointestinal tract

James M. Shine,! ®Claire O’Callaghan,’ Ishan C. Walpola,? Gabriel Wainstein,*
Natasha Taylor,’ Jaan Aru,® Bryce Huebner” and Yohan J. John’

The neuromodulatory arousal system imbues the nervous system with the flexibility and robustness required to fa-
cilitate adaptive behaviour. While there are well understood mechanisms linking dopamine, noradrenaline and
acetylcholine to distinct behavioural states, similar conclusions have not been as readily available for serotonin.
Fascinatingly, despite clear links between serotonergic function and cognitive capacities as diverse as reward pro-
cessing, exploration, and the psychedelic experience, over 95% of the serotonin in the body is released in the gastro-
intestinal tract, where it controls digestive muscle contractions (peristalsis).

Here, we argue that framing neural serotonin as a rostral extension of the gastrointestinal serotonergic system dis-
solves much of the mystery associated with the central serotonergic system. Specifically, we outline that central sero-
tonin activity mimics the effects of a digestion/satiety circuit mediated by hypothalamic control over descending
serotonergic nuclei in the brainstem. We review commonalities and differences between these two circuits, with a
focus on the heterogeneous expression of different classes of serotonin receptors in the brain. Much in the way
that serotonin-induced peristalsis facilitates the work of digestion, serotonergic influences over cognition can be re-
framed as performing the work of cognition. Extending this analogy, we argue that the central serotonergic system
allows the brain to arbitrate between different cognitive modes as a function of serotonergic tone: low activity facil-
itates cognitive automaticity, whereas higher activity helps to identify flexible solutions to problems, particularly if
and when the initial responses fail.

This perspective sheds light on otherwise disparate capacities mediated by serotonin, and also helps to understand
why there are such pervasive links between serotonergic pathology and the symptoms of psychiatric disorders.
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Introduction

The ascending neuromodulatory system consists of a diverse col-
lection of nuclei in the brainstem and forebrain that send axonal
projections throughout the CNS. By releasing ligands that either
open ion channels or modulate internal neuronal state via second-
messenger systems, the neuromodulatory system works in concert
with the excitatory and inhibitory signals communicated between
neurons to imbue the brain with the dynamic flexibility required
to facilitate adaptive behaviour.

Although there are numerous different neuromodulatory che-
micals in the nervous system, the most well studied are the dopa-
minergic system (projections from the ventral tegmental area and
substantia nigra), the noradrenergic system (locus coeruleus), the
serotonergic system (raphe nuclei), and the cholinergic system
(pedunculopontine, laterodorsal tegmentum and basal forebrain).
Despite similar mechanisms of action,® idiosyncratic anatomical
details of different pathways betray the unique functional signa-
tures of each system. For instance, dopaminergic projections
from the substantia nigra modulate the excitability of direct-
pathway spiny projection neurons in the striatum, activating firing
patterns in the frontal cortex that have been linked to both plan-
ning and action.? In contrast, unmyelinated projections from the
noradrenergic locus coeruleus diffusely innervate the entire cere-
bral cortex, promoting network-level integration and fast, effective
cognitive performance.® Cholinergic cells tend to project in a more
segregated fashion, mediating a range of inhibitory mechanisms
that promote normalization and focused attention.**

By comparison, the serotonergic projections of the dorsal raphe
nuclei remain much more poorly understood.®” Much like the fi-
bres of the locus coeruleus, the axons of the dorsal raphe project
relatively diffusely to the whole cerebral cortex.? Their varied influ-
ence over firing rates in the cortex are mediated by a diverse range
of receptors that can be characterized as either fast-acting, ionotro-
pic or slow-acting, metabotropic receptors, the latter of which alter
neural gain through second messenger mechanisms." The fact that
these receptors are expressed on both excitatory and inhibitory cell
types adds further complexity. Despite these uncertainties, central
serotonergic activity levels have been convincingly linked with a
rich repertoire of cognitive functions, including explore/exploit dy-
namics,”° cognitive flexibility,’ adaptive responses to adversity,?
temporal discounting,'*'* aversive processing,'® and behavioural
inhibition®; as well as being implicated in an array of abnormal
psychological states (anxiety, depression, hallucinations, etc.'”:#).
The question remains: how can the central serotonergic system
mediate these diverse functions?

A potential clue comes from an often overlooked anatomical de-
tail: around 95% of serotonin is actually expressed outside the ner-
vous system in the gastro-intestinal tract (GIT). In the GIT,
activation of serotonin receptors control motility and peristalsis,
primarily via 5-HTs4 receptors (5-HTs4Rs), which are of the
fast-acting, ionotropic and slow-acting, metabotropic (Gs) type, re-
spectively.'>? Peristaltic waves controlled by 5-HT (serotonin) in
the GIT facilitate crucial digestive functions—they coordinate func-
tional subunits of the GIT to create motility and hence act to break
down boluses of food so that the body can extract nutrients re-
quired for energy synthesis and homeostasis. Serotonin levels in
the GIT are under the control of a well defined circuit, in which che-
micals that increase in concentration following food intake and sa-
tiation (e.g. leptin, insulin, glucose and ghrelin) travel through the
bloodstream to the circumventricular subfornical organ,”* which
then contacts the arcuate nucleus of the hypothalamus. Here, the
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satiation-related chemicals promote the transcription of genes
(e.g. POMC). The products of this process are transcribed into inter-
mediary proteins, such as ACTH and o-MSH, ultimately acting to
decrease the excitability of the serotonergic cells in the dorsal mo-
tor nucleus of the vagus (DMX) that control gut motility.?? These cir-
cuits create a dynamic, non-linear feedback loop in which
intermediate levels of neuronal serotonergic activity are required
for effective digestion®>?% and the activity of this system is closely
regulated by the presence of downstream products of digestion (i.e.
it knows when to ‘shut off’).

In this Review article, we argue that framing the central seroto-
nergic system as a rostral extension of the gastrointestinal seroto-
nergic system helps to explain the role that 5-HT plays in shaping
cognitive function. By analogy, we contend that 5-HT controls a
process akin to ‘cognitive digestion’—when there is cognitive
work to be done (i.e. decisions to be made, or actions to be exe-
cuted), higher concentrations of cerebellar than cortical 5-HT re-
cruits a distributed set of corticocerebellar circuits in a non-linear
fashion that first attempts to solve cognitive problems using previ-
ously learned processes, whereas elevated concentrations of cen-
tral 5-HT promote heightened top-down influences in the
cerebral cortex that allows for novel, flexible and creative solutions
to persistent problems. In this way, 5-HT is proposed to play a cru-
cial role in shaping the systems-level response to cognitive chal-
lenges. In the final section, we will demonstrate how this model
helps to explain diverse features of the neuronal 5-HT system,
both during healthy cognitive function and across a range of abnor-
mal brain states. We hope that this analogy can provide a novel
framework for understanding the function of the central serotoner-
gic system, and further that it might motivate new approaches for
understanding and treating neuropsychiatric symptoms.

The anatomy and physiology of
gastrointestinal serotonergic system

The GIT is a set of specialized organs that form the basis of a patent
tube running from the mouth and oesophagus, through the stom-
ach, small intestine, large intestine to the rectum (Fig. 1).
Innervating these organs is a dense network of neurons that course
through the vagus nerve to form the enteric nervous system. The
presence of food in the GIT—signalled either through mechanical
stretch receptors® or the presence of chemicals, such as chole-
cystokinin®®—is transmitted via the vagus nerve to central brain
structures, such as the nucleus solitarius and raphe magnus. In
these nuclei, the neuromodulatory ligand serotonin (synthesized
by removing a hydroxyl group from the essential amino acid, tryp-
tophan?®®) is shuttled by axons from the raphe nuclei'® and the
DMX? to the GIT, where it modulates the local release of 5-HT
from enterochromaffin cells.?®?>?® Through complex actions on
GIT smooth muscle cells, 5-HT promotes increased gastric motility
via peristalsis,?®?* which accelerates the digestive process, and the
extraction of nutrients required to mediate ongoing homeostatic
processes in the body.

Like many biological feedback circuits, the 5-HT system uses
multiple feedback loops (both positive and negative) to control
its own concentration in the GIT, and hence, to sustain effective
digestion. As described above, the efferent projections from the
GIT via the vagus nerve appear to control a positive feedback circuit
that triggers the 5-HT release that facilitates digestion. Importantly,
if this positive feedback circuit runs unchecked, heightened
concentrations of 5-HT in the GIT can promote problematic and
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Figure 1 Anatomy of the serotonergic systems of the body. (A) The anatomy of the gastrointestinal tract (GIT; light blue) and its connections with the
dorsal motor nucleus of the vagus (DMX; dark blue), which is controlled by inputs from the raphe magnus (purple) and ventromedial hypothalamus
(Hyp; pink). (B) Following ingestion, chemo-mechanical signals travel via the vagus nerve to the medulla, wherein descending serotonergic signals
(via the raphe and DMX) stimulate peristalsis and further ingestion (digestive work). If this peristalsis leads to digestion, then chemical byproducts
of digestion (leptin, ghrelin, insulin, etc.) travel via the vascular system to the hypothalamus and stimulate the transcription of the POMC gene, which
decreases raphe firing via alpha-MSH stimulation of MCy4R, ultimately leading to satiation. If appropriate negative feedback signals do not occur, then
the positive feedback loop between the vagus nerve and the GIT can cause an increase in peristaltic frequency (or flux).

sustained increases in motility (which we refer to here as ‘Flux’)—
that is, heightened 5-HT concentrations can promote diarrhoea.
For this reason, the system requires negative control loops that
help to shut down 5-HT release after a meal has been effectively di-
gested. These slower negative feedback loops tend to be humoralra-
ther than neuronal—for the GIT, circulating levels of leptin (from
adipocytes), insulin (from the pancreas), glucose (from the blood)
and ghrelin (from the GIT) travel slowly via the blood to reach the ar-
cuate nucleus of the hypothalamus,?® wherein they catalyse tran-
scription of the POMC gene. Following further modifications of the
gene products of POMC, alpha-MSH acts as an inhibitory (Gi) neuro-
modulator on the raphe nuclei and nucleus solitarius,*® terminating
the descending signals that mediate peristalsis. In this way, the GIT
can reduce the activity of peristalsis (e.g. by controlling the fre-
quency of pacemaker cells in the GIT*') once the work of digestion
has been completed. How do these well described circuits control-
ling the GIT relate to the serotonergic circuits of the brain?

The anatomy and physiology of the
neural serotonergic system

The basic organization of the serotonergic system in the brain
shares many similarities with the 5-HT system of the GIT. For in-
stance, the majority of central 5-HT release is controlled by the
raphe nuclei of the brainstem, which themselves are under the
feedback control of numerous regions in the brain, including
the hypothalamus, cerebral cortex and habenula. In keeping with
the GIT, the three major raphe nuclei in the brain—the magnus,
median and dorsal raphe—together diffusely blanket almost every
area of the brain in unmyelinated axons that release serotonin at
target structures in the cerebral cortex, thalamus, and colliculi®®>?

(Fig. 2A), whereas the cerebellum receives the majority of 5-HT
from the medullary and pontine reticular formation.?® The firing
rate of centrally-projecting raphe nuclei varies as a function of dis-
tinct behavioural states.®* Perhaps unsurprisingly given the links to
the GIT, 5-HT concentrations in the brain are elevated during feed-
ing,®® but also at other times—for instance, serotonergic activity is
typically lowest during sleep (particularly REM®®), and then in-
creases substantially upon awakening.’” There is a well known
link between serotonin activity and motor behaviour, particularly
for the nuclei that project to the cerebellum and spinal cord.*® In
addition, 5-HT activity has been linked to a number of different cog-
nitive processes, including working memory,”” cognitive flexibil-
ity,'! response inhibition®® and the balance between exploration
and exploitation.® Serotonin levels also prevent the hippocampus
from entering into modes that promote sharp-wave ripples,*>*!
which may help animals maintain focus over their current goal
state by inhibiting the likelihood of memory retrieval events during
moments that require goal-directed focus.*?

Once serotonin is released in the brain its impact on local neur-
onal firing is quite complex (at least in comparison to the GIT), in
part due to the vastly increased diversity of serotonergic recep-
tors.®?° In the brain, serotonin receptors loosely fall into four dis-
tinct classes: (i) slow-acting, metabotropic 5-HT,Rs, that liberate
Ca?* from intracellular stores using a Gq mechanism; (i) 5-HT4/e/
sRs, which increase cAMP (and subsequent second-messenger cas-
cades) using a Gs mechanism; (iii) 5-HT;/sRs, which decrease cAMP
(via a Gi mechanism); and (iv) fast-acting, ionotropic 5-HT3 recep-
tors, that promote the flow of either Na* or K**.»'*° The more slowly
acting metabotropic receptors, which are the main focus of this
manuscript, exert their influence over neural spiking activity some-
what indirectly. Through second-messenger cascades that alter the
gain (or excitability) of targeted regions, these receptors essentially
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Figure 2 Controlling the systems that define adaptive decision making. (A) The raphe nuclei send diffuse projections out to widespread regions in the
brain, whereas serotonergic neurons in the reticular formation predominantly innervate the cerebellum and its input structures. (B) Although 5SHT;4Rs
(blue) and 5-HT,4Rs (red) are thought to be expressed ubiquitously across pyramidal neurons in the frontal cortex,*” we demonstrate here how different
classes of 5-HTRs are expressed in different compartments of a layer V PT-type pyramidal neuron, whose apical dendrites (which receive top-down
projections) are electrically isolated from its basal dendrites (which receive bottom-up projections)—high-affinity, inhibitory (Gi/o) 5-HT;4Rs (blue)
are expressed on the axon initial segment, and distal apical dendrites, whereas low-affinity, excitatory (Gq) 5-HT»aRs (red) are expressed on proximal
apical dendrites, and ionotropic 5-HT3Rs (purple) are expressed on interneurons (VIP+; dark green) that gate inhibitory control over apical dendrites (by

disinhibiting inhibitory SST+ interneurons; light green).

make targeted regions more (or less) likely to fire action potentials
when they receive a glutamatergic input from another neuron.' In
contrast, ionotropic receptors (such as 5-HT3R) directly open ion
channels, which can then excite (or inhibit) their target cells.
Interestingly, while 5-HT3Rs are the most prevalent within the
GIT, metabotropic receptors are highly expressed across the ner-
vous system (see Okaty et al.® and Sharp and Barnes? for a thorough
review).

The different metabotropic receptors, which are expressed in
unique locations within the brain, also respond differently to the
concentration of serotonin, which in turn can change the informa-
tion processing dynamics that emerge from coordinated neural ac-
tivity.*? For instance, while the majority of pyramidal neuronsin the
frontal cortex express both 5HT;, and 5-HT,4Rs,* the receptors are
expressed on different compartments: inhibitory 5-HT;sRs are loca-
lized to the axon initial segment,*** whereas excitatory 5-HT,Rs
are heavily expressed on proximal apical dendrites**™* (Fig. 2B).
These two classes of receptors also have different affinities for sero-
tonin: 5-HT14Rs have higher-affinity for 5-HT than 5-HT»4Rs, and
hence require lower concentrations of serotonin in order to recruit
their associated second-messenger cascades.*® This implies that,
at low-to-intermediate concentrations, 5-HT attenuates outputs
from pyramidal neurons (i.e. it has an inhibitory effect), whereas
at higher concentrations, 5-HT increases the effects of diverse top-
down signals on pyramidal neuron firing. The specificity of the cir-
cuits recruited during heightened concentrations of 5-HT could
alsobe shaped and constrained by the recruitment of fast-acting, io-
notropic 5-HT3Rs, which are highly expressed on superficial-layer
VIP+/CR+ GABAergic interneurons in the cerebral cortex*>*° and
have been shown to disinhibit specific top-down patterns in the
cerebral cortex by gating SST+/CB+ interneurons (Fig. 2B).°" We
will return later to the potential importance of these distinct recep-
tor expression profiles.

Much like the central serotonergic regions associated with the
GIT, each of the centrally projecting raphe nuclei receives both ex-
citatory and inhibitory inputs that embed the firing of serotonergic
neurons within complex feedback loops that control their firing
rate. For instance, the raphe nuclei receive substantial glutamater-
gicinnervation from the ventromedial prefrontal cortex (vmPFC),® a
limbic area of the cerebral cortex involved in a variety of different
functions, such as behavioural control, valuation and decision-
making.>> By integrating conceptual and affective information,
the vmPFC calculates subjective value of available affordances®*—
that is, what matters to an animal from moment-to-moment. In
addition, there are also substantial disinhibitory projections from
the ventral tegmental area (another area that reflects motivational
and valuation signals) to the raphe nuclei,** as well as reciprocal ex-
citatory connections in the opposite direction.>® While these inputs
might be considered as analogous to the feed-forward vagal affer-
ents that innervate the nucleus solitarius,”’ it is important to note
that many of the cortical projections actually contact GABAergic
cells in the raphe,*® suggesting that they may act as feedback inhi-
bitors, or at the very least gate 5-HT release to occur at specific
times. In a compelling demonstration of such descending inhibi-
tory control, the vmPFC was shown to regulate dorsal raphe firing
based on how much control an animal had over an environmental
stressor.”” Taken more broadly, the vmPFC may ‘instruct’ raphe cell
firing based on environmental and motivational contingencies.*®

Firing rates in the dorsal raphe are also under the control of the
habenula, which is a critical neuroanatomical hub that connects
and regulates brain regions important for motivational and cogni-
tive states.>®° There are two anatomical subdivisions of the habe-
nula: the lateral habenula,®* which is predominantly glutamatergic
and uniquely positioned as a hub connecting a range of subcortical
and cortical structures with the dopaminergic, serotonergic and
noradrenergic systems; and the medial habenula,®? which is
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predominantly cholinergic, and receives inputs from the choliner-
gic septum and projects to the interpeduncular nucleus and peria-
queductal grey matter, where it mediates freezing and avoidance
behaviour.®® There is ample evidence to suggest that the lateral ha-
benula inhibits the release of 5-HT from the dorsal raphe, likely via
the recruitment of GABAergic interneurons.®*®® In turn, the dorsal
raphe also inhibits the lateral habenula [via both 5-HT;g/sRs (G;) and
5-HTyc (Gg)®°), creating a complex, multi-stage feedback loop. The
lateral habenula also receives inputs from the anterior cingulate
cortex, a region that integrates the outcome values of actions
over a longer timescale, in contrast to lateral habenula neurons
that detect ongoing negative outcomes associated with shorter la-
tencies.®” In this way, the habenula can act as an intermediate con-
trol structure that is related both to what an animal needs (i.e. via
the hypothalamus), but also what is actually available (i.e. via the
anterior cingulate cortex), across varying timescales.

Serotonin controls systems-level
information processing in the brain

What factors bind together these seemingly diverse features of the
central serotonergic system? By way of analogy with the GIT, we
suggest that central 5-HT activity is recruited when there is cogni-
tive work to be done—i.e. when there is ‘food for thought’ to be di-
gested. While awake, animals are bombarded with sensory
information that reflects a constantly changing set of features in
the world around them. These patterns of activity suggest affor-
dances (i.e. opportunities for action) that can shift and change as
a function of fluctuating behavioural needs.®® Studies in zebrafish
have confirmed that serotonergic structures in the brain act as a
controller in the balance between behavioural exploration and ex-
ploitation.9 Similar results have been observed in locusts, where
5-HTR agonism in the thoracic ganglia controls the expression of
gregarious behaviour.®® A role for 5-HT in modulating the expres-
sion of aggressive social behaviours is remarkably conserved across
phylogeny.”®’* This cross-species evidence of 5-HT arbitrating be-
tween modes of behaviour aligns well with our perspective.

So how might the concentration of 5-HT mediate complex,
adaptive dynamics in the human brain? The expression of
5-HTRs offers a potential clue as to how these mechanisms are
mediated at the systems level. As described above (Fig. 2B), low con-
centrations of 5-HT inhibit spiking output in cortical pyramidal
neurons via 5-HT;4Rs, whereas higher concentrations of 5-HT aug-
ment feedback into pyramidal neurons via 5-HT,Rs,**™” suggest-
ing that different dynamic cortical states (Box 1) can be recruited
as a function of increasing 5-HT concentrations.'® Importantly,
the other key circuits in the brain are similarly responsive to
5-HT, albeit with distinct effects at different concentrations of
5-HT. For instance, the cerebellum receives substantial innervation
by serotonergic fibres®*7” (Fig. 3A) and 5-HT is known to mediate a
general increase in cerebellar activity through a wide range of dif-
ferent 5-HTRs.”” The cerebellum is reciprocally connected with
layer V PT-type pyramidal neurons, which are the major output
neuron of the cerebral cortex that fire in bursts whenever an animal
undertakes an action’® (Fig. 3A). The axons of these neurons make
strong contact with the pontine nuclei that act as one of two major
input structures to the cerebellum, and 5-HT has been shown to in-
crease the susceptibility of the pontine nuclei to high-frequency
(i-e. bursting) inputs.”® Based on their differential responsivity to
5-HT and the fact that cortical and cerebellar 5-HT likely arise
from distinct inputs that are themselves reciprocally (and
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negatively) interconnected,®® we propose that intermediate con-
centrations of serotonin will lead to a boost in feedforward activity
in the cerebral cortex driven by cerebellar activity,®! and a relative
silencing of inter-regional connectivity within the cerebral cortex.?”
That is, intermediate concentrations of serotonin will lead to a
cerebellar driven cortical computation regime.

In previous work, we have argued that the modular, algorithmic
circuitry of the cerebellum’*®? and its capacity to store sparse,
high-dimensional signals® would have the effect of mediating
fast, anticipatory responses to cognitive challenges.”>#* Although
typically associated with the motor system, in humans (as well as
in a number of other species®?) the cerebellum is intricately con-
nected with the lateral frontal cortices via the thalamus, such
that it is ideally placed to coordinate the fast, intuitive modes of
cognition—what some might call a ‘gut feeling’, but here we refer
to as ‘cognitive automaticity’ (Fig. 3B). In this state, serotonin ex-
cites the nervous system sufficiently to mediate complex, adaptive
behaviour, in such a way that the system relies on stored informa-
tion (e.g. in the weights of connections within the cerebellar cortex)
and hence, acts in a relatively automatic fashion.”*#? Assuming
that intermediate dorsal raphe firing patterns co-occur with heigh-
tened activity of the reticular formation inputs to the cerebellum,
the relative inhibition in the cerebral cortex mediated by 5-HT
would ensure that, in the presence of a particular cognitive chal-
lenge, the brain would initially recruit previously learned processes
in an attempt to solve a particular problem. If the challenge is well-
matched by a previously learned response pattern, the cognitive
process is free to unfurl without impediment, and hence would
not require any additional cognitive work’*#*—that is, the problem
can be solved relatively automatically.

If the food to be digested requires more work than baseline mo-
tility is capable of (e.g. due to composition and/or volume), concen-
trations of 5-HT will increase in the GIT, leading to an increase in
peristalsis (i.e. digestive Flux) in an effort to complete the digestive
process.”® We argue that similar mechanisms can be recruited by
the central 5-HT system in situations when cognitive challenges re-
main unsolved by the initial, automatic responses suggested by the
cerebellar architecture. These ‘cognitive flux’ (Fig. 3B) states are
characterized by heightened excitability in the cerebral cortex
(mediated by excitation of 5-HT,5Rs”’), particularly in the apical
dendrites of layer V PT-type pyramidal neurons that receive
top-down signals from more agranular regions of the cerebral cor-
tex.”®8>% By boosting these top-down signals, increased concen-
trations of 5-HT can facilitate a mode of processing that is less
reactive (i.e. you don’t simply respond to primary features of the ex-
ternal environment the way that you typically would), and more
flexible (i.e. you can act to novel contexts using in ways that you
might have previously overlooked®®).

In this way, enhancement of the top-down effects can help to
discover novel opportunities for action that are distinct from those
that would be typically relied upon by the animal. This permits no-
vel neuronal ensembles to activate—as opposed to well-
established patterns—allowing new associations to form, facilitat-
ing problem solving and imagination.*? Consistent with our pro-
posed framework, research into problem-solving has found that
insights are often preceded by a feeling of impasse or ‘getting
stuck’. Here, the impasse reflects a state in which more automatic,
conventional approaches to solve the problem have failed, and cre-
ates a scenario in which flexible, novel solutions are required. Our
framework hypothesizes that these impasses bring about heigh-
tened 5-HT, which activate 5-HT,,Rs that enhance inputs to apical
dendrites and thereby facilitate top-down effects in the cerebral
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Box 1 Serotonin and cognitive digestion—a dynamical systems perspective

Through the lens of our analogy, what exactly does it mean to ‘digest’ information? Given the complexity of neural circuitry and the
diversity of 5-HTRs around the brain, cognitive digestion is likely to be a far more complex process than peristalsis or the absorption of
nutrients. To improve our understanding of this process, we suggest that a dynamical systems perspective—which treats neurons as
entities that change in time in precise ways governed by their glutamatergic, GABAergic and neuromodulatory inputs—is likely to
catalyse rapid developments in our appreciation of how 5-HT levels can modulate specific neuronal processes related to working
memory, evidence-accumulation, urgency, attention, and top-down modulation of perception and action. Although we have argued
that 5-HT levels differentially effect distinct neural circuits in the brain, here we isolate a cortical microcircuit in order to demonstrate
the utility of dynamical systems modelling. As reviewed above, 5-HTRs display an intriguing division of labor in the cerebral cortex: on
pyramidal neurons, inhibitory 5-HT; sRs are preferentially located near the axon initial segment, whereas excitatory 5-HT»4Rs tend to be
located on apical dendrites. Based on their location and modes of action, increased occupancy of high-affinity 5-HT;Rs should reduce
the ability of pyramidal neurons to excite other neurons (due to a relative dampening of spiking output)—in turn, this will reduce local
recurrent (positive) feedback, rendering a microcircuit more sensitive to other sources of excitation, including long-range inputs
arriving at the dendrites. By contrast, occupancy of low-affinity 5-HT,aRs will enhance sensitivity to inputs arriving at the dendrites,
potentially increasing the effect of local recurrent feedback.

At the level of an individual neuron, moderate 5-HT levels will trigger 5-HT14Rs and quell spiking, whereas higher 5-HT levels or
phasic bursts of 5-HT will activated 5-HT,4Rs and promote the inclusion of contextual signals via the cells’ apical dendrites. At the
circuit level, assuming that cortical microcircuits form competitive networks via ‘on-center off-surround’ connectivity (short-range
excitation and medium-range inhibition; REF), regulation of the amount of recurrent excitation will tend to control key aspects of
competition between neurons. Weakened recurrent feedback (predominant 5-HT;4R agonism), will tend to slow down feedback-driven
stabilization—in the context of working memory, this can lead to weaker persistent activity and enhanced distractability (REF). Strong
recurrent feedback (5-HT,4R agonism) will cause the opposite effect: stronger persistent activity and lower distractability.
Computational modeling work has demonstrated roughly analogous non-monotonic effects of different 5-HT levels on working
memory in prefrontal cortex.”? From a dynamical systems perspective, we can say that 5-HT;4Rs, acting via inhibition of the axon initial
segment, can reduce the depth of an attractor at the microcircuit level, whereas 5-HT,4Rs, acting via excitation of dendrites, can
increase the depth of an attractor.

The attractor framework can also be extended to other functions mediated by cortical microcircuits, and more broadly, by
corticothalamic loops.”® Integration of evidence for possible actions,’* as well as integration of urgency to select among possible
actions,’” involve cortical circuitry that may be modulated by 5-HT in a manner analogous to that seen in working memory. A landscape
of shallow attractors can integrate evidence for a variety of possible decisions, whereas a shift to deeper attractors can push the system
to pick one of the available options by generating winner-take-all dynamics. Thus, weakened recurrent feedback via 5-HT14Rs will
prevent or delay winner-take-all dynamics from precipitating a particular course of action. Moderate 5-HT would then contribute to
weakened urgency, whereas both abnormally low or abnormally high 5-HT would contribute to elevated urgency and even impulsive,
premature decision-making (albeit via different mechanisms). Studies showing that depleting 5-HT can lead to impulsivity may provide
part of an inverted-U curve of 5-HT effects on decision speed.”®

Thus, in a variety of processes ranging from working memory to decision-making, shallow attractors may correspond to satiety and
automaticity, whereas deep attractor may correspond to cognitive flux—a combination of cognitive diarrhea (impulsive, premature
decisions) and cognitive constipation (excessively stable decisions). In summary, a simple conceptual analysis of the effects of 5-HT4Rs
and 5-HT,aRs on cortical attractor dynamics, which can be suggest experimental tests as well as computational models, allows us to
flesh out the possible mechanistic implications of the cognitive digestion hypothesis.

cortex that promote novel opportunities for solving cognitive pro-
blems. This is similar to the heightened 5-HT concentrations seen
in response to acute stress,™” which is thought to be of major adap-
tive value as it promotes an organism to develop novel ways to re-
move itself from the stressful situation.®” Sometimes, as a
culmination of this flux state, a novel solution can arise through a
momentary insight—an ‘Aha’ moment. Interestingly, insights of-
ten arise after active cognitive work, when the system has returned
to a more relaxed, automatic state.®®#° Hence, similar to the man-
ner in which passive and active peristalsis are required for effective
digestion, both neural states (automaticity and flux) and their alter-
ation are required for successful cognitive function.

In addition to promoting flexibility and goal-directed behaviour,
there is also evidence that 5-HT,4Rs act to prolong the intrinsic
timescale of thalamocortical circuits,” likely through the augmen-
tation of cortico-thalamic interactions.® For instance, abundant
experimental data support the notion that increased 5-HT activity
promotes patience when waiting for delayed rewards.®>°® Such is

the intimate relationship between serotonin and time, that signal-
ling the available amount of time an animal has to realize its goals
has been offered as a unifying account of serotonergic function.” To
coax this into the realm of our GIT analogy, we might appropriate a
quote from Stravinsky, who said this of music: ‘it is the best means
we have of digesting time’. From our perspective, 5-HT may be the
best means we have of digesting time. Indeed, there is now evi-
dence that a class of 5-HT neurons responding to taste signals go
on to trigger anticipatory digestive responses, thus identifying a
key role for 5-HT in co-ordinating energy homeostasis across
timescales.®®

Importantly, extending activity patterns in the brain over longer
periods of time does afford important cognitive benefits. For one,
protracted patterns have more opportunity to influence ongoing
process,”” which is a feature that has been linked to conscious
awareness.”® % Prolonging activity patterns also provides the
chance to explore a range of available options in a particular scen-
ario, as opposed to running with the first opportunity for action that
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Figure 3 Cognitive satiety, automaticity and the flux state. (A) The major neural structures implicated in our framework—the dorsal raphe (purple)
modulates activity in the cerebellum (blue), thalamus (green) and cerebral cortex (orange-red), with elevated firing of the dorsal raphe effectively
shifting the balance from a cerebellar-dominated mode (controlled by the serotonergic projections of the reticular formation) that recruits relatively
well-learned responses, to a cortically-dominated mode that recruits novel, flexible solutions to problems. (B) A schematic detailing the three different
cognitive modes that are recruited with increasing cortical 5-HT concentration—during Satiety, hypothalamic structures (pink) inhibit the raphe
(purple), and diminish its influence over the rest of the brain; during Automaticity, low levels of 5-HT recruit 5-HT; saRs and shift the brain into a cerebellar-
dominant mode; and during Flux, heightened 5-HT levels recruit 5-HT,Rs and shift the brain into a cortex-dominant mode. Arrows = excitatory; circles =

inhibitory; diamonds = variable effects.

suggests itself. It also buys time for an animal to make
quasi-optimal decisions that balance many different factors,*® al-
lowing them to form and test hypotheses about the causal structure
of their environment and the likely outcomes of their actions.’®* In
this way, SHT,R stimulation may be one mechanism that supports
deliberation—a process that features prominently during novel
scenarios and early learning, and tends to diminish as behaviour
becomes more automatic.”*'°%1%3 This capacity is clearly important
for situations that require creative solutions to complex problems,
and hence suggest that SHT,Rs are a key component of higher cog-
nitive functions.?”"'%* This extra flexibility likely comes with costs
as well, particularly with respect to the ability to maintain sus-
tained attentional focus, which is a capacity typically linked to
the cholinergic system'® that also becomes diminished with
heightened 5-HT.' These ideas are enriched by studies of tem-
poral discounting, where optogenetic activation of the serotonergic
system has been shown to facilitate long-term optimal behaviours
and suppress premature (impulsive) behaviours.’®'* This type of
effect is seen over multiple timescales, whereby serotonergic neu-
rons respond to immediate feedback (i.e. within a trial) and also
track environmental variables over the course of minutes (i.e.
across task blocks).’”” Fascinatingly, there is also now evidence
that 5-HT can act as a direct epigenetic modifier,’*® suggesting
that pharmacological state can be used to shape adaptive behav-
iour over even longer timescales than had been previously
appreciated.

A key question that arises from this perspective is: what in cog-
nition is an analogous state to the satiation that accompanies a full
meal? If we consider the CNS as a distributed, decentralized system
for making decisions, what signals that enough work has been
completed—i.e. that the process has reached a ‘satisficing’
state’®®°? When a decision is being made (at whatever threshold
the animal settles upon), the amount of uncertainty in the system
(i.e. the proportion of hung decisions) will quell the drive towards
further exploratory cognitive operations. The diminution in seroto-
nergic drive could arise due to the lack of external need (e.g. if the
cognitive rumination or flux fulfils the goal), cortical projections

onto GABAergic cells in the dorsal raphe signalling a reduction in
volatility or uncertainty in the environment,*** or slower, humoral
inhibitory feedback mediated by the hypothalamus, such as the ex-
pression of endogenous enkephalin®'? or cannabinoids,'*® each of
which are known to signal relatively satiated, apathetic
states.'**''> There are undoubtedly numerous other humoral me-
chanisms for mediating motivational states and the willingness
to employ cognitive effort, both of which are clearly linked to the
central serotonergic system.*®*"’

A plausible neural mechanism for these satiating effects are the
substantial negative feedback circuits that control the firing of the
raphe nuclei (Fig. 2C). Perhaps the most pervasive form of inhibition
occurs via 5-HT4R autoregulation. Through inhibitory Gi-coupled
second-messenger systems, 5-HT can sequester intracellular cal-
cium,' and hence cause a reduction in the propensity of targeted
neurons to fire. With this mechanism in mind, the location of
5-HT;aRs becomes a key consideration. For instance, on dorsal
raphe neurons, 5-HT;4Rs are located on the cell body, and hence
act as negative feedback circuits that keep raphe firing rates within
physiological limits.?”** 5-HT;,Rs can also be expressed on post-
synaptic terminals,'*® where they can control the release of other
neurotransmitters, such as dopamine.’'® Another prominent
source of this inhibition arises from the hypothalamus.?>*° For in-
stance, the recruitment of mTORC; (a protein complex that func-
tions as a nutrient/energy/redox sensor that controls protein
synthesis) in the arcuate nucleus of the hypothalamus and their
projections to the paraventricular hypothalamus changes the bal-
ance between alpha-MSH and endogenous cannabinoids.'?
Another byproduct of the POMC pathway—enkephalin—has also
been shown to reduce excitability in the raphe.!? Irrespective of
the specific mechanism, there is clear evidence that the hypothal-
amus acts to inhibit spiking activity in the raphe.

Anatomical characteristics of the serotonergic system make it
especially well-suited to drive the balance between distributed
and localized information processing. Specifically, the raphe nuclei
are one of the most diffusely-projecting ascending neuromodula-
tory systems (Fig. 2A), innervating most regions throughout the
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brain.® Whilst this enables widespread modulation, precise target-
ing is also possible through the expression of specific classes of
5-HTRs on different local subsystems. Considering the serotonergic
system in this light has specific implications for a system level un-
derstanding of decision-making. An emerging consensus describes
decision-making in the brain as the accumulation of information
distributed across multiple sites in parallel.®®*?%22 Within this
framework, decisions are proposed to emerge from competitive
processes that involve the same brain regions that are ultimately
involved in the execution of a particular function. A decision as to
whether a particular visual input is present or absent may be con-
fined to the ventral visual stream, superior colliculus, and pulvi-
nar,’®® whereas the decision as to whether to saccade will play
out amongst parts of the frontoparietal cortex and basal ganglia.'*
Amidst this evolving process, decisions reflect the presence of
neuronal quorums, each signalling for a particular option, such as
an outcome, an action plan, or the presence (or absence) of a par-
ticular feature in the external (or internal) environment. We pre-
sume that this decision-making process is distributed across the
brain, with the idiosyncratic features of different subcircuits pro-
viding distinct constraints over the evolving competitive process.
The algorithms that best describe how these competitive pro-
cesses play out over time still remain to be delineated.""'*
Interestingly, there are numerous examples of distributed
decision-making processes in biology that can provide intuition
for how the same processes may play out in the human brain.'?®
For instance, bacteria use chemical signals to track population de-
cisions,'” and both ants and bees'?® appear to rely on positive feed-
back patterns to determine the appropriate time to move to a new
site, and in which direction to travel. In each of these cases, a key
variable that tracks the ability to form quorums is the balance be-
tween the amount of information stored in individuals and the
amount shared amongst the population. Importantly, this balance
is precisely the variable mediated by 5-HT, which can alter the gain
of layer V pyramidal neurons—the major output neuron of the cere-
bral cortex that fires in bursts whenever an animal undertakes an
action’®—via second-messenger mechanisms,* such that the neu-
rons are either less (via 5-HT;4R, Gi-mediated inhibition of axonal
firing; Fig. 2B) or more (via 5-HT24R, Gg-mediated excitation of ap-
ical feedback; Fig. 2B) likely to be involved in the evolving coalitions
that define the decision-making process. Evidence from computa-
tional modelling suggest that the gain-altering mechanism of

A B Cc
Psychedelic

Depression Anxiety

Figure 4 Psychiatric symptoms associated with abnormal serotonergic
states. (A) Depression/compulsion is analogous with cognitive constipa-
tion—i.e. relatively low levels of 5-HT lead to a relatively cerebellar-
dominant mode of processing. (B) Anxiety is analogous with cognitive
diarrhoea, in that there is a relatively high level of 5-HT despite the
fact that there are no problems to solve. (C) The psychedelic state is re-
lated to low levels of raphe firing but high levels of externally-induced
5-HT,aR agonism—in this way, psychedelics are analogous to cognitive
laxatives.
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neuromodulatory systems can facilitate precisely this information-
al transfer,*® wherein changes in neural gain can alter the topo-
logical configuration of macroscale brain networks, as measured
by techniques such as functional MRL.>'* These computational
links lead us to predict that, during cognitive processing, low levels
of 5-HT will promote a cerebellar-dominated mode that is asso-
ciated with relatively high local information storage*® and a segre-
gated network architecture,>*?® whereas at higher levels of 5-HT,
heightened feedback in the cerebral cortex will lead to increased in-
formation transfer®® and a more integrated network topology.>*?°

In summary, the impact of serotonin in the brain is a complex
function of chemical precursors (i.e. tryptophan from the diet®),
baseline firing rates (which are controlled by inputs from the hypo-
thalamus and habenula, among others), and the receptor profiles of
target structures (which can be ionotropic or metabotropic, and ei-
ther facilitatory or inhibitory, depending on the specific location
and characteristic of the receptors). We have described serotonin’s
role in shaping the balance between modes of behaviour: a
cerebellar-dominant mode corresponding to exploitation and cog-
nitive automaticity, and a cortical-dominant mode corresponding
to exploration and cognitive flux. These are analogous to other
dual-systems frameworks, typically couched as either goal-
directed versus habitual, or model-based versus model-free. Such
dichotomies do a good job of capturing key low dimensional signa-
tures of behaviour and decision-making, however something is in-
evitably lost when viewing the complexities of behaviour and
decision-making through a dichotomous lens.**°*3? This has con-
tributed to the misconception that behaviour is ultimately shaped
by a competitive, zero-sum game.'®* In contrast, we argue that
the local versus diffuse effects of 5-HT, accompanied by regionally
specific patterns of receptor densities, lay the groundwork for a sys-
tem that might simultaneously support aspects of automatized be-
haviour, whilst engaging in explorative processes at the same
time.”® In this way, considering the role of serotonin may inform
emerging theories that aim to capture more complex, high-
dimensional signatures of behaviour and decision-making where
dual-systems interact.**

The impact of serotonergic pathology

There are an impressive number of studies linking dysfunction of
the serotonergic system to specific features of psychopathology.
Rather than attempt to highlight each of these links (for a review,
see Lin et al.'”), we will instead sketch out a few interesting implica-
tions for disease states that emerge from the analogy we have made
between the brain and the GIT. Rather than focusing on specific dis-
orders, we will highlight several illustrative symptoms with an eye
towards our alimentary analogy.

If we conceptualize central 5-HT as regulating the balance be-
tween automatic versus novel, explorative behaviour, then insuffi-
cient 5-HT activity relative to the demands of the behavioural
landscape may lead to an individual becoming overly reliant on re-
current, well-established behaviour patterns. This scenario would
resultin thoughts and behaviours that are increasingly stereotyped
and inflexible—which can be thought of akin to ‘cognitive constipa-
tion’ (Fig. 4A). Two examples where this scenario occurs in clinical
populations are depressive rumination and compulsive behaviour.
Early improvements in depressive disorders treated by serotoner-
gic medications can be attributed to altering recurrent, maladaptive
thought processes, which may resolve the cognitive experience of
‘being stuck in a rut’ or rumination that is characteristic of a major
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depressive episode.'* The lack of 5-HT-mediated inhibition of hip-
pocampal sharp-wave ripples***! would potentially shift the bal-
ance of cognition towards endogenous over exogenous sources,
which may in turn further exacerbate abnormal patterns of self-
referential thinking."®>**® Importantly, there is now early support
suggesting that drugs acting on 5-HT,aRs might be useful in the
treatment of depression.’® % The augmentation of 5-HT,aRs
would contribute to a flux state—consistent with the idea that ser-
otonergic therapy has a permissive function: shifting the system to-
wards a set of possible options,'*' allowing individuals to
reappraise situations that they had otherwise responded to rela-
tively automatically.*?

Compulsive behaviour occurs in many neuropsychiatric disor-
ders. It refers to the tendency to respond in a perseverative, stereo-
typed way that is inappropriate to the current context.*** In this
way, compulsivity represents a context-insensitive reliance on
automatized behavioural patterns, mirroring the rigidity and in-
flexibility we associated with cognitive constipation above. A
wealth of cross-species work links low 5-HT with perseverative re-
sponding."** ¥ This perseverative responding is commonly mea-
sured in the context of reversal learning tasks,’*® whereby
perseverative errors interfere with an animal’s ability to switch to
anew response contingency. Together, this supports low 5-HT bias-
ing the system towards previously learnt (but no longer appropri-
ate) responses, instead of exploring other available options.
Relevant to our framework, compulsive responding has been
even more specifically linked with 5-HT,R activity, although
5-HT,R subclasses may make distinct contributions: 5-HT,4R an-
tagonism increases perseverative responding (as we might predict),
whereas 5-HT,cR antagonism has the opposite effect and improves
performance (although this effect may be driven by downstream
increases in dopamine transmission caused by 5-HT,cR antagon-
ism'*9**1), Neuroanatomically, serotonergic actions at the orbito-
frontal cortex have been a key focus in understanding the
systems-level alterations that cause compulsive behaviour.'*?
While it has received comparatively far less attention, a role for
cerebellar dysfunction in compulsive behaviour is recog-
nized.*>**** Our framework would predict that relatively low levels
of 5-HT would contribute to a cerebellar-dominant mode, where
automatic behaviours are expressed at the expense of flexible, ex-
ploratory behaviours.

In contrast to depression, symptoms such as anxiety may in-
stead relate to heightened levels of serotonin (Fig. 4B). Another par-
allel can be drawn here, considering such cases as analogous with
‘cognitive diarrhoea’—despite the fact that all food has been di-
gested, there is still a high amount of functionally unnecessary
peristalsis. At first glance, the fact that depression and anxiety dis-
orders are frequently comorbid might suggest a difficulty in recon-
ciling the presence of simultaneous cognitive constipation and
diarrhoea. Yet, considering that anxiety and depression, while
two distinct symptoms, may partly be driven by disruption to a
common system (i.e. 5-HT), it is perhaps unsurprising that we see
their co-occurrence in individuals. Indeed, as we have highlighted
in this Perspective, how 5-HT shapes behaviour is exquisitely sen-
sitive to an organism’s environmental and motivational context.
In a compromised 5-HT system, it is conceivable that a given con-
text may drive 5-HT levels outside of their optimal range in either
direction, contributing to certain facets of anxiety or depression
manifesting in the same individual. This is consistent with obser-
vations across neuropsychiatric disorders where seemingly oppos-
ite symptoms (e.g. apathy and impulsivity) tend to co-occur, and
are attributed to context-sensitive disruptions in common neural
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systems—rather than representing opposing ends of a static, unidi-
mensional spectrum.’*>*” Achieving a parallel with the GIT, such
co-occurrence of diarrhoea and constipation is known as ‘overflow
diarrhoea’ and occurs when a compromised system is pushed out-
side of its optimal range in both directions.

There is evidence from both invertebrate™® and vertebrate
model organisms to support the links between heightened levels
of 5-HT and anxiety-like behaviours. The patterns make sense
from an adaptive perspective—if an animal learns to distrust the
opportunities and affordances present within its local environ-
ment, exploitative behaviours will diminish as the animal searches
for new options to fulfilits needs. Importantly, the cause of elevated
5-HT will likely be multi-factorial. For instance, 5-HT could be high
due to genetic polymorphisms (e.g. in serotonin re-uptake trans-
porters'®?), a poor world-model (i.e. a failure to effectively antici-
pate opportunities to exploit'®?), stress'®>'** or (as we expect) a
complex combination of all of these factors. In this light, the litera-
ture on learned helplessness'®*—the prominence of anxiety-like
behaviours following exposure to an uncontrollable stressor—be-
comes of major interest. Animals that are stressed to extreme le-
vels show a substantial increase in 5-HT release from the dorsal
raphe nucleus.’®® In normal circumstances, this elevation in 5-HT
would recruit 5-HT,Rs and hopefully afford new options for remov-
ing the source of the stress. However, given that the animal can’t
control the stressor, there are no new behavioural options for the
5-HT,Rs to facilitate. The passivity and instrumental learning defi-
cits that persist with this heightened dorsal raphe activation,*®®i
ply an animal that cannot adaptively explore affordances in its
environment. In this way, we can conceptualise anxiety as a heigh-
tened 5-HT state with no options for reducing the issues that are re-
cruiting the increase in 5-HT. This could also be why higher doses of
the same serotonergic medications used in depression are some-
times required to treat anxiety disorders, but also why lower start-
ing doses are recommended to limit further agitation or worsening
initial anxiety, and why longer periods are generally recommended
to consider a trial of medication adequate (i.e. allowing the time re-
quired for remodelling of the serotonergic synapses).'”"**® Again,
treatments that use re-appraisal techniques can be extremely help-
ful in these scenarios,'®® as they suggest novel means for the
5-HT,R system to reduce the problem.

There is also evidence that heightened agonism of 5-HT,4Rs can
mediate abnormal perceptual experiences, such as hallucinations,
and disorders of thought, such as delusions.'’®*”? Many atypical
anti-psychotic medications antagonize 5-HT,5Rs'’>'’* (among
other receptor targets'’?), which both suggests a crucial role for
heightened 5-HT levels in a range of different psychiatric disorders.
Importantly, these same receptors are heavily agonized by classical
psychedelic agents, and as such, the agonism of these receptors has
been hypothesized to underpin the majority of subjective experi-
ences associated with the ‘psychedelic state’’>*7® (Fig. 4C).
Fascinatingly, it was recently shown that there is a physical explan-
ation for why psychedelic agents act as such strong agonists at
5-HT,Rs—the diethylamide portion of LSD acts like a physical lid
that keeps the chemical bound to the receptor for extended periods
of time."? Interestingly, a range of common psychedelic agents can
strongly augment 5-HT,4R across longer timescales than 5-HT,4R
are typically agonized by endogenous 5-HT, and hence promote a
hyper-flux state, where cortical processing relies more on diverse
top-down effects, which help to over-ride previously learned
stimulus-response patterns of thoughts and behaviour.'?#18
This argument stems from the cellular mechanism described
above: the activation of 5-HT,5Rs enhances the effect of top-down
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processing on neurons. This capacity helps to explain why psyche-
delics offer therapeutic benefits across a wide range of psychologic-
al disorders which, despite different underlying pathologies, share
a tendency towards repetitive thoughts and behaviours that can
only be alleviated by establishing new, adaptive associations.'>"8!
There is now substantial neuroimaging'®**®? and computational
modelling'® evidence to support this integrative feature as the
systems-level signature of the effect of psychedelic drugs on the
human brain.'®

With respect to future clinical advances, our model could pro-
vide a framework for understanding the novel serotonergic agents
to treat as-yet unaddressed aspects of psychopathology. For ex-
ample, the novel antipsychotic pimavanserin—a selective 5HT,5
antagonist/inverse agonist (with weaker SHT,cR antagonism) with-
out dopamine receptor antagonism—has demonstrated benefits as
an add-on treatment to atypical antipsychotics for individuals ex-
periencing predominant negative symptoms of schizophrenia.'®®
While the aetiology of negative symptoms in schizophrenia is not
completely understood, it is noteworthy that patients with pre-
dominantly negative symptoms exhibit cortical hypometabolism
and cerebellar hypermetabolism,'®” and diminished connectivity
between the prefrontal cortex and cerebellum corresponds to
negative symptom severity, with negative symptoms improving
following transcranial magnetic stimulation (TMS)-induced in-
creases in connectivity between these sites.’®® The above suggests
a potentially cerebellar-dominant mode of functioning contribut-
ing to negative symptoms. While it may initially appear counter-
intuitive that SHT,, antagonism could rescue a cerebellar
dominance of brain function underlying negative symptoms, it
could be hypothesized that once 5HT,5Rs have been saturated by
atypical antipsychotics and pimavanserin, the less robust action
of pimavanserin as an antagonist at 5HT,cRs is responsible for
the clinical improvement (potentially through its impact on select-
ive dopaminergic circuits, a discussion that is beyond the scope of
the current proposal). This hypothesis is supported by work in
mouse models with D,R receptor overexpression, where motiv-
ational negative symptoms are improved by systemic injection of
a 5-HT,cR antagonist.® A 5-HT,c-mediated recruitment of the
frontal cortex has been identified, as SHT,cR antagonism increases
frontal dopamine and noradrenaline (without altering levels of
serotonin’*°}—suggesting this may be a mechanism for upregulat-
ing frontal activity to overcome cerebellar-driven negative symp-
toms. However, given the preferential binding of pimavanserin to
SHT,aRs this likely only occurs once 5HT,4Rs are already saturated
by both atypical antipsychotic and pimavanserin binding. Thus, our
model linking serotonergic function to cerebellar-cortical inter-
action can serve as a framework to guide this critical area for fur-
ther investigation, as negative symptoms remain unaddressed by
the D,R antagonism common to antipsychotic action, and they pro-
foundly impact quality of life and limit social and occupational
functioning in schizophrenia.

Another phenomenon that clearly overlaps the gastrointestinal
and neurological function of the serotoninergic system is nausea.
Although nausea is typically a prelude to the act of overt vomiting
(or emesis), the former has not been translated to animal models
near as frequently as the latter.”* In humans, visually induced nau-
sea positive correlates with cortical activity, but negatively with
cerebellar activity.’®® While there remains limitations to the
physiological understanding of nausea, the serotonergic system
likely makes an important contribution as it does in emesis.’®
Serotonergic medications used to treat nausea and emesis (e.g.
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ondansetron) are antagonists of the 5-HT3R acting centrally at the
chemoreceptor trigger zone and peripherally at intestinal vagal
and spinal afferents. Interestingly, ondansetron is currently being
investigated as an adjunctive therapy in schizophrenia,'** a novel
treatment for hallucinations in Parkinson’s disease’®® as well as
anxiety disorders.’®® We propose that our model for understanding
the overlap of neurological and gastrointestinal serotonergic sys-
tems could serve as a framework for further clinical investigation
of nausea and its treatments—as nausea can be common to both
psychopathology and its medication side effects, and represents
both a distressing experience and an important phenomenological
signal for the organism that something is awry in the brain and
body.

Concluding remarks

Here, we have outlined a novel perspective on the role of serotonin
in the CNS that respects the predominantly gastrointestinal organ-
ization of the serotonergic system. Serotonin is of course not the
only neurotransmitter associated with cognition and behaviour
that also regulates gastrointestinal processes—dopamine, nor-
adrenaline and acetylcholine likewise play important roles in the
GIT.* Yet would we expect to derive such insights into brain and
behaviour, via studying these neurotransmitters at the level of
the GIT? Perhaps, but it seems rather unlikely. The phylogenetically
ancient serotonergic feeding networks that arbitrate approach/
avoidance decisions in invertebrates are thought to be precursors
of the evermore complex foraging, explore-exploit behaviours of
vertebrates.'*2% In this way, the serotonergic GIT may afford us
privileged insight into the more elusive aspects of serotonergic
brain function.

We have argued that intermediate levels of serotonin promote a
state of cognitive automaticity, in which agents rely on existing
cognitive models to exploit known resources. With heightened le-
vels of serotonin, animals instead begin to explore the cognitive
landscape in an effort to identify new resources that can later be
exploited. In this way, levels of 5-HT are proposed to arbitrate be-
tween automatic and flexible modes of cognitive processing, shap-
ing the manner in which distributed patterns of neural activity
across the brain coordinate in order to mediate decision making
processes. Further, we propose that numerous dysfunctional psy-
chological states can be reappraised as impairments in the balance
between satiety and frequency. We hope that this manuscript will
help to stimulate future research, and more broadly, to integrate
models of nervous system function with well described mechan-
isms in the other organ systems of the body.
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