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Abstract

Cortical serotonin (5-HT) plays critical roles in neurodevelopment and adult behaviour, with 5-HT
alterations being associated with neurodevelopmental and neuropsychiatric disorders. Despite
all the research conducted on 5-HT, we have identified three major gaps: firstly, a
characterization, with high temporal and spatial resolution, of cortical 5-HT dynamics is missing;
secondly, the effects of 5-HT in dictating cortical population activity in development and
adulthood are not well understood; and thirdly how cortical 5-HT through its effects in cortical
activity shapes behaviour is unclear. To address these gaps, we use two-photon imaging of
calcium and 5-HT sensors in the barrel field cortex (S1BF) of developing and adult mice, upon
genetic, pharmacological and optogenetic manipulation of 5-HT dynamics. Our results show that
5-HT fluctuates with sensation, saliency, reward, and novelty in the adult S1BF. While in the
developing S1BF, we observe 5-HT buffering through transient SERT overexpression. Blocking
this developmental 5-HT buffering system (SERT-KO or SSRI exposure) can result in early
hypoactivity, alterations in interneuron subpopulations (i.e., VIP and Nkx2-1 interneurons) and
subsequent hyperexcitability. In the adult cortex of wildtype mice, we observe that 5-HT inhibits
bottom-up inputs in layer 4 of S1BF, while producing a mixture of excitation and inhibition in
layer 2/3. Optogenetically increasing 5-HT in S1BF can decrease learning from misleading trials
during an air puff discrimination task, illustrating that 5-HT gating of bottom-up inputs decreases
learning. Pharmacologically decreasing cortical 5-HT with psilocin correlates with increases in
learning rate during a reversal learning task. Finally, we capture all these results in a theoretical
model using a gated deep neural network. Thus, this project identifies cortical 5-HT as a critical
regulator of bottom-up and top-down activity, to control neuroplasticity throughout mammalian
life, with consequences for translationally relevant contexts (i.e., developmental SSRI dosing

and adult psychedelic exposure).
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1. General introduction

Scope

Our understanding of neuromodulation over the lifetime is incomplete. In particular, how
neuromodulatory dynamics shape the activity of excitatory-inhibitory cortical microcircuits fine
tuning information transfer from early ages is poorly understood. Out of the variety of
neuromodulators, the monoamine 5-hydroxytryptamine (5-HT/serotonin) is of particular interest
given its developmental (Ogelman et al., 2024; Sinclair-Wilson et al., 2023; Toda et al., 2013),
pathological (Daly et al., 2019; Lin et al., 2014; Pourhamzeh et al., 2022), clinical (Cipriani et al.,
2018; Luo et al.,, 2020) and behavioural (Grossman et al., 2022; Wert-Carvajal et al., 2022)
relevance. Thus, this thesis has three major aims: firstly to characterise 5-HT dynamics in the
adult and developing mammalian cortex; secondly to study how these 5-HT dynamics influence
cortical population activity; thirdly to find a computational justification that reconciles 5-HT
dynamics and their effects in cortical activity with the subsequent modulation of mammalian

behaviour, i.e., elucidating the role of cortical 5-HT.
1.1 5-HT in cortical circuits
1.1.1 5-HT cortical dynamics

While the dynamics of extracellular 5-HT in cortical circuits remain poorly understood, a number
of studies have characterised the firing of 5-HT neurons in the raphe nuclei and associated
5-HT dynamics to different behaviours (Paquelet et al., 2022; Ranade & Mainen, 2009). 5-HT
neurons exhibit both phasic and tonic firing (Allers & Sharp, 2003; Hajos et al., 1995; Ranade &

Mainen, 2009). The phasic firing of 5-HT neurons has been described time-locked to movement
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(Jacobs & Fornal, 1997; Ranade & Mainen, 2009; Veasey et al., 1995), reward (J. Y. Cohen et
al., 2015.; Y. Li et al., 2016; Ranade & Mainen, 2009, 2009), aversive experience (J. Y. Cohen et
al., 2015; Paquelet et al., 2022; Ren et al., 2018), uncertainty (Grossman et al., 2022), and
emotionally salient behaviours (Paquelet et al., 2022). The tonic firing of 5-HT neurons oscillates
with the sleep-wake cycle (Kato et al., 2022; Sakai, 2011), with 5-HT firing rate reaching its
highest level during wakefulness, decreasing during non-rapid eye movement (NREM) sleep
and dropping during rapid eye movement (REM) sleep (Deng et al., 2024; Wan et al., 2021). A
recent study has suggested that predictive value could reconcile some of the observed firing
dynamics of 5-HT neurons, namely they present a theoretical model that captures the firing of
5-HT neurons during reward, predicted punishment and uncertainty (Harkin et al., 2023).
However, this theory fails to capture some observations such as the firing of neurons upon
unpredicted aversive experience (J. Y. Cohen et al., 2015). Moreover, to date most studies of
5-HT dynamics are based on neurophysiological recordings from 5-HT neurons (J. Y. Cohen et
al., 2015; Hajos et al., 1995; Kato et al., 2022; Y. Li et al., 2016; Paquelet et al., 2022; Ranade &
Mainen, 2009; Veasey et al., 1995) rather than measuring 5-HT release (Deng et al., 2024;
Kubitschke et al., 2022; Unger et al., 2020; Wan et al., 2021). How the firing of 5-HT neurons
relates to 5-HT release is hard to predict given the ability of these neurons to release other
neurotransmitters (e.g., glutamate (Sengupta et al., 2017; H.-L. Wang et al., 2019)) as well as to
exhibit diverse types of neurotransmission (i.e., synaptic and volumetric (Descarries et al.,
1975)). Moreover, given the hodological diversity of 5-HT neurons (Okaty et al., 2019), it is likely
that 5-HT dynamics differ across the wide range of postsynaptic targets in the central nervous
system. A characterization of extracellular 5-HT fluctuations in anatomically confined cortical

regions during animal behaviour is necessary to understand cortical 5-HT dynamics.
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1.1.2 5-HT effects in cortical activity

5-HT is a neuromodulator that has a pleiotropic effect on cortical cells (Azimi et al., 2020;
Hamada et al., 2022; Lottem et al., 2016; Puig & Gener, 2015; Tian et al., 2017). Part of this
complexity arises from the heterogeneity of its receptors, with seven different families (5-HT ;)
many of which have low abundance (Barnes et al., 2021). Among these, the most expressed
are 5-HT,R, which is hyperpolarizing, and 5-HT,R, which is depolarizing (Barnes et al., 2021).
All 5-HT receptor families are metabotropic G protein-coupled receptors (GPCRs) except for
5-HT;R, which is ionotropic and depolarizing (Barnes et al., 2021). The different families and
subtypes of 5-HT receptors exhibit high variability in terms of anatomical localization (Barnes et
al., 2021; Salvan et al., 2023), pharmacology (Barnes et al., 2021; Y. Wang et al., 2019) and

function (Barnes et al., 2021; Klempin et al., 2010; Salvan et al., 2023).

The diversity of 5-HT receptors extends to their intracellular signalling mechanisms, which
influence not only membrane potential but also a range of cellular processes. GPCR-linked
pathways include inhibition of adenylate cyclase via Gi proteins (5-HT;R and 5-HTsR), activation
of phospholipase C via Gq proteins (5-HT,R), and stimulation of adenylate cyclase via Gs
proteins (5-HT,R, 5-HT¢R and 5-HT;R) (Barnes et al.,, 2021). These pathways regulate
intracellular calcium levels, phosphoinositide metabolism, and kinase cascades, ultimately
affecting gene expression, synaptic plasticity, and neurotrophic responses (Barnes et al., 2021).
This functional complexity underscores the intricate role of 5-HT signalling in modulating cortical

neurophysiology.

To understand the direct effects of 5-HT in sensory cortical circuits it is important to consider the
cortical architecture and the distribution of 5-HT receptors. The canonical connectivity in sensory

cortices is that bottom-up thalamic activity accesses the cortex through layer (L) 4, from where it
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is relayed into L2/3 (Miller, 2003) and progresses into L5, the primary output layer (Moberg &
Takahashi, 2022), on the other hand intracortical activity inputs this circuit in a top-down manner
through L1 (Huang et al., 2024, p. 1; Schuman et al., 2021, p. 1). Albeit over simplistic, this flow
of information is important to consider given the asymmetric distribution of the 5-HT receptor
subtypes across the cortical column. For example, the highest expression of 5-HT,, receptors,
the most abundant excitatory receptor, is found in L5, the output layer, across cortex (Andrade &
Weber, 2010), albeit L5 pyramidal neurons also express inhibitory 5-HT,, receptors (Azmitia et
al., 1996; Saitow et al., 2020). Indeed 5-HT,, show a broad expression pattern in the cortex
(Barnes et al., 2021). The expression of 5-HT3,4R, an excitatory ionotropic receptor, in cortex is
characteristic of a subtype of interneurons that populate the upper layers of cortex and have
been ascribed a disinhibitory role (S. Lee et al., 2013). On the basis of this 5-HT receptor
distribution, 5-HT could be predominantly inhibitory in input bottom-up layers, while promoting
top-down and output layers. The distribution across cortical layers of other 5-HT receptors is
less well characterised, albeit all of them have expression in cortical structures (Barnes et al.,
2021). Recordings of the effects of manipulations of 5-HT in confined cortical layers are

necessary to fully understand the effects of 5-HT in cortical microcircuitry.

Upon 5-HT release, in vivo studies in rodents suggest that the effects on cortical circuits are
predominantly inhibitory with a minority of neurons being excited (Azimi et al., 2020; Lottem et
al., 2016; Puig & Gener, 2015; Schmitz et al., 1998; Tian et al., 2017; Waterhouse et al., 1986),
although there is some conflicting literature (Hamada et al., 2024). The diversity of results is
mainly driven by the heterogeneity of postsynaptic 5-HT receptors (Barnes et al., 2021).
Additional compounding factors are glutamatergic and GABAergic co-transmission (H. Li et al.,
2024; Z. Liu et al., 2014; Ren et al., 2019; Sengupta et al., 2017; H.-L. Wang et al., 2019),
polysynaptic effects involving other brain regions (Hamada et al., 2024; H.-L. Wang et al., 2019)

and 5-HT receptor heterogeneity across development (Morton et al., 2015; Sargin et al., 2019)
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and regions (Salvan et al., 2023). All these confounding variables make it hard to interpret the
isolated effects of 5-HT in cortical circuits. For example, a recent MRI study has claimed a
mostly excitatory role of 5-HT across reward-related brain areas upon optogenetic stimulation of
the DRN in awake mice (Hamada et al., 2024). However, due to the temporal resolution of MRI
it is difficult to rule out that the observed cortical excitation is being mediated directly by other
subcortical areas such as the ventral tegmental area (VTA) (Z. Liu et al., 2014; H.-L. Wang et
al.,, 2019). Indeed, the latter results show an increased blood-oxygen-level-dependent (BOLD)
signal in VTA upon DRN stimulation (Hamada et al., 2024). In vivo studies in animal models
report that DRN optogenetic stimulation decreases spontaneous activity in sensory cortices,
while decreasing the gain of evoked activity. These observations have been made in sensory
cortices of both anaesthetised (mice) (Lottem et al.,, 2016) and awake animals (mice and
primate) (Azimi et al., 2020; Seillier et al., 2017, p. 1), suggesting a predominantly inhibitory role

of 5-HT in sensory cortices.

Altogether, the complexity of results suggests that future studies should perform more spatially
controlled 5-HT manipulations within cortical circuits to fully understand the effects of 5-HT on

cortical activity.

1.1.3 5-HT effects in behaviour and learning

How 5-HT dynamics in cortex shape behaviour also remains a matter of debate. 5-HT has been
associated with a plethora of behavioural effects including thresholding mechano-sensory
perception (Dugué et al., 2014), anxiety (Ren et al., 2018), coping (Ren et al., 2018),
persistence (K. Miyazaki et al., 2011), social interactions (L. Li et al., 2021; Zou et al., 2020),
aggressivity (Audero et al., 2013; da Cunha-Bang & Knudsen, 2021), and fear (Bocchio et al.,

2016; Marcinkiewcz et al., 2016). Of particular interest to this thesis is the role of 5-HT in
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learning. During learning paradigms, some studies suggest that enhanced 5-HT levels correlate
with increased learning (Grossman et al., 2022) while others report a decrease in learning
(Kanen et al.,, 2021). A recent electrophysiological and optogenetic study suggested that
increased 5-HT levels upregulate learning rate as a function of unexpected uncertainty, while
5-HT decreases downregulate it during expected uncertainty (Grossman et al., 2022).
Conversely, studies of the effects of 5-HT depletion report potentiation of pavlovian associations
suggesting that 5-HT decreases learning rate (Kanen et al., 2021). Characterization of animal
models with alterations in genes involved in 5-HT transmission (i.e., 5-HT transporter
(SERT)-KO), have also shown differences in learning dynamics, such as increases in fear
conditioning (Lima et al., 2019) and decreases in learning generalisation (C. C.-G. Guo et al.,
2021). The complex role of 5-HT in learning is further highlighted by results illustrating that 5-HT
effects on learning are dependent on inter-stimulus interval duration (ligaya et al., 2018), type of
learning (e.g., associative vs reversal learning) (Kanen et al., 2021), and trial outcome (i.e.,
reward vs punishment) (Michely et al., 2022). This complexity likely arises from the diversity of
5-HT neurons (Okaty et al., 2019), and the large number of postsynaptic targets (Barnes et al.,
2021). Indeed some behavioural studies have shown distinct roles of 5-HT neurons with
hodological-specificity (Ren et al.,, 2018). Namely, a recent study has shown that
amygdala-projecting 5-HT neurons promote anxiety-like behaviour, while frontal
cortex-projecting 5-HT neurons promote active coping (Ren et al., 2018). Thus, future studies
on the role of cortical 5-HT should investigate the effects of 5-HT in behaviour and learning

using more targeted manipulations of 5-HT.
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1.1.4 5-HT clinical relevance

5-HT has a high clinical relevance across neuropsychiatric and neurodevelopmental disorders,
both from an etiological (Daly et al., 2019; Pourhamzeh et al., 2022) and a therapeutic
perspective (Luo et al., 2020). A range of neuropsychiatric conditions have been associated with
alterations in 5-HT (Pourhamzeh et al., 2022). For example, major depressive disorder (MDD)
was initially thought to be driven by low levels of 5-HT, known as the 5-HT theory of depression
(Coppen, 1967). A recent systematic review suggested that this hypothesis might lack evidence
(Moncrieff et al., 2022), however this claim met criticism from the larger research community
(Jauhar, Arnone, et al., 2023). Indeed, the etiological involvement of 5-HT in MDD is supported
by numerous studies (Jauhar, Cowen, et al., 2023). These studies include associations of MDD
with 5-HT-related gene polymorphisms (Murphy & Lesch, 2008), metabolic changes (Correia &
Vale, 2022), and the therapeutic effectiveness of 5-HT drugs, particularly selective 5-HT
reuptake inhibitors (SSRIs) (Luo et al., 2020). Additionally, several other neuropsychiatric
disorders have been associated with alterations in the 5-HT system including post-traumatic
stress disorder (PTSD) (Davis et al., 1997; Krystal & Neumeister, 2009), obsessive compulsive
disorder (OCD) (Hesse et al., 2011; Nicolini, 2010) and addiction(Y. Li et al., 2021), all of which
are also treated with SSRIs (Hidalgo & Davidson, 2000; Kellner, 2010; Torrens et al., 2005;

Williams et al., 2022).

Several neurodevelopmental disorders have also been associated with developmental
alterations in 5-HT dynamics (Daly et al., 2019; Montgomery et al., 2018; Muller et al., 2016).
Clinical studies have identified polymorphisms in the SERT gene (Murphy & Lesch, 2008;
Veenstra-VanderWeele et al., 2012) and SSRI exposure during pregnancy (Koc et al., 2023;
Morales et al., 2018) as risk factors for disorders such as autism spectrum disorder (ASD) and

attention deficit hyperactivity disorder (ADHD), albeit there is some conflicting literature (Ames
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et al., 2021; Suarez et al, 2022). The association between these alterations and
neurodevelopmental disorders has been reported to interact with exposure to traumatic
experiences during critical developmental periods (Brown et al., 2013; Delli Colli et al., 2022).
Despite these findings there remains a poor mechanistic understanding of how these
developmental 5-HT alterations can lead to neurodevelopmental disorders. Particularly little
studied is how 5-HT disruptions impact on early cortical activity to subsequently disrupt the

activity-dependent maturation of neural circuits.

Another clinically-relevant aspect of 5-HT is psychedelic drugs (e.g., lysergic acid diethylamide
(LSD), psilocin) which typically are 5-HT agonists with high affinity for the 5-HT,, as well as
other 5-HT receptors (Holze et al., 2024). Over the last few years, the strong neuroplastic effect
of these drugs has raised strong interest in their potential for the treatment of a range of
neuropsychiatric conditions such as MDD or addiction (de Vos et al., 2021; Tupper et al., 2015).
However, the precise mechanism driving the therapeutic effect of psychedelics remains poorly
understood. It remains a matter of discussion which receptor is responsible for the
hallucinogenic and therapeutic effect, with several studies suggesting a critical role of 5-HTR 5
(Cameron, Patel, et al., 2023; Vargas et al., 2023) despite some conflicting literature (Cameron,
Benetatos, et al., 2023; Sekssaoui et al., 2024). It is also unclear whether the therapeutic and
hallucinogenic effect can be mechanistically disentangled or whether they are both a
consequence of the same signalling pathway (Cameron, Benetatos, et al., 2023; Wallach et al.,
2023). A recent study has suggested an instrumental role of the TrKB-BDNF signalling pathway.
Namely the study proposes that psychedelics bind TrKB directly, stabilising an active
conformation which in turn promotes plasticity (Moliner et al., 2023). A new line of research has
also suggested that signalling through internalised intracellular 5-HT,, receptors might be a key
mediator of the neuroplastic effect (Vargas et al., 2023). Despite the intensive study of

psychedelics, little is known of how they affect 5-HT dynamics and whether this plays a role in
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their effects. A number of studies from 50 years ago showed that a range of psychedelics
suppress the tonic firing of 5-HT neurons in the DRN (Foote et al., 1969; Trulson et al., 1981;
Trulson & Jacobs, 1979). Given that non-hallucinogenic analogs (e.g., lisuride) also trigger this
decrease in 5-HT firing rate, it is unlikely to be a driver of the hallucinogenic effect of these
drugs (Rogawski & Aghajanian, 1979). However, lisuride has also been reported to have
antidepressant effects (Qu et al., 2023) suggesting a neuroplastic role. Altogether how this
decrease in DRN activity affects cortical 5-HT dynamics and whether this relates to the

therapeutic effects of psychedelics remains uncertain.

1.1.5 Theories on the role of 5-HT in CNS function

In contrast to dopamine and the reward prediction error framework (Schultz, 2016), there is not
an agreed comprehensive theory of the role of 5-HT in the central nervous system. Some
theories of particular roles of 5-HT in the CNS are impulse control (Desrochers et al., 2022),
behavioural inhibition (Faulkner & Deakin, 2014) or emotional learning (Meneses &
Liy-Salmeron, 2012) among others. A major attempt to provide a comprehensive framework was
the opponency theory in which 5-HT would be compensating the behavioural effects of other
neuromodulators, particularly dopamine, and thereby stabilising behaviour (Boureau & Dayan,
2011). More recently, another theory based on the role of 5-HT in the gastrointestinal tract
hypothesised that 5-HT might be controlling cognitive flux in the brain as a function of how
cognitively demanding tasks are (Shine et al., 2022). While these theories were supported by
behavioural results and provided a cognitive interpretation of the role of 5-HT, they lacked a
detailed mechanistic explanation grounded in the biology of the 5-HT system (Boureau &
Dayan, 2011; Okaty et al., 2019; Shine et al., 2022). Last year a more mechanistic theory

suggested that 5-HT encodes a metric known as state value (i.e, predicted value), based on the
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firing patterns of 5-HT neurons in behaving rodents (Harkin et al., 2023). While this framework
made great progress in advancing our understanding of 5-HT dynamics, it failed to account for
the postsynaptic effects that 5-HT release would have across its broad spectrum of projection
targets and how this would subsequently influence behaviour (Barnes et al., 2021; Puig &
Gener, 2015; Salvan et al., 2023). Thus a comprehensive framework of the role of 5-HT in the

brain remains elusive.

1.2 Activity-dependent development of excitatory and inhibitory cortical microcircuits

The early development of the cortex is a highly orchestrated process involving the generation,
migration, and differentiation of neurons within the ventricular and subventricular zones of the
embryonic brain (Bystron et al., 2008). Neurogenesis begins with the proliferation of radial glial
cells which act as both neural progenitors and scaffolding for migrating neurons (Bystron et al.,
2008). Excitatory pyramidal neurons born from these progenitors migrate radially to form the
cortical plate. This establishes the layered structure of the cortex through an inside out gradient
where deeper layers form first followed by more superficial ones (Bystron et al., 2008).
GABAergic interneurons, generated in the ganglionic eminences, undertake a tangential
migration to integrate into the cortical plate (Lim et al., 2018). These interneurons diversify into
subtypes, each characterised by distinct morphological and functional properties, and are

essential for modulating cortical excitatory-inhibitory balance (Lim et al., 2018).

Activity-dependent mechanisms are instrumental in the maturation of these cortical circuitry
through processes such as neuronal survival and synaptic pruning that regulate the connectivity
patterns of cortex (Wu et al., 2024). All this highlights the importance of understanding the early

patterns of cortical activity.
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1.2.1 Early cortical activity

The patterns of cortical activity in the developing brain are drastically different to those in
adulthood (Wu et al., 2024). Calcium recordings in the developing cortex of awake head-fixed
mice have shown synchronised patterns of cortical activity in the first week of postnatal
development (Golshani et al., 2009; Leighton et al., 2021; Martini et al., 2021; Modol et al.,
2024; Siegel et al., 2012). In the visual cortex these events have been characterised as being
either low-synchronicity events (L-events) that recruit 20-80% of cells or high-synchronicity
events (H-events) that recruit more than 80% of cells within the recorded area, with only the
former depending on retinal activity (Leighton et al.,, 2021; Siegel et al.,, 2012). The
electrophysiological correlates of these calcium events are not clear but the frequency and
retinal-dependency of L-events has led to speculation that they might represent spindle bursts
(Siegel et al., 2012). Highly synchronous activity is present until postnatal day 10 at which point
cortical activity decorrelates through the onset of cortical inhibition, a process involving
parvalbumin (PV) interneuron maturation but regulated by somatostatin (SST) interneurons
(Modol et al., 2024). This decorrelation is followed by a ~2 day period of low activity or
quiescence that precedes the onset of active whisking and eye opening (Dominguez et al.,
2021). Thereafter, the sparse neural code characteristic of adult cortical circuitry emerges. While
the role of this early synchronised activity is not fully understood, computational modelling
studies suggest that H-events regulate connection strength while L-events are responsible for
the regulation of connection selectivity (Wosniack et al., 2021). Moreover, a recent study has
shown that pre-training artificial neural networks with these early patterns of cortical activity
leads to superior performance in motion prediction of natural scenes (May & Gjorgjieva, 2024).
So while the mechanistic role of these synchronous events remains unclear, evidence suggests
a prominent role in the emergence of functional cortical circuits. Finally, recent methodological

advances have allowed the recording of the embryonic cortex during in vivo settings which
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provide evidence of active circuitry before birth (Munz et al., 2023). These recent results
suggest that activity-dependent mechanisms are also crucial for embryonic neurodevelopment.
Thus, it is clear that the early patterns of cortical activity dictate the emergence of adult cortical

circuitry, a process particularly well characterised in sensory cortices.

1.2.2 Cortical interneurons in neurodevelopment

Cortical interneurons exhibit a large molecular, morphological and functional diversity (Lim et al.,
2018). From their embryonic source these interneurons are classified as originating in either the
medial or caudal ganglionic eminence (MGE and CGE respectively) (Lim et al., 2018).
Interneurons from both sources have been shown to play prominent, but different, roles in
cortical development (Che et al., 2018; Modol et al., 2024). MGE-interneurons are sub-classified
by their expression of either PV or SST (Lim et al., 2018). PV interneurons are the primary
source of inhibition, and the onset of their inhibitory role leads to cortical decorrelation (Mddol et
al., 2024). However, it is SST interneurons that orchestrate this developmental emergence of
inhibition, controlling the timing of decorrelation through the regulation of the maturation of PV
interneurons (Modol et al., 2024). Moreover, thalamically driven SST interneurons in L5b show
transient circuits in early postnatal murine development providing transient translaminar
inhibitory input to L4 (Anastasiades et al., 2016; Marques-Smith et al., 2016). In turn, this
thalamic-driven SST activation inhibits ascending sensory input to L4, thereby restricting

L-events (Leighton et al., 2021).

CGE-interneurons have also been ascribed a key role in activity-dependent cortical

development. The early activity of these interneurons is driven by thalamic projections, leading

to the restriction of pyramidal activation which constrains the size of sensory maps (e.g., barrel
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formation) (Che et al., 2018). Altogether, the diverse subtypes of cortical interneurons play

critical and distinct roles in shaping cortical development.

The development of these GABAergic circuits relies strongly on activity-dependent mechanisms.
A seminal study in the rodent S1BF showed that the survival of interneurons emerging from the
MGE depends on the activity of pyramidal cells (Wong et al., 2018). The latter study proved that
the levels of cortical inhibition develop to match the levels of excitation. Several studies have
further characterised how cortical dynamics shape the emergence of cortical inhibition (Che et
al., 2018; Che & De Marco Garcia, 2021; De Marco Garcia et al., 2015; Duan et al., 2020;
Modol et al.,, 2020). For example, such studies characterise the early activity patterns of
GABAergic neurons (Che & De Marco Garcia, 2021; Modol et al., 2020) or show the
instrumental role of immature MGE interneurons in the regulation of their own apoptosis by early
interactions with pyramidal neurons (Duan et al., 2020). Of particular interest to this thesis is a
study showing that a subpopulation of CGE interneurons (bipolar 5-HT;,R expressing cells)
matures as a function of 5-HT, and not glutamate, input (Wong et al., 2022). Thus, evidence
suggests that cortical dynamics influenced by neuromodulation mandate the emergence of

inhibitory circuitry.

1.2.3 Interneuron alterations in neurodevelopmental and neuropsychiatric conditions

The criticality of cortical interneuron development is highlighted by a large body of literature
suggesting that alterations in the development of inhibitory circuits lead to neurodevelopmental
disorders such as ASD (Contractor et al., 2021) or ADHD (Edden et al., 2012). Of particular
interest for this thesis are studies that have linked these disruptions to activity-dependent

processes in the murine developing cortex (Babij et al., 2023; Kourdougli et al., 2023). For
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example, a recent study has shown that Gabrb3, a gene associated with ASD and Angelman
Syndrome, is essential for inhibitory function and that its ablation leads to decreased GABAergic
synapses, increased network synchrony, and heightened neonatal cortical response to tactile
stimulation (Babij et al., 2023). Moreover the latter study reported correlations between the
spatial distribution of GABRB3 and atypical connectivity observed in human ASD subjects (Babij
et al., 2023). Another study has shown in a fragile X syndrome (FXS) model that PV
interneurons are hypoactive and disconnected from excitatory neurons, leading to increased
apoptosis (Kourdougli et al., 2023). It is reported that pharmacogenetic enhancement of PV
activity in neonatal mice improves PV interneuron density but not circuit function. However,
using an allosteric modulator of Kv3.1 channels - a voltage-gated potassium channel that
enables PV interneuron fast-spiking properties - allowed to increase their activity post-critical
period rescuing circuit dynamics and reducing tactile defensiveness. These findings support PV
interneurons as a therapeutic target for FXS and similar disorders (Kourdougli et al., 2023). All
these results suggest a critical role of interneuron development in the aetiology of a number of

neurodevelopmental and neuropsychiatric disorders.

1.2.4 5-HT in neurodevelopment

While the activity-dependent development of cortex has been explored by many studies, how
neuromodulation shapes early cortical activity with consequences for circuit maturation remains
poorly understood. 5-HT is of particular interest given the large literature relating this

neurotransmitter system with neurodevelopmental disorders (Daly et al., 2019).

Evidence suggests that 5-HT dynamics vary through development. Anatomical studies in mice
show that cortical structures are innervated by 5-HT neurons during the first postnatal week,

followed by a pruning stage (Maddaloni et al., 2017). Electrophysiological studies in the dorsal
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raphe nucleus in developing mice suggest that 5-HT neurons have different neurophysiological
profiles early compared to later development (Morton et al., 2015). Moreover, a steep drop in
5-HT levels at birth is thought to be instrumental for the development of sensory cortical maps
(Toda et al., 2013). These developmental 5-HT dynamics at birth are also critical for the
development of thalamocortical projections to sensory cortices (Sinclair-Wilson et al., 2023).
The differential regulation of 5-HT dynamics in development is further evidenced by the altered
pattern of expression of genes related to 5-HT transmission. For example, while SERT
expression is confined to 5-HT neurons in the adult CNS, it presents a broader pattern of
expression in the developing brain (embryonic day (E) 15 to postnatal day (P) 10 in mice (X.
Chen et al., 2016; De Gregorio et al.,, 2020) and gestational weeks (GW) 12-13 in humans
(Verney et al., 2002)) Thus, SERT is transiently expressed in pyramidal neurons in association
cortices, hippocampus and thalamocortical projections to sensory cortices (Narboux-Néme et
al., 2008). The role of this transient expression remains a matter of debate, with the two
prevailing hypotheses being that it either allows 5-HT release by non-5-HT neurons (Lebrand et
al., 1996) or that it mediates a necessary developmental decrease in 5-HT signalling (De
Gregorio et al., 2020). Altogether a large body of literature suggests that 5-HT dynamics in early
development are likely to be different compared to the adult. However the evolution of 5-HT

dynamics during brain development remains uncharacterised.

Evidence suggests that the effects of 5-HT on cortical neuronal activity are also different in the
developing brain. For example, the expression of 5-HT receptors changes across development
with reported transient expression of 5-HTgR in thalamocortical projections to the S1BF cortex
during early postnatal development (Bennett-Clarke et al., 1993; Laurent et al., 2002; Leslie et
al., 1992; Salichon et al.,, 2001). The 5-HT receptome in cortex has also been suggested to

change through development (Sargin et al., 2019), implying differential effects of 5-HT in cortical
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activity across development. However, the evolution of cortical responses to 5-HT across

development have not been characterised.

5-HT plays a prominent role in neurodevelopment regulating processes from cell division to
synaptic connectivity (Daly et al., 2019; Lesch & Waider, 2012). Of particular interest to this
thesis is the role of 5-HT in the migration and maturation of interneuron subpopulations (De
Gregorio et al., 2020; Frazer et al., 2015; Miceli et al., 2017; Murthy et al., 2014; Wong et al.,
2022). A recent publication has shown a role for 5-HT in the regulation of vasointestinal peptide
(VIP) expressing bipolar cells survival (Wong et al., 2022). Another study has shown alterations
in VIP interneuron migration upon developmental SERT disruption (Frazer et al., 2015), and a
role of 5-HTR;, in this effect (Murthy et al., 2014). 5-HT also plays a role in the developmental
survival of SST interneurons as well as the maturation of their dendritic structure, as evidenced
by alterations in SST survival and dendritogenesis observed in SERT-KO mice (De Gregorio et
al., 2020). While the role of 5-HT in interneuron development is well established, the extent to

which this is mediated by changes in cortical activity remains to be explored.

Thus, despite the numerous studies of the developmental role of 5-HT, how alterations in 5-HT
dynamics mandate the balancing of cortical excitatory and inhibitory circuits from an

activity-dependent perspective remains unclear.

1.3 5-HT/glutamate co-transmission

A number of studies have defied Dale's principle by characterising neuronal subpopulations with

the ability to co-release more than one type of neurotransmitter (e.g., dopamine-GABA (Melani

& Tritsch, 2022) or glutamate-GABA (Ajibola et al., 2021)). Indeed, subtypes of 5-HT neurons

have been shown to co-release glutamate (H. Li et al., 2024; Sengupta et al., 2017; H.-L. Wang
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et al.,, 2019) or GABA (H. Li et al., 2024; Ren et al., 2019). Glutamatergic co-transmission,
particularly to the VTA, has been associated with a role in reward (Z. Liu et al., 2014; H.-L.
Wang et al., 2019). The mechanism balancing the release of one neurotransmitter versus the
other remains unclear, but a study has shown that these 5-HT neurons preferentially release
glutamate during periods of low firing rate whereas 5-HT is preferentially released at higher
firing rates (Sengupta et al., 2017). Moreover, a recent study suggests that neurons are able to
change the neurotransmitter they co-release as a function of behavioural stressors, a process
known as neurotransmitter switching (H. Li et al., 2020, 2024; Spitzer, 2017). In 5-HT neurons, a
switch from glutamatergic to GABAergic co-transmission has been observed during a fear
association paradigm (H. Li et al., 2024). Interestingly, evidence suggests that perinatal
exposure to SSRIs disrupts glutamatergic co-transmission from 5-HT neurons to the VTA
triggering motor disruptions (Cunha et al., 2021). Whether 5-HT neurons co-release other
neurotransmitters into cortical circuits to alter the emergence of cortical population activity

remains unstudied.

1.4 Two-photon imaging of calcium and 5-HT in awake adult and developing rodents

1.4.1 Longitudinal two-photon imaging in rodents

Two-photon microscopy allows the excitation of fluorophores through the simultaneous abortion
of two photons with higher wavelength, which only occurs within the micrometre region of focus
(Benninger & Piston, 2013). This provides a high optical sectioning, which when combined with
the lower scattering of higher wavelengths, allows imaging in deep biological tissues (up to 1
mm) (Benninger & Piston, 2013). The application of this technology in rodents implanted with
head-fixing plates and cranial windows, has allowed the monitoring of fluorescence molecules in

the cortex of living awake rodents (Holtmaat et al., 2009). For example, calcium indicators such
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as GCaMP&6s allow the tracking of calcium dynamics, as a proxy of neuronal firing (T.-W. Chen
et al., 2013). Recent studies have optimised these surgical procedures in developing postnatal
mice (Che & De Marco Garcia, 2021; He et al., 2018), and alive mouse embryos (Munz et al.,
2023). This opens the door to monitor cortical neurophysiology with fluorescent indicators during

key periods of murine brain development.

1.4.2 Imaging 5-HT using fluorescence biosensors

A major challenge for understanding how 5-HT influences cortical population activity has been
the difficulty of tracking 5-HT dynamics in vivo. The recent development of
neurotransmitter-sensitive fluorescence sensors generated from genes encoding receptors,
when combined with multiphoton microscopy, has opened the door to monitoring 5-HT dynamics
in vivo with high spatial and temporal resolution (Ocana-Santero et al., 2024). In the past five
years, a number of 5-HT fluorescence biosensors have been developed (Deng et al., 2024;
Dong et al., 2021; Kubitschke et al., 2022; Unger et al., 2020; Wan et al., 2021). These tools
have been validated in vitro, and studies to date suggest promise for monitoring 5-HT dynamics
in vivo. Thus, changes in 5-HT signalling dynamics have been detected in cortical regions
(Kubitschke et al., 2022; Unger et al., 2020; Wan et al., 2021) in response to alterations in the
sleep—wake cycle (Deng et al., 2024; Unger et al., 2020; Wan et al., 2021) and whole body
movement (Kubitschke et al., 2022). However, to date, few in vivo multiphoton imaging studies
of 5-HT biosensors have controlled for the influence on the optical signals of confounding
factors such as hemodynamic changes or other potential sources of optical noise. These factors

might limit selectivity of the signal and thus the sensitivity to the desired readout.

It is evident from previous calcium- and voltage-sensitive imaging studies that in settings where
the changes of fluorescence are small (e.g., widefield imaging or use of sensors with a small

dynamic range), activity-dependent optical signals can be a major source of noise (Grinvald et
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al., 1982; Valley et al., 2020). Such confounding intrinsic optical signals may arise from many
sources including changes in blood flow (e.g., blood vessel dilation) (Grinvald et al., 1986;
Morone et al., 2017), differences in haemoglobin and oxygenation state (Morone et al., 2017),
and alterations in local cellular activity (L. B. Cohen et al., 1968; Grinvald et al., 1982; Hill &
Keynes, 1949; Lipton, 1973; Salzberg et al., 1985; Tasaki et al., 1968). All of these factors might
alter the light absorption properties of the tissue imaged, in wavelengths overlapping with the
emission spectra of the most common 5-HT sensors (Deng et al., 2024; Kubitschke et al., 2022;
Unger et al., 2020; Wan et al., 2021). Given their inherent activity-dependent nature (Ma et al.,

2016), all these factors represent challenging confounds to overcome.

A preferred control to account for this source of noise would be to use a second imaging laser
tuned to the isosbestic point, the imaging wavelength at which the absorbance, and subsequent
emission, of a sensor will not change independently of its conformation (i.e., bound or not to
5-HT). Thus, changes in fluorescence at this wavelength can be attributed to noise rather than
changes in 5-HT binding. Simultaneous imaging with one laser tuned to the isosbestic
wavelength and another tuned to the peak in fluorophore excitation allows intrinsic artefacts to
be subtracted, thereby revealing the true biosensor signal. This control is commonly
implemented in fibre photometry (Lerner et al., 2015) but not often with multiphoton microscopy
due to the technical complexity of aligning two raster-scanning systems in time and space.
Nevertheless, multiphoton imaging presents advantages over fibre photometry that merit its use
in biosensor imaging. Namely, it provides a higher spatial resolution with a readout of signal
over space, including at depth within the tissue, thanks to its accurate optical sectioning
(Benninger & Piston, 2013). Cranial windows also represent a less invasive alternative to fibre
implants, albeit at the expense of lack of access to deep brain structures (Holtmaat et al., 2009).
Altogether this warrants the testing and optimization of 5-HT biosensors in multiphoton imaging

in vivo.
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Thus, the recent emergence of these tools is a promising prospect for the characterization of in
vivo 5-HT dynamics in rodents with high spatial-resolution, but their implementation with
two-photon microscopy requires the development of appropriate controls to avoid confounding

sources of noise such as intrinsic optical signals.

1.5 NeuroAl: Deep neural networks to model the brain

The recent emergence of the field of neuroAl opens the door to understand neuronal processes
by modelling them with biologically-inspired architectures, allowing for an analytical
understanding of their second order effects (Kriegeskorte & Golan, 2019). Several studies have
used deep neural networks to model neuronal and cognitive processes, particularly to
characterise the role of neuromodulators like dopamine (Garcia et al., 2023). However, such
studies tend to model the effect of neuromodulators directly by changing the learning rule, rather
than having a direct effect in the activation of the neurons, as it occurs in the brain. In this
sense, gated neural networks — in which the activation of the neurons is modulated by a gate —
provide a naturalistic implementation of neuromodulation whereby the effects on learning are

second order effects of the change in neuronal activation (Saxe et al., 2022).

Within NeuroAl, the advent of analytical connectionism employs techniques from statistical
mechanics to find exact solutions to the evolution of the network parameters during training
(Mannelli et al., 2024). This provides an analytical understanding of the network dynamics and
mathematically describes the effect a parameter has on the activation and learning dynamics of
a network. Despite the promising potential of these modelling tools they remain unused in many
fields of neuroscience research due to their novelty. Of particular interest to this thesis is their

use to model the role of the 5-HT system.
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1.6 Summary

While significant advances have been made in our understanding of 5-HT and cortical
population dynamics throughout mammalian life, a number of questions remain unanswered.
Firstly, 5-HT dynamics in the adult and developing mammalian cortex during behaviour remain
uncharacterized. Secondly, it is unclear how 5-HT dynamics dictate population activity in cortical
excitatory-inhibitory microcircuits, both in adulthood and development. Thirdly, how the
combination of 5-HT dynamics and its effects in cortical activity shape the emergence of
mammalian behaviour is not well understood. The recent development of optical tools to monitor
5-HT dynamics and cortical activity in rodents, as well as the advent of theoretical methods to
make sense of the complex datasets these tools generate, provide a unique opportunity to shed

light on these three questions.

1.7 Aims

In light of these gaps in the literature, the aims of this thesis and the respective experiments to

address them are the following:

In chapter 2, we aim to characterise 5-HT dynamics in both the developing and adult S1BF. For
this purpose, we have validated the use of a fluorescence 5-HT biosensor (g5-HT3.0) in the
S1BF to monitor 5-HT dynamics through a cranial window in head-fixed mice using two-photon
microscopy. Then, we have characterised S1BF 5-HT dynamics both in adult and developing
mice. We expanded this work to study the effect of SERT, a major determinant of 5-HT
developmental dynamics, in regulating early 5-HT fluctuations by using acute fluoxetine dosage

and SERT-KO mice.
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In chapter 3, we aim to characterise how genetic knockout of SERT affects emerging S1BF
population dynamics, with a focus on its role in dictating excitatory-inhibitory cortical balance.
For this we use longitudinal two-photon calcium imaging of SERT-KO mice from the first
postnatal week to adulthood, in animals with interneuron subpopulations labelled with a red

fluorophore.

In chapter 4, we aim to characterise the effects of postnatal exposure to fluoxetine in the
emergence of S1BF cortical population dynamics, and defining cortical E-l balance, for which
we employ the same longitudinal two-photon calcium imaging methodology in mice dosed orally

with fluoxetine from P2 to P14.

In chapter 5, we aim to test the effect of 5-HT in adult S1BF cortical activity and its subsequent
consequences for behaviour and learning. For this purpose, we use two-photon calcium imaging
and localised S1BF optogenetics, in animals performing an air puff discrimination task with
subsets of trials presenting misleading information. We expand this work to test the effects of

5-HT psychedelics in 5-HT dynamics, cortical activity and reversal learning.

In chapter 6, we aim to develop a biologically-grounded theoretical model to capture the
different observations on cortical 5-HT obtained throughout this thesis. To this end, we employ
gated deep neural networks with exact mathematical solutions and tasks comparable to our

different datasets.
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2 Monitoring cortical 5-HT dynamics

throughout life

2.1 Introduction

How 5-HT fluctuates in the cortex of behaving mammals remains poorly understood. To date
current studies are limited to high-pressure liquid chromatography combined with in vivo
microdialysis (Collins et al., 2024; Lynne E. Rueter et al., 1997), which has limited temporal
resolution, and electrophysiological studies of the DRN (Grossman et al., 2022; Paquelet et al.,
2022; Ranade & Mainen, 2009), which provide an incomplete picture of 5-HT dynamics given
the hodological diversity of the 5-HT system (Okaty et al., 2019) and confounding factors such
as co-release of other neurotransmitters (e.g., GABA or Glu) (H. Li et al., 2024; Sengupta et al.,
2017; H.-L. Wang et al., 2019). These studies suggest that the firing rate of 5-HT neurons
correlates, among other things, with sleep-wake behavioural state (Kato et al., 2022), movement
(Ranade & Mainen, 2009), reward (J. Y. Cohen et al., 2015; Ranade & Mainen, 2009),
punishment (J. Y. Cohen et al.,, 2015), saliency (Paquelet et al., 2022), and uncertainty
(Grossman et al., 2022). However, whether all these paradigms directly affect 5-HT release into

adult cortical circuits remains untested.

The recent emergence of fluorescence 5-HT sensors like g5-HT1.0 and g5-HT3.0 - two recently
developed GPCR-based 5-HT biosensors engineered from 5-HT,. and 5-HT, receptors
respectively (Deng et al., 2024) - allows monitoring the dynamics of this neuromodulator in vivo
with high temporal and spatial resolution (Deng et al., 2024; Kubitschke et al., 2022; Unger et

al., 2020; Wan et al., 2021). However, the novelty of these sensors implies that they remain
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untested in a number of settings, particularly in vivo. Current in vivo validations are limited to
sleep-wake (Deng et al.,, 2024; Wan et al.,, 2021), movement (Kubitschke et al., 2022),
MDMA-exposure (Wan et al., 2021) and epileptogenic activity (Deng et al., 2024), all of which
trigger large changes in 5-HT dynamics. Thus, it is unclear whether these sensors will allow
monitoring of 5-HT fluctuations in alive rodents during subtle changes in 5-HT supply. This gap

highlights the need for studies validating these tools in a wide range of settings.

The dynamics of 5-HT in the developing cortex remain particularly elusive because of the
experimental difficulty of performing DRN recordings in the developing brain. It is likely that 5-HT
dynamics change across mammalian cortical development, given the transient developmental
expression of genes involved in 5-HT dynamics and signalling, for example SERT and 5-HT g
transient expression in thalamocortical projections to sensory cortices (Narboux-Néme et al.,
2008; Verney et al., 2002). Given the clinical association between developmental disruption of
5-HT dynamics (e.g., embryonic SSRI exposure or SERT polymorphisms), and the emergence
of neurodevelopmental disorders (Ames et al., 2021; Murphy & Lesch, 2008), understanding
how 5-HT fluctuates in the developing brain is critical. SERT transient developmental expression
in non-5-HT neurons is of particular interest given that it is the main target of SSRIs, the most
commonly prescribed antidepressants (Luo et al., 2020). Two main hypotheses have been
proposed for the role of this transient SERT expression: (1) that it buffers 5-HT from cortex in
early development (Salichon et al., 2001) and (2) that it allows 5-HT release from
non-5-HT-producing neurons (i.e., thalamus) (Lebrand et al., 1996). However, the difficulties of
tracking 5-HT release with cellular resolution have hindered efforts of confirming either one of
these hypotheses. The recent advent of surgical approaches to gain optical access to the
developing brain (i.e., cranial windows in developing rodents) (Che & De Marco Garcia, 2021),
combined with fluorescence 5-HT biosensors (Deng et al., 2024; Kubitschke et al., 2022; Unger

et al.,, 2020; Wan et al., 2021), has opened the door to monitor 5-HT dynamics in the early
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postnatal cortex (from the end of 1st postnatal week) of awake head-fixed mice, allowing to

answer these questions.

In this chapter, we have anatomically, pharmacologically and functionally validated the use of
S1BF, and the fluorescence 5-HT sensor g5-HT3.0, to monitor 5-HT dynamics in awake
head-fixed mice. Then, we have used these settings to characterise 5-HT dynamics in the S1BF
of both adult and developing mice. Finally, we have tested the effects of pharmacologically
(fluoxetine dosing) and genetically (SERT-KO) disrupting SERT on developmental cortical 5-HT

fluctuations

2.2 Results

2.2.1 Anatomical validation of S1BF to study 5-HT cortical dynamics

We have anatomically validated S1BF as a model to explore 5-HT dynamics by confirming the
presence of 5-HT axonal terminals in S1BF, while further exploring whether S1BF-projecting
5-HT neurons co-project to other cortical regions (Okaty et al., 2019). For this purpose, we have
used multicolor retrograde tracing with cholera toxin subunit B (CTB) conjugated with diverse
fluorophores (i.e., 488, and 647 nm) and dorsal raphe nuclei (DRN) immunohistochemistry with
the 5-HT-neuron marker tryptophan hydroxylase 2 (tph2+) (Figure 1a-c). Namely, CTB647 was
injected in S1BF (n=12 mice), while CTB488 was injected in a number of other cortical
structures: prefrontal (PFC, n=4 mice), secondary somatosensory (S2, n=4 mice), endopiriform
(EP, n=2 mice) and entorhinal cortex (EC, n=2 mice) (Figure 1a,b & Supplementary figure 1).

Thus, the presence of CTB647+/tph2+ cells in DRN allowed us to establish the presence of
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5-HTergic terminals in S1BF, while the presence of tph2+/CTB647+/CTB488+ allowed us to

confirm the existence of 5-HT neurons co-projecting to another cortical region (e.g., S2 or PFC).

We observed consistent co-labelling with CTB647 of tph2+ (i.e., 5-HTergic) neurons distributed
along the medio-lateral and dorso-ventral axis of DRN (Figure 1d), confirming the presence of
5-HT terminals in S1BF. Moreover, out of 95 S1BF-projecting 5-HT (CTB647+/Tph2+) cells
labelled, only two showed co-projections to another area (i.e., CTB488+) and both were
S2-projecting (Figure 1e). No PFC- and S1BF- co-projecting cells were found (Figure 1f). We
cannot rule out the limited spread of CTB across these cortical areas (Figure 1b &
Supplementary figure 1) providing an incomplete labelling of 5-HT subpopulations projecting
to them. Nevertheless, these results suggest that 5-HT neurons in DRN have dedicated output
streams to the somatosensory cortex, at least with respect to other major targets of the DRN

(Figure 1g).

Altogether, while these results validate the use of S1BF as a model to study 5-HT dynamics
they also highlight the possibility that these dynamics might differ in other cortical areas if

diverse subpopulations of 5-HT neurons supply different cortical areas.
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Figure 1. Anatomical characterization of S1BF-projecting 5-HT (tph2+) neurons with CTB
retrograde tracing. a Diagram of dual colour retrograde tracing strategy with CTB647
intraparenchymal injection into S1BF (n = 12) and CTB488 in other cortical regions including S2
(n =4), PFC (n =4), EC (n = 2) and EP (n = 2). b Representative histological image acquired
with an epifluorescence microscope showing S1BF injection site with CTB647 and VPM
retrograde tracing which validates the tracing strategy (50um slice). ¢ 50um DRN slice stained
with the 5-HT marker tph2 using immunohistochemistry. Histological image acquired with a
confocal microscope. d Dorso-ventral and medio-lateral positioning scatter plot of tph2+
retrogradely labelled cells coloured by projection target: S1 (n = 95 cells), PFC (n = 20 cells ),
S2 (n = 8 cells), EC (n = 3 cells) and EP (n = 5 cells). e Image of 2 only cells found to
co-project to S1 (left) and S2 (middle), showing tracer co-localization (right). f Representative
image showing distinct subpopulations projecting to either S1 or PFC. g Schematic
representation of the hodological diversity of 5-HT neurons suggested by the retrograde tracing
results. Sample sizes (number of animals): S1BF (n = 12), PFC (n = 4), S2 (n = 4), EC (n = 2)
and EP (n = 2).

2.2.2 In vivo validation of 5-HT release in S1BF

While the above data suggested the presence of 5-HT terminals in S1BF (Figure 1), we
decided to further validate the presence of 5-HT release in this cortical area. For this purpose,
we used a small (n=3) subset of animals injected with the fluorescent green 5-HT sensor
g5-HT1.0 - previous version of the g5-HT3.0 5-HT biosensor - in S1BF and intraperitoneal
injection of 3,4-methylenedioxymethamphetamine (MDMA, 10 mg/kg of body weight). MDMA
has been well established to induce increases in extracellular 5-HT in the central nervous
system (Wan et al., 2021). We observed increases triggered by saline control injection that
might be due to behavioural state changes triggered by the intraperitoneal injection (Figure
2a,b). Nevertheless, intraperitoneal injection of MDMA led to longer-lasting g-5HT1.0
fluorescence increases in S1BF, indicating an increase in extracellular 5-HT (Figure 2a,b). This
confirmed that S1BF not only has 5-HTergic terminals, but they also allow 5-HT release, thus

supporting S1BF as a model to study 5-HT dynamics in cortex.
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Figure 2. MDMA triggers increases in S1BF 5-HT. a Average in vivo g5-HT1.0 fluorescence of
three WT animals during baseline (10 min), after intraperitoneal injection of saline (20 min) and
after intraperitoneal injection of MDMA (10 mg/kg of body weight, 1h). AF/F g5-HT1.0 trace was
calculated as the green sensor fluorescence signal at any time point subtracted and divided by
the mean biosensor signal during the 10 min baseline. b Violin plot of average signal during 10
minute baseline or 20 minute after intraperitoneal injection of either saline control or MDMA.
Sample size n = 3. One-way ANOVA p-value = 0.024. Posthoc Tukey test: baseline-saline p =
0.346; saline-MDMA p = 0.134 and baseline-MDMA p = 0.021.

2.2.3 Optimising in vivo 5-HT imaging in adult S1BF

While the use of the 5-HT sensors g5-HT1.0/3.0 has been validated to study ex vivo dynamics
of 5-HT (Deng et al., 2024; Kubitschke et al., 2022; Unger et al., 2020; Wan et al., 2021), in vivo
applications so far have been limited to contexts inducing large changes in 5-HT concentration
(e.g., MDMA exposure, sleep-wake cycle and epilepsy) (Deng et al., 2024; Kubitschke et al.,
2022; Unger et al., 2020; Wan et al., 2021). Therefore, these sensors remain untested in in vivo
settings in which the changes in 5-HT concentrations might be smaller (e.g., sensation and
complex behaviour). Here (Ocana-Santero et al., 2024), we address this gap in the field by
using two-photon microscopy combined with g5-HT biosensors (Deng et al., 2024; Wan et al.,
2021) to test the applicability of specific 5-HT biosensors in vivo within the context of a relatively

simple but still unresolved question: are sensory responses in mammalian neocortex
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accompanied by changes in 5-HT dynamics? The latter would be predicted since previous
studies show changes in the firing of midbrain 5-HT neurons during the delivery of specific

sensory stimuli (Ranade & Mainen, 2009).

To test this hypothesis, we injected into the S1BF viral vectors genetically encoding g5-HT1.0 or
g5-HT3.0 (Figure 3a,b). Mice were then imaged during periods of whisker stimulation using
two-photon microscopy under awake, head-fixed conditions. Our experimental paradigm was
well-suited to the study of possible contamination of the biosensor signal by intrinsic optical
noise because whisker stimulation triggers strong neuronal activity accompanied by a robust
intrinsic optical signal (Vasquez et al., 2023). As a control, other mice were injected with
genetically encoded green fluorescent protein (GFP) which has no reported biosensor capability

(Figure 3c,d).

2.2.3.1 Hemodynamic optical noise masks 5-HT signals in S1BF

We found that whisker stimulation triggered a pronounced, short-latency decrease followed by a
delayed but marked increase in the fluorescence signal in g5-HT-expressing S1BF (Figure 3b).
However, the dynamics of this fast decrease in fluorescence (1.1 £ 0.1 s poststimulus; n = 8
mice) were incompatible with the temporal resolution of the two 5-HT sensors tested (TauOFF
g5-HT1.0 = 2.8 s (Wan et al., 2021); TauOFF g5-HT3.0 = 1.7 s (Deng et al., 2024)). Indeed,
repeating the experiment in animals injected with GFP expressing viral vectors (Figure 3c)
showed a similar decrease in fluorescence (peak decrease at 1.05 £ 0.2 s poststimulus, n = 3
mice) after whisker stimulation (Figure 3d), suggesting that the fast drop in fluorescence is not
related to changes in 5-HT dynamics. Similar sensory responses have been observed in the
primary visual cortex using widefield calcium imaging and have been associated with

hemodynamic noise (Valley et al., 2020). Moreover, this finding aligns with prior literature
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indicating that reduced light reflectance links to increased neuronal activity (L. B. Cohen et al.,
1968; Grinvald et al., 1982; Hill & Keynes, 1949; Lipton, 1973; Salzberg et al., 1985; Tasaki et

al., 1968).

whisker stim.
0.02] %

0.01
0.00 ;I'*

-0.01
-0.02

g5-HT AF/F (a.u.)
— g5-HT1.0
95-HT3.0

0 10 20 30
Time from stim. onset (s)

0.02

0.00

-0.02

GFP AF/F (a.u.)

— GFP

-0.04

0 10 20 30
Time from stim. onset (s)

Figure 3. Effect of intrinsic optical signals on in vivo multiphoton imaging of 5-HT
biosensor dynamics in the mouse S1BF. a,c Expression of (a) g5-HT3.0 and (c) GFP in
S1BF delivered by intraparenchymal injection using a viral vector (AAV) under the human
synapsin promoter. Images obtained using in vivo head-fixed two-photon imaging. b,d
Peri-stimulus whole-field of view traces showing changes in (b) g5-HT1.0 (black trace, peak
decrease at 1.2 £ 0.1 s poststimulus, n = 5) or g5-HT3.0 (cyan, peak decrease at 1.1 £ 0.4 s
poststimulus, n = 3) and (d) GFP (green, peak decrease at 1.05 £ 0.2 s poststimulus, n = 3) in
response to whisker stimulation (averaged across 10 stimulations); lines and shaded areas
represent mean + SEM values. AF/F traces were calculated as the green fluorescence at any
time point subtracted and divided by the mean signal across the whole recording. Mean signal
5s pre-stim was then subtracted to normalize sensory responses. “n” indicates the number of
mice in each group. *(p < 0.05): mean signal 1 s poststimulus is significantly decreased
compared to 1 s prestimulus (Shapiro test, statistic = 0.99, p = 0.82; paired t test, statistic =
5.82, p = 0.02).
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2.2.3.2 Spatial complexity of hemodynamic noise

To explore the spatial complexity of the source of intrinsic optical noise within the
somatosensory cortex, we quantified changes in fluorescence at a higher spatial resolution
(S1BF field of view divided into 256 subregions; Figure 4a). This revealed variability in
g5-HT3.0 responses to whisker stimulation across the field of view, indicative of the local
changes in signal. Thus, a combination of transient increases and decreases in signal, as well
as no change, was observed (Figure 4c). There appeared to be no meaningful spatial
distribution to these signals across the imaging field of view with increases and decreases in the
signal often observed in adjacent subregions. Similar response variability was observed in
control GFP-expressing mice, with subregions that present increasing, decreasing, or unaltered
fluorescence signals upon whisker stimulation (Figure 4b,d). This suggests that changes in the
intrinsic optical signal might underlie the changes in the g5-HT biosensor signal. Thus,
artefactual changes in the 5-HT biosensor signal suspected on the basis of their fast signal
dynamics were confirmed by the observation of similar changes in 5-HT biosensor and GFP

signals at high spatial resolution, which highlights the complexity of this optical source of noise.
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Figure 4. Whisker stimulus-evoked changes in intrinsic optical signals (GFP) and 5-HT
biosensor signals show similar spatial variability. a g5-HT3.0 biosensor signal and b GFP
fluorescence in field of view subregions of the S1BF, delivered by intraparenchymal injection of
an AAV genetically encoding for either g5-HT1.0 (a) or GFP (b). Images obtained using in vivo
head-fixed two-photon imaging. Acquisition of the data was performed simultaneously and
region separation was conducted during analysis by subdividing the field of view in 256 square
regions (with 32x32 pixels each). The mean fluorescence signal of each region was calculated.
c,d Examples of peri-stimulus traces showing a diversity of whisker stimulus-evoked changes in
(¢) g5-HT3.0 or (d) GFP in different subregions of S1BF from a single animal in each group
imaged simultaneously. The numbers (1-3) match the traces to the corresponding subregions of
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the field of view. Same overall fields of view as shown in Figure 1. AF/F traces were calculated
as the green fluorescence at any time point subtracted and divided by the mean signal across
the whole recording. Mean signal 5s pre-stim was then subtracted to normalize sensory
responses.**Paired t test, p < 0.01 (g5-HT3.0, subregion 1, p = 0.002; subregion 2, p =
0.008//GFP, subregion 1, p = 6.20 x 10-5; subregion 2, p = 0.0001).

2.2.3.3 TdTomato provides a ratiometric control of hemodynamic noise revealing

sensory-evoked 5-HT release in S1BF

To prevent the intrinsic optical signal obscuring changes in the 5-HT biosensor signal, we
implemented a single-laser dual-fluorophore approach. Imaging of the 5-HT biosensor
fluorophore simultaneously with a control fluorophore allowed subtraction of the intrinsic optical
signal to reveal the 5-HT-specific signal. With a single laser the two fluorophores must have
overlapping two-photon excitation spectra (Figure 5a, top) but distinguishable emission peaks
that could be captured through separate recording channels (Figure 5a, bottom). Thus, we
combined EGFP (the fluorescent protein of the 5-HT biosensor) and tdTomato, a red
fluorophore that has previously been used to provide a readout of intrinsic optical signals (W.-T.
Zhang et al., 2022) (Figure 5a). To this end, we virally delivered g5-HT3.0 to the S1BF of
transgenic mice expressing tdTomato in either vasointestinal peptide (VIP) or Nkx2-1 positive
GABAergic interneurons, the latter accounting for approximately 10% of the neurons in the field
of view (Figure 5c,d). Indeed, both transgenic mice lines allowed targeting of populations
present within our field of view, partially overlapping with the expression of the GRAB biosensor
(under the control of the pan-neuronal hsyn promoter) and with widespread neuropil labelling
thanks to the dense innervation exerted by these interneurons, which makes them ideal

transgenics for the targeting of our control fluorophore.
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Since we were expecting to record relatively small changes in fluorescence (Deng et al., 2024)
(Figure 5b,b"), we utilised a smaller field of view, which at equal frame rate increased the dwell
time per micron of tissue, thus increasing the signal-to-noise ratio. The dual-colour recordings
revealed a whisker-evoked drop in signal in the red fluorophore (Figure 5b) as previously
observed with a GFP signal (Figure 3g), confirming its utility as a control. By calculating the
ratio of the green to red signal, it was possible to correct for the putative hemodynamic
response and reveal a whisker-evoked increase in g5-HT3.0 signal (Figure 5c¢',d’'). These
results are consistent with a human PET study showing increases in occipital cortex 5-HT
release upon the presentation of visual stimuli (Hansen et al., 2020) and suggest that 5-HT may
be involved in sensory processing (Marquez & Chacron, 2020). We measured comparable 5-HT
responses in both VIP and Nkx2-1 transgenic mice (Figure 5¢’,d’), suggesting that both serve

as an appropriate control.
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Figure 5. Evidence that dual-fluorophore imaging of ¢g5-HT3.0 and a control
red-fluorophore allows real-time hemodynamic correction when isosbestic correction is
not possible. a Two-photon excitation (top) and emission (bottom) spectra of EGFP and
tdTomato. A two-photon imaging wavelength of ~920 nm stimulates both fluorophores, while
their emission peaks are sufficiently separate to allow recording via different channels (e.g.,
green and red) without major cross-contamination. The cyan and red dashed line boxes indicate
the cutoff wavelengths for the green and red emission filters, respectively (green, 525 + 25 nm;
red, 595 + 25 nm), which allow separation of EGFP and tdTomato signals in different recording
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channels. Spectra plots made from data downloaded from the FPbase data set (Lambert, 2019).
b Peri-stimulus traces showing a whisker stimulus-evoked drop in red tdTomato signal, a smaller
drop in green g5-HT3.0 signal, and an increase in the ratiometrically corrected signal (black).
*(p < 0.05): mean signal 1 s poststimulus is significantly increased compared to 1 s prestimulus
for the black trace (Shapiro test, statistic = 0.91, p = 0.28; paired t test, statistic = 3.03, p =
0.01). Traces are the average response to 10 stimuli presentations recorded from a single
representative animal. AF/F green and red traces were calculated as the green and red
fluorescence, respectively, at any time point subtracted and divided by the mean signal across
the whole recording. The black trace represents the ratio between the green and red
fluorescence, subsequently normalized in the same AF/F manner. Mean signal 2s pre-stim was
then subtracted to normalize sensory responses. Data obtained in vivo using two-photon
head-fixed imaging of transgenic mice expressing tdTomato in either Nkx2-1 or VIP interneurons
(Nkx2-1/VIP-Cre x Ai9) that were injected with an AAV vector genetically encoding the
fluorescence sensor g5-HT3.0. ¢ Field of view with g5-HT3.0 and tdTomato in Nkx2-1 positive
neurons (top) and (c') peri-stimulus traces (bottom, n = 4). d Field of view with g5-HT3.0 and
VIP positive neurons (top) and (d*) peri-stimulus traces (bottom, n = 3). Peri-stimulus traces are
the average of 10 stimulus presentations for four Nkx2-1+ and three VIP+ animals AF/F is the
ratio between the green and red fluorescence signal an any time point, subtracted and divided
by the mean ratio across the whole recording. Mean signal 2s pre-stim was then subtracted to
normalize sensory responses. Shaded area represents the standard error of the mean, and the
black trace represents the Savitzky—Golay filtered signal. “n” indicates the number of mice in
each group. * (p < 0.05): mean signal 1 s poststimulus is significantly increased compared to 1 s
prestimulus (Nkx2-1, Shapiro test, statistic = 0.96, p = 0.80; paired t test, statistic = 3.23, p =
0.048//VIP, Shapiro test, statistic = 0.85, p = 0.24; paired t test, statistic = 4.64, p = 0.043).

In conclusion, we recorded an increase in 5-HT biosensor dynamics in mouse somatosensory
cortex in response to whisker stimulation using an approach that allows segregation of 5-HT
signalling dynamics from confounding intrinsic optical signals. This was achieved using
expression of a control fluorophore (tdTomato) in a subset of cortical neurons, which allows us
to account for this source of noise across the field of view. These results validate the use of
fluorescent biosensors to measure 5-HT dynamics in vivo with multiphoton imaging, when using
appropriate controls. Moreover, this validation opens the door to studying 5-HT dynamics with

unprecedented spatial resolution, at both the population and cellular level.
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2.2.4 5-HT dynamics in the adult cortex during complex behaviour

Once the use of this sensor was validated in in vivo settings, we then monitored more complex
5-HT dynamics in the adult S1BF cortex (Figure 6a) guided by previous studies performing
electrophysiological recordings of 5-HT neurons directly in the DRN (J. Y. Cohen et al., 2015;
Grossman et al., 2022; Paquelet et al., 2022; Ranade & Mainen, 2009). For example, a recent
study suggested that 5-HT neurons fire preferentially upon salient stimuli (Paquelet et al., 2022).
To test whether more salient stimuli triggered bigger increases in 5-HT release, we used air puff
whisker-deflection, in which stimulus saliency can be quantitatively controlled by varying the
pressure of the air puff. We observed a linear increase in the area under the curve (AUC) of the

fluorescence g5-HT3.0 response with increasing air puff pressure (Figure 6b-c).

5-HT neurons have also been shown to increase their firing rate upon reward (J. Y. Cohen et al.,
2015). To test whether reward also led to release of 5-HT in S1BF, we monitored g5-HT3.0 in
S1BF of water deprived animals in the initial phases of learning an association between an air
puff (10psi) and a reward (water). Indeed, we observed a longer lasting increase in 5-HT when
the stimulus was paired to reward (Figure 6d) indicating a reward-response of 5-HT release in

S1BF.

Finally, previous studies have reported that 5-HT neurons in the DRN increase their firing rate
upon novel and unexpected events (Grossman et al., 2022; Tapper & Molas, 2020). To test
whether novelty triggered 5-HT release in S1BF, we compare reward responses to the first 5
versus the last 5 rewarded trials. We observed bigger responses to the first 5 trials, suggesting
an encoding of novelty (Figure 6e). Thus, in line with previous electrophysiological studies of
5-HT neurons in the raphe nuclei, we confirmed that S1BF 5-HT dynamics reflect sensation,

saliency, reward and novelty.
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This is of particular interest in light of studies showing VIP interneuron responses to reward
(Szadai et al., 2022), novelty (Tamboli et al., 2024) and behavioural state (Fu et al., 2014),
suggesting that 5-HT release might mediate these responses. These cortical interneurons are
characterised by their expression of the ionotropic depolarizing receptor 5-HT;4R (S. Lee et al.,
2010), their depolarization by 5-HT (Férézou et al., 2002), their localization in upper layers
(Pronneke et al., 2015), and their role in mediating top-down modulation of activity in sensory
cortices (Bastos et al., 2023; Fu et al., 2014; S. Lee et al., 2013). Thus, leveraging the spatial
resolution of two-photon imaging, we further characterised the variability of 5-HT responses in
S1BF upon a salient (100 PSI) air puff, by subdividing our field of view in 256 regions, in
transgenic animals with tdTomato in VIP interneurons (Figure 6f). We observed a high degree
of variability, with regions increasing, decreasing or not changing 5-HT release upon stimulus
onset (Figure 6f). When we assessed the release in areas with VIP interneurons, we observed
particularly high increases in 5-HT release into these interneurons (Figure 6g). These results
suggest that the 5-HT system can perform 5-HT spatially localised release as a function of the
postsynaptic targets with cellular resolution. Moreover, in light of the well-established role of
these interneurons in mediating top-down regulation of cortical circuits (Bastos et al., 2023; Fu
et al., 2014; S. Lee et al., 2013), these results suggest that 5-HT might potentiate top-down

signalling.
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Figure 6. 5-HT dynamics in the adult cortex during salient sensation, reward and novelty.
a Diagram of experimental settings, illustrating S1BF delivery of the sensor g5-HT3.0 to monitor
5-HT dynamics in adult mice (>8 weeks old) using in vivo head-fixed awake two-photon
imaging. The sensor was delivered by intraparenchymal injection of an AAV vector genetically
encoding the fluorescence sensor. Transgenic animals expressing tdTomato in VIP interneurons
were used (VIP-Cre x Ai9). b Peri-stimulus average trace across 5 repeats of air puff
whisker-deflection with varying pressure (0, 25, 50, 75 and 100 PSI) (n = 3). All stimuli, except
for 0 PSI, showed increased g5-HT3.0 signal post- versus pre-stimulus (paired t-test p < 0.05). ¢
Area under the curve of the 20s post-stimulus g-5HT3.0 trace for each air puff pressure,
illustrating linear scaling of 5-HT response to air puff pressure as a proxy of stimulus saliency (n
=3) (R2 =0.9799, slope = 1.1244). d Peri-stimulus trace in air puff stimulation (10 PSI) paired
(CS+) or not (CS-) to water delivery in water-deprived mice learning an association to the
stimulus, while mice licked in response to both stimuli (signal post- vs pre-stim paired t-test
*p<0.05 for 1s in CS- and 3s in CS+, n = 6). e g-5HT3.0 fluctuations in response to
reward-paired stimulus (air puff, 10 PSI) during the first/last 5 trials in mice learning a Pavlovian
association between stimulus and reward, showing bigger release upon the former (paired t-test
p = 0.0254, n = 6). f 256 regions grid heat-map of post-pre air puff onset (100 PSI) mean
g5-HT3.0 signal average across 10 repeats in a single representative animal, overlaid on top of
field of view with cyan g5-HT3.0 and red tdTomato VIP interneurons. g Mean peri-stimulus onset
trace of VIP+ or VIP- regions in response to an air puff (100 PSI). For all panels AF/F is the ratio
between the green and red fluorescence signal at any time point, subtracted and divided by the
mean ratio across the whole recording. Mean signal 2s pre-stim was then subtracted to
normalize sensory responses.
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2.2.5 5-HT dynamics in the developing cortex

Given the validity of g.5-HT3.0 to monitor in vivo 5-HT dynamics in the adult S1BF and the
developmental role of 5-HT (Daly et al., 2019), we proceeded to study how these dynamics
differ in early development. We injected the fluorescence 5-HT sensor g5-HT3.0 into S1BF of
neonatal mice to monitor 5-HT signalling dynamics both during the early period of transient
thalamic SERT expression (Th-SERT; up to P10 (X. Chen et al., 2016; Narboux-Néme et al.,
2008)) and subsequent adult pattern of raphe afferent-restricted SERT expression (adult-SERT)
(Figure 7a and Supplementary figure 2a,b). During the Th-SERT period, multi-whisker
deflection or presentation of a sound did not elicit a detectable 5-HT response while an aversive
stimulus, an air puff directed to the face (J. Y. Cohen et al., 2015), resulted in a time-locked
increase in 5-HT signal (Figure 7b). In the immediate time period of adult-like SERT expression
(adult SERT; P11 to P13), 5-HT responses were observed to all stimuli albeit still larger following
the aversive air puff (Figure 7c¢), a pattern that continued through juvenile life (Supplementary

figure 2c).

Then, we studied the spatial variability of responses in both developmental periods (Th-SERT
and Adult-SERT). For this, we subdivided our field of view in 256 regions, in transgenic animals
with tdTomato in VIP interneurons. Analysis at the cellular level revealed a change in the spatial
distribution of 5-HT signalling to the aversive air puff from a global response during the
Th-SERT (Figure 7d) to more localised signalling in adult SERT (Figure 7e), a pattern
consistent with developmental changes in 5-HT innervation of S1BF over this time (i.e., 5-HT
axonal pruning in S1BF) (Maddaloni et al., 2017). It was evident that larger responses were
present in regions with VIP interneurons (Figure 7e), indicative of targeted release of 5-HT at

this later age, in line with our adult recordings (Figure 6f-g).
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Figure 7. Postnatal 5-HT signalling fluctuates with adverse experience, but not sensory
stimuli in early development. a VIP-tdTomato transgenic neonatal mice received an
intraparenchymal injection of an AAV vector genetically encoding for the 5-HT sensor g5-HT3.0
in S1BF. Mice were then implanted with a cranial window at P6 and then imaged from P7
onwards, using two-photon awake head-fixed imaging, while recording their behaviour and
performing auditory, whisker and air puff (80 PSI) stimulation. b,c 5-HT sensor g5-HT3.0
dynamics in response to air puff (b, 80 PSI, p = 0.031 ¢, p = 0.003), whisker (b, p=0.189 ¢, p =
0.046) or auditory (b, p = 0.976 c, p = 0.010) stimulation show that only air puff triggers
increases in signal at P7-P10 (b), while all stimuli trigger increases at P11-13 (¢). d,e, (left)
Average heatmaps from a single animal of g5-HT3.0 difference in signal after 10 air puff
presentations compared to baseline, across 256 subregions overlaid on top of the field of view
expressing tdTomato in Vip+ interneurons at P7-10 (d) or P11-13 (e). d,e, (right) Average
response in subregions surrounding (d, p = 0.007 e, p = 0.043) or not (d, p < 0.001 e, p < 0.001)
VIP+ interneurons at P7-10 (d) and P11-13 (e) all areas show increases on average. For all
panels AF/F is the ratio between the green and red fluorescence signal at any time point,
subtracted and divided by the mean ratio across the whole recording. Mean signal 2s pre-stim
was then subtracted to normalize sensory responses.
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2.2.6 SERT developmental regulation of 5-HT dynamics

Guided by previous studies (Salichon et al., 2001), we hypothesised that SERT transient
overexpression (Supplementary figure 2b) in thalamocortical projections could be buffering
5-HT in the developing (<P10) cortex, thus being responsible for the lack of detectable 5-HT
release in S1BF upon sensory stimulation. Therefore, we speculated that SERT disruption
would lead to early detectable increases in 5-HT upon non-aversive sensory stimulation. To test
this hypothesis, we first examined multi-whisker stimulation in SERT-KO mice. We observed an
increased g5-HT3.0 signal in both heterozygous (SERT-Het) and knockout (SERT-KO) pups

(Figure 8a).

To examine if this could be replicated with postnatal manipulation of SERT function, we dosed
pups orally with the SSRI fluoxetine (10 mg/kg of body weight), or the vehicle sucrose, prior to
imaging during the Th-SERT period (P7-10). Under these conditions, multi-whisker stimulation
now resulted in a prolonged increase in 5-HT signal versus sucrose control (Figure 8b).
Similarly, the aversive stimulus also triggered a longer-lasting response (Figure 8c) but no
change was seen in response to auditory stimulus during this time window (Figure 8d). These
results support the hypothesis that SERT actively clamps 5-HT release evoked by non-aversive
modality-specific stimuli in postnatal S1BF. The lack of early auditory responses is likely
explained by the delayed maturation of the auditory system (Martini et al., 2021), given that
detectable responses were observed during the adult SERT period (Figure 7c and

Supplementary figure 2c).
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Figure 8. Transient SERT expression clamps 5-HT responses in early cortical
development. Developmental two-photon head-fixed imaging of VIP-tdtomato transgenic mice
injected neontally with an AAV vector genetically encoding g5-HT3.0 that were either
SERT-WT/Het/KO or sucrose/fluoxetine-treated. a Peri-stimulus triggered average g5-HT3.0
signal in response to 10 whisker stimulations in WT (p > 0.05), SERT-Het (p < 0.05 for 14s
post-stimulus) and SERT-KO mice (p < 0.05 for 15s post-stimulus). b,c,d Peri-stimulus triggered
average g5-HT3.0 signal of sucrose- and SSRI-treated pups in response to 10 whisker (b,
control: p < 0.05 for 1s; SSRI: p < 0.05 for 3s), air puff (¢, 80 PSI, control: p < 0.05 for 4s; SSRI:
p < 0.05 for 20s) or auditory (d, not significant for both control and SSRI) stimuli.For all panels
AF/F is the ratio between the green and red fluorescence signal at any time point, subtracted
and divided by the mean ratio across the whole recording. Mean signal 5s pre-stim was then
subtracted to normalize sensory responses.

2.2.7 5-HT developmental oscillations with behavioural state

Previous studies in adult rodents suggest that the firing rate of 5-HT neurons in the DRN
oscillates during the sleep-wake cycle, with firing rates being maximal during wakefulness,
decreasing during NREM and dropping during REM sleep (Kato et al., 2022). Recent work in
adult mice has confirmed that extracellular 5-HT dynamics follow the same pattern (i.e., maximal
during wakefulness and minimal during REM sleep) (Deng et al., 2024; Wan et al., 2021).
Developing mammals present fast bouts of sleep-wake cycles in which REM sleep is a
predominant behavioural state (Blumberg et al., 2022). Thus, we tested whether 5-HT oscillates

with the sleep wake cycle early in development (P7-P10) in a similar manner to adults.
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Based on previous work relating forelimb movement to particular sleep-wake states (Gémez et
al., 2021), sleep was manually scored as a function of movement during infrared recordings
(Figure 9a, Supplementary figure 2d): continuous movement, immobility and twitching were
defined as wakefulness, quiet sleep (QS, developmental equivalent to adult NREM sleep) and
active sleep (AS, developmental equivalent to adult REM sleep) respectively. Consistently with
the adult literature (Deng et al., 2024; Kato et al., 2022; Wan et al., 2021), we observed the
highest 5-HT levels during wakefulness (Figure 9a-b). No significant differences were observed
in the 5-HT responses to whisker stimulation during different sleep states, albeit a trend to
higher increases in quiet sleep stimulation suggested they might be awakening the pup

(Supplementary figure 2d-f).

Finally, we tested whether these oscillations were also present in SSRI-treated mice and
observed higher g5-HT3.0 signal in fluoxetine-treated mice during active sleep, (Figure 9b left).
This suggests that SERT is important for the integrity of 5-HT fluctuations during the fast bouts
of sleep-wake cycles that mice experience at this age. We also report a reduction in active sleep
upon SSRI-treatment (Figure 9b right), consistent with a previous study showing that low 5-HT
is necessary for active sleep (Kato et al., 2022), which suggests that SSRIs also disrupt sleep
architecture. Taken together, these data identify tight state-dependent 5-HT neuromodulation in

the postnatal mouse cortex.
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Figure 9. Behavioural state-dependent 5-HT oscillations. Developmental two-photon
head-fixed imaging of VIP-tdtomato transgenic mice injected neontally with an AAV vector
genetically encoding g5-HT3.0 that were either sucrose or fluoxetine-treated. a 5 minute
representative time-locked trace of left forelimb movement and g5-HT3.0 S1BF signal during
wakefulness (awake, dark grey), active sleep (AS, light grey) and quiet sleep (QS, white) from a
single animal showing sleep-wake oscillations in signal. b (left) Mean g5-HT3.0 signal during
wakefulness, quiet sleep and active sleep of animals treated with control sucrose or SSRIs
(Shapiro-Wilk p = 0.067, Two-way ANOVA: sleep state p < 0.001, treatment condition p = 0.017,
interaction state-treatment p = 0.315). AF/F is the ratio between the green and red fluorescence
signal at any time point, subtracted and divided by the mean ratio across the whole recording.
Sleep scoring was performed manually as a function of animal movement (i.e., continuous
movement was defined as wakefulness, twitching as active sleep and immobility as quiet sleep).
b (right) Proportion of time spent in active sleep for control and SSRI-treated mice
(Shapiro-Wilk p = 0.900, t-test p = 0.015).

2.3 Conclusions

In this chapter, we have validated the use of S1BF as a model to study cortical 5-HT dynamics
by reporting tph2+ cells in the DRN that project to S1BF, and by confirming 5-HT increases upon
MDMA administration (Figure 1,2). We have also shown the potential of g5-HT3.0 to monitor
5-HT dynamics in sensory cortices of behaving mice throughout life, when the correct optical
controls are in place (Figure 3-5). Namely, we propose the use of co-expressing fluorophores
without biosensor capabilities, to use as a real-time ratiometric control for sources of optical
noise. We particularly identify tdTomato as a fluorophore with an overlapping excitation

spectrum with g5-HT3.0, allowing co-stimulation with the same laser, but separable emission
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spectra which allows to monitor its dynamics in a different wavelength with low signal

bleed-through (Ocana-Santero et al., 2024).

We report adult cortical 5-HT release during sensation (Figure 5,6) that scales with stimulus
saliency, reward and novelty (Figure 6). Moreover, we report that beyond widespread 5-HT
responses in S1BF, we also see cellular postsynaptic targeting, with 5-HT release being
particularly high in cortical areas with VIP interneurons. This is of particular interest given that
these interneurons express the excitatory ionotropic receptor 5-HT;,R and are depolarized by
5-HT (Férézou et al., 2002). Therefore suggesting that the responses of VIP interneurons to
reward (Szadai et al., 2022), novelty (Tamboli et al., 2024) and behavioural state (Piet et al.,

2024) could be directly mediated by 5-HT signalling.

Then, we have shown that in early postnatal development (<P10), transient expression of SERT
clamps these responses to sensory stimuli, but not aversive sensation or sleep-wake
fluctuations (Figure 7-9). Genetic or pharmacological disruption of SERT can lead to early 5-HT
increases in response to sensory stimuli (Figure 8). These results support the hypothesis that
the role of the transient developmental expression of SERT is to buffer 5-HT from cortex in early
ages (Salichon et al., 2001). However, given the retrograde transport of 5-HT to thalamic nuclei
(Lebrand et al., 1996), with our results we cannot rule out the possibility that 5-HT is also being

released by these non-5-HT-producing thalamic cells in other areas of the brain.
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With intact SERT, sleep-wake oscillations were still observable (Figure 7), in a similar manner to
the ones reported in the adult brain with the same g5-HT3.0 sensor, i.e., maximum signal during
wakefulness, decrease in NREM sleep, and minimum signal during REM sleep (Deng et al.,
2024; Wan et al., 2021). SSRI exposure also disrupted sleep-wake architecture by reducing
REM-sleep, suggesting a causal role of 5-HT in shaping sleep-wake. This is consistent with a
previous study in adult mice, showing that optogenetic activation of 5-HT neurons in the DRN
during REM sleep induces wakefulness (Kato et al., 2022). REM-sleep disruption upon SSRI
administration has also been observed in adult humans (Wilson & Argyropoulos, 2005). Given
the crucial role of sleep in neurodevelopment (Blumberg et al., 2022), the observed sleep
disturbances in SSRI postnatally-treated mice might be a contributing factor to their adult

symptomatology (Cunha et al., 2021; Rebello et al., 2014).

Altogether, in this chapter we have characterised 5-HT dynamics in S1BF in the developing as
well as the adult cortex, and identified SERT as a key regulator of 5-HT dynamics in the early

postnatal neocortex.
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3. Cortical population activity in

SERT-KO mice

3.1 Introduction

SERT is thought to play a critical role in neurodevelopment, as evidenced by the large clinical
literature associating polymorphisms in SERT with neurodevelopmental disorders (Brown et al.,
2013; H.-J. Lee et al., 2005; Murphy & Lesch, 2008; Nicolini, 2010). The most studied
polymorphism is a 44-base pair insertion/deletion in the gene promoter leading to a short and
long allele (Lesch et al., 1996; Ramamoorthy et al., 1993). The short allele leads to reduced
SERT transcription (Heinz et al., 2000; van Dyck et al., 2004) and has been associated with an
increased risk for depression (Anguelova et al., 2003; Brown et al., 2013; Delli Colli et al., 2022;
Ramamoorthy et al., 1993), eating disorders (Calati et al., 2011), PTSD (H.-J. Lee et al., 2005)
and alcohol dependence (Feinn et al., 2005), while the long allele has been associated with
increased risk of OCD (Nicolini, 2010; Tibrewal et al., 2010). These associations have also been
suggested to interact with stressful events (Caspi et al., 2003; Chorbov et al., 2007; Delli Colli et
al., 2022; Kendler et al., 2005; Murphy & Lesch, 2008). However, some studies have failed to
replicate some of these findings (Border et al., 2019; Culverhouse et al., 2018). There is also a
poor mechanistic understanding of how SERT polymorphisms could lead to these clinical

associations.

Preclinical studies in rodents have tried to shed light on this mechanism using genetic models
with either knockout (KO) (Kalueff et al., 2010) or overexpression (OE) of SERT (McHugh et al.,
2015), the former being particularly well characterised. Behaviourally, adult SERT-KO rodents

show anxiety-like behaviour (Tanaka et al., 2018), depression-related behaviours (Shoji et al.,
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2023), altered nociception (Vogel et al., 2003), social deficits (Golebiowska et al., 2019; Kalueff
et al., 2010), sleep disturbances (Wisor et al., 2003) and learning alterations (C. C.-G. Guo et
al., 2021; Lima et al., 2019). This model has also been associated with neurodevelopmental
alterations such as disruption in thalamocortical sensory map formation (Salichon et al., 2001),
reduction in 5-HT neurons in the DRN (Lira et al., 2003), altered pyramidal neuron migration
(Riccio et al., 2011), reduced feed-forward inhibition (Miceli et al., 2017), disrupted SST
interneuron survival, as well as dendritogenesis (De Gregorio et al., 2020), and perturbed VIP

interneuron migration (Frazer et al., 2015).

Of particular relevance to this thesis are studies characterising how 5-HT, and SERT transient
expression in thalamocortical projections E15-P10, shape the development of cortical sensory
circuits (Teissier et al., 2017). Sensory inputs, through glutamatergic transmission, play a key
role in instructing barrel formation (Erzurumlu & Gaspar, 2012). In early development, 5-HT
signalling modulates this process through presynaptic 5-HT 5z receptors, transiently expressed in
thalamic neurons (Bennett-Clarke et al., 1993). Deleting the 5-HTgR gene rescues the lack of
whisker barrels observed in the S1BF of monoamine oxidase A-KO and SERT-KO mice
(Salichon et al., 2001). These results suggest that 5-HT inhibits excitatory thalamocortical
synapses in the developing cortex, and SERT plays a key role in modulating this 5-HT

signalling.

Despite this large literature characterising SERT-KO rodents, we have identified a major gap:
understanding the effect of SERT disruption in emerging cortical population dynamics and the
subsequent effect on adult sensory cortical encoding. This is of particular interest in light of our
results showing that SERT regulates 5-HT dynamics in the early postnatal cortex, and that
SERT-KO can lead to early increases in cortical 5-HT upon sensation (chapter 2). These

observations were performed during a critical period for the activity-dependent maturation of
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cortical microcircuitry (Teissier et al., 2017; Wong et al., 2018, 2022), during which previous
studies suggest that 5-HT could be inhibiting thalamocortical projections (Bennett-Clarke et al.,
1993; Salichon et al., 2001). Thus, we speculated that this increase in 5-HT triggered by
SERT-KO would disrupt sensory-driven cortical activity in early development, subsequently
impacting the activity-dependent maturation of cortical circuits. To test hypothesis, we used
longitudinal two-photon calcium imaging of S1BF in SERT-KO mice with interneuron
subpopulations (VIP and Nkx2-1) labelled with the red fluorophore tdTomato. This allowed us to

characterise how SERT-KO shapes the emerging excitatory and inhibitory cortical dynamics.

3.2 Results

3.2.1 SERT-KO cortical dynamics manifest early cortical hypoactivity

To understand the impact of genetically disrupting SERT function on developing cortical activity,
we performed in vivo two-photon imaging of GCaMP6s in S1BF through postnatal development
in pups generated by breeding SERT-Het parents (Figure 10a). During the early postnatal time
period, cortical activity is characterised by the presence of high- (H-) and low- (L-) synchronicity
calcium events (Figure 10a-c) (Leighton et al., 2021; Siegel et al., 2012). L-events recruit
between 20 to 80% of cells within the field of view, while H-events recruit more than 80% cells
(general introduction, section 1.2.1). Analysis of these events in SERT-KO mice revealed a
decrease in the amplitude (Figure 10e) and duration (Figure 10f), but an increased occurrence
(Figure 10d) of H-events compared to wild-type (WT) mice, while L-events were unaltered
(Figure 10h-j). The disruption of H-events led to a decorrelation of baseline cortical activity
across distance in SERT-KO mice (Figure 10g). The net effect of these alterations was cortical

hypoactivity, as evidenced by a left shift of the cumulative probability of AF/F values in both
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SERT-Het and SERT-KO mice (Figure 10k), that indicates lower overall values of AF/F across

the recording.
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Figure 10. SERT-KO exhibits H, but not L, -event disruption with subsequent cortical
hypoactivity. a SERT-WT/Het/KO neonates received an intraparenchymal injection of an AAV
vector genetically encoding the fluorescence calcium indicator GCaMP6s in S1BF, they
underwent the implantation of a cranial window, plus a head-fixing plate, at P6 and they were
imaged P7-16 using two-photon head-fixed awake imaging. b Representative histogram of cell
co-activation from a single WT animal at P8 showing the previously reported existence of low
(L-) and high (H-) synchronicity calcium events, with a field of view of an H-event, showing the
characteristic neuronal recruitment of more than 80% of cells. Image made from an average of
120 frames (scale bar = 100 um). ¢ Representative peri (+/- 5s) H-event GCCaMP6s signal
heatmaps of 2000 cells in recordings from a single WT, SERT-Het and SERT-KO P8 mouse.
Heat map constructed from averaging the signal across all H-events detected on each mouse
during a 20 min recording. d Mean H-event frequency in SERT-WT/Het/KO mice at P7-10.
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(ANOVA genotype p = 0.001. Pairwise comparisons: WT-Het p = 0.018; WT-KO p = 0.007;
Het-KO p = 0.642). e Mean GCaMP6s signal amplitude of cells during H-events in
SERT-WT/Het/KO mice at P7-10 (ANOVA genotype p = 0.003. Pairwise comparisons: WT-Het
p = 0.033; WT-KO p = 0.011; Het-KO p = 0.604). f Average H-event duration in
SERT-WT/Het/KO mice at P7-10 (ANOVA genotype p = 0.007. Pairwise comparisons: WT-Het
p = 0.054; WT-KO p = 0.011; Het-KO p = 0.515). g Pairwise cell correlations across distance in
SERT-WT/Het/KO mice at P8 (p < 0.001). h Mean L-event frequency in SERT-WT/Het/KO mice
at P7-10. (ANOVA genotype p = 0.074). i Mean GCaMP6s signal amplitude of cells during
L-events in SERT-WT/Het/KO mice at P7-10 (ANOVA genotype p = 0.062). j Average L-event
duration in SERT-WT/Het/KO mice at P7-10 (ANOVA genotype p = 0.563). k P7-10 (b,
Kolmogorov—Smirnov test: WT-HET p = 0.0002; WT-KO p = 0.0007). Sample sizes are 19 (WT),
23 (Het) and 10 (KO). AF/F is the green fluorescence signal at any time point, subtracted and
divided by the mean signal across a 20 minute baseline.

3.2.2 H-events occur predominantly during wakefulness

The above results suggest a particular susceptibility of H-events, as opposed to L-events, to
SERT disruption. Visual inspection during the recordings suggested that H-events take place
predominantly during periods in which pups were moving (Figure 11a), suggesting that strong
self-generated whisker deflection could be a major driver of H-events. This would be consistent
with previous publications suggesting that movement is a major driver of developmental early
neuronal activity (Dard et al., 2022). These movements take place during wakefulness, the
behavioural state with the highest DRN firing rate (Kato et al., 2022), leading to the highest
levels of 5-HT both in the adult (Deng et al., 2024; Kato et al., 2022; Wan et al., 2021) and the
developing (Figure 9) brain. Thus, given the developmental expression of 5-HT,g receptor in
thalamocortical axons, activity taking place during wakefulness might be particularly impacted in
SERT-KO mice, due to the higher release of 5-HT, while events taking place in REM sleep might

be less impacted.
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In young pups (<P14) whiskers are small and protracted which makes their tracking from an
infrared recording difficult. We therefore tested this hypothesis in the right forelimb primary
somatosensory cortex (S1FL) while tracking left forelimb movement (Figure 11b). Indeed we
observed a higher correlation of forelimb movement with S1FL activity than with S1BF activity
(Figure 11c-e). Visual inspection of time-locked forelimb and S1FL calcium dynamics suggests
that H-events take place predominantly during continuous movement (i.e., wakefulness), while
L-events were distributed between periods of continuous movement and sharp twitches (i.e.,
active sleep) (Figure 11d). Sleep-wake classification from forelimb tracking with deeplabcut
(Nath et al., 2019) confirmed that H-events occurred predominantly during wakefulness (Figure
11f). Therefore suggesting that H-events might be particularly susceptible to SERT-KO due to
the heightened levels of 5-HT release in the awake developing cortex (Figure 9) and the
inhibitory effect of 5-HT in bottom-up sensory activity (Bennett-Clarke et al., 1993; Laurent et al.,

2002; Leslie et al., 1992; Salichon et al., 2001).
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Figure 11. H-events are predominantly driven by self-generated movement during
wakefulness. WT neonates received an intraparenchymal injection of an AAV vector genetically
encoding the fluorescence calcium indicator GCaMP6s in S1BF or S1FL, they underwent the
implantation of a cranial window, plus a head-fixing plate, at P6 and they were imaged P7-10
using two-photon head-fixed awake imaging. a Example of time-locked S1BF AF/F calcium
traces from 5 cortical cells, and the average of all cells, with left forelimb movement trace for 3.5
min during postnatal day 8. b Field of view within a P8 mouse somatosensory cortex (L2/3)
showing responsive cells to forelimb (cyan) and whisker (magenta) somatosensory stimulation
with the calcium indicator GCaMP6s. Image generated by averaging stimulus-responses across
10 repeats of each modality in a single animal. ¢ Representative traces from a single P8 mouse
of forelimb movement time-locked to calcium heatmap of cell activity during a 10 minute
baseline in S1BF. d Pearson correlation coefficient between S1BF/S1FL activity and forelimb
movement during a 20 min recording. (paired t-test, ** p < 0.01, n = 5 mice imaged in both S1BF
and S1FL) in P8 mice. e Representative traces from a single P8 mouse of forelimb movement
time-locked to calcium heatmap of cell activity during a 10 minute baseline in S1FL. f Violin plot
of proportion of H-events during wakefulness, quiet sleep (QS) or active sleep (AS).
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(Kruskal-Wallis test p < 0.001, post hoc Dunn test: awake-QS p < 0.001, awake-AS p < 0.001,
AS-QS p = 0.553, n = 11 mice). S1FL: forelimb primary somatosensory cortex. AF/F is the green
fluorescence signal at any time point, subtracted and divided by the mean signal across a 20
minute baseline.

3.2.3 SERT-KO transitions into cortical hyper-excitability

At P11 cortical activity desynchronises (Dard et al., 2022; Golshani et al., 2009), concurrent with
the disappearance of the transient SERT expression (De Gregorio et al., 2020; Narboux-Néme
et al., 2008), through the rise of GABAergic inhibition (Mddol et al., 2024), that leads to the
disappearance of H- and L-events. We speculated that the early hypoactivity in SERT-KO mice
could be disrupting S1BF maturation and leading to altered cortical dynamics after cortical
decorrelation. Thus, we characterised S1BF cortical activity in SERT-KO mice after cortical
decorrelation (P11) with two-photon calcium imaging of S1BF in head-fixed mice during whisker
deflection. During this period, we observed an increase in the amplitude of cortical responses to
whisker stimuli in SERT-KO mice (Figure 12a-b) that is accentuated in response to a more
salient sensory stimuli, a high-pressure air puff (Figure 12c). Thus at P11 cortical dynamics
paradoxically transition from hypo- to hyperactivity, as illustrated by the right-shift of the
cumulative probability distribution of GCaMP6s AF/F values (Figure 12d), in mutant SERT-KO

animals compared to WT control littermates.
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Figure 12. SERT-KO transitions into cortical hyper-excitability and hyper-responsiveness.
SERT-WT/Het/KO neonates received an intraparenchymal injection of an AAV vector genetically
encoding the fluorescence calcium indicator GCaMP6s in S1BF, they underwent the
implantation of a cranial window, plus a head-fixing plate, at P6 and they were imaged P7-16
using two-photon head-fixed awake imaging. a Mean whisker-response amplitude across
development in SERT-KO mice showing increases after decorrelation at P11 (ANOVA genotype
p = 0.006, pairwise WT-Het: p = 0.900, WT-KO: p = 0.038, Het-KO: p = 0.0579). b
Stimulus-triggered average GCaMPG6s signal across all cells and mice showing increased
whisker-response amplitude at P11-13 (ANOVA p = 0.040, pairwise WT-HET p = 0.246, WT-KO
p = 0.010). ¢ Stimulus-triggered average GCaMP6s signal across all cells and mice in response
to a 80 PSI air puff at P11-13 (ANOVA p = 0.047, pairwise WT-HET p = 0.198, WT-KO p =
0.038). d Cumulative probability of AF/F 20 minute baseline values of all SERT-WT/Het/KO at
P11-13 (Kolmogorov—Smirnov test: WT-HET p < 0.001; WT-KO p < 0.001). Sample sizes are 19
(WT), 23 (Het) and 10 (KO) mice. AF/F is the green fluorescence signal at any time point,
subtracted and divided by the mean signal across a 20 minute baseline. Mean signal 2s
pre-stim was then subtracted to normalize sensory responses.

3.2.4 SERT-KO interneuron neurophysiology

SERT-KO S1BF switched from hypo- to hyper-activity with respect to WT animals, at P11. Thus,
this transition occurs during the onset of inhibition that decorrelates cortical activity (Modol et al.,
2024). This process requires the emergence of PV inhibition, but its timing is orchestrated by
SST interneurons (Modol et al.,, 2024) (introduction, section 1.2.2). The early SERT-KO
hypoactivity was observed during a key period for the activity dependent maturation of MGE
inhibition (Wong et al., 2018). This is also the period in which CGE interneurons decorrelate
(Che et al., 2018), and in fact the survival (Wong et al., 2022) and migration (Frazer et al., 2015;
Murthy et al., 2014) of these neurons depends on 5-HT signalling. Thus, a likely cause of this
hypo- to hyperactivity switch in SERT-KO mice is the dysregulation of interneuron development.
We hypothesised that increased 5-HT would promote activity in 5-HT3;sR-expressing
interneurons including those defined by expression of VIP, whereas other interneurons
originating from the Nkx2-1-expressing MGE would be down-regulated due to the overall

hypoactive cortex (Figure 13a).
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To test this, we generated pups in which either VIP or Nkx2-1 interneurons were labelled with
tdTomato on the SERT-KO background (Figure 13b). /n vivo imaging revealed that VIP
interneurons exhibit higher amplitude calcium transients during H-events (Figure 13c), and
enhanced whisker responses (Figure 13d) in SERT-KO mice compared to WT littermate
controls. In contrast, we observed decreased H-event (Figure 13e) and predominantly reduced
whisker sensory-evoked (Figure 13f) responses in Nkx2-1 interneurons in SERT-Het animals.
No SERT-KO animals born on the Nkx2-1Cre background survived beyond P11 precluding in
vivo analysis. We speculated that the overexpression of tdTomato in Nkx2-1 neurons, potentially
already impaired in SERT-KO mice, could be increasing cell death of these neurons and leading
to premature death of the pups by epilepsy at the onset of inhibition (P10), however we did not
confirm this hypothesis experimentally. Altogether we observed that the transition from
hypo-to-hyper function (Figure 10,12) coincides with alterations in interneuron neurophysiology,

namely VIP hyperfunction in SERT-KO and Nkx2-1 early hypoactivity in SERT-Het.
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Figure 13. SERT-KO hypo-to-hyper activity presents concomitant alterations in
VIP/Nkx2-1 interneuron neurophysiology. SERT-WT/Het/KO VIP- or Nkx2-1-tdTomato
transgenic neonatal mice received an intraparenchymal injection of an AAV vector genetically
encoding the fluorescence calcium indicator GCaMP6s in S1BF, they underwent the
implantation of a cranial window, plus a head-fixing plate, at P6 and they were imaged P7-16
using two-photon head-fixed awake imaging. a Circuit diagram illustrating that Nkx2-1 provides
bottom-up feed-forward inhibition, while VIP interneurons cause both direct inhibition of
pyramidal neurons, as well as disinhibition of these neurons by inhibiting Nkx2-1 interneurons. b
Representative fields of view of murine S1BF cortex expressing GCaMP6s under the hSyn
promoter and tdTomato in VIP (top) or Nkx2-1 (bottom) interneurons. ¢ Violin plot of average
amplitude of VIP interneurons during H-events in SERT-WT/Het/KO mice at P7-10
(Kruskal-Wallis p < 0.001, pairwise WT-HET: p = 0.087, WT-KO: P = 0.001, HET-KO: p =
0.001). d Whisker response amplitudes of VIP+ interneurons in SERT-WT/Het/KO mice from P8
to P16 (* p < 0.05). e Violin plot of average amplitude of Nkx2-1+ interneurons during H-events
in SERT-WT/Het mice at P7-10 (p < 0.001). f Whisker response amplitudes of Nkx2-1
interneurons in SERT-WT/Het mice from P7 to P16 (* p < 0.05). (c-d) Sample sizes for the VIP
dataset are: 201 cells from 4 animals (WT), 1361 cells from 9 animals (Het) and 546 cells from 5
animals (KO). (e-f) Sample sizes for the Nkx2-1 dataset are: 555 cells from 6 animals (WT) and
1020 cells from 8 animals (Het). AF/F is the green fluorescence signal at any time point,
subtracted and divided by the mean signal across a 20 minute baseline. Mean signal 2s
pre-stim was then subtracted to normalize sensory responses. Nkx2-1/VIP interneurons were
identified by their expression of tdTomato using a 20s two-photon imaging recording with a
765nm excitation wavelength and a red filter. Amplitude is defined as the maximum
fluorescence signal during H-events or 10s post-stimulus onset in the case of whisker
responses.
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3.2.5 SERT-KO cortical population dynamics

To explore how the above alterations in cortical activity change information encoding, we
explored the effect in cortical population dynamics. For this, we used two commonly employed
measurements in both rodent and human systems neuroscience studies: representational

similarity analysis (RSA) (Kriegeskorte et al., 2008) and entropy (Keshmiri, 2020).

Firstly, we performed RSA using correlation distance as a measure of representational
dissimilarity. Namely, we used RSA to identify how constant the representation of the same
sensory stimuli is in the S1BF of SERT-KO mice compared to littermate WT animals. We
observed a decrease in the representational dissimilarity of identical air puff stimulations in
SERT-KO mice compared to WT (Figure 14a-b). This result is of particular interest in light of a
recent theoretical study suggesting that representational variability plays a role in learning
generalisation (Shang et al., 2021) and the fact that SERT-KO rats have alterations in learning
generalisation (C. C.-G. Guo et al., 2021). Thereby suggesting that reduced representational
dissimilarity could be a potential neurophysiological correlate of this learning dysfunction. From
a mechanistic perspective, a deficit in inhibition could be underlying this increase in
representational dissimilarity, on the basis of a study suggesting that inhibition plays a key role

in representational variability (Haroush & Marom, 2019).

Secondly, we used our calcium recordings to compute the population entropy of SERT-KO, HET
and WT controls. This quantity from the field of information theory, provides a readout of the
information encoded by a system. It is a particularly interesting metric in systems neuroscience,
as alterations in brain entropy have been reported in a wide range of neuropsychiatric
conditions (e.g., schizophrenia or ADHD) (Ji et al., 2022). We speculated that the observed

alteration in the cortical activity of SERT-KO mice would have an impact on cortical population
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entropy. However, we did not observe any alterations in entropy of SERT-KO, compared to WT,

mice (Figure 14c).

Altogether, these results highlight the complex effects that neuromodulatory perturbations can
have in the encoding of information throughout cortical development, and that will likely manifest

in an intricate manner at a behavioural level.
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Figure 14. SERT-KO mice present decreased representational dissimilarity of air puff
repeats throughout postnatal development. SERT-WT/Het/KO neonates received an
intraparenchymal injection of an AAV vector genetically encoding the fluorescence calcium
indicator GCaMP6s in S1BF, they underwent the implantation of a cranial window, plus a
head-fixing plate, at P6 and they were imaged P7-16 using two-photon head-fixed awake
imaging. a P7-16 average correlation distance, as a measure of representational dissimilarity, of
air puff stimulation responses in S1BF of WT, SERT-Het and SERT-KO mice. Data is average
since the same trend was observed throughout the recordings. (One-way ANOVA p = 0.017,
Tukey’s test multiple comparison: p = 0.3422 for WT-HET and p = 0.0135 for WT-KO). b
Representative example of representational similarity matrices heatmaps at P13 for WT,
SERT-Het and SERT-KO mice. ¢ Population entropy in S1BF cortex across second week
postnatal development in WT, SERT-Het and SERT-KO mice (genotype Kruskal-Wallis test p =
0.872).

3.2.6 SERT-KO lack of adult neurophysiological S1BF phenotype
Our findings point to a complex effect of SERT-KO in S1BF activity throughout development. In
light of the complex adult behavioural phenotype of SERT-KO mice (introduction), we

speculated that cortical dynamics might remain altered in the adult cortex. Thus, we explored
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the impact of these developmental alterations in adult cortical sensory encoding. For this, we
monitored cortical calcium dynamics in the S1BF cortex of adult (8-12 weeks old) head-fixed
SERT-KO mice exposed to an array of different types of sensory stimulation: single-whisker
deflection, multi-whisker deflection, rough vibrating surface, smooth vibrating surface, air puff

and sound (Supplementary figure 4a,b).

We observed no differences in the sensory response to any of the stimuli in SERT-KO mice
compared to littermate WT controls (Figure 15a-d, single-whisker and air puff stimulation). To
confirm the lack of differences in sensory encoding, we perform logistic regression analysis. We
aimed to study whether animal genotypes could be classified purely from the patterns of cortical
activity, which would have confirmed an alteration in cortical activity. Thus, we trained classifiers
to distinguish the genotype of the animal (SERT- WT, Het or KO) from the average response of
500 randomly sub-sampled cells. We trained a different classifier for each trial type, and we
performed inter-individual cross-validation to ensure that individual overfitting was not a
confounding factor (Saeb et al.,, 2017). To establish the statistical significance of the
classification we run bootstrapping analysis by training logistic regression models with randomly
permuted traces (Supplementary figure 4f). None of the classifiers showed significant
accuracy (Figure 15e-f), further confirming the lack of cortical activity differences in the
SERT-KO, versus WT, mice. Given the differences in developmental cortical activity and the
life-long nature of the genetic alteration, these results suggest a compensatory mechanism in

the adult cortex.

Notably, in WT animals, we were able to classify the genotype of the animal’s dam as a function
of baseline and sound recordings, but not from somatosensory stimulation trials (Figure 15e-f).
These results indicate that baseline, but not stimulation trials, present different patterns of

cortical activity in WT mice from SERT-Het dams, compared to WT mice from WT dams. This
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suggests an alteration in baseline, or resting state, dynamics that is compensated during
stimulation trials. These results align with an alteration observed in the offspring of SERT-Het
dams that lack transient inhibitory circuits from L5b to L4 in early postnatal development
(Supplementary figure 3k-p). Moreover, they are consistent with clinical literature suggesting
pathological associations between maternal SERT polymorphisms and offspring
neurodevelopmental disorders (Ames et al., 2021; Beversdorf et al., 2021; Cété et al., 2007;
Hecht et al., 2016; Jones et al., 2010; Montgomery et al., 2018; Sjaarda et al., 2017). Of note, in
the offspring of SERT-Het dams compared to the offspring of WT dams we did not observe any
detectable neurophysiological alteration in calcium dynamics during postnatal development

(Supplementary figure 3q-t).
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Figure 15. SERT-KO S1BF adult cortical activity is indistinguishable from WT mice.
SERT-WT/Het/KO mice received an intraparenchymal injection of an AAV vector genetically
encoding the fluorescence calcium indicator GCaMP6s in S1BF and they underwent the
implantation of a cranial window, plus a head-fixing plate to perform two-photon head-fixed
awake recordings. a Schematic illustrating that adult mice (8-12 weeks) were exposed to single
whisker deflection. b GCaMP6s single-whisker stimulus triggered average response to 10
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stimuli in SERT-WT/Het/KO mice. ¢ Diagram illustrating that adult mice (8-12 weeks) were
exposed to air puff stimulation (80 psi). d GCaMP6s air puff triggered average response to 10
stimuli in SERT-WT/Het/KO mice. e Diagram illustrating that post-stimulus calcium responses to
the different stimuli were used for logistic regression analysis. f Heat map with the decoding
accuracy of the different logistic regression classifiers trained to discriminate across genotypes
from the post-stimulus responses of the different types of stimuli. The colour indicates accuracy
minus threshold for significance of the classification as defined by bootstrapping. Thus, positive
values indicate significant classification accuracy. Sample sizes are 10 (WT), 8 (HET) and 5
(KO). AF/F is the green fluorescence signal at any time point, subtracted and divided by the
mean signal across the whole recording. Mean signal 2s pre-stim was then subtracted to
normalize sensory responses.Response amplitude is defined as the maximum fluorescence
signal 10s post-stimulus onset. Cell responsiveness was addressed by comparing the mean
signal pre- and post-stimulus onset across the 10 repeats (paired t-test or Wilcoxon signed-rank
test after addressing normality with Shapiro-Wilk test)..

3.2.7 SERT-KO mice exhibit histological alterations in adult interneuron subpopulations

Despite the lack of an adult phenotype, we wanted to confirm that the early cortical hypoactivity
of SERT-KO, that was taking place during a critical period for activity-dependent interneuron
survival (Wong et al., 2018, 2022), was not altering interneuron numbers in the adult S1BF.
Thus, we quantified interneuron numbers in S1BF using histology for VIP(tdTomato) and PV
alongside automated DAPI cell detection (Figure 16a; Supplementary figure 5). Due to the
failure of Nkx2-1(tdTomato) SERT-KO animals to survive to adulthood, we were reliant on PV
immunohistochemistry (Figure 16a-b). This revealed a decrease in PV expression across the
depth of cortex, while the distribution and number of VIP interneurons remained unchanged
(Figure 16a-b) in contrast to previous reports (Frazer et al.,, 2015). Given that the
developmental hypoactivity observed in SERT-KO mice (Figure 10) takes place during a critical
period for MGE-interneuron survival (Wong et al., 2018), these results suggest that the early
impairment of H-events could be increasing PV cell death. This reduction in PV interneurons is
likely underlying the cortical hyperactivity observed in the third week of postnatal development
(Figure 11). The lack of a phenotype in the neuronal activity of adult SERT-KO mice compared

to control WT littermates, further suggests a compensatory mechanism to this inhibitory deficit.
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Figure 16 SERT-KO mice have a decrease in PV-expressing cells. a Confocal histological
image of a S1BF cortical column (200 um wide) on an adult WT cortex, illustrating DAPI (blue,
left), VIP (cyan, centre) and PV (magenta, right) layer distribution. VIP was labelled by using
transgenic VIP-CrexAi9 mice while PV was labelled by immunohistochemistry. b Biodistribution
of VIP (Two-way ANOVA: genotype p = 0.766, layer p < 0.001, genotype-layer interaction =
0.946) and PV (Two-way ANOVA: genotype p = 0.004, layer p < 0.001, genotype-layer
interaction = 0.625) interneurons across layers for SERT-WT/Het/KO mice. VIP Sample size: 5
WT, 8 SERT-Het and 5 SERT-KO. PV sample size: 4 WT, 4 SERT-Het and 4 SERT-KO.

3.3 Conclusions

In this chapter we report early postnatal (P7-10) cortical hypoactivity in the S1BF of SERT-KO
mice during the period of transient SERT expression (Figure 10). This hypoactivity is likely
driven by two mechanisms. Firstly, the transient expression of 5-HT,zR in thalamocortical
terminals during this period (Bennett-Clarke et al., 1993). Previous studies have speculated that
5-HT inhibits sensory-driven thalamocortical glutamate release through this transient expression
of 5-HT,g (Salichon et al., 2001; Teissier et al., 2017), and therefore the activation of these
receptors could be driving the observed hypoactivity. Secondly, the activation of 5-HT;\R
interneurons. We report that VIP interneurons, that express 5-HT;,R, showed increased activity

in the developing cortex (P7-16) of SERT-KO mice (Figure 13). These interneurons located in
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upper layers have been reported to restrict pyramidal cell activation in early development (Che
et al.,, 2018), and therefore their activation could also be driving this hypoactivity. Thus, we
speculate that SERT-KO increases extracellular 5-HT (Figure 8) which in turn leads to both
excessive inhibition of thalamocortical release and higher activation of 5-HT;,R interneurons,

thereby driving the observed early hypoactivity.

We report this hypoactivity during a critical period for the activity-dependent survival of
interneurons, in which we also observed that SERT-Het mice have hypoactive Nkx2-1
interneurons (Figure 13). Consistently we observed a reduction in PV immunohistochemistry in
SERT-KO animals (Figure 16), that suggested increased cell death of these interneurons.
Although, we cannot rule out the possibility that this is driven by a decrease in PV expression.
We could not confirm a reduction in MGE cells due to the premature death of SERT-KO
Nkx2-1-tdTomato animals. However, these results point towards a deficit in MGE inhibition,
consistent with the previously reported reduction in feed-forward inhibition in juvenile SERT-KO
rats (Miceli et al., 2017). VIP interneurons showed increased activity throughout development
(Figure 13). Surprisingly, we did not observe any changes in VIP interneuron survival nor their
cortical layering (Figure 16). These results contrast with previous histological studies in
SERT-KO mice suggesting a disruption of their migration leading to decreasing VIP counts in

upper layers and an increase in deeper layers (Frazer et al., 2015).

This early hypoactivity is underlied by a reduction in the amplitude and duration of H-events,
albeit an increase in their frequency, while L-events remain unaltered (Figure 10). The increase
in H-event frequency can be explained from literature suggesting that these early events are
partly terminated by synaptic short-term depression (Kirmse & Zhang, 2022). The shorter
H-events observed in SERT-KO mice could increase the frequency in which the cortex is in a

state of excitability that allows an H-event to take place. Regarding H-event, versus L-event,

76


https://www.zotero.org/google-docs/?830OKt
https://www.zotero.org/google-docs/?830OKt
https://www.zotero.org/google-docs/?o86U3s
https://www.zotero.org/google-docs/?V4itM9
https://www.zotero.org/google-docs/?UyBBpB

susceptibility we have identified two potential explanations. Firstly, H-events might be
susceptible given that they take place in S1BF predominantly during wakefulness (Figure 11),
the behavioural state with highest 5-HT release (Figure 9) (Deng et al., 2024; Wan et al., 2021).
While events taking place during REM sleep, in which 5-HT release is reduced, might be
spared. Secondly, H and L events might be regulated by different inhibitory circuits, as SST
interneurons have been shown to restrict the spread of L, but not H, calcium events in the visual
cortex (Leighton et al., 2021). In this case, H-events could be regulated by 5-HT;R
interneurons, and over-restricted by the observed increased activation of these interneurons
during H-events (Figure 13). While our results show H-events taking place during wakefulness,
we do not provide causal evidence to disambiguate among these hypotheses, and future

studies should explore the mechanism behind this susceptibility of H-events in SERT-KO mice.

While we observed cortical hyperexcitability in SERT-KO mice (Figure 12), studying adult
cortical dynamics revealed normal sensory responses (Figure 15), despite a reduction in the
number of cortical PV-expressing interneurons (Figure 16). These results suggest a
compensatory mechanism in the adult cortex of SERT-KO mice. This compensation could be
taking place in two ways. Firstly, 5-HT release might adjust to the levels of SERT in the adult
cortex. This is consistent with a reduction in the number of 5-HT neurons in the DRN of
SERT-KO mice (Lira et al., 2003), although some studies have reported alterations in 5-HT
dynamics in these mice during adulthood (Jennings et al., 2010). Secondly, if 5-HT plays a
similar inhibitory role in the adult cortex, the putative reduction in PV that we observe might
compensate for the increased inhibitory tone provided by higher levels of 5-HT. This would
suggest that the levels of cortical inhibition develop to match the levels of 5-HT

neuromodulation.
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Finally, we observed an alteration of adult cortical baseline activity in animals originating from
SERT-Het dams (Figure 15). This alteration was correlated with an alteration of transient
translaminar GABAergic circuits in development (Supplementary figure 3). These observations
are consistent with previous clinical associations between maternal SERT genotype and
neurodevelopmental disorders in the offspring (Beversdorf et al., 2021; Hecht et al., 2016; Jones
et al., 2010; Sjaarda et al., 2017), however it is challenging to interpret how this alteration in
baseline activity would subsequently shape behaviour and to understand why sensory-evoked

activity is not altered in the offspring of maternal SERT-Het mice.

Altogether, we unveil a developmental alteration in the cortical dynamics of SERT-KO mice with

concomitant alterations in the GABAergic system.
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4. Cortical population activity in SSRI

postnatally-treated mice

4.1 Introduction

SERT-KO mice present a developmental transition from early cortical hypoactivity to
hyperactivity, that is accompanied by alterations in VIP and Nkx2-1 interneuron
neurophysiology, as well as a decrease in PV survival. This is particularly relevant, given the
association between SERT polymorphisms and the emergence of neuropsychiatric conditions
(Brown et al., 2013; Hesse et al., 2011; Murphy & Lesch, 2008; Veenstra-VanderWeele et al.,
2012) (e.g., ASD) that present interneuron alterations (Contractor et al., 2021). However,
SERT-KO mice present two major limitations as a model: firstly, the life-long nature of this
alteration makes it hard to delineate the precise critical period responsible for their phenotype;
secondly, in humans, clinical associations with neurodevelopmental disorders have been made
upon polymorphisms in its promoter, but not a complete knockout of the gene, which limits the
translational potential of this model. Thus, we decided to expand this work, by characterising a
more temporally acute and translationally-relevant model (Ames et al., 2021; Koc et al., 2023;
Morales et al., 2018; Suarez et al., 2022): developmental exposure to SSRIs, the most

commonly prescribed antidepressants.

Our first aim with this model was to delineate the critical period of this mechanism, that we
speculated to be postnatal. For this, we used a previously described model of SSRI postnatal
treatment in mice: dosing orally with fluoxetine from P2-P14. This treatment has been shown to
trigger alterations in prefrontal cortex connectivity (Soiza-Reilly et al., 2019). Moreover,

treatment during this window of development avoids the previously described critical period for
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5-HT-sensitive thalamocortical plasticity (up to P2) (Sinclair-Wilson et al., 2023; Toda et al.,
2013) and allows an overlap of the treatment with our longitudinal imaging protocol (>P6). This
treatment period also captured the developmental window of interneuron activity-dependent cell
death that we speculated was altered in SERT-KO mice based on the observed reduction in PV

interneurons.

Our second aim was to characterise the effects of disrupting 5-HT dynamics developmentally in
a more translationally relevant context. SSRIs cross the placenta and in utero exposure to
SSRIs has been linked to acute 5-HT-mediated adverse effects in newborns (Halvorsen et al.,
2019; Stein et al., 2014). Moreover, large scale meta-analyses frequently report that in utero
exposure to SSRIs is associated with increased risk of neurodevelopmental disorders such as
ADHD and ASD in offspring (Morales et al., 2018). This association does not necessarily reflect
a causal relationship with maternal psychiatric diagnosis being one residual confound, and
indeed there is some conflicting literature (Ames et al.,, 2021). Nevertheless, a recent study
accounting for maternal diagnosis has reported alterations in white matter microstructure in the
developing offspring (Koc et al., 2023). In light of SSRIs being the most commonly prescribed
antidepressants (Luo et al.,, 2020), a complete understanding of their effect in cortical

mammalian development is critical.

Thus, we set out to characterise the effects of postnatal SSRIs (P2-14) in cortical population
dynamics, with an identical methodology to chapter 3, i.e., longitudinal two-photon imaging of
calcium dynamics in S1BF from P7 to P16, and subsequently in the adult cortex, while

monitoring interneuron subpopulations.
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4.2 Results

4.2.1 Postnatal exposure to fluoxetine reproduces SERT-KO early cortical hypoactivity

Our results point to a critical role for perinatal 5-HT in the formation of cortical interneuron
microcircuitry. To explore the exclusively postnatal effects, we next switched to dosing of WT
mice with the SSRI fluoxetine (10 mg/kg of body weight) from P2 to P14 (Figure 17A); a window
previously identified as SSRI-sensitive for cortical development (Rebello et al., 2014;
Soiza-Reilly et al., 2019). Two-photon developmental calcium imaging revealed that
SSRI-treated mice exhibited altered H-events (Figure 17b,c): a reduction in amplitude (Figure
17b,c), an increase in frequency (Figure 17d), but no change in event duration (Figure 17e) in
SSRI-dosed pups compared to vehicle control (sucrose)-treated littermates. No differences were
found in L-events (Figure 17f-h). We also observed a decreased correlation across distance
(Figure 17i) and a reduction in the amplitude of whisker-stimulus evoked responses during the
initial imaging window (<P10) (Figure 17j,k). The net effect of these alterations was early
cortical hypoactivity as highlighted by the left-shift of the cumulative probability distribution of
AF/F values in SSRI-treated mice (Figure 171). The sum of these observations indicates that
both genetic (Figure 10) and pharmacological (Figure 17) disruption of SERT cause cortical
hypoactivity during the Th-SERT period, by particularly impacting H-events. In line with the
results of the previous chapter (Figure 11), we speculate that the susceptibility of H-events is
due to the fact that these events are driven by large whisker deflections triggered by
self-generated movements taking place during wakefulness, the behavioural state with the
highest DRN firing (Kato et al., 2022) and extracellular 5-HT levels (Deng et al., 2024; Wan et

al., 2021).
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Figure 17. Postnatal exposure to SSRI induces early cortical hypoactivity by reducing
H-event amplitude. a Animals were dosed orally with either 10% sucrose (control vehicle) or 10
mg/kg of fluoxetine in 10% sucrose (SSRI) daily from P2 to P14, injected neonatally with
GCaMP&6s, implanted with a cranial window and head-fixing plate at P6 and imaged from P7 to
P16 using two-photon head-fixed awake recordings. b Representative peri (+/- 5s) H-event
GCaMP6s signal heatmaps of 2000 cells in recordings from a single sucrose- (left) and
SSRI-treated (right) P8 mouse. Heat map constructed from averaging the signal across all
H-events detected on each mouse during a 20 min baseline recording. ¢ Violin plot of mean
amplitude of GCaMP6s across all cells during H-events in SSRI- versus sucrose-treated P7-10
mice (t-test p = 0.040). d Mean H-event frequency (Mann-Whitney U: p = 0.016) and e duration
(Mann-Whitney U: p = 0.310) in sucrose- or SSRI-treated mice at P7-10. f,g,h Mean L-event
frequency (Mann—Whitney U: p = 0.160), amplitude (t-test: p = 0.098) and duration (t-test: p =
0.774) in sucrose- or SSRI-treated mice at P7-10. i Baseline pairwise cell correlations across
distance in SSRI-treated mice compared to sucrose-treated littermate controls at P9 (Two-way
ANOVA, treatment p < 0.001). j,k Stimulus-triggered average GCaMP6s signal across all cells
and mice at P7-10 in SSRI- or sucrose- treated mice (response amplitude (k) t-test p = 0.018). |
Cumulative probability of AF/F 20-minute baseline values of all sucrose/SSRI treated animals at
P7-10 (a, Kolmogorov—Smirnov test: p = 0.022). Sample sizes are 12 (Control) and 12 (SSRI).
AF/F is the green fluorescence signal at any time point, subtracted and divided by the mean
signal across a 20 minute baseline. Mean signal 2s pre-stim was then subtracted to normalize
Sensory responses.
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Following desynchrony (~P11), whisker-evoked responses of SSRI postnatally-treated mice had
an increased mean calcium signal (Figure 18a) but no changes in response amplitude (Figure
18b) compared to sucrose-treated mice. Moreover the cumulative probability of AF/F values
during a 20-minute baseline, was unaltered in SSRI treated mice (Figure 18c). These results
illustrate that the prominent cortical hyperexcitability in SERT-KO mice during the immediate

Adult-SERT period is not directly replicated by postnatal SSRI-dosage.
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Figure 18. Lack of early hyperactivity at the time of cortical desynchronization in SSRI
postnatally treated mice. Animals were dosed orally with either 10% sucrose (control vehicle)
or 10 mg/kg of fluoxetine in 10% sucrose (SSRI) daily from P2 to P14, injected neonatally with
GCaMP6s, implanted with a cranial window and head-fixing plate at P6 and imaged from P7 to
P16 using two-photon head-fixed awake recordings. a,b Whisker stimulus-triggered average
GCaMP6s signal across all cells and mice at P11-13 (a,mean signal post-stimulus: t-test p =
0.006) and the corresponding response amplitude (b, Mann-Whitney U p = 0.254). ¢
Cumulative probability of AF/F values during a 20 min baseline of all sucrose/SSRI treated
animals at P7-10 (Kolmogorov—Smirnov test: p = 0.253). Sample sizes are 12 (Control) and 12
(SSRI). AF/F is the green fluorescence signal at any time point, subtracted and divided by the
mean signal across a 20 minute baseline. Mean signal 2s pre-stim was then subtracted to
normalize sensory responses. Response amplitude is defined as the maximum fluorescence
signal 10s post-stimulus onset.
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4.2.2 SSRI postnatally-treated mice interneuron neurophysiology

SERT-KO mice presented hyperactive VIP interneurons throughout development, and
SERT-Het showed hypoactive Nkx2-1 interneurons mice during Th-SERT period (chapter 3).
The window of SSRI postnatal treatment (P2-14) overlapped with a critical period for the
integration of both Nkx2-1 and VIP interneurons in S1BF (Wong et al., 2018, 2022). We
speculated that similar alterations would be observable in this pharmacological model, and
thereby we performed the analogous experiment in these mice. Analysis of interneuron
recruitment in SSRI-treated animals (Figure 19a) revealed that VIP interneurons have no
changes in H-event amplitude (Figure 19b), and an early (<P10) decrease in response
amplitude to whisker deflection that switches to an increased response from P13 (Figure 19c).
Nkx2-1 interneurons showed an increased recruitment during the Th-SERT period (Figure
19d,e) followed by hyporesponsiveness during early Adult-SERT (Figure 19e). Previous studies
suggest that Nkx2-1 developmental overactivation can restrict early cortical activity and
accentuate the programmed cell death taking place during this period (Duan et al., 2020;
Leighton et al., 2021). Thus, this Nkx2-1 overactivation could be contributing to the early
hypoactivity observed. Altogether, while we also observed alterations in Vip/Nkx2-1 interneuron
neurophysiology, these were markedly different to the ones observed in SERT-KO mice (Figure
13), highlighting the differences between this postnatal pharmacological disruption and the

life-long genetic alteration of SERT-KO mice.
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Figure 19. SSRI postnatally-treated mice presents alterations in VIP/Nkx2-1 interneuron
neurophysiology a Diagram of experimental settings illustrating the use of transgenic animals
with tdTomato in either Vip+ or Nkx2-1+ interneurons to identify GCaMP6s traces from these
interneuron subpopulations. These animals were dosed orally with either 10% sucrose (control
vehicle) or 10 mg/kg of fluoxetine in 10% sucrose (SSRI) daily from P2 to P14, injected
neonatally with GCaMP6s, implanted with a cranial window and head-fixing plate at P6 and
imaged from P7 to P16 using two-photon head-fixed awake recordings. b H-event VIP+
interneuron GCaMP6s mean amplitude in sucrose- or SSRI-treated pups P7-10 (Mann—Whitney
U p = 0.401). ¢ VIP+ interneuron whisker response GCaMP6s amplitude in SSRI- and
sucrose-treated mice across development (*p<0.05). d H-event Nkx2-1+ interneuron GCaMP6s
mean amplitude in sucrose- or SSRI-treated pups P7-10 (Mann—Whitney U p < 0.001). e
Nkx2-1+ interneuron whisker response GCaMP6s amplitude in SSRI- and sucrose-treated mice
across development (*p<0.05). VIP sample sizes are 870 cells from 5 animals (Control) and 576
cells from 6 animals (SSRI) (b-c), while Nkx2-1 are 1291 cells from 5 animals (Control) and 775
cells from 4 animals (SSRI) (d-e). Amplitude is defined as the maximum fluorescence signal
during H-events or 10s post-stimulus onset in the case of whisker responses. Nkx2-1/VIP
interneurons were identified by their expression of tdTomato using a 20s two-photon imaging
recording with a 765nm excitation wavelength and a red filter.

4.2.3 SSRI postnatally-treated mice cortical population dynamics

Next, we decided to explore how these changes in cortical activity alter information encoding,
for which we analysed cortical population dynamics using the same two metrics as in the

previous chapter: representational similarity analysis (RSA) and entropy (chapter 3).

First, we used RSA (Kriegeskorte et al., 2008) to estimate how stable the representation of the
same stimuli was, as a function of the treatment. In contrast to the results observed in SERT-KO
mice, RSA did not reveal any changes in SSRI vs Sucrose treated mice (Figure 20a-b). Then,
we explored the change in cortical population entropy. This measure from information theory, is
used as an estimation of the information encoded by a system. In SSRI postnatally-treated mice
we observed a transient increase in entropy at the onset of cortical desynchronization (P11,
Figure 20c-d). This is of particular interest in light of clinical studies that have previously

reported transient developmental increases in the entropy of the parietal cortex in ASD
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individuals (Maximo et al., 2021), a condition in which SSRI developmental exposure has been
suggested to be a risk factor (Koc et al., 2023; Morales et al., 2018). This increase in entropy
could be mechanistically explained by a deficit in inhibition increasing the state space of the
circuit (i.e., the number of firing rate combinations in which the neurons integrating the circuit
can be). These results differ from our observations in SERT-KO mice (Figure 13) suggesting
that life-long genetic SERT-KO and transient postnatal pharmacological SERT blockage with

SSRIs lead to different perturbations in cortical population dynamics.
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Figure 20. Transient increase in cortical entropy of SSRI postnatally-treated mice. a,b
Neonates were dosed orally with either 10% sucrose (control vehicle) or 10 mg/kg of fluoxetine
in 10% sucrose (SSRI) daily from P2 to P14, injected neonatally with GCaMP6s, implanted with
a cranial window and head-fixing plate at P6 and imaged from P7 to P16 using two-photon
head-fixed awake recordings. Representational dissimilarity (i.e., correlation distance) of air puff
responses in S1BF across postnatal development (a, P7-16) or averaged (b) in sucrose- vs
SSRI postnatally-treated mice (treatment condition t-test p = 0.691). ¢, d Population entropy
across development (¢, P7-15) and averaged (d) in sucrose- vs SSRI postnatally-treated mice
(treatment condition Mann-Whitney U test p = 0.041). Entropy is defined as the number of states
in which the recorded neurons are found across the whole recording (see methods for more
detailed description).
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4.2.4 Disruption of glutamatergic co-transmission is not the main driver of early cortical

hypoactivity

A previous study demonstrated that perinatal exposure to SSRIs disrupts glutamatergic
co-transmission from 5-HT neurons to the VTA, with consequences for motor coordination
(Cunha et al.,, 2021). Thus, we hypothesised that a similar disruption of glutamatergic
co-transmission into cortical circuits could be the driver of the early hypoactivity observed in our
postnatally SSRI-treated mice. To address this question, we imaged cortical activity through
development in animals knocked-out for VGIut3 in SERT+ neurons, a validated model of
disrupted glutamatergic co-transmission from 5-HT neurons (Gullino et al., 2024). Thus, we
tested whether a disruption of glutamatergic co-transmission could trigger a similar early
hypoactivity. During the period of transient SERT expression, knocking out VGIut3 in 5-HT
neurons did not alter H- (Figure 21a-c) nor L-event (Figure 21d-f) features. We also did not
observe any differences in whisker stimulus triggered responses (Figure 21g) nor in the overall
cumulative probability distribution of AF/F values over a 20-minute baseline recording (Figure
21h). The fact that disruption of glutamatergic co-transmission does not trigger early
hypoactivity suggests that this is likely not the driver of the early cortical hypoactivity observed in

SSRI postnatally treated mice (Figure 17).
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Figure 21. Glutamatergic co-transmission disruption from 5-HT neurons with
SERT-Cre-flx-VGlut3 conditional KO does not cause early cortical hypoactivity. Neonates
that were VGIut3-KO in SERT-Cre neurons received an intraparenchymal injection of an AAV
vector genetically encoding the fluorescence calcium indicator GCaMP6s in S1BF. Then they
underwent the implantation of a cranial window, plus a head-fixing plate, at P6 and they were
imaged P7-10 using two-photon head-fixed awake imaging. a,b,c Amplitude (t-test p = 0.878),
duration (t-test p = 0.495) and frequency (t-test p = 0.746) of H-events in WT and VGIut3
conditional KO in SERT+ neurons. d,e,f Amplitude (t-test p = 0.931), duration (t-test p = 0.344)
and frequency (t-test p = 0.934) of L-events in WT and VGIut3 conditional KO in SERT+
neurons. g Average calcium trace in response to 10 whisker-deflection stimuli across all cells in
the field of view, in WT and VGIut3 conditional KO in SERT+ neurons (Mann-Whitney U test p =
0.533). h Cumulative probability of AF/F values during a 20-minute baseline of all WT/VGIlut3
conditional KO treated animals at P7-10. Sample sizes are 5 (Control) and 7 (VGlut3 conditional
KO in SERT+ neurons). AF/F is the green fluorescence signal at any time point, subtracted and
divided by the mean signal across a 20 minute baseline. Mean signal 2s pre-stim was then
subtracted to normalize sensory responses.
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4.2.5 Postnatal SSRI exposure causes adult cortical hyperexcitability

Altered 5-HT signalling during development has been linked to life-long deficits in sensory
processing (Kepser & Homberg, 2015; Murphy & Lesch, 2008). To explore if this is the case in
our transient development SSRI-exposure model, we studied the effects in adult sensory
encoding as we had done with SERT-KO mice (Figure 15). In brief, we first mapped single
barrels using online stimulus-triggered averaging (Supplementary figure 4a) and probed adult
somatosensory cortical encoding within that field of view by presenting an array of different
stimuli: single-whisker, multi-whisker, air puff, sound as well as smooth and rough vibrating
surfaces, all of which triggered an average sensory response in cortex, except for sound
(Supplementary figure 4b). Single-whisker stimulation revealed increases in cortical response
amplitude and neuronal recruitment in SSRI-treated mice (Figure 22a-d). We observed a
similar, but more pronounced, hyperresponsivity upon the presentation of an air puff (Figure

22e-h) consistent with a prolonged deficit in inhibitory control of information transfer.

Then, we performed logistic regression analysis (Figure 22i), as previously done in SERT-KO
mice (chapter 3), to confirm an alteration in cortical dynamics during somatosensory stimulation.
Indeed, we observed that postnatal (P2-14) treatment conditions (sucrose vs SSRI) could be
classified purely from the cortical responses to somatosensory stimuli (Figure 22j), but not
baseline nor sound trials. Thus, highlighting a difference in cortical sensory encoding of mice
treated with SSRIs postnatally. We conclude that SSRI postnatally-treated mice exhibit S1BF

neuronal hyperresponsivity upon somatosensory stimuli, altering sensory encoding.
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Figure 22. Long lasting cortical hyperexcitability in adult mice postnatally-treated with
SSRIs. Mice that had been postnatally (P2-14) treated with either sucrose or fluoxetine,
received an intraparenchymal injection of an AAV vector genetically encoding the fluorescence
calcium indicator GCaMP6s in S1BF and they underwent the implantation of a cranial window,
plus a head-fixing plate to perform two-photon head-fixed awake recordings. a Adult mice (8-12
weeks) were exposed to single whisker deflection. b GCaMP6s single-whisker stimulus
triggered average response to 10 stimuli in sucrose-/SSRI- postnatally treated mice. ¢,d Violin
plots of single-whisker stimulus response amplitude (¢, Mann—-Whitney U p = 0.004) and cell
recruitment (d, t-test p = 0.032) in sucrose- or SSRI- postnatally treated mice. e Adult mice
(8-12 weeks) were exposed to air puff stimulation. f, GCaMP6s air puff stimulus triggered
average response to 10 stimuli in sucrose-/SSRI- postnatally treated mice. g,h, Violin plots of air
puff stimulus response amplitude (g, t-test p = 0.046) and cell recruitment (h, t-test p = 0.007) in
sucrose- or SSRI- postnatally treated mice. i Diagram illustrating that post-stimulus calcium
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responses to the different stimuli were used for logistic regression analysis. j Heat map with the
decoding accuracy of the different logistic regression classifiers trained to discriminate across
postnatal treatment conditions from the post-stimulus responses of the different types of stimuli.
The colour indicates accuracy minus threshold for significance of the classification as defined by
bootstrapping. Thus, positive values indicate significant classification accuracy. Sample sizes
are 6 (Control) and 4 (SSRI). AF/F is the green fluorescence signal at any time point, subtracted
and divided by the mean signal across the whole recording. Mean signal 2s pre-stim was then
subtracted to normalize sensory responses.Response amplitude is defined as the maximum
fluorescence signal 10s post-stimulus onset. Cell responsiveness was addressed by comparing
the mean signal pre- and post-stimulus onset across the 10 repeats (paired t-test or Wilcoxon
signed-rank test after addressing normality with Shapiro-Wilk test).

4.2.6 SSRI postnatally-treated mice exhibit adult histological alterations in interneuron

subpopulations

Given that SSRI-treated mice, similarly to SERT-KO, showed developmental cortical
hypoactivity during a critical period for activity-dependent programmed interneuron cell death
(Wong et al., 2018, 2022), we hypothesised that the adult cortex of these mice would also have
a reduction in MGE-derived interneurons. Moreover, a recent study suggested that postnatal
SSRI exposure during an overlapping window of time (P7-10) increases the survival of bipolar
5-HT;.R-expressing interneurons (VIP-expressing) (Wong et al., 2022). To test the effect of our
treatment settings (P2-14) in MGE and CGE interneuron survival, we quantified interneuron
numbers in S1BF using histology for VIP(tdTomato) and Nkx2-1(tdTomato) alongside automated
DAPI cell detection (Figure 23a; Supplementary figure 5). We identified a decrease in Nkx2-1
interneuron survival across the depth of cortex in SSRI postnatally-treated mice, particularly
significant at L2/3 (Figure 23b). We also reproduced the previously observed increased VIP
interneuron survival (Figure 23b) in SSRI postnatally-treated mice. These results further
support that early 5-HT increases and impaired H-events lead to increased MGE-derived
interneuron apoptosis. Thus, the increase in disinhibitory neurons (VIP interneurons (Kullander

& Topolnik, 2021)) concomitant with a decrease in the major subpopulation of cortical inhibitory
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neurons (Nkx2-1 interneurons) are likely the drivers of the adult hyperexcitability observed

(Figure 22).

L1 el‘fect:I * 1 # |
) |
L2/3 LT[ o
%
| )
(2 L2/3 et -
L4 L4 |- l
3 L e
o
S L5|»
L5 ® do TR
L6 | 1
. -
L6 0 60 15

% VIP % Nkx2-1

— /DAPI /DAPI
200 pm ( ) )

Figure 23. SSRI postnatal treatment leads to increased VIP and decreased Nkx2-1
interneuron survival in S1BF. a Confocal histological image of a S1BF cortical column (200
um wide) on an adult (>8 weeks old) WT cortex, illustrating DAPI (blue, left), VIP (cyan, centre)
and Nkx2-1 (magenta, right) layer distribution. VIP and Nkx2-1 were labelled by using
transgenic VIP- or Nkx2-1-Cre mice crossed with Ai9 (flx-tdTomato) mice. b Biodistribution of
VIP (Two-way ANOVA: treatment p = 0.032, layer p < 0.001, treatment-layer interaction = 0.691)
and Nkx2-1 (Two-way ANOVA: treatment p = 0.032, layer p < 0.001, treatment-layer interaction
= 0.789) interneurons across layers for sucrose- or SSRI- postnatally treated mice. Sample
sizes: 5 sucrose and 4 SSRI mice.

4.3 Conclusions

Our findings reveal that postnatal SSRI exposure leads to early cortical hypoactivity, marked by
a reduction in the amplitude and an increase in the frequency of H-events in the developing
cortex (<P10) (Figure 17). This period of hypoactivity aligns with a critical developmental
window for the integration of Nkx2-1 and VIP interneurons into S1BF (Wong et al., 2018, 2022).
Analysis of these interneuron populations showed that SSRI-treated mice exhibited an

increased recruitment of Nkx2-1 interneurons early on (Figure 19), which based on previous
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studies could be contributing to the observed hypoactivity by restricting cortical activity (Leighton
et al., 2021) and subsequently promoting programmed cell death (Duan et al., 2020). While
alterations in VIP and Nkx2-1 interneuron activity were observed, these changes differed from
our previous findings in SERT-KO mice, indicating distinct effects of SSRI 5-HT disruption

during postnatal development.

The analysis of cortical population dynamics revealed no significant changes in representational
similarity but identified a transient increase in entropy at the onset of cortical desynchronization
(Figure 20), a pattern that has been noted in certain neurodevelopmental disorders such as
ASD (Maximo et al., 2021). Alterations in brain entropy are also observed in OCD (Jiang et al.,
2021), ADHD (Sato et al., 2013) and MDD (X. Liu et al., 2020) patients, all of which are also
associated with developmental 5-HT alterations (Beversdorf et al., 2021; Brown et al., 2013;
Hesse et al.,, 2011; Morales et al., 2018, 2018; Nicolini, 2010). This suggests that early
alterations in 5-HT levels can affect the stability and diversity of cortical activity patterns,

possibly leading to long-term changes in brain function.

Our results also demonstrate that the early cortical hypoactivity observed in SSRI-treated mice
is not due to disrupted glutamatergic co-transmission from 5-HT neurons (Figure 21), as
previously observed in VTA upon perinatal SSRI exposure (Cunha et al., 2021). This suggests
that other mechanisms, likely through direct 5-HT signalling, are at play. It has been reported
that SERT developmental disruption inhibits S1BF thalamocortical activity through 5-HT;s
receptors (Cases et al., 1996; Laurent et al., 2002; Salichon et al., 2001), suggesting that 5-HT
direct inhibition of thalamocortical projections might be a major driver of this early cortical
hypoactivity. This is supported by the transient overexpression of 5-HT,s receptors in
thalamocortical projections to S1BF (Laurent et al.,, 2002). In adulthood, SSRI

postnatally-treated mice exhibit persistent cortical hyperexcitability and altered sensory
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processing (Figure 22), with increased survival of VIP interneurons and decreased survival of
Nkx2-1 interneurons (Figure 23). This shift in interneuron balance likely contributes to the
long-lasting changes in cortical excitability and sensory encoding observed.

The fact that transient SSRIs, but not life-long SERT-KO, cause adult hyperexcitability suggest
that a reversible alteration of 5-HT dynamics is more detrimental. One possible explanation is
that the establishment of excitation-inhibition balance taking place during this critical period
depends on 5-HT dynamics too, such that once 5-HT dynamics revert to baseline, the inhibition
levels established are insufficient in SSRI postnatally-treated animals. Another explanation is
that the increase in VIP+ interneurons observed in SSRI postnatally-treated, but not SERT-KO,
mice is the major driver of the hyperactivity, given their disinhibitory role (Kullander & Topolnik,
2021). Altogether, we report similarities between the effects of SSRI postnatal-treatment and
SERT-KO (i.e., early cortical hypoactivity), but with idiosyncrasies, such as the long-lasting
neurophysiological effects of the former. These differences likely stem from the temporal
difference of these SERT disruptions (postnatal versus life-long) and the nature of the disruption

(genetic versus pharmacological).

Finally, these findings have important clinical implications. Given that SSRIs are widely
prescribed (Luo et al., 2020), including during pregnancy and postpartum, understanding their
impact on early brain development is crucial. The results suggest that transient exposure to
SSRIs during critical developmental periods can lead to significant and lasting changes in
cortical circuitry, adding pre-clinical evidence to the previously suggested association between
embryonic exposure to SSRIs and neurodevelopmental disorders (Ames et al., 2021; Koc et al.,

2023; Morales et al., 2018; Suarez et al., 2022).
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5. The role of 5-HT in adult cortical

dynamics and learning

5.1 Introduction
In previous chapters, we have identified a prominent role of cortical 5-HT fluctuations in early
S1BF activity and subsequently its development (chapter 2-4). Next, we explored the role of

5-HT dynamics in the adult S1BF cortex, and its subsequent shaping of behaviour.

Previous studies in rodents have characterised the neurophysiology and behaviour of adult
animal models with life-long genetic alterations in 5-HT dynamics (i.e., SERT-KO, TPH2-KO),
and identified disruptions in sensory responses (W. Pan et al., 2021), sleep-wake (Wisor et al.,
2003), learning (C. C.-G. Guo et al., 2021; Lima et al., 2019), anxiety (Aboagye et al., 2018;
Johnson et al.,, 2019) and aggression (Meng et al., 2022; Mosienko et al., 2012). However,
these results are likely confounded by the developmental alterations of these models
(introduction, chapter 3 & 4). With the advent of optogenetic approaches a number of acute
studies have characterised the role of 5-HT manipulation in adult neuronal activity (Azimi et al.,
2020; Puig & Gener, 2015; Seillier et al., 2017), behaviour (Dugué et al., 2014; K. W. Miyazaki
et al., 2014) and learning (Grossman et al., 2022; ligaya et al., 2018; Michely et al., 2022).
Studies in rodents and non-human primates suggest that 5-HT has a predominantly inhibitory
effect on spontaneous activity of adult cortices, and exerts gain-control of sensory-evoked
activity (Azimi et al., 2020; Lottem et al., 2016; Puig & Gener, 2015; Seillier et al., 2017; Tian et
al., 2017), with a minority of studies reporting excitatory effects (Hamada et al., 2022; Puig &
Gener, 2015). 5-HT manipulations yield a complex mixture of effects in behaviour and learning,

including changes in aggression (Audero et al., 2013), social interaction (Zou et al., 2020) or
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patience (K. W. Miyazaki et al.,, 2014), as well as increases and decreases in learning
(Grossman et al., 2022; ligaya et al., 2018; Michely et al., 2022). A major confounding factor of
the majority of these studies is that they perform bulk optogenetic activation of the dorsal raphe
nucleus. Thus, the complexity of the results can be understood in light of the great
heterogeneity of the mammalian 5-HT system, particularly in terms of postsynaptic targets
(Okaty et al., 2019). For example, the fact that the VTA is excited by DRN-projections (H.-L.
Wang et al.,, 2019) implies that bulk DRN optogenetic activation will concomitantly trigger
dopamine increases. Moreover, a majority of these studies have employed activity monitoring
techniques that also lack cellular resolution such as 1-photon calcium imaging (Azimi et al.,
2020) or fMRI (Hamada et al., 2022). More precise manipulation of 5-HT circuits and recording
in particular projection targets is required to understand the role of 5-HT in cortical circuits. For
this purpose, we used optogenetic stimulation of 5-HT terminals in S1BF to study the

neurophysiological and behavioural effects of 5-HT in the somatosensory cortex.

Understanding the effects of 5-HT within cortical circuits is crucial to make sense of the
involvement of this monoamine in translationally relevant contexts. For example, how SSRIs
influence 5-HT dynamics, and its involvement in the therapeutic effect of these drugs, has been
extensively characterised (Blier & de Montigny, 1994; Celada et al., 2004; Celada & Artigas,
1993; Collins et al., 2024; Fritze et al., 2017). Less well known is the effect of psychedelics in
5-HT dynamics and its involvement in their use to treat depression and addiction (Korkmaz et
al., 2024). A number of studies from 50 years ago, described that 5-HT psychedelics such as
LSD and psilocin decrease the tonic firing of 5-HT neurons (Foote et al., 1969; Rogawski &
Aghajanian, 1979; Trulson & Jacobs, 1979). But how this affects cortical 5-HT dynamics and
whether it is involved in the therapeutic role of psychedelics remains unexplored. Thus, we

extend our optogenetic study of the effects of cortical 5-HT in adult neurophysiology and
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behaviour, to a pharmacological translationally-relevant model: acute exposure to 5-HT

psychedelics.

5.2 Results

5.2.1 5-HT effects in adult S1BF cortical activity

To circumvent the lack of spatial resolution in previous studies, we have used two-photon
imaging of a red calcium indicator ((RCaMP1a) (Dana et al., 2016) in S1BF with simultaneous
holographic two-photon stimulation of 5-HT axonal projections to S1BF (Figure 24a). For this,
we have used SERT-Cre animals injected with jRCaMP1a and g5-HT3.0 in S1BF, as well as the
opsin flex-Chrimson in the DRN. This ensures high spatial resolution in both the recording and
the stimulation. While we cannot rule out the possibility of a certain degree of antidromic
activation leading to 5-HT increases in other areas, we maximise the likelihood of
locally-constrained release of 5-HT in S1BF, by only activating terminals within our field of view
(Figure 24a). Then, we confirmed the local release of 5-HT with the green 5-HT fluorescence
indicator g5-HT3.0 (Appendix 6). As a control, we used WT littermate mice that underwent the
same surgical and imaging procedures, but that did not express the opsin due to the lack of cre

recombinase.

Given the complexity of the 5-HT receptome across the cortical column (e.g.,
5-HT,;.R-expressing interneurons primarily populate upper layers (Prénneke et al., 2015) while
5-HT,sR is preferentially found in L5 pyramidal neurons (Andrade & Weber, 2010)), we
performed recordings with local optogenetic stimulation of 5-HT axons at two cortical depths:
150 pym (L2/3) and 350 pym (L4) from the surface of the brain. Recordings in L2/3 showed a
mixed response of excitation and inhibition with an average flat response (Figure 24b,d) while

recordings in L4 showed a strong suppression of calcium signal (Figure 24c-d). The canonical
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model of sensory processing in cortex identifies L4 as the primary thalamo-recipient layer, while
L2/3 integrates feed-forward excitation from L4 with cortico-cortical inputs (Miller, 2016). Thus,
our imaging is consistent with 5-HT having a suppressive effect in the thalamo-recipient layer of
cortex, down-scaling bottom-up activity. These results align with previous studies suggesting
that 5-HT leads to gain-control of cortical sensory responses (Azimi et al., 2020; Lottem et al.,
2016; Seillier et al., 2017). In light of the previously described excitation of VIP interneurons
(involved in top-down control (Bastos et al., 2023; Schuman et al., 2021; S. Zhang et al., 2014))
by 5-HT (Férézou et al., 2002), an interpretation of these results is that 5-HT promotes top-down

over thalamo-cortical (bottom-up) information transfer (Figure 24e).
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Figure 24. 5-HT inhibits S1BF L4 spontaneous activity. a (left) Diagram illustrating surgical
approach for all-optical experiments: DRN intraparenchymal injection of an AAV vector
genetically encoding the floxed opsin flex-Chrimson into S1BF and S1BF intraparenchymal
injection of an AAV vector encoding the red calcium sensor jJRCaMP1a and another AAV vector
encoding the green 5-HT sensor g5-HT3.0 in SERT-Cre animals. These animals also received a
cranial window and head-fixing plate implantation. Then, two-photon imaging of S1BF in awake
head-fixed animals was used to record calcium and 5-HT dynamics, while two-photon
holographic stimulation was used to activate 5-HT terminals that innervated S1BF. g5-HT3.0
injection was used to confirm 5-HT release (Appendix 6). Control animals were WT mice that
underwent the same surgical and imaging procedure but did not express Chrimson due to the
lack of cre recombinase. (right) Representative field of view, with holographically stimulated area
with a 1040 nm laser, to release 5-HT within our field of view. b (left) Pie chart illustrating excited
(11.5%), inhibited (28.1%) and non-responsive (60.4%) cells within the whole field of view of all
animals (n = 7 mice, cells =121) and (right) the average response in L2/3. ¢ (left) Pie chart
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illustrating excited (1.9%), inhibited (39%) and non-responsive (59%) cells within the whole field
of view of all animals (n = 7 mice, cells = 105) and (right) the average response in L4. d Average
response in L2/3 and L4, normalised by changes in control animals (SERT-Cre negative
littermates) (Mann-Whitney U statistic=42.0, p=0.0012, n = 7 opsin-expressing animals and n =
4 non-opsin expressing control animals). AF/F is the green fluorescence signal at any time
point, subtracted and divided by the mean signal across the whole recording. Mean signal 2s
pre-stim was then subtracted to normalize sensory responses. Response amplitude is defined
as the maximum fluorescence signal 10s post-stimulus onset.

5.2.2 An air puff discrimination task to study S1BF 5-HT

To study how these effects of 5-HT balancing of bottom-up versus top-down integration in S1BF
cortex translated to behaviour and learning, we developed a behavioural paradigm that captured
several elements of 5-HT dynamics: sensation (Ranade & Mainen, 2009), stimulus saliency
(Paquelet et al., 2022) and uncertainty (Grossman et al., 2022). We used a Pavlovian air puff
discrimination task that has been shown to trigger neuroplastic changes in S1BF, in which
water-deprived mice learn to associate one of two, orthogonally oriented, air puffs with
water-delivery (Figure 25a) (Benezra et al., 2024). To study the effects of uncertain information,
during this 10 day learning paradigm, we introduced two days (5 and 7) in which the opposite
rule provided misleading trials with a prevalence of 25% (Figure 25b,c). To study the effect of
stimulus saliency, the first misleading day (i.e., day 5) air puff pressure was kept the same as in
previous days (10 PSI), while in the second misleading day (i.e., day 7) air puff pressure was 5
times higher (50 PSI) (Figure 25c). Based on our previously observed 5-HT dynamics (chapter
2) and its inhibitory effects in L4 (Figure 24), we hypothesised that while misleading trials would
disrupt learning as a function of their saliency (i.e., stimulus pressure), 5-HT dynamics would

track these learning perturbations and mitigate their effect on learning.

As previously reported (Benezra et al., 2024), we were able to train animals in this task within

10 days, during which animals first licked in response to both air puffs, and then progressively
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started to lick only to the rewarded stimulus (CS+) (Figure 25d and Supplementary figure 7),
which correlated with changes in cortical calcium dynamics (Supplementary figure 8a-i). When
stimulus saliency was kept constant, we observed that 25% of misleading trials had no effect on
next day performance (Figure 25e), suggesting that mice could account for this degree of
reward uncertainty in this task environment. In contrast, at high stimulus saliency, 25%
misleading trials significantly decreased next day performance (Figure 25f). This suggests that
the higher stimulus saliency, triggered an increase in learning rate, making the animal overfit to

misleading trials.
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Figure 25. An air puff discrimination task with misleading information a. Diagram of mice
performing a head-fixed pavlovian air puff discrimination task in which only one of two
orthogonal directions is associated with reward, with equal trial probability. b. Reward probability
for each air puff based on each rule, and the combination of both in misleading days, with a 25%
prevalence of rule 2. c. Diagram of behavioural paradigm indicating the misleading days, 5 and
7, and their corresponding stimulus pressure (i.e., salience), which is 10 and 50 PSI
respectively. d. Task accuracy (i.e., % of hits and correct rejections) across learning days for
animals with (red) and without (black) misleading days (Rule 1 only n = 4 mice, rule 1 &2 n = 11
mice). e. Accuracy on day 6, i.e., the day after low saliency misleading trials (Mann-Whitney U
test p-value = 0.605). f. Accuracy on day 8, i.e, the day after high saliency misleading trials.
(Mann-Whitney U test p-value =0.033). Accuracy was defined as the sum of hit and correct
rejection (CR) trials, divided by total number of trials. A hit trial was considered if the animal
licked after CS+ stim onset, but before reward delivery (0.5s after).
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5.2.3 S1BF 5-HT tracks behaviourally-relevant environment statistics

Next, we used the 5-HT sensor g5-HT3.0 to track the evolution of 5-HT release into the same
cells of L2/3 S1BF across 3 learning stages of this task (naive, learning and expert) (Figure
26a,b). We observed an increase in 5-HT release paired with reward during CS+ (compared to
CS-) in naive animals, that then decreased across learning (Figure 26c¢,d). Introduction of low
saliency misleading trials that did not disrupt learning (Figure 25e) did not alter the lack of 5-HT
release upon reward at this learning stage to neither expected (rule 1) nor unexpected (rule 2)
trials (Figure 26e). However, high stimulus saliency misleading trials that disrupt learning
(Figure 25f) led to high 5-HT release, which was longer lasting during unexpected (rule 2)
rewards (Figure 26f). These results show that 5-HT release in S1BF tracks the regularity of
different behaviourally-relevant stimulus statistics, such as its magnitude or its association to

reward, across learning, with higher release during salient uncertain settings.
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Figure 26. Cortical 5-HT tracks behaviourally-relevant environment statistics. Adult mice
performed a head-fixed pavlovian air puff discrimination task in which only one of two orthogonal
directions is associated with reward, with equal trial probability, and misleading trials in which
this rule was inverted. a. Diagram of g5-HT3.0 5-HT fluorescence sensor injection in S1BF to
monitor 5-HT dynamics in awake head-fixed animals performing the air puff discrimination task.
b Exact same field of view in a representative animal expressing g5-HT3.0 under the hSyn
promoter and tdTomato in VIP interneurons, across three learning stages (day 3 naive, day 6
learning and day 10 expert). ¢ g5-HT3.0 peri-reward signal for naive, learning and expert
animals, showing only significant increases to reward during naive state (post- vs pre- mean
signal, paired t-test : naive p = 0.004, learning p = 0.07 and expert p = 0.255). d g5-HT3.0
peri-stimulus onset signal for naive, learning and expert animals, during CS- trials. e. g5-HT3.0
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peri-reward signal during day 5 (i.e., low saliency misleading day), for expected (rule 1) and
unexpected (rule 2) rewards. f. g5-HT3.0 peri-reward signal during day 7 (i.e., high saliency
misleading day), for expected (rule 1) and unexpected (rule 2) rewards. N = 6 mice. For all
panels AF/F is the ratio between the green and red fluorescence signal at any time point,
subtracted and divided by the mean ratio across the whole recording. Mean signal 5s pre-stim
was then subtracted to normalize stimulus-locked responses.

5.2.4 Cortical 5-HT decreases learning from misleading information

Given 5-HT downregulation of bottom-up activity (Figure 24), and the fact that 5-HT dynamics
track the uncertainty and saliency of the disruptive misleading trials (Figure 26), we speculated
that 5-HT could be gating sensory input from uncertain information that can disrupt learning
trajectories, thus downregulating the learning from these trials. To test this hypothesis we used
SERT-Cre mice injected with the opsin flex-Chrimson (Figure 27a) in the DRN, allowing to
optogenetically stimulate 5-HT neurons. We used one-photon optogenetics with light shed
directly into S1BF, to maximise the release over this area. Thus, misleading trials were paired
with the presentation of an orange (595 nm) light on top of S1BF (through a cranial window) to
induce 5-HT release (Supplementary figure 8j-l). Firstly, we characterised the effect of this
optogenetic 5-HT release on S1BF cortical calcium dynamics. We observed that the proportion
of excited and inhibited neurons was unchanged for CS+ (Figure 27b), while a higher inhibition
and reduced excitation was observed in CS- (Figure 27c¢). This result illustrates that the effect
of 5-HT release depends on other variables (e.g., reward). Given the role of VIP interneurons,
that are excited by 5-HT (Férézou et al., 2002), in the cortical signalling of reward (Szadai et al.,
2022) and in top-down modulation (Bastos et al., 2023; Fu et al., 2014; S. Lee et al., 2013), this
effect only in CS- could be underlied by a mixture of bottom-up and top-down sources of activity

in L2/3 during CS+, with 5-HT gating the former and potentiating the latter.
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Secondly, we studied the effects of 5-HT release during misleading trials in performance.
Behavioural analysis revealed that 5-HT optogenetic release during low saliency misleading
trials did not change next day performance in the task (Figure 27d), consistent with the fact that
these misleading trials were not altering the behaviour. These results suggest that the mice
were able to ignore them. Moreover, 5-HT optogenetic release during high-saliency misleading
trials rescued the learning disruption generated by these trials (Figure 27e), providing causal
evidence of the role of cortical 5-HT in decreasing internal model update from
potentially-disruptive misleading predictive errors. Notably, the effects were limited to learning
and not trial performance (i.e., within trial probability of lick, Supplementary figure 9), which
can be understood in the light of a larger literature proposing that the cortex plays a key role in
learning actions but not performing them (Kawai et al.,, 2015; Ostlund & Balleine, 2005).
Altogether these results provide causal evidence of 5-HT modulation of bottom-up and top-down

activity to control cortical learning rate from sensory experience.
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Figure 27. S1BF 5-HT decreases learning from misleading information a Diagram of
optogenetic experimental settings, illustrating the intraparenchymal injection of a viral vector
genetically encoding flex-Chrimson into the DRN of SERT-Cre mice and the application of 595
nm light (20 Hz pulses) directly in S1BF through a cranial window. These mice performed a
head-fixed pavlovian air puff discrimination task in which only one of two orthogonal directions is
associated with reward, with equal trial probability, and misleading trials in which this rule was
inverted. Light was delivered paired to misleading trials. b,c Violin plot showing the change in
cells inhibited and excited upon pairing the air puff with optogenetic stimulation, compared to
just the air puff for (b) CS+ (Wilcoxon signed-rank test p = 0.922, n = 11 mice) and (¢) CS-
(Wilcoxon signed-rank test p = 0.048, n = 11 mice). Cell responsiveness was addressed by
comparing the mean signal pre- and post- optogenetic light onset across all repeats (paired
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t-test or Wilcoxon signed-rank test after addressing normality with Shapiro-Wilk test). (d)
Accuracy on day 6, i.e., the day after low saliency misleading trials (One-way ANOVA p =
0.862). (e) Accuracy on day 8, i.e, the day after high saliency misleading trials. (One-way
ANOVA p=0.021, post hoc: rule 1&2 vs rule 1&2 with optogenetics p = 0.021; rule 1 vs rule 1&2
with optogenetics p = 0.486). Rule 1&2 animals were SERT-Cre negative, thus not expressing
the opsin, but were presented with the optogenetic light too as a control. Control data from
panels d,e is the same as the data in panels e,f of figure 25. Rule 1 only n =4 mice, rule 1 &2 n
= 11 mice, rule 1 & 2 opto n = 11 mice). Accuracy was defined as the sum of hit and correct
rejection (CR) trials, divided by total number of trials. A hit trial was considered if the animal
licked after CS+ stim onset, but before reward delivery (0.5s after).

5.2.5 Psychedelics decrease cortical 5-HT and increase learning

Then, we went onto studying whether a similar gating mechanism could account for the effects
of altering cortical 5-HT dynamics beyond physiological learning. Of particular interest are 5-HT
psychedelics, i.e., 5-HT agonists, with therapeutic potential for the treatment of depression and
addiction (Korkmaz et al., 2024). A number of studies have described that 5-HT psychedelics
decrease the tonic firing rate of 5-HT neurons in the dorsal raphe nuclei (Foote et al., 1969;
Trulson et al.,, 1981; Trulson & Jacobs, 1979), which is likely due to the strong inhibitory
feedback of the 5-HT system. Thus, we sought to confirm that this decrease in 5-HT firing,
reduced S1BF 5-HT release. Indeed, intraperitoneal injection of the psychedelics LSD and
psilocin, as well as the non-hallucinogenic analogue lisuride all caused a significant reduction in
extracellular S1BF 5-HT, compared to vehicle injection (Figure 28a,b), as measured by the

fluorescence 5-HT sensor g5-HT3.0.

In line with our model, we speculated that this decrease in 5-HT would lead to more dominant
bottom-up versus top-down activity and increase the learning rate at which the internal model of
the animal is updated from sensory experience. To test this, we trained animals that were
experts in the previous air puff discrimination task in the reversal rule (i.e., reward associated

with previous CS- and vice versa) 1h after injection of psilocin or vehicle control (Figure 28c).
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We observed a recovery of increased 5-HT release in response to reward during CS+

(Supplementary figure 10) as observed in the previous task in naive animals (Figure 25).

Next, we looked at the effects of psilocin on cortical calcium dynamics. We observed a reduction
in CS+ rewarded responses (Figure 28d,e) but not CS- sensory responses (Figure 28f,g) in
psilocin- versus vehicle-injected animals. These results can be explained if the effects of reward
in S1BF activity are mediated by 5-HT signalling of VIP interneurons (Szadai et al., 2022), while
CS- responses are predominantly sensory bottom-up information. The reduction in S1BF 5-HT
upon psychedelic administration would reduce VIP reward responses justifying the reduction in
the overall calcium S1BF signal. Representational similarity analysis also revealed an increased
representational dissimilarity in the cortical encoding of CS+ and CS- stimuli in psilocin-treated
mice (Figure 28h,i). These results suggest that psilocin-treated mice have cortical
representations of these two air puffs that are more distinct from each other, which is consistent
with an increased differentiation of these stimuli and potentially beneficial for the performance of

a discrimination task.

Then, we looked at the effects of psilocin on behaviour, i.e., task performance. Reversal of task
contingencies led to animals reverting to their initial strategy of licking to both CS- and CS+
(Figure 28j,k). We observed that psilocin-treated mice have increased next-day accuracy in the
reversal task (Figure 28l,m), driven by an increased licking in response to CS+ trials (Figure
28n,0). These results are consistent with previous studies illustrating the neuroplastic role of
psychedelics (de Vos et al., 2021; Woodburn et al., 2024). The fact that the non-hallucinogenic
analogue lisuride presents 5-HT decreases suggests that this 5-HT reduction is likely not a
driver of the hallucinogenic effect of psychedelics. However, lisuride also has antidepressant

effects (Qu et al., 2023), suggesting that 5-HT reduction in cortex could be a contributing
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element to the neuroplasticity induced by these drugs. Thus, these results provide correlative

evidence in favour of decreases in cortical 5-HT leading to increases in learning rate.

Altogether, the effect of psychedelics on 5-HT dynamics, cortical activity and reversal learning,

are consistent with the suggested role of 5-HT in balancing bottom-up and top-down activity to

regulate the learning rate of internal model update. However, the multifactorial effects of these

drugs (de Vos et al., 2021) requires more spatially localised reductions in cortical 5-HT (e.qg.,

inhibitory opsins (Mahn et al., 2021)) to causally link the decrease in 5-HT with the observed

effects in cortical activity and learning.
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Figure 28. Psychedelics decrease cortical 5-HT while increasing representational
dissimilarity and reversal learning. Adult mice received intraparenchymal injection of an AAV
vector genetically encoding the 5-HT sensor g5-HT3.0 or the calcium indicator GCaMP6s into
S1BF, followed by the implantation of a head-fixing plate and a cranial window. Two-photon
head-fixed awake imaging was used to monitor calcium and 5-HT dynamics. g5-HT3.0 was
injected in transgenic animals expressing tdTomato in VIP interneurons (VIP-Cre x Ai9) to
account for intrinsic optical noise. a Diagram of experimental timeline: mice were injected
intraperitoneally with the drug vehicle (control), then g5-HT3.0 signal in L2/3 was recorded for
20 minutes. After 5-10 minutes, mice were injected intraperitoneally with a psychedelic (psilocin
or LSD), or the non-hallucinogenic analogue lisuride, and g5-HT3.0 was imaged again for 20
minutes. b Vehicle-normalised g5-HT3.0 signal across a 5 minute baseline recording
post-injection of either vehicle, lisuride (n = 5), LSD (n = 5) or psilocin (n = 4) (Kruskal Wallis test
p = 0.036, paired t-test against vehicle: lisuride p = 0.010; LSD p = 0.018; psilocin p = 0.001).
g5-HT3.0 is the raw green fluorescence normalized by the mean value after vehicle injection. ¢
Experimental set-up: mice were trained two consecutive days in the reversal task of the
previously described air puff discrimination task once they reached expertise in the original task
(accuracy over 75%). During the first day of reversal learning animals were injected with either
vehicle (n = 8) or psilocin (n = 8) 1h before training. d Mean calcium trace during CS+ trials in
S1BF L2/3 after treatment with vehicle or psilocin. e Violin plot illustrating a change in mean (0
to 5s after reward onset in CS+trials) GCaMP6s signal (t-test, p = 0.012) in vehicle- versus
psilocin-treated mice. f Mean calcium trace during CS- trials in S1BF L2/3 after treatment with
vehicle or psilocin. g Violin plot illustrating the lack of a change in mean (0 to 5s after CS-
stimulus onset) GCaMP6s signal (t-test, p = 0.164) in vehicle- versus psilocin-treated mice. h
Heat map of representative representational dissimilarity matrices to CS+ and CS- in a vehicle
(top) and psilocin (bottom) treated mice. i Average representational dissimilarity of CS+ and
CS- L2/3 S1BF representations for vehicle and psilocin treated mice (Mann-Whitney U test, p =
0.027). j Animal lick probability to CS+ and CS- across a 10 days learning paradigm, followed by
a two days of reversal learning. k Evolution of accuracy across both learning and reversal
learning paradigms. | First and second day mice average accuracy after treatment with psilocin
(green) or control vehicle (black). m Second day accuracy (day 12) in the reversal task of mice
treated with vehicle or psilocin, normalised by accuracy in previous task pre-reversal (day 10)
(Mann-Whitney U test, p = 0.013). n,o Second reversal day (i.e., day 12) probability of licking,
normalised by probability pre-reversal (day 10), to CS+ (n) (Mann-Whitney U test, p = 0.043) or
CS- (o) (t-test, p = 0.215) in vehicle or psilocin injected mice. GCaMP6s AF/F is the green
fluorescence signal at any time point, subtracted and divided by the mean signal across the
whole recording. Mean signal 2s pre-stim was then subtracted to normalize sensory responses.
Response is defined as the mean fluorescence signal 6s post-stimulus onset.
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5.3 Conclusions

In this chapter, we obtained evidence that cortical 5-HT modulates learning by balancing
bottom-up and top-down information processing. The use of two-photon imaging and
holographic optogenetic stimulation allowed us to achieve high spatial resolution (Packer et al.,
2015) in recording cortical activity while activating 5-HT axonal projections, demonstrating that
5-HT release within S1BF has a suppressive effect in the thalamic-input layer (L4) (Figure 24),
which suggests a down-scaling of bottom-up sensory input. This aligns with previous studies
indicating that 5-HT serves as a gain control mechanism for cortical sensory responses (Azimi
et al., 2020; Lottem et al., 2016; Seillier et al., 2017). The mixed inhibition-excitation observed in
L2/3 (Figure 24), where top-down and bottom-up activity integrate, suggests that 5-HT could be
promoting top-down pathways. Particularly, in light of the cortical VIP interneuron excitation by
5-HT (Férézou et al., 2002), a circuit involved in top-down modulation by several previous
studies (Bastos et al., 2023; Kullander & Topolnik, 2021; Schuman et al., 2021; S. Zhang et al.,

2014).

We also showed that cortical 5-HT tracks the uncertainty and saliency of stimuli during the
learning of an air puff discrimination task (Figure 26), mitigating the disruptive effects of
misleading trials by reducing the learning rate during exposure to unreliable information (Figure
27). These results are consistent with previous studies in mice characterising how DRN neurons
increase their firing rate in response to salient stimuli (Paquelet et al., 2022) and to unexpected
outcomes (i.e., unexpected uncertainty) during the learning of a task (Grossman et al., 2022).
Our findings demonstrate that increasing S1BF 5-HT release during misleading trials using an
optogenetic strategy can rescue learning performance. Previous studies have reported a
mixture of increases and decreases in learning upon 5-HT manipulation (Colwell et al., 2024;
Grossman et al., 2022; Kanen et al., 2021; Michely et al., 2022), and even that the effects of

5-HT depend on interval duration (ligaya et al., 2018), type of learning (e.g., associative vs
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reversal learning) (Kanen et al., 2021), trial outcome (i.e., reward versus punishment) (Michely
et al., 2022), and reward probability (K. Miyazaki et al., 2018). In contrast to these studies, our
optogenetic manipulations were directly targeted to terminals of DRN axons in S1BF, allowing
us to discern the effects of 5-HT release in a very precise circuit (DRN-S1BF). However, it is
unclear whether changing the task contingencies will affect the effects of S1BF 5-HT in learning.
Future studies should address the effects of similar localised S1BF 5-HT release during learning

in different task settings.

We also observed that psychedelic administration decreases 5-HT (Figure 28), which is
consistent with previous electrophysiological studies showing that 5-HT psychedelics silence
DRN neurons (Rogawski & Aghajanian, 1979; Trulson et al., 1981; Trulson & Jacobs, 1979).
Psychedelic administration also reduced CS+, but not CS-, cortical calcium responses. A
potential explanation is that the previously reported signalling of reward by VIP interneurons
(Szadai et al., 2022), is reduced due to the psychedelic-induced 5-HT decrease in S1BF.
Previous studies have suggested that this reward signalling is a form of top-down modulation of
sensory representations (Wilmes & Clopath, 2019), in which case these results can be
interpreted as a reduction in top-down activity. This would be in line with previous observations
in human studies reporting that psychedelics promote bottom-up versus top-down signalling
(Alonso et al., 2015; Aqil & Roseman, 2023). The observed decrease in 5-HT correlates with an
increase in learning rates during reversal learning of the previous air puff discrimination task
(Figure 28). These results are in line with previous literature suggesting that 5-HT psychedelics
(e.g., psilocin) facilitate reversal learning (Woodburn et al., 2024). This increase in learning rate
concomitant with 5-HT decreases provides correlative evidence of a bidirectional modulation of
learning rates on a translationally-relevant context. Moreover, this is of particular interest given

the antidepressant and anti-addiction effect of these drugs (Korkmaz et al., 2024).
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Altogether, these results suggest a role for 5-HT in balancing bottom-up and top-down sources
activity in S1BF, in a way capable of adjusting the learning rate from sensory experience. In
parallel, our findings provide a framework to better understand the potential mechanism

underpinning the neuroplastic effect of psychedelics.
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6. Modelling the role of cortical 5-HT
throughout mammalian life with gated

deep neural networks

6.1 Introduction

Throughout this thesis we have characterised 5-HT dynamics in the developing and adult
cortex. We have also explored the effects of optical, genetic and pharmacological manipulations
of 5-HT fluctuations in cortical population activity. As a final chapter, we aim to reconcile these
results in a single theoretical model that can account for how 5-HT dynamics relate to its

consequences in the mammalian cortex, subsequently shaping animal behaviour.

For this, we exploited the recent advent of neuroAl that opens the door to understand neuronal
processes by modelling them with biologically-plausible architectures, allowing an analytical
understanding of their second order effects (Garcia et al., 2023; Kanwisher et al., 2023).
Moreover, by finding exact mathematical solutions, from the field of statistical physics, we can
find an analytical description of the dynamics of these models throughout learning, an emergent

approach known as analytical connectionism (Mannelli et al., 2024).

To model monoaminergic neuromodulation in a biologically-plausible manner, we propose the
use of gated deep neural networks, in which the action of the neuromodulator is modelled as a
multiplicative gating mechanism, re-scaling the output of the neuron. Then, we study the

consequences on learning as second order effects emerging from the change in neuronal
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activation. This approach is biologically-plausible as we know that neuromodulators (e.g., 5-HT)
alter cortical activity (Azimi et al., 2020; Lottem et al., 2016; Seillier et al., 2017), and that there
is activity-dependent neuroplasticity taking place in cortex (Y. Pan & Monje, 2020). However, we
cannot rule out the existence of other mechanisms altering learning directly through 5-HT

signalling pathways (Sahu et al., 2018).

Thus, in this chapter we used deep gated neural networks with exact solutions to model the
effects of 5-HT in cortex, observed in the diverse experimental results obtained throughout this
thesis. Thereby, we provide one possible framework for the comprehensive interpretation of

these results.

6.2 Results

6.2.1 A gated deep neural network model to formalise the role of 5-HT

Our results suggest that bottom-up (sensory-driven) S1BF activity is inhibited by 5-HT.
Moreover, we observed that 5-HT dynamics track uncertainty and scale with stimulus saliency
and reward, playing a major role in learning from noisy environments (chapter 5). To understand
the impact that these dynamics and effects of cortical 5-HT would have in shaping behaviour,
we used our previous results to design a biologically-grounded model using non-linear deep
gated neural networks with exact solutions. We developed a theoretical model using a two-layer
neural network trained in the teacher-student framework (Engel & Van den Broeck, 2001) in a
discrimination task using Gaussian-distributed data. Based on the observed gating of bottom-up
inputs by 5-HT (Figure 24), we modelled 5-HT as a gate in the first set of weights
multiplicatively scaling down the inputs. Since we observed a proportional increase of 5-HT with
input saliency, the value of the gating in the model scaled with the input variance (used as a

proxy of saliency for mathematical simplicity) (Figure 29a). Given that the scaling of learning
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with neuronal activation is evident in Hebbian learning, we decided to use a more complex
learning rule (i.e., online stochastic gradient descent) with the intention that our results would

extrapolate to other learning rules.

The task of the model was designed to incorporate components of 5-HT dynamics: sensation,
uncertainty and saliency. During training, the student network approximates a N-to-one
dimensional mapping from a primary teacher (rule 1), despite interference from a secondary
teacher (rule 2) with an opposing rule and variable input variance (Figure 29a). In the
high-dimensional regime we obtained analytical solutions that can be efficiently evaluated free
of the intrinsic variability present in simulations (Figure 29b-d, Supplementary figure 11).
Thus, our results only depend on the initialization of the teacher and student networks (Figure
29d) — done at random — which furthers the biological analogy given the elevated

inter-individual variability in the animal realm.

Our analysis shows that learning is disrupted by introducing a few trials (5%) in which the
opposite rule (or label) is provided, which is reflected both in the loss (Figure 29b and
Supplementary figure 11a) and in the accuracy (Figure 29¢,d). This disruption increases with
the variance of the input in misleading trials, as evidenced by an increase in the final loss
(Supplementary figure 11b) and a decrease in the final accuracy (Figure 29e). Implementing a
5-HT-like gating of the input in the first set of weights, that scales with input variance, can
mitigate the effects of this learning disruption (Figure 29b-d). These theoretical results confirm
that salient misleading information can disrupt learning and showcase the benefit of having a

5-HT-like gating function.
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Figure 29.A biologically-grounded gated deep neural network model of cortical 5-HT
Gated deep neural network model incorporating experimental 5-HT dynamics and effects was
constructed to simulate 5-HT cortical modulation. a Diagram describing the model with a
teacher-student setup, in which both the teacher and student are 2 layer neural networks with
400 inputs, 1 hidden layer with two nodes that have error function non-linear activation, and a
single output node. The student needs to learn, through stochastic online gradient descent, the
randomly initialised teacher mapping of 400 gaussian inputs to 1 output, despite interference
from a second teacher with opposite label, that provides 5% of the trials, during which inputs
have higher variance. 5-HT is implemented as a gate in the first set of weights that inversely
scales with the input variance. Q, M and T are the order parameters that describe the dynamics
of the system, respectively: the student weight correlations, the teacher-student weight
correlations and the teacher weight correlations (a constant). b Analytical mean square error
loss of student neural network across 25,000 epochs with rule 1 only (black trace), same
variance rule 1&2 (orange trace), rule 1 & and high variance rule 2 (red trace) or a gated student
with rule 1 & high variance rule 2 (yellow). Continuous traces are the average simulation (n =
10), while the discontinuous line represents the analytical evolution of the loss. ¢ Evolution of
accuracy across 25,000 epochs, for the same 4 conditions. d Violin plot with analytical mean
final accuracy upon different initializations for rule 1, rule 1&2 (low/high variance) or gated rule 1
& 2/ (n = 20 initializations, Kruskall-wallis test p < 0.001, Dunn post hoc test rule 1-rule 1&2 p <
0.001; rule 1-rule 1&2 high variance p < 0.001; rule 1- rule 1&2 gated p = 0.268; rule 1&2 high
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variance - rule 1&2 gated p < 0.001; rule 1&2- rule 1&2 gated p = 0.012). e Scaling of final
accuracy with the value of the input variance of rule 2-labelled trials (linear fit, R?> = 0.688, slope
= -0.001 and p <0.001). sOGD = stochastic online gradient descent. Analytical accuracy was
calculated by Monte Carlo integration.

6.2.2 Modelling cortical 5-HT in adult sensory discrimination

Fitting our model to the settings of the behavioural air puff discrimination paradigm (i.e.,
sequential low and high saliency misleading trials in a subset of training days) (Figure 25-28),
accounted for the behavioural results (Figure 30a). Namely, we observed no effect of the low
saliency misleading ftrials, nor of the gating, in the performance (Figure 30b), while high
saliency misleading trials disrupted learning and 5-HT-like gating mitigated this effect (Figure
30c¢). These results illustrate that this 5-HT implementation can account for the effects of 5-HT in

cortical circuits during adult learning.
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Figure 30. A gated deep neural network model accounts for the effects of misleading
salient trials and paired 5-HT release in learning. Model settings (e.g., number of epochs,
proportion and location of misleading trials...) were adjusted to the behavioural task to make
more precise predictions. a Evolution of accuracy across 1800 epochs (1 day equivalent = 180
epochs), for neural networks trained without (yellow, single teacher) or with perturbation (black,
dual teacher), as well as with 5-HT like gating (green, gated dual teacher). Model parameters
fitted to the task settings, see methods for detailed description. b Average accuracy across 180
epochs (900-1080 epochs) after the low saliency perturbation epoch range (one-way ANOVA p
= 0.890, N = 10 different initializations). ¢ Average accuracy across 180 epochs (1260-1440
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epochs) after the high saliency perturbation epoch range (one-way ANOVA p = 3.42e"?, Tukey
post hoc test: rule 1 vs rule 1&2 p < 0.001; rule 1&2 vs gated rule 1&2 p < 0.001; N = 10
different initializations).

6.2.3 Modelling cortical 5-HT role in the effect of psychedelics on reversal learning

We next sought to capture the behavioural effect of psychedelics in reversal learning with this
same model. We modelled the decrease of 5-HT triggered by psychedelics by removing the
5-HT-like gate implemented. For this, we trained deep neural networks to expertise (i.e.,
accuracy > 0.9) on the primary task (Figure 31a), and then re-trained them in the reversal rule,
with or without gating (Figure 31b). We observed that removal of the gate during reversal
learning can improve performance in the task by implicitly increasing the learning rate (Figure
31¢,d), as we observed in mice (Figure 31). Thus, our model accounts for the behavioural

effects of psychedelics in reversal learning, as a function of the observed 5-HT dynamics.
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Figure 31. A gated deep neural network model accounts for the effects of psychedelics in
reversal learning. The effect of psychedelics was mimicked by removing the gating mechanism
during reversal learning trials. a Dynamics of accuracy for two gated neural networks trained
with a single teacher (rule 1 only), to identical accuracy across 25,000 epochs. b Dynamics of
accuracy for the previous two neural networks trained in reversal task (rule 2 all trials) with
(black) or without (green) the gate, for 25,000 epochs. ¢,d Final accuracy for the two neural
networks with parameters fitting mice task settings (see methods), showing an increased
accuracy, normalised by pre-reversal accuracy, on day 2 (n = 10 initializations, t-test p < 0.001).
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6.2.4 Modelling the role of cortical 5-HT in the developing cortex

Finally, we tested whether this model could account for the observed effects of 5-HT in cortical
development, by using our previously described results in SERT genetic (SERT-KO, chapter 3)
and pharmacological (postnatal SSRI, chapter 4) developmental disruption. Firstly, we showed
that gate removal in early epochs can accelerate learning (Figure 32a). This is consistent with
the heightened neuroplasticity in early development (Blumberg et al., 2022), and a potential lack
of top-down modulation prior to the onset of active sensation (i.e., eye opening and active
whisking at postnatal day 14). This result suggests that the role of the transient SERT
expression in thalamocortical axons could be to buffer 5-HT as a mechanism to increase
neuroplasticity in early cortical development (E15-P10). Secondly, we showed that early
5-HT-like gating can explain the early hypoactivity observed upon SERT disruption (Figure
32b). Thirdly, we demonstrated that if we implement activity-dependent pruning, we can
recreate the early cell death observed (Figure 32c) by implementing 5-HT-like gating.
Altogether this gating implementation of 5-HT can account for observations on the effects of

5-HT in the developing cortex.
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Figure 32. A gated deep neural network model accounts for the effects of SERT transient
overexpression in early postnatal development. The effect that transient SERT
overexpression in development has on cortical 5-HT activity was modelled using a gated deep
neural network model. a Evolution of the loss across 10,000 epochs in a gated deep neural
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network, or a neural network that is ungated during the first 1000 epochs, showing faster
convergence to the asymptote. b Average node activation in these first 1000 epochs with
ungated, half-gated or fully gated settings (n = 10 initializations, one-way ANOVA p<0.001,
Tukey post hoc ungated-half ungated p < 0.001 and half ungated-gated p < 0.001). ¢ Average
number of cells pruned as a function of the degree of gating (n = 10 initializations, one-way
ANOVA p < 0.001, ungated-half ungated Tukey post hoc p = 0.014, half ungated-gate p <
0.001).

6.3 Conclusions

This chapter presents a unified model of cortical 5-HT function based on input gating, which
accounts for its diverse roles in adult associative learning, the effects of psychedelics on
reversal learning, and its involvement in cortical development. By implementing 5-HT as a
multiplicative gating mechanism that scales down inputs according to their uncertainty and
saliency, the model successfully replicates the inhibition of misleading sensory information,
thereby enhancing learning accuracy in noisy environments (Figure 29). In adult learning tasks,
the model demonstrates how 5-HT mitigates the disruptive impact of high-saliency misleading
stimuli by reducing their influence in internal model updates (Figure 30), aligning with observed
behavioural effects in chapter 5. For reversal learning, simulating the removal of this gating
mechanism — analogous to the decreased extracellular 5-HT in S1BF following psychedelic
administration — predicts an increased learning rate (Figure 31), accurately capturing the
improved performance observed in chapter 5. Additionally, the model provides a potential
explanation to the overexpression of SERT as a way of increasing cortical neuroplasticity in
early mammalian development. Moreover, the model accounts for how early 5-HT increases,
triggered by SERT genetic or pharmacological disruption, can decrease node activation and
increase cell death during a period of activity-dependent pruning (Figure 32), as we observed in

chapters 2-4.
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This input-gating deep neural network framework offers a mechanistic account that integrates
multiple roles of 5-HT, suggesting its broader applicability to other areas of 5-HT research. Our
model is amenable to increasing its complexity to capture other phenomena through changes in
task settings, architecture and other hyperparameters. Moreover, the ability of the model to
replicate diverse experimental results indicates that input gating might be a general principle
underlying the function of 5-HT in cortical microcircuits. Further application of this model may
provide new insights into the complex and multifaceted functions of 5-HT in both health and

pathology.
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/. General Discussion

7.1 Summary of main findings

This thesis investigates the role of cortical 5-HT in shaping cortical population dynamics, and its
subsequent effects in cortical neurodevelopment and adult behaviour using head-fixed
two-photon imaging combined with genetic, pharmacological and optogenetic manipulations of

cortical 5-HT.

In chapter 2, we used a novel 5-HT biosensor to identify the release of 5-HT in S1BF in
response to sensory stimulation (i.e., whisker deflection) that scaled with stimulus saliency,
novelty, and presence of reward, as well as during developmental sleep-wake 5-HT fluctuations.
We also observed evidence that 5-HT release is buffered in early development (until P10)
through the transient overexpression of SERT in thalamocortical projections, leading to a lack of
detectable increases in 5-HT release upon sensory stimulation. However, sleep-wake 5-HT
fluctuations and 5-HT increases in response to salient stimuli were still detectable at this stage
in early life. In this chapter, we also observed localised release of 5-HT in S1BF L2/3,
particularly in regions rich in VIP interneurons, proving the potential for targeted synaptic

release of 5-HT release, beyond volumetric transmission.

In chapter 3, we used in vivo two-photon calcium imaging in S1BF to characterise how life-long
genetic knockout of the developmental 5-HT buffering system SERT leads to an impairment of
H-events, resulting in early cortical hypoactivity. At the age of cortical decorrelation (P11), the
cortical activity of SERT-KO mice transitioned into hyperresponsivity to sensory stimulation
which was still observable by P16. This hyperactivity was concomitant with evidence of an

overactivation of VIP interneurons in the SERT-KO mice, together with underactivation of
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Nkx2-1 interneurons. In adult SERT-KO animals (>8 weeks), there was a reduction in the
number of PV-expressing interneurons in S1BF. Notably, in the adult cortex of these animals, we
did not observe any alterations in sensory encoding as revealed by calcium imaging during

exposure to diverse somatosensory stimuli, thus suggesting a compensatory mechanism.

In chapter 4, using in vivo two-photon calcium imaging, we expanded this work by studying the
effects of postnatal exposure (P2-14) to the SSRI fluoxetine, a model of transient
pharmacological SERT disruption. In S1BF of SSRI postnatally-treated mice, we observed an
impairment of H-events and early hypoactivity, with a transition into hyperactivity that was still
observable in the adult cortex. We also observed a decrease in the number of Nkx2-1
interneurons and an increase in VIP interneurons in SSRI postnatally-treated mice, evidencing
that early SERT disruption interferes with the survival of diverse interneuron subpopulations.
This finding also highlighted a long-lasting cortical hyperactivity phenotype in response to this

transient developmental alteration in 5-HT.

In chapter 5, we used all-optical two-photon calcium imaging and two-photon optogenetics of
5-HT terminals in S1BF to study the effects of local 5-HT release in cortical activity. We
observed that optogenetically-evoked 5-HT release inhibited calcium signals in S1BF L4, the
canonical thalamo-recipient layer of cortex, while producing a mixture of inhibition and excitation
in L2/3. Then, we studied the effects of S1BF 5-HT on learning. For this, we trained
water-restricted SERT-Cre animals, with an opsin in DRN, in an air puff discrimination paradigm
in which misleading information was presented. Optogenetically-evoked 5-HT release in S1BF
during misleading trials reduced the learning disruption evoked by these trials. Thereby, we
identified a role for S1BF 5-HT in gating unreliable streams of bottom-up information. Moreover,

we found that systemic administration of the psychedelic drug psilocin reduced S1BF 5-HT and
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increased the learning rate during a reversal learning air puff discrimination task. This provided

correlative evidence of decreases in S1BF 5-HT increasing learning rate.

In chapter 6, we used theoretical neuroscience approaches to design a deep gated neural
network model with exact analytical solutions that captured how 5-HT dynamics and its effects
in cortex can lead to the shaping of learning dynamics in adult and developing mice. Thus, we
provide a theoretical framework for the interpretation of the experimental findings obtained in

this thesis.

7.2 Discussion of main findings

7.2.1 Role of 5-HT in cortical development

Our results suggest that 5-HT signalling in the early postnatal cerebral cortex is tightly regulated
to ensure appropriate instruction of bottom-up sensory circuits. We found that 5-HT fluctuated
with behavioural state in the early postnatal cortex, as previously reported in adults (Deng et al.,
2024; Kato et al., 2022). We also observed that aversive stimulation triggered detectable 5-HT
increases in S1BF as previously reported in adult electrophysiological recordings of the DRN (J.
Y. Cohen et al., 2015). However, early transient SERT expression ensured a lack of detectable
5-HT increases in S1BF upon non-aversive sensation. These results support previous
speculation that the role of transient SERT expression in thalamocortical axons to sensory
cortices is buffering extracellular 5-HT in early ages (E15-P10) (Salichon et al., 2001; Teissier et
al., 2017). Disruption of this early buffering by either genetic SERT-KO or exposure to the SSRI
fluoxetine resulted in early decreased cortical activity (<P10), likely due to the overactivation of
5-HT,z receptors in thalamocortical projections (Bennett-Clarke et al., 1993; Salichon et al.,

2001) and 5-HT;, receptors in interneurons located in upper layers (Che et al., 2018). These
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results are also consistent with findings from previous electrophysiological and imaging studies
of a predominantly inhibitory effect of 5-HT in adult sensory cortices (Azimi et al., 2020; Lottem
et al., 2016; Seillier et al., 2017). Further, in light of 5-HT sleep-wake fluctuations, this early 5-HT
neuromodulation of cortical activity can provide a state-dependent mechanism for the previously

reported regulation of developmental cortical activity (Blumberg et al., 2022).

Subsequently we observed altered development of interneuron subtypes involved in bottom-up,
feedforward inhibition (Nkx2-1) (Marques-Smith et al., 2016) and top-down inhibitory control
(VIP) (S. Zhang et al., 2014). Namely, in SERT-KO mice we observed VIP hyperactivity and
Nkx2-1 early hypoactivity with subsequent reduced PV expressing interneurons in the adult
cortex. In SSRI postnatally-treated mice, we observed an early hyper-recruitment of Nkx2-1
interneurons, as well as an increase in VIP and a decrease Nkx2-1 survival in the adult cortex.
As such, these findings support the idea that 5-HT is a critical modulator of activity within cortical
microcircuits in a manner consistent with the reported role of 5-HT in interneuron development

(De Gregorio et al., 2020; Frazer et al., 2015; Murthy et al., 2014; Wong et al., 2022).

Disrupted early regulation (i.e, SERT-KO and postnatal-SSRIs) resulted in a developmentally
hyperexcitable S1BF that persisted into adulthood in the case of mice postnatally-treated with a
SSRI. These results provide a neurophysiological account that builds on reported alterations of
sensory map formation in sensory cortices of SERT-KO rodents (Cases et al., 1996; De
Gregorio et al., 2020, 2020; Salichon et al., 2001). We further observed an effect arising from
maternal phenotype (Jones et al., 2010; Sjaarda et al., 2017), namely that wildtype mice
generated by breeding SERT-het dams exhibited a distinct and subtle change to early
supragranular GABAergic innervation (Supplementary figure 3) (Marques-Smith et al., 2016),

one that leads to life-long changes in baseline dynamics.
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While the cortical hyperexcitability of SSRI postnatally-treated mice remained present in the
adult cortex, this effect was not present in adult SERT-KO mice, despite reduced PV interneuron
numbers, suggesting the involvement of a compensatory mechanism. This result suggests that
a transient alteration of 5-HT dynamics during a critical period (P2-14 SSRI exposure) might be
more disruptive than life-long changes in 5-HT (SERT-KO). There are three potential
explanations for the different effects of short term pharmacological inhibition of SERT and long
term genetic knockout. The first is that since the levels of cortical inhibition mature to match
levels of pyramidal excitation (Wong et al., 2018), increased 5-HT during this period of
interneuron plasticity leads to an irreversible imbalance in cortical excitation and inhibition. This
hypothesis is particularly interesting in light of our adult results reporting that 5-HT leads to
bottom-up thalamic input gating. Thus, with a higher input gating, less inhibition might be
required, and the levels of gating could influence the levels of inhibition defined in this critical
period. Then, given that the increased bottom-up gating is life-long in SERT-KO mice but not in
the developmental SSRI exposure, it would justify why only the latter presents adult

hyper-excitability.

The second explanation is that the observed increase in survival of VIP interneurons in
SSRI-treated mice is responsible for the long-lasting hyperexcitability, given the previously
reported disinhibitory motif of these interneurons in cortical microcircuits (Kullander & Topolnik,
2021; S. Lee et al., 2013). Notably, the lack of alterations in VIP interneuron numbers of
SERT-KO mice across S1BF layers is in contradiction with a previous study reporting migration
deficits leading to increases in VIP interneurons in deep layers and a reduction in upper layers

(Frazer et al., 2015).

The third explanation for the observed differences between SSRI-treated and SERT-KO mice

lies in the off-target effects of SSRIs beyond SERT inhibition. SSRIs are known to interact with
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other molecular targets, including various 5-HT receptor subtypes, norepinephrine transporters,
(Owens et al., 1997) and the Trkp receptor (Casarotto et al., 2021). These off-target interactions
could influence neuronal development and circuit formation in ways distinct from the effects of
elevated extracellular 5-HT due to SERT disruption. For example, SSRI binding to Trk(
receptors could alter intracellular signalling pathways and calcium dynamics, potentially
contributing to the observed phenotypes in SSRI-treated mice. Additionally, modulation of
norepinephrine reuptake may further amplify neuromodulatory imbalances during critical
developmental windows. These off-target effects might explain why transient SSRI exposure
produces a phenotype distinct from the lifelong genetic absence of SERT. To disentangle the
contribution of off-target effects, future studies should investigate the effects of SSRI treatment
in SERT-KO mice as a control. Such experiments would allow to isolate the impact of
SSRI-induced SERT-independent mechanisms on cortical development and activity, providing a

more in-depth understanding of SSRI pharmacology in the developing brain.

The current findings that altered 5-HT signalling in early life alters cortical excitability connects
with evidence that both genetic variation in SERT (H.-J. Lee et al., 2005; Murphy & Lesch, 2008;
Nicolini, 2010; Pezawas et al., 2005; Veenstra-VanderWeele et al., 2012) and developmental
exposure to SSRIs (Koc et al.,, 2023; Morales et al., 2018) are risk factors for psychiatric
neurodevelopmental disorders. Notably, the majority of these disorders (e.g., ASD) have also
been associated with alterations in the integration of bottom-up and top-down pathways
(LeDuke et al., 2023; Ursino et al., 2022) as well as excitation-inhibition balance (Contractor et
al., 2021; Fogaca & Duman, 2019; Girgenti et al., 2021), two phenotypes observed in our
models of early-life disruption of 5-HT dynamics. Further, our observations of hyperexcitability in
adult S1BF of SSRI postnatally-treated mice are in accord with the pathophysiology of sensory
hypersensitivity, present in neurodevelopmental disorders such as ASD (Marco et al., 2011),

and associated with altered GABAergic signalling (Green et al., 2015; Sapey-Triomphe et al.,
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2019) (Kourdougli et al., 2023). Finally the observed 5-HT responses to aversive stimuli even
with intact SERT, might provide a neurophysiological basis for the previously suggested
interaction of SERT disruptions and early exposure to trauma in neurodevelopmental disorders
(Brown et al., 2013; Delli Colli et al., 2022; Murphy & Lesch, 2008), in that both SERT disruption

and aversive experience trigger early cortical 5-HT increases.

In summary, our results suggest that pharmacological and genetic disruptions of perinatal 5-HT
dynamics can alter cortical patterns of activity, thereby perturbing interneuron integration and

function with consequences for cortical information transfer and sensory encoding in later life.

7.2.2 Role of 5-HT in the adult cortex

Our results with the 5-HT biosensor g5-HT3.0 demonstrate that cortical 5-HT tracks
task-relevant sensory information from the environment including uncertainty, saliency and
reward, in line with previous electrophysiological recordings of 5-HT neurons in the DRN (Feng
et al., 2024; Grossman et al., 2022; Y. Li et al., 2016; Z. Liu et al., 2014; Ocana-Santero et al.,
2024; Paquelet et al., 2022; Ranade & Mainen, 2009). Our all-optical experiments showed that
optogenetically-evoked 5-HT release in S1BF suppresses calcium signals in the
thalamo-recipient layer of S1BF (L4), suggesting inhibition of bottom-up inputs, while producing
a mixture of excitation and inhibition in L2/3. 5-HT release in L2/3 was particularly high in VIP
interneurons that are well-established to be involved in top-down regulation (Bastos et al., 2023;
Piet et al., 2024; Schuman et al., 2021; Wilmes & Clopath, 2019; S. Zhang et al., 2014) and are
excited by 5-HT (Férézou et al., 2002). These results suggest that 5-HT is a critical regulator of
bottom-up versus top-down sources of activity. We also reported that optogenetically-increasing
5-HT downregulates learning from misleading information in an air puff discrimination task.

Under the light of these results, 5-HT scaling with saliency and reward might reflect a need to

126


https://www.zotero.org/google-docs/?1pwk9k
https://www.zotero.org/google-docs/?qyHJKp
https://www.zotero.org/google-docs/?McKVzo
https://www.zotero.org/google-docs/?fJxvs5
https://www.zotero.org/google-docs/?fJxvs5
https://www.zotero.org/google-docs/?fJxvs5
https://www.zotero.org/google-docs/?b13ftH
https://www.zotero.org/google-docs/?b13ftH
https://www.zotero.org/google-docs/?DsYWHl

scale the suppression of misleading information by any factor that increases learning (i.e.,
reward or saliency), as we report that particularly salient misleading information can represent a
major overfitting risk. This role of 5-HT in modulating bottom-up and top-down sources of
activity, can be understood from the light of predictive coding as promoting predictions over
sensation. Moreover, these results align with previous speculation in the field of predictive
coding suggesting that neuromodulatory gating can balance bottom-up and top-down activity to
adjust the rate of update of internal representations (Keller & Mrsic-Flogel, 2018; Yu & Dayan,
2005). However, whether the role of cortex really is predictive coding is still a matter of debate

(Furutachi et al., 2024).

Interestingly, we did not observe differences in licking behaviour (i.e., trial performance) during
the optogenetic 5-HT stimulation, as other studies performing bulk optogenetic activation of
5-HT neurons in the DRN, through the implantation of an optic fibre, have reported (Dugué et
al., 2014; Fonseca et al., 2015; K. W. Miyazaki et al., 2014). Namely, these studies have
reported an increased mechanosensory threshold for perception and promotion of waiting for
future rewards. However, our optogenetically-evoked 5-HT release was performed by shedding
light directly on top of S1BF through a cranial window, thus inducing more localised 5-HT
release. Our results can be understood from previous studies suggesting that the cortex is
crucial for the learning of behaviours but not their performance (Kawai et al., 2015; Ostlund &
Balleine, 2005). Thus, we hypothesise that cortical 5-HT gating of bottom-up inputs in sensory
cortices might be playing a predominant role in regulating the learning rate of internal model

update, rather than affecting ongoing behaviour.

In summary, we have identified a key role of cortical 5-HT in dictating the balance of bottom-up
and top-down activity, with second order effects in learning.

7.2.3 5-HT psychedelics drug action in cortex
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In our 5-HT biosensor experiments we found that systemic administration of the psychedelics
psilocin or LSD, as well as the non-hallucinogenic analogue lisuride, all decreased cortical 5-HT
release. Moreover, we observed that psilocin injection also triggered increases in reversal
learning. Since we have previously reported that 5-HT increases in S1BF decrease bottom-up
inputs and learning rate, we speculate that the decrease in 5-HT triggered by psilocin injection
could be causally linked to the increase in reversal learning. In agreement with this hypothesis,
fMRI human studies have shown an overactivation of bottom-up, and depression of top-down,
pathways upon psychedelic drug exposure (Alonso et al., 2015; Aqil & Roseman, 2023). We
speculate that this increased bottom-up information transfer may upregulate learning rate and

partly account for the neuroplastic effect of psychedelics (de Vos et al., 2021).

In support of this role of cortical 5-HT in downregulating learning rate, a study in rodents showed
that pharmacologically elevating 5-HT decreases the transition from cocaine consumption to
compulsion through 5-HT,g receptor activation in orbitofrontal cortex projections to striatum.
Reciprocally, reducing this signalling through a knockout of 5-HT g in this pathway increases the
transition to compulsion (Y. Li et al., 2021). This decrease of the transition to compulsion by
5-HT can be interpreted as a decrease in learning rate, reducing overfitting to a particular
source of reward. Another study in agreement has shown that increasing synaptic 5-HT release
in humans, using a selective 5-HT releasing agent, decreases learning in aversive contexts
(Colwell et al., 2024). However, while we argue towards a role of 5-HT decreases in
upregulating learning, it is not the only mechanism having this effect of psychedelics, since
these drugs induce neuroplasticity — subsequently impacting learning — through several
pathways. This is illustrated by the fact that psychedelics can induce neuritogenesis and
spinogenesis in cell culture, without changes in 5-HT supply (Ly et al., 2018). In fact,

psychedelics also trigger directly signalling pathways involved in neuroplasticity such as
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intracellular 5-HT,,R (Vargas et al., 2023) and direct binding to TRkL (Moliner et al., 2023)

receptors.

The fact that the non-hallucinogenic analogue lisuride also triggers a strong 5-HT decrease,
suggests that this mechanism does not underlie hallucinogenic experience. In fact this argument
has been previously used to rule out the 5-HT theory of the hallucinogenic effect of psychedelics
(Rogawski & Aghajanian, 1979; Trulson et al., 1981) . However, lisuride has also been ascribed
anti-depressants effects (Qu et al., 2023), supporting the possibility that 5-HT decreases,

through increasing learning rate, contribute to the neuroplastic effect of these drugs.

In summary, we provide correlative evidence that 5-HT cortical decreases triggered by acute
psychedelics lead to an increase in learning rate and, subsequently, contribute to the
neuroplastic effect of these drugs. While the correlative nature of these results makes this
theory highly speculative, we believe its translational relevance as a potential

non-hallucinogenic neuroplasticity-inducer mechanism grants further research.

7.2.4 5-HT modelling to support a theory of 5-HT action in the CNS

We have developed a deep gated neural network theoretical model of 5-HT to account for our
experimental results. In our model the consequences of changes in cortical 5-HT on learning
are second order effects of input gating that impact the activation of the neurons. While this is
biologically plausible, we cannot rule out the possibility that changes in learning rates are
mediated by signalling pathways beyond activity-dependent mechanisms. Nevertheless, our
model successfully captures how the dynamics and effects of 5-HT in learning, psychedelic drug
action and cortical neurodevelopment, relate to their shaping of learning dynamics as measured

in our behavioural task.

Beyond the phenomena that we have modelled, this model could be conceptually expanded to

address other roles of 5-HT. For example, a major change in 5-HT dynamics is observed during
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sleep-wake (Deng et al., 2024; Kato et al., 2022), with 5-HT release dropping during REM sleep,
consistent with the heightened neuroplasticity observed in cortex during this sleep stage (Aime
et al., 2022). 5-HT dynamics have also been found to change with movement (Kubitschke et al.,
2022), which is interesting since a gating mechanism of bottom-up sensory information
self-generated by movement has been suggested as critical for the cortical predictive coding
framework (Keller & Mrsic-Flogel, 2018) and could thus be implemented by 5-HT. From this
model, a potential relationship of 5-HT with neuropsychiatric conditions such as MDD or PTSD
(Pourhamzeh et al., 2022) can be made through the lens of changes in learning rate making the
brain susceptible to overfitting to traumatic experiences, well-known triggers of these conditions

(S.-K. Wang et al., 2023).

Our model of cortical 5-HT aligns with previous theories of the role of 5-HT in the CNS. The
opponency theory proposes that 5-HT plays antagonic effects to other neuromodulators such as
dopamine and noradrenaline to balance behaviour and decision-making (Boureau & Dayan,
2011). In line with this theory, our results and model situate 5-HT as a downregulator of cortical
plasticity, exerting antagonic effects to other monoamines such as dopamine and noradrenaline
that might increase learning rate. The cognitive flux theory suggests that 5-HT tone sets
different cognitive modes as a function of how demanding tasks are (Shine et al., 2022). Our
study suggests that 5-HT promotes top-down information and reduces learning rate, both of
which would be beneficial in cognitively demanding tasks in which associations are not evident.
Finally, the recent suggestion that 5-HT dynamics encode state value, suggests that the firing
rate of 5-HT neurons can be accounted for by a model encoding predicted value of actions
(Harkin et al., 2023). From our model, this could be understood from this cortical role as an
scaling of the gating by the expected value, to avoid overfitting to unreliable experiences despite

their high predicted value.
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In summary, we have developed a theoretical framework that accounts for our experimental
results, and that could potentially be expanded to capture further results in the field of 5-HT

research.

7.3 Limitations and future directions

7.3.1 Beyond early postnatal development

Our developmental study of the effects of SERT disruption is limited to measurements during
postnatal development. We identify P2-14 as a critical period for the 5-HT neuromodulatory
control of excitatory-inhibitory balance in S1BF. However, the 5-HT innervation of cortex
predates this critical period, and maternal supply of 5-HT also takes place early in embryonic
development (Bonnin & Levitt, 2011). Indeed, alterations in maternal 5-HT supply in rodent
models (e.g., maternal KO of the 5-HT producing enzyme tryptophan hydroxylase 1 (tph1))
result in changes to embryonic morphogenesis (Cété et al., 2007), and maternal SERT
polymorphisms are also associated with neurodevelopmental disorders (Beversdorf et al., 2021;
Jones et al., 2010; Sjaarda et al., 2017). Neonatal alterations in 5-HT (P0-P2) can also disrupt
thalamocortical map formation (Sinclair-Wilson et al., 2023; Toda et al., 2013). Moreover, cortical
interneurons still undergo developmental processes during adolescence (Caballero et al., 2014;
Larsen & Luna, 2018), and disruption in 5-HT,, receptors during adolescence in a rodent model
can trigger a depression-like phenotype (Garcia-Garcia et al., 2017). Altogether, these studies
highlight that 5-HT plays a plurality of roles in cortical development, all of which have the
potential to impact the emergence of cortical population dynamics. Future studies should
characterise the effects of disrupting SERT, or 5-HT dynamics, in different developmental
windows while employing similar longitudinal imaging approaches, in order to fully elucidate the

complex roles of 5-HT in cortical development.
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7.3.2 Beyond voltage-dependent mechanisms

Our findings are limited in their ability to disentangle the metabotropic effects of 5-HT GPCRs on
calcium signalling from direct voltage-dependent mechanisms. The calcium signals recorded
using the GCaMP6s sensor may include components driven by receptor-mediated calcium
release from intracellular stores, beyond changes in membrane potential. For instance,
activation of 5-HT2A receptors via Gg-mediated pathways could enhance intracellular calcium
through phospholipase C activity, potentially confounding interpretations of synaptic activity
derived from calcium sensor readouts. This highlights the need for electrophysiological
recordings to provide a more comprehensive understanding of the voltage-dependent

mechanisms underlying 5-HT effects (Akhmetshina et al., 2016).

Moreover, the distinct phenotypes observed in SERT-KO and SSRI postnatally-treated mice
may reflect broader second messenger dysregulation beyond the immediate voltage-dependent
effects of 5-HT. Alterations in 5-HT availability could influence downstream pathways, such as
cAMP or IP3/DAG cascades, resulting in long-term effects on gene expression and
neurodevelopment. These findings suggest that some of the observed behavioral and cellular
changes might stem from altered second messenger signalling rather than solely

activity-dependent mechanisms.

To address these limitations, future work should leverage emerging tools that allow
cell-type-specific and receptor-specific activation or inhibition, such as optogenetically-activated
GCPRs (e.g., (Barzan et al., 2024) use optogenetically-activated 5-HT,,R). These approaches
enable precise manipulation of GPCR pathways in distinct neuronal populations and provide
valuable insights into the network-level consequences of receptor-specific 5-HT signalling.

Combining such advanced techniques with electrophysiological recording strategies will help
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disambiguate the contributions of specific receptors and their downstream signalling pathways

in shaping neural circuit function.

7.3.3 Beyond S1BF

Our study is limited to the characterization of 5-HT dynamics in S1BF. The neurodevelopmental
consequences of SERT disruption, and subsequent 5-HT increases, are potentially similar in
other sensory cortices, given the widespread ftransient overexpression of SERT in
thalamocortical projections (Narboux-Néme et al., 2008; W. Pan et al., 2021). However, the
developmental timelines and processes involved in the cortical development of different sensory
cortices such as S1 and V1 are markedly different (Ghezzi et al., 2023), therefore challenging
the assumption that an identical 5-HT developmental mechanism will be taking place.
Association cortices also present transient SERT overexpression, which could suggest a similar
buffering role. However, this expression is confined to deep layer pyramidal neurons
(Narboux-Néme et al., 2008; Rebello et al., 2014) instead of thalamocortical projections to L4.
Previous work has identified this transient SERT expression in association cortices as a critical
regulator of PFC-to-DRN synaptic connectivityy, and whose disruption leads to
anxiety/depressive-like symptoms (Soiza-Reilly et al., 2019). Future studies using longitudinal
imaging approaches should address whether altered 5-HT signalling has similar effects on

emerging cortical population dynamics in this cortical region as observed here in S1BF.

Regarding our findings in the S1BF of adult mice, It is possible that the proposed 5-HT control of
bottom-up input gating occurs in other sensory cortices. This is especially so given that
gain-evoked effects of 5-HT are reported on sensory-driven activity in V1 (Azimi et al., 2020;
Seillier et al.,, 2017) and olfactory cortex (Lottem et al., 2016). The promotion of top-down

activity by 5-HT is also likely common in other cortical circuits, given the widespread distribution
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of 5-HT3;sR-expressing VIP interneurons across cortex (Szadai et al., 2022). Moreover, some
neurophysiological studies have also suggested a role of 5-HT in gating inputs into association
cortices (Kjaerby et al., 2016), thalamus (Reggiani et al., 2023) or amygdala (J.-D. Guo et al.,
2017), suggesting that this mechanism could be implemented across diverse 5-HT targets.
Nevertheless, the widespread distribution and functional diversity of the 5-HT system (Okaty et
al., 2019) indicates that it likely plays a plethora of roles in other regions. This is well exemplified
by a study characterising the functional diversity of the 5-HT system in which they describe the
involvement of DRN-to-frontal cortex projections in active coping and the role of

DRN-to-amygdala projections in anxiety-like behaviours (Ren et al., 2018).

Thus, future studies should use similar approaches to characterise the dynamics and effects of
5-HT in other cortical and subcortical circuits across mammalian life, to clarify whether a
common gating mechanism, as well as developmental effect, is observed in other regions, and

elucidate other roles of 5-HT sub-circuitry.

7.3.4 Beyond associative learning

Our study of the effects of 5-HT in learning is limited to the application of
optogenetically-released 5-HT during misleading trials on an associative Pavlovian learning task
and psilocin-induced changes in 5-HT function during reversal learning. Previous studies have
found a high variability in the effects of bulk activation of 5-HT neurons in the DRN during
learning as a function of inter-stimulus interval duration (ligaya et al., 2018), type of learning
(e.g., associative vs reversal learning) (Kanen et al., 2021), trial outcome (i.e., reward vs
punishment) (Michely et al., 2022), reward probability and timing uncertainty (K. Miyazaki et al.,
2018). All these studies highlight the complexity of the effects of 5-HT in different tasks. Thus,
future studies could optogenetically-evoke a local release of 5-HT during different types of

learning paradigms, to fully clarify the effects of cortical 5-HT on learning dynamics.
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7.3.5 Beyond 5-HT

This thesis is devoted to the exploration of the functions of cortical 5-HT. However, cortical
circuits are influenced by a mix of neuromodulators, including dopamine, noradrenaline,
acetylcholine, histamine and oxytocin (Galvin & Disney, 2023). All of these neuromodulators
present complex dynamics and effects (Galvin & Disney, 2023). Moreover, these
neuromodulatory systems interact with each other (Avery & Krichmar, 2017). For example 5-HT
DRN neurons excite VTA dopaminergic neurons (H.-L. Wang et al., 2019) and noradrenergic
neurons in the locus coeruleus excite DRN 5-HT neurons (Pudovkina et al., 2002). This
complex arrangement of neuromodulators likely shapes cortical population dynamics throughout
mammalian life, thus effects extend beyond that of a single neuromodulator. Future studies
could explore how other neuromodulators shape cortical dynamics and subsequently behaviour

using similar approaches to the ones applied in this thesis.

7.3.6 Beyond a gated deep neural network model

In this project, we account for the effects of 5-HT in adult learning, psychedelic neuroplasticity
and cortical neurodevelopment, using a gated deep neural network model. However, our model
comes with several limitations. Firstly, we do not perform comparisons of our model with other
alternative theoretical models (e.g., theory of state value (Harkin et al., 2023)). Secondly, our
model is focused on the role of 5-HT in gatting bottom-up cortical inputs and did not implement
5-HT promotion of top-down circuits. Thirdly, our model of the effects of 5-HT in learning
enforces the observed 5-HT dynamics in cortex as known values of the gate, and as such it
does not provide a model of how 5-HT dynamics evolve across learning (see reference (Harkin

et al., 2023) for a model accounting for 5-HT dynamics). Fourthly, while deep neural networks
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represent a plausible model of the cortical architecture, they do not fully recreate the biological
complexity of cortical circuits in terms of neuronal subpopulations, connectivity and learning
rules. Thus, future studies could aim to build onto this mechanistic implementation of 5-HT, by
increasing its architectural complexity and by applying biological constraints (e.g., top-down
modulation, inhibitory/disinhibitory nodes, recurrent connections...), to provide a more precise

theoretical depiction of the function of cortical 5-HT.

7.4 Conclusions

Throughout this thesis, we have characterised the dynamics and effects of cortical 5-HT using
S1BF as a canonical model of cortical circuitry and sensory processing. This work highlights the
likely role of 5-HT in modulating bottom-up and top-down activity, in order to adjust the learning
rate of internal model update throughout mammalian life. This role of 5-HT appears particularly
critical in early postnatal development as it influences the establishment of excitatory-inhibitory
circuits through distinct effects on interneuron subpopulations. We have characterised this role
of 5-HT wusing translationally-pertinent contexts relevant to neuropsychiatric treatment
(psychedelics) and pathology (postnatal SSRIs and SERT polymorphisms). Finally, we have
created a mechanistic theoretical model to account for our results, that is amenable to model

future findings, with the aim of achieving a comprehensive theory of 5-HT in the CNS.
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8. Materials and Methods

8.1 Animals

Experiments were approved by the local ethical review committee at the University of Oxford
and performed in accordance with UK Home Office project licences P861F9BB7, PE5B24716
and PP8136190 under the UK Animals (Scientific Procedures) 1986 Act. The following mouse
lines were used SERT- mutant (Slc6a4(tm1Kpl/J)), Nkx2-1-Cre (Tg(Nkx2-1-cre)2Sand/J),
VIP-Cre (Viptm1(cre)Zjh/J), Ai9 (Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J), SERT-Cre
(B6.129(Cg)-Slc6adtm1(cre)Xz/J) VGLUT3 conditional KO (VGLUT3"*P*") and wild type
C57BL/6J mice. Mice of either sex were generated via targeted breeding and housed in a
temperature-controlled room under a 12 h light/12 h dark cycle with free access to food and
water ad libitum. Number of animals (i.e., experimental sample sizes) are specified at each

figure caption.

8.2 Surgery
8.2.1 Neonatal injections

Intracranial injections were performed at postnatal day O0-1 as in previous work
(Hoerder-Suabedissen et al., 2022). Mice were anaesthetized with 3.5% isoflurane (1 L/min) in
an induction chamber, and were then kept under anaesthesia using a custom designed nose
cone (Ho et al., 2020). With a Nanoject Ill injector (Drummond) and a motorised stereotaxic arm
(MCI), animals were injected in S1BF (AP 1.4 ML 1.5 from lambda) penetrating through the skull
(right hemisphere). Pups were injected with 300 nL of either AAV9.hSyn-g5-HT3.0

(WZBiosciences, titre 2 1x10*3 v.g./mL), and AAV1.hSyn.GCaMP6s.WPRE.SV40 (Addgene,
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titre > 1x10M3 v.g./mL). Injections of 100 nL were performed at a rate of 23 nL/sec at 3 different
depths from skull surface: 600, 450 and 300 um. After ~20 sec the capillary needle was
extracted and the pups were placed on a Thermacage (Datesand technologies) for recovery. In
order to remove surgical odours, pups were rubbed in nesting material before being returned to

their dam.

8.2.2 Adult intracerebral injections
Mice were anaesthetised with isoflurane, head-fixed in a stereotaxic frame (Stoelting) and a 1
cm incision was performed on the scalp prior to craniotomy. A <0.5 mm craniotomy was drilled
at the injection coordinates. Then the viral vector or CTB solutions were loaded into a glass
micropipette (Drummond) and injected over 3 min. After a further 3 min waiting period, the
micropipette was withdrawn, and the wound was closed with absorbable surgical stitches

(Vicryl). Mice were then placed on a heating pad until recovery.

Viral vectors, and CTB, volumes as well as concentrations for adult injections were as follow:

Reagent Titre/Concentration Volume Injection site

coordinates (mm)

AAV9.hsyn.gbHT1.0
(Addgene)

21x10" vg/mL

100 nL (x3 injections)

S1BF (AP =-1.9, ML
=3.0and DV =0.3)

AAV9.hsyn.gbHT3.0
(WZBiosciences)

21x10" vg/mL

100 nL (x3 injections)

S1BF (AP =-1.9, ML
=3.0and DV =0.3)

AAV-Syn-FLEX-rc[Ch
rimsonR-tdTomato]
(Addgene)

1x10" vg/mL

30 nL (x3 injections)

DRN (AP = -4.75, ML
=0.1and DV = 2.6)

AAV1Syn.GCaMP6s.
WPRE.SV40
(Addgene)

1x10™ vg/mL

100 nL (x3 injections)

S1BF (AP =-1.9, ML
=3.0and DV =0.3)

AAV.1Syn.NES.jRCa
MP1a.WPRE.SV40
(addgene)

1.9x10" vg/mL

100 nL (x3 injections)

S1BF (AP =-1.9, ML
=3.0and DV =0.3)
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Cholera Toxin | 1.0 mg/mL 180 nL (x1 injections) | S1BF (AP =-1.9, ML

Subunit B =3.0and DV =0.3)
(Recombinant), Alexa

Fluor™ 647

Conjugate

(Invitrogen)

Cholera Toxin | 1.0 mg/mL 180 nL (x1 injections) | S2 (AP = -1.4, ML =
Subunit B 4.3 and DV =0.75)
(Recombinant), Alexa

Fluor™ 488 PFC (AP =1.8, ML =
Conjugate 0.3 and DV =1.8)

(Invitrogen)

Table 1. Injection reagents with concentration, volume and coordinates. AP:
Antero-Posterior (from bregma), ML: Medio-Lateral (from the closest point of the midline) and
DV: Dorso-Ventral (from the brain surface).

8.2.3 Developmental cranial windows

P6-7 mice were kept on a heating pad to avoid hypothermia and anaesthetized with 4%
Isoflurane (1 L/min) in an induction chamber. Then, mice were placed in a face mask delivering
isoflurane, the concentration was constantly adjusted to keep the mice in a safe anaesthetic
depth (1-4%), and fixed with earbars in a stereotaxic frame. Following incision and partial
removal of the scalp, 0.5% lidocaine was applied at the wounded area and a blue lamp with a
GFP filter mounted on a miner helmet (BLS) were used to identify the region of GCaMP
expression. g5-HT3.0 was generally not detectable through the skull and coordinates AP = 2.4,
ML = 2.8 were used. Then, a manually thinned head-fixing plate (<0.3 g) was cemented
(Super-bond, Dental Prestige) over the region of interest and, once dry, the animal was
head-fixed and a 3 mm craniotomy was performed over the injected area (~S1BF) using an
insulin syringe (BD). Once hemostasis was achieved, two coverslips (3mm and 4mm) (Warner
instruments) glued together with optical adhesive (Norland) were placed over the craniotomy.
Then, the craniotomy was sealed with Vetbond (3M) and fixed with dental cement (Super-bond,
Dental Prestige). Animals were allowed to recover for at least 30 min on a heat-pad before

being returned to their homecage. No signs of abnormal skull or brain development were
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observed in these animals (Supplementary figure 12). Moreover, their developmental timeline
(e.g., eye opening) was similar to animals that did not undergo the procedure (Supplementary
figure 12). Good cranial window visibility was maintained throughout development

(Supplementary figure12).

8.2.4 Adult cranial windows

Mice were anaesthetised with isoflurane and subcutaneously injected with Metacamp
(Boehringer Ingelheim) and Vetergesic (Ceva). Then mice were head-fixed in a stereotaxic
frame (Stoelting) and the scalp was removed to allow placement of a head-fixing plate
(0.6-0.8g) which was fixed to the skull using dental cement (Superbond, Sun Medical). A
craniotomy (3 mm diameter) was performed over the right hemisphere S1BF (centre of the
window AP = -1.9, ML = 3.0) using a surgical drill (Volvere Surgical Drill i7 NSK Monobloc) and
two coverslips (3 and 4 mm diameter) (Warner Instruments) attached to each other with optical
glue (Norland) were placed over the craniotomy, sealed with vetbond (3M), and immobilised with

dental cement. Mice were then placed on a heating pad until recovery (15-30 min).

8.3 Drug delivery

8.3.1 Postnatal SSRIs

Pups were gently scruffed and 10% sucrose or fluoxetine (10 mg/kg of body weight, Supelco)
diluted in 10% sucrose were delivered with a P10 micropipette delicately introduced on the tip of
the mouth. The dam was kept in a different cage during pup-treatment and the procedure was
kept under 15 minutes, to avoid excessive maternal separations. Animals were dosed using a
fresh drug dilution of 0.1 mg/ml, daily from P2 to P14, both included, maintaining a regular time
of the day for dosage within the same litter. On surgery days, pups were dosed prior to surgery.
During imaging days, each animal was dosed 5 minutes before the start of its first recording to

keep time from dosing homogeneous across animals.
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8.3.2 Other drugs
While postnatal SSRI dosage was performed orally, 5-HT psychedelics and MDMA were
delivered intraperitoneally in adult mice, the following reagents, solution vehicles and

concentrations were used:

Drug Supplier Concentration Vehicle

Psilocin Cayman Chemical 2 mg/kg Tartaric acid + NaOH
(to bring pH to 5-7)
and diluted in saline
+ glucosaline

Lisuride Biotechne Tocris 2 mg/kg Saline
LSD Sigma-Aldrich 0.2 mg/kg Saline
MDMA Sigma-Aldrich 10 mg/kg Saline

Table 2. Psychedelics used with respective supplier, concentration and vehicle. All
concentrations and vehicles were chosen based on previous published studies (de la Fuente
Revenga et al., 2022; Gonzalez-Maeso et al., 2003).

8.4 Two-photon imaging

8.4.1 Microscope and settings

Recordings were performed on a resonant galvo scanning 2-photon microscope (Bruker) with a
Chameleon Ultra Il laser (Coherent) and 50 mW of power on sample (except for L4 jRCaMP1a
recordings, in which 80 mW were used). A 16x/0.8-NA water immersion objective lens (Nikon)
was used. g5-HT3.0, and GCaMP6s were imaged using a 920 nm beam, tdTomato was imaged
at 765 nm, and jRCaMP1a at 980 nm. Imaging was performed at a frame rate of 30 Hz in a
square field of view (643x643 ym for GCaMP6s and 287x287 um for g5-HT3.0). All recordings
were obtained at ~150 pym from the brain surface (cortical L2/3), except for L4 recordings in

chapter 5 (Figure 24) in which recordings were made at 350 um from the brain surface.
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8.4.2 Developmental recordings

Animals were imaged daily during a 20 minute baseline session and a 12 minute whisker stimuli
delivery session from P7 to P16 for developmental imaging. The first day of recordings, the field
of view was chosen based on whisker-stimulation responsiveness. Then, the same field of view
was found by matching the sparse patterns of interneurons at the start of the first recording
every day (Supplementary figure 13c), ensuring the same region was recorded. Pups were
surrounded by padding material to minimise heat-loss and homecage nesting material was

added to this padding to reduce stress by adding homecage odours.

8.4.3 Adult recordings

The first day of recordings, the field of view was chosen based on whisker-stimulation
responsiveness. For developmental windows, imaging in adults was performed in mice 8 weeks
or older, only when the window maintained good visibility and excessively bright cells
(potentially calcium-filled) were not present, or very sparsely so (<1% of total cells), in the field
of view. For air puff discrimination behaviour (Figure 26), imaging was performed on days 0, 3,
5, 7 and 10, while for the reversal learning paradigm (Figure 28) imaging was performed both
days. Then, for longitudinal experiments, the same field of view was found by matching either
blood vessel distribution or the sparse patterns of interneurons at the start of the recording
every day, ensuring the same region was recorded. For g5-HT3.0 recordings, the centre of the

image was recorded (i.e., AP =-1.9, ML = 3.0).
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8.5 Optogenetics
8.5.1 One-photon optogenetics

An optic fibre (Thorlabs) was placed directly on top of the S1BF cranial window. 595 nm light
pulses at 20 Hz and 1.5 mW of power on sample during 1.1s total stimulation duration were
used to induce 5-HT release. 5-HT release was confirmed with the g5-HT3.0 sensor
(Supplementary figure 8j-1). When paired to an air puff, the optogenetic stimulation started 1s
before the air puff and ended simultaneously. Black electrical tape was attached around the fibre
and objective to avoid the light being perceived by the mice. To prevent damage to the
photomultiplier tubes, the imaging shutter was closed 0.1 s before light onset, and reopened 0.1
s after light offset, using a custom-made arduino-based circuit. This limited the temporal

resolution of the analysis of the direct one-photon optogenetic effects on cortical activity.

8.5.2 Two-photon optogenetics

Two-photon optogenetics: a 1040 nm laser (Monaco, Coherent) and a spatial light modulator
(BNS, incorporated into the Bruker microscope) were used. Axonal 5-HT stimulation was
performed by creating two masks with 60 targets each with 6 mW of power per target in areas
where tdTomato axons were observed (Figure 24). The stimulation settings consisted of 10
trials of spiral stimulations at 20 Hz lasting 1 second. Optogenetic settings and phase masks for

target stimulation were generated with custom made code (Naparm) (Russell, 2019/2024).
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8.6 Behavioural paradigms

8.6.1 Sensory stimulation

Sensory stimuli were generated pseudo-randomly using custom python code. Whisker
stimulation was delivered with a piezoelectric actuator (Physik Instrumente) connected to a
custom-designed (3D printed) whisker stimulator with modules for single-whisker (glass
capillary), multi whisker (brush), air puff (picospritzer Ill at 80 psi), smooth surface (velcro), or
rough surface (sand paper). All whisker stimuli were delivered oscillating at 20 Hz within the
mouse left whiskers, with a duration of 40ms. For adult passive sensation (chapter 3 and 4)
stimuli were presented 10 times with inter-stimulus intervals between 20 to 30s. The auditory
stimulus was an amplitude and frequency modulated complex tone with a 5 kHz carrier
frequency delivered with a speaker (Dell). All traces were time-locked using PacklO (Watson et

al., 2016).

8.6.2 Air puff discrimination

For “rule 1 only” animals were exposed to the same behavioural paradigm previously described
(Benezra et al., 2024). In brief, adult water-deprived mice (85-90% of their original weight) were
trained over 10 days in the discrimination of two orthogonally oriented air puffs, with only one
associated with reward. Association was measured through licking response, using a
custom-made lickometer. Both air puffs were kept constant at a pressure of 10 PSI across the
10 days, with a duration of 100 ms. Air puff stimulation was delivered with a Picospritzer Il
(Parker) plus a custom made (3D printed) holder. The task was Pavlovian, in that the reward
was delivered independently of the mouse’s behaviour. 10 yL rewards were delivered 0.5 s after

the onset of the conditions stimulus (CS+). Out of the two directions, the choice of air puff
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rewarded was randomised for each animal on day 1, and kept constant thereafter. Rewards
were delivered through a gravity system gated by a solenoid surrounded by noise-absorbing
material. White noise was played throughout the task to ensure the mice did not hear the
solenoid reward delivery. This was confirmed by observing a lack of licking in response to 0 PSI
control air puffs where a reward was delivered (Supplementary figure 7d). Mice performed 180
trials every day (~90 CS+/90 CS-), in randomised order, for a maximum water delivery of 0.9 mL
over 30 min. The intertrial interval was a randomised gap of 8-12 s. Mice were head-fixed and
exposed to non-rewarded air puffs two-days before the start of the training; no other task
shaping was performed. For animals exposed to “rule 1 & 2”7, as well as “rule 1 & 2 opto”, this
paradigm was modified during day 5 and 7 by introducing 25% of trials in which the unrewarded
air puff was paired to reward delivery and vice versa. The air puff pressure for day 5 and 7 was
respectively 10 and 50 PSI. All rule 2 trials were paired with 595 nm light delivery on top of
S1BF (hidden from the animal view with black electrical tape). “rule 1 & 2” (opsin-negative
controls) and “rule 1 & 2 opto” (opsin-expressing experimental animals) underwent the exact
same protocol (including opsin injection), but they were SERT-cre (-) and SERT-cre (+)
littermates (generated from a SERT-cre Het x WT crossing) respectively. Experiments were
performed blind to animal genotype, although Chrimson-tdTomato expression was observable in
S1BF in 5-HT axons (Supplementary figure 7a), limiting our ability to fully blind the
experimenter. All learning paradigms were programmed and delivered using custom-made

Python code and PacklO (Watson et al., 2016).
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8.6.3 Reversal learning

Animals were trained to expert-level in the previous air puff discrimination task, defined as >=
70% accuracy, during the 10 day described paradigm. Then, animals were trained in the
reversal of the task by pairing reward delivery only with the old unconditioned stimulus, during a
two day paradigm. The first day of reversal, animals were injected intraperitoneally with either
vehicle or psilocin (2 mg/kg of body weight) 1h before training. Animals were trained for 180

trials, i.e., 30 min, each day.

8.7 Theoretical model

8.7.1 Gated deep neural network model

We developed a two-layer gated deep neural network model in the teacher-student framework.
Both teacher and student had 400 inputs, a single layer with two nodes that had the error
function as a non-linear activation function, and a single output node. The mean squared error
was used as the loss function. For simulations, accuracy was calculated averaging the number
of trials in which the student output sign (+ or -) matched the output sign of the teacher. For the
analytical solution, accuracy was estimated from monte carlo sampling (from 1000 samples).
Teacher neural networks were initialised at random from a Gaussian distribution of mean 0 and
variance 1. Student neural networks were initialised at random from a Gaussian distribution of
mean 0 and variance 0.001. The student network had to learn the N-to-1 dimensional mapping
of the teacher network through online stochastic gradient descent. Parameters were optimised
for each model comparison. For the general testing of the effect of saliency and misleading trials
(Figure 29), second rule trials (5% of the trials) had Gaussian inputs drawn from N(0,5), while

first rule trials (95% of the trials) were drawn from N(0,1). Misleading trials were randomly
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presented across the whole learning paradigm. The value of the 5-HT-like gate was the inverted
of the variance. Learning rate was 2.5, and the total number of epochs used for training was
25,000. For comparison to the behavioural air puff discrimination paradigm (Figure 30). In order
to account for the behavioural air puff discrimination results, the model settings were adjusted.
Namely, misleading trials were only presented between epochs 720-900 (low variance, all inputs
~ N(0,1)) and 1080-1260 (high variance, all inputs ~ N(0,5)), the learning rate was 7.5, the
prevalence of misleading rule 2 trials was 25% and the total number of training epochs was
1800 (180 epochs per day-equivalent during 10 day-equivalents of training). The 5-HT-like
gating was computed as:

1

ate = ——mm
g Gz(input)*S

Where oz(input) is the variance of the input for that trial and is only in place during that epoch
range.

In the case of the reversal learning modelling (Figure 31), gated deep neural networks with the
same architecture were trained in rule 1 for 1800 epochs at a learning rate of 7.5 and using the
gating implementation described above. From epoch 1801, networks were trained in rule 2 for
another 1800 trials after removal or not of the gating mechanism. Finally, to model the role of
5-HT in development (Figure 32), the same neural networks were trained in rule 1 with a
learning rate of 12.5 during 1800 epochs, of which the first 1000 were (or not) gated with the
implementation described above. Activation magnitude as a function of the gating was also
calculated from this same model. Pruning was implemented using a similar model simulated
with pytorch, in which the hidden layer had 200 nodes, and training lasted only 100 epochs, that
were ungated, gated as above, or gated by half the value. Pruning was calculated using the 20"
percentile of activation of neurons in the ungated model as a threshold for neuron (i.e., node)

survival.
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8.7.2 Sketch of the derivation of the ODE description

Here we provide additional details on the derivation of the ODE system underlying the analytical
solution of our model, i.e., online learning in the teacher-student setup for a 2-layer network in
the high-dimensional limit, d — «, with K neurons and i.i.d. Gaussian inputs. Thus, to recover
the low-dimensional deterministic description we are going to consider the asymptotic limit
where the input size d — «. Note that the full derivation was first derived (Biehl & Schwarze,
1995; Saad & Solla, 1995), and then rigorously proven in (Goldt et al., 2019). The network is

trained using one-pass stochastic gradient descent on MSE loss.

A 1 A
MSE (y,9) = (- y)

Given an input-output pair (X, y), we define the receptive field of any student (i) and teacher ()

hidden layer neuron as:

and the error as:

Loss =%(Vi'0'(}\l') - Va-o(da))?

Where o) is the activation function (i.e., the error function in our case), V is the second set of

weights and N is the number of inputs.

The discrete time oSGD updates:
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where n represents the learning rate. We then describe the evolution of the model across

learning as a function of three order parameters:

where Q is the student hidden layer weight correlation, M the teacher-student hidden layer
weight correlations and T the teacher hidden layer weight correlations. Since only the student
parameters are updated across learning, T is a constant. Using the SGD update equations for

the first layer weights we can described the evolution of M and Q as:

W +AW)W —W W AW W
AM =M - M= ~ = v
=L . (Vj- ) — . Vi o' -
= - (Vico(Ai) Va-o(da)) - Vi-o'(A) - A
W W + W AW +W AW AW AW ~ Q
AQ =0Q,.,—- Q= m
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where i,j, are any student hidden layer nodes; a, § are any teacher hidden nodes and X are i.i.d

gaussian inputs. Then the generalisation error is calculated:

2

e, = %.(y - ) =%-(2Vi~0(7\i) -V, '0(7\“))2

=%-(zvi-vj-o(xi)-o(xj) - 28V, V o) o) + IV, o(d)o(\)

From these equations, in d — «, we can obtain the expectation of the update of each parameter

as a function of three types of integrals.
I, = EZl,Zz[G(Zl)'G(Zz)]
I, = EZ1,22,Z3[21'G(ZZ)'G'(Z3)]

I, = EZl,Zz,Z3,Z4[G(Z1)'G(Zz)'cl(zs')'0'(24)]
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8.8 Histology

8.8.1 Perfusion and slicing

Mice were anaesthetized in an induction chamber with isoflurane (5%, 1 L/min) and then
injected intraperitoneally with a non-recovery dose of pentobarbital (Pentoject, Animalcare Ltd)
(adjusted by mouse weight). The mice received intracardiac perfusion with 0.01 M PBS followed
by 4% PFA (Sigma-Aldrich 37% Formaldehyde stock) for tissue fixation. The brain was
dissected and left in 4% PFA for 24 h at 4 °C. Brains were placed in 0.01M PBS, embedded in
agarose 5%, and sliced using a vibrating microtome (Leica VT1000S). Coronal sections of 50

MM were made. Brain slices were conserved in 0.01 M PBS with 0.05% sodium azide, at 4 °C.

8.8.2 Immunohistochemistry

Three brain sections from each animal were placed for 2 h in 2% goat or donkey serum in
PBS-T (0.2% Triton in PBS) at room temperature. The tissue was incubated at 4 °C overnight
with a primary antibody (rabbit anti-PV, AB2631173, goat anti-Tph2, 1:250, ab121013 Abcam) in
blocking solution. Sections were washed with 0.01 M PBS 3 times and incubated for 2 h with the
goat anti-Rabbit-Alexa647 (AB_2535813) or donkey anti-goat IgG;Alexa Fluor-405 (1:250
ab175664 Abcam) at room temperature. Tissue was washed with PBS and incubated with 1 mL
of DAPI (1:1000) for 30 min. Finally, samples were washed with PBS again and mounted onto
superfrost slides (ThermoScientific) with 0.01M PBS. A cover slide (VWR) was placed on top of

the slide and sealed with nail polish (Superstay 7 days Maybelline).
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8.8.3 Histological imaging

All imaging was performed blind to the sample genotype/treatment. Histological imaging was
conducted with an epifluorescence microscope (Zeiss) for injection site confirmation and a
confocal microscope (Olympus Fluoview FV1000) for interneuron imaging. Imaging settings
were kept constant within the experimental batch (SERT-KO: WT, HET, KO and SSRI:
Fluoxetine and sucrose). In both cases, z-stacks of the whole slice depth were obtained (~11

images per slice). 3 brain slices from each animal across both hemispheres were imaged.

8.9 Analysis

8.9.1 Behavioural analysis
Probability of lick was calculated as the proportion of trials in which the animal licked at least
once after the onset of the air puff in a window of 0.5s (i.e., before the onset of reward for CS+).
Accuracy was estimated as the proportion of true positives (or hit trials) and true negatives (or
correct rejections) out of the total number of trials. For reversal learning, accuracy on the new
task was normalised against the last recorded accuracy on the previous task (day 10), to

account for the variability in expertise (70-100%).

For behavioural-state tracking analysis, time-locked recordings at ~30 frames/second of the
mice while performing two-photon imaging were obtained with a camera (point grey
CM3-U3-13Y3M-CS) and an infrared light (BW 48 LED). Movies were then used to train a
ResNet-50 artificial neural network with 200 manually-labelled frames from 20 recordings,
extracted with K-means clustering, to track 3 markers (nose, left and right forelimbs) using
DeepLabCut (Nath et al., 2019). Successful tracking was achieved after 500 000 epochs and
pose estimation was performed for all recordings. Movement was calculated as the euclidean

distance between the two dimensional coordinates of consecutive frames for each marker.
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Sleep state was estimated from the left forelimb (i.e., the marker with best visibility) movement
with the following criteria: continuous movement was considered wakefulness, lack of

movement quiet sleep and sharp twitches active sleep.

8.9.2 5-HT sensor analysis

All images were pre-processed by registration with Turboreg (Thevenaz et al., 1998) against a
mean-intensity average of 200 frames in Fiji (Schindelin et al., 2012). All fluorescent (F) traces
are presented as AF/F:

(F— Fmean)
Fmean

AFJF =

where Fmean is the mean fluorescence of the recording session. For stimulus responses in
animals P14 or older, when a hemodynamic response was observable, tdTomato fluorescence
was used as a ratiometric control, as in our previous work (Ocana-Santero et al., 2024). Signal
filtering was performed using the Savitzky—Golay filter with a third order polynomial on windows
of 31 frames (~1s). For subregion analysis, custom-designed code in Fiji was used to quantify

mean fluorescence in a 256 subregion grid.

8.9.3 Calcium sensor analysis

Suite2p (Pachitariu et al., 2017) was used to perform registration, cell detection and fluorescent
trace extraction of all calcium recordings. Given the difficulty of finding the right correction factor
under conditions of high cell density (Supplementary figure 13b) and very high cell-neuropil
correlation (Supplementary figure 13a) (Dipoppa et al., 2018), neuropil subtraction was not

performed. Regarding signal normalisation, due to the change in calcium neurophysiology
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across development, and the importance of the baselining strategy to compare measurements
from different animals, we chose to normalise against the first percentile, as this showed the
highest stability across development (Supplementary figure 13e). Thus calcium developmental

recordings are presented as AF/F:

F— F(1st percentile
AF/F = - L(stpercentile)
F(1st percentile)
Where F(1st percentile) is the first percentile of the raw fluorescence values of each cell across

the whole recording. Adult recordings were normalised against the mean as in our previous

work (Rowland et al., 2023).

High (H-) and low (L-) synchronicity developmental calcium events were detected with a custom
made algorithm optimised in control animals untii good detection was achieved
(Supplementary figure 13d), yielding similar event frequency to previous studies (Siegel et al.,
2012). Given the duration of events is ~2-20 seconds (Figure 10f,j), detection was performed in
six second time bins from the 20 minute baseline recording session. First, if the mean
fluorescence across all cells was ever greater than the mean AF/F, the maximum was selected
as the event peak. Next, adjacent bins were searched to determine if any maximum reached in
those bins exceeded the selected event peak in the current bin, implying that the event
stretched across more than one time bin. The event peak was therefore defined as the maximal
peak across the bin and adjacent bins. Event duration was defined as the period around the
event peak where the mean AF/F of all cells was greater than the mean. Single cells were
considered to participate in an event when their mean fluorescence within the event period was
greater than the mean fluorescence of the individual cell. H-events were defined as events with
more than 80% of cells participating, and L-events as 20-80% of cells being recruited, based on

previous studies (Leighton et al., 2021; Siegel et al., 2012).
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Automatic interneuron detection based on tdTomato expression was optimised to minimise false
positives, allowing identification of a subset of interneurons within the field of view. Cells were
identified as interneurons when their mean fluorescence during a 20-second 765nm-laser

recording was equal or higher than the 97th percentile.

Correlations were calculated between all cell pairs using Pearson's correlation coefficient. For
correlations across distance, suite2p ROIs coordinates were used to calculate the euclidean
distance between cells and the average cell-to-cell correlation was obtained on bins of ~40 um
distance. Whisker response amplitude was defined as the maximum AF/F value on a 20s
post-stimulus window of time (i.e., within the interstimulus interval). Cell-neuropil correlations
were calculated with Pearson's correlation coefficient between the entire trace from the 20 min

baseline session of the suite2p-extracted ROI and its surrounding neuropil region.

Neuronal recruitment upon sensory stimuli was determined by calculating the proportion of
responsive neurons. Responsiveness was defined as statistically significant differences
between the 1s mean pre- versus post- stimulus onset with paired t-test or Wilcoxon
signed-rank test after addressing normality with Shapiro-Wilk test and correcting for multiple

comparisons with Benjamini/Hochberg method.

Genotype logistic regression classifiers used a logistic regression model with an L2 penalty term
to the weights with a regularisation strength of 0.001 (after parameter optimization). The
Scikit-learn implementation of logistic regression was used (Pedregosa et al., 2011) on average
fluorescence of 500 ms time bins for 500 randomly selected cells, on a 20s post-stimulus
window of time, creating 500-elements feature vectors. A classifier was trained for each stimulus
type and time bin. A 60/40 random train/test split was performed across individual animals to
ensure subject-wise cross-validation (Saeb et al., 2017). Test decoding accuracy was calculated
for each time bin and the maximum decoding accuracy was selected (Figure 15,22). The

accuracy of 7000 classifiers trained in permuted data were used to define significance
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thresholds (Supplementary figure 4f) for each classifier. Logistic regression classifiers for
stimulus type (Supplementary figure 4d) were implemented without time bins or averaging, but
by using a 20 second post-stimulus window (600 frames) of 500 randomly selected cells to
create a 300,000 feature vector. A single classifier was generated for each animal, and

cross-validation was performed recording-wise.

Representational similarity analysis was performed with the Scipy (Virtanen et al., 2020)
implementation of correlation distance (1 - Pearson’s correlation coefficient), as a measure of
representational dissimilarity. Correlation distance was calculated across every trial, using the
mean 15 frames (0.5 seconds) post-stimulus onset (i.e., before reward onset). For mean
dissimilarity the average of the relevant section of the representational dissimilarity matrix was

used.

8.9.4 Histological analysis

For injection site confirmation, GCaMP6s fluorescence was visually confirmed in S1BF. For
interneuron quantification, all imaging was performed blind to the sample genotype/treatment.
Z-stacks were collapsed into z-projections using the max (SERT-KOs) or the mean
(Fluoxetine/sucrose) with Fiji (ImageJ). Using QuPath (Bankhead et al., 2017), annotations were
drawn over several 200 pym wide cortical columns (~5 per image). Sub-annotations were
manually drawn in the columns for each layer, based on DAPI cytoarchitecture (Supplementary
figure 7). Automatic cell detection was done with the DAPI channel in Qupath by optimising
signal intensity, nuclei expected size, and cytoplasmic expansion thresholds. Interneuron
classification was performed in QuPath (Bankhead et al., 2017) by training random trees
classifiers in a subset of images until human-like classification performance was achieved. A
classifier was trained on each marker (VIP, Nkx2-1 and PV). Automatic classification was run

throughout annotations and images with custom-made workflow scripts. Counts for each layer
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were averaged across columns, hemispheres, and slices for each animal, such that all plotting

and statistics were done using animals as independent data points.

8.10 Statistics

Statistical analyses were conducted using python 3.9 and all were two-sided tests unless
otherwise indicated. Normality was assessed by the Shapiro—Wilk test. Two-group comparisons
were performed with t-test/paired t-test and Mann—Whitney U test/ Wilcoxon signed-rank test for
parametric and non-parametric tests of measurements in the same/different mice respectively.
Multigroup testing across a single variable was performed with either one-way ANOVA or
Kruskal-Wallis test for parametric and non-parametric testing respectively. Multigroup testing
across two variables (e.g., across genotype and age) were performed by two-way ANOVA for
normally distributed data, and two-way permANOVA, i.e., with permutation testing, for
non-normally distributed data. Pairwise comparisons were performed with Fisher's Least
Significant Difference (LSD) for three groups, Tukey’s HSD test for more than three groups
when the data was parametric and Dunn's test for non-parametric data. Multiple comparison
correction was performed with Bonferroni-Holm correction unless otherwise indicated.
Kolmogorov—Smirnov test was used to compare distributions. Bootstrapping was used to test
the significance of logistic regression classifiers. All statistical analysis was performed using
single animals as independent points, except when population analysis was performed
(interneuron analysis), in which case cells were used as independent points, but similar trends
were confirmed when averaging by animals. The precise statistical test is described in the figure

legends. Statistical significance was considered for *p<0.05 and **p<0.01.
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8.11 Software

Microscopy images were processed with Fiji (Schindelin et al., 2012) (processing package
based on Imaged). Automatic cell detection and classification were performed with Qupath
(Bankhead et al.,, 2017). Turboreg (Thevenaz et al.,, 1998) was used for g5-HT3.0 image
registration and Suite2p for GCaMP®6s recording registration, cell detection and signal extraction
(Pachitariu et al., 2017). DeepLabCut was used for behavioural tracking (Nath et al., 2019).
Figures were created from panels using Adobe lllustrator. Images for diagrams were obtained
from SERVIER medical arts kits (https://smart.servier.com/). All in vivo and in vitro analysis,

statistics and plotting were performed in python 3.9.
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9. Supplementary figures
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Supplementary figure 1. CTB retrograde tracing representative injection sites and S1BF
injection variability. (A-D) Epifluorescence microscope images showing representative
injection sites for CTB647 or CTB488 in S1BF (A,B), S2 (C), and PFC (D), using DAPI-stained
slices. (scale bar = 1mm). (E-F) Scatter plot of S1BF-retrogradely labelled tph2+ cell number
and injection site coordinates in the antero-posterior (E), medio-lateral (F) and dorso-ventral (G)
axes, suggesting comparable amount of 5-HT projections across different S1BF locations.
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Supplementary figure 2. Developmental 5-HT dynamics. a, S1BF L2/3 field of view in a P21
mouse expressing the genetically encoded fluorescent 5-HT sensor g5-HT3.0 and tdTomato in
VIP+ interneurons. b, Confocal image of S1BF from a transgenic SERT-Cre;Ai9 animal
expressing tdTomato in SERT+ neurons, shows strong thalamo-cortical labelling that delineates
the barrels, illustrating the previously reported SERT transient developmental expression. c,
Average g5-HT3.0 signal in S1BF upon the presentation of 10 whisker (paired t-test p = 0.019),
air puff (paired t-test p = 0.006) or sound (paired t-test p = 0.009) stimuli in WT animals older
than P14 (n=6). d Frame from an infrared camera while 2-photon imaging was performed in a
P8 pup. Manually labelled (circle) and deeplabcut predicted (cross) markers overlap, showing
tracking of nose (red), green (right forelimb) and purple (left forelimb), the latter used for
behavioural state scoring. e Average peri-stimulus g5-HT3.0 trace in response to whisker
stimulation in P7-10 WT animals, as a function of behavioural state (i.e., awake, quiet sleep or
active sleep) and the corresponding areas under the curve (f, ANOVA sleep-state p = 0.07, n =
4).
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Supplementary figure 3. Perinatal 5-HT regulates the development of local GABAergic
circuits. a, schematic showing the relationship between interneuron subtypes and pyramidal
cells (PYR) in L2/3 of S1BF. b, representative superimposed traces and plot of repeat
ChR2-mediated stimulation of Nkx2-1 interneuron synaptic input onto a L2/3 pyramidal cell
demonstrating minimal stimulation protocol (~50% failure rate). Average minimal interneuron
input recorded across the 3 genotypes generated by the SERT-Het x SERT-Het breeding
paradigm for VIP (c), Nkx2-1 (d) and SST (e) interneuron subtypes; * a significant difference
was observed in Nkx2-1 (d)(one-way ANOVA, genotype p = 0.07, Pairwise comparisons:
WT-Het p = 0.666; WT-KO p = 0.047) and SST (e)((one-way ANOVA, genotype p = 0.0191,
Pairwise comparisons: WT-Het p = 0.973; WT-KO p = 0.0187) synaptic input between SERT-WT
and SERT-KO L2/3 pyramidal cells. f, schematic of the transient L5b SST input onto L4 spiny
stellate neurons (SSNs) present in S1BF prior to P10, after which PV interneurons provide
feed-forward inhibition. g, average LSPS maps of total GABAergic input onto L4 SSNs across
the 3 SERT genotypes recorded during the P4-6 time window. Dashed white lines, average
layer boundaries to the nearest 50 um pixel. h, average profile of GABAergic input across the
depth of the cortical column recording in SERT-WT and SERT-KO L4 SSNs. i, representative
image showing conditional Olig3-Cre-dependent tdTomato expression in thalamic afferent fibres
innervating S1BF in a SERT-KO P7 pup. j, minimum thalamic afferent input recorded in L4
SSNs across all 3 SERT genotypes. k, average LSPS maps for total GABAergic input onto L4
SSNs recorded in pups generated from breeding SERT-Het male and WT female mice during
the P4-6 time window. I, profile of GABAergic input across the depth of cortex from the data
shown in (k). m, reduction in total L5b GABAergic input onto L4 SSNs observed in WT pups
born from either WT or SERT-Het (Het) females; (t-test p = 0.0414). n, total L5b GABAergic
input onto L4 SSNs recorded in animals bred from SERT-Het male and WT female pairs across
postnatal development. Corresponding data from the same WT female breeding paradigm is
shown in panels (o) GABAergic input maps for L2/3 PYRs during the P7-9 time window and (p)
timeline of L5b GABAergic innervation of L2/3; (t-test: P4-6 p = 0.0478, P7-9 p = 0.009, P10-14
p = 0.344) q, Mean H-event frequency in WT mice from SERT-WT/Het dams at P7-10.
(Mann-Whitney U p = 0.277). r, Mean GCaMP6s signal amplitude of cells during H-events in
WT mice from SERT-WT/Het dams at P7-10 (t-test p = 0.916). s, Pairwise cell correlations
across distance in WT mice from SERT-WT/Het dams at P8 (two-way ANOVA, genotype p =
0.790). t Mean GCaMP6s whisker response amplitude across development (two-way ANOVA,
genotype p = 0.746).
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Supplementary figure 4. Sensory encoding in adult somatosensory cortex of mice with
developmental disruptions of SERT. a, Example of the online analysis used to map single
barrels: Stimulus-triggered average fluorescence post- minus pre- single whisker stimulation in
1-photon (left) or 2-photon (right) microscopy. Images are the average of 10 stimuli. b,
Stimulus-triggered average calcium trace of 10 repeats of each stimulus type for a
representative WT animal, from left to right: baseline, single-whisker, multi-whisker, rough
surface, smooth surface, air puff and sound. ¢, Principal component analysis showing the
spread of neuronal responses to the repeats of the different stimuli (colour-coded) along the two
first components. Data from a single representative WT mouse. d, Testing classification
accuracy of logistic regression classifiers for the decoding of the different types of stimulation
from the neuronal responses for WT, SERT-Het, SERT-KO, Sucrose-treated or SSRI-treated
animals. A different classifier was trained for each animal. e, Principal component analysis
showing the spread of neuronal responses to air puff stimulation along the two first components,
for sucrose- and SSRI-treated animals. Each dot is a different animal. f, Null accuracy
distributions generated by bootstrapping, i.e., training genotype/treatment classifiers on datasets
with permuted labels. Sample sizes are 10 (WT), 8 (HET), 5 (KO), 6 (Control) and 5 (SSRI).
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Supplementary figure 5. Validation of automated interneuron classifiers. a, Confocal image
of S1BF on an adult VIP-tdTomato. b, Same confocal image magnified ~2x, with comparisons to
automated PV and VIP classifier detections, demonstrating consistent overlap (b’). ¢, Confocal
image of S1BF on an adult Nkx2-1-tdTomato. d, Same confocal image magnified ~2x, with
comparisons to automated Nkx2-1 classifier detections, demonstrating consistent overlap (d’).
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Supplementary figure 6. All-optical stimulation of DRN-SERT+ axons in S1BF triggers
5-HT increases. a,b Heat-map of g5-HT3.0 fluorescence signal post minus pre holographic
localised optogenetic stimulation in animals expressing Chrimson in SERT+ DRN neurons (A)
or control littermates (b), overlaid on top of the field of view for representative animals,
illustrating localised 5-HT release in opsin-expressing animals. Red circles delineate area of
two-photon optogenetic stimulation.
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Supplementary figure 7. Learning of an air puff discrimination task. a Two-photon
microscopy image showing Chrimson tdTomato-positive axons in S1BF from SERT+ DRN
neurons in vivo. b Probability of licking to the conditioned (CS+, continuous line) or the
unconditioned (CS-, discontinuous line) stimulus across a 10 day learning paradigm of the air
puff discrimination task, before the onset of reward (0.5s after air puff onset) (n = 27 mice). ¢
Evolution of mice reaction time to air puff presentation for both the conditioned (black) and
unconditioned (grey) stimuli (n = 27 mice). d Probability of licking to a conditioned air puff paired
to reward, at 0 (control) or 10 (normal) PSI stimulus pressure in expert (day 11) mice. This
control illustrates that mice associate the reward to air puff, and not other correlating cues such
as the solenoid noise (n = 7, Wilcoxon signed-rank test p = 0.016). e-g Raster plots of licking in
response to unconditioned (top) or conditioned (bottom) air puff presentations in naive (e),
learning (f) and expert (g) stages for a representative mouse.
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Supplementary figure 8. Neurophysiological correlates of the air puff discrimination task.
a Diagram illustrating that animals injected with the green fluorescence calcium indicator
GCaMP6s where trained in the air puff discrimination task. b Mean GCaMP6s peri-stimulus
trace, in response to the conditioned and unconditioned air puff in naive (day 3) animals (n = 13,
*p<0.05 paired t-test of post versus pre-stimulus signal in bins of 0.5s). ¢c,e Mean GCaMP6s
peri-stimulus trace, in response to the conditioned (¢) and unconditioned (e) air puff in naive,
learning or expert animals and (d,f) the respective violin plot of the maximum signal amplitude
(n = 13, *p<0.05 paired t-test of post versus pre-stimulus signal in bins of 0.5s for traces ¢ and
e; one-way ANOVA for d p = 0.022, Tukey post hoc test naive-learning p = 0.104, naive-expert p
= 0.021; one-way ANOVA for f p = 0.952). g Representative representational dissimilarity
matrices for one naive and expert example mouse, calculated with correlation distance from
calcium responses within 0.5s of stimulus onset during condition and unconditioned air puffs. h
Mean calcium dissimilarity between the representation of condition and unconditioned air puffs
in naive, learning and expert mice (n = 17, one-way ANOVA p = 0.028, Tukey post hoc test
naive-learning p = 0.014, learning-expert p = 0.031). Mean calcium dissimilarity between the
representation of condition and unconditioned air puffs in Rule 1 only (n = 4), rule 1&2 (n = 5)
and rule 1&2 with optogenetics (n = 9) mice (Kruskal-Wallis test p = 0.223). j Diagram illustrating
mice performing the air puff discrimination behaviour with misleading trials being paired to
optogenetic activation of 5-HT neurons. (k,I) 5-HT green fluorescence sensor (g5-HT3.0) signal
upon optogenetic stimulation in control (WT) or SERT-Cre animals showing 5-HT release in
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S1BF (n = 5 mice, t-test p = 0.0361). m Perit-stimulus heat map of calcium responses
(GCaMP6s) in a representative animal to the conditioned and unconditioned air puff during
optogenetic stimulation. n,0 Proportion of neurons inhibited (n) or excited (o) during optogenetic
stimulation paired to an unconditioned (grey) or conditioned (blue) air puff, normalised by

subtraction with just the same air puff stimulation (n = 9, Wilcoxon signed-rank test p = 0.019 (n)
and paired t-test p = 0.211 (0)).
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Supplementary figure 9. 5-HT optogenetics do not change the within-trial probability of
licking. a-d Probability of licking during trials rewarded or unrewarded, paired or not with
optogenetic stimulation, in WT and SERT-Cre animals, the latter expressing an opsin in
SERT-Cre neurons of the DRN. Effects tested in naive (a) and expert (b) mice, as well as in
learning animals during the low salience (¢) and high saliency (d) misleading days. All
conditions showed no significant effects of opsin expression during opto-trials on licking
probability. Two-way ANOVA genotype p-values: p = 0.302 (a, n =8 WTs & 11 SERT-Cres), p =
0.071 (b, n =8 WTs & 12 SERT-Cres), p =0.302 (¢, n =5 WTs & 9 SERT-Cres), and p =0.533
(d, n = 6 WTs & 10 SERT-Cres); while the pairing of a stimulus with reward affected the

probability of licking in all except naive animals, reward p-values: p = 0.139 (a), p <0.001 (b),
p =0.004 (c), and p < 0.001.
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Supplementary figure 10. 5-HT dynamics during LSD-exposure and reversal learning. a,b
g5-HT3.0 green fluorescence 5-HT biosensor signal in response to an air puff directed to the
whiskers in animals previously injected with LSD or vehicle control (b, n = 5, t-test p = 0.784).
(c) g5-HT3.0 dynamics in response to a 10 PSI air puff paired or not to reward delivery during
the second day of reversal learning (n = 6 mice). (d,e) g5-HT3.0 peri-stimulus trace during the
first five (black) or the last five (orange) presentations of conditioned (d) and unconditioned (e)
air puffs (n = 6 mice).
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Supplementary figure 11. Loss and order parameters in a gated deep neural network
model of cortical 5-HT learning in a noisy environment upon different task settings. (A)
Analytical mean-squared error loss, at epoch 25,000, for a deep neural network trained on rule
1 only (black), on rule 1&2 trials with equal variance (orange) or on rule 1&2 trials with 10 times
higher input variance in rule 2 trials without (red) or with (yellow) gating. (B) Exponential scaling
of the loss with the increasing variance of the input during rule 2 trials. Scattered points are the
loss, and the discontinuous line is the exponential fit (using “Scipy optimise”). (C,D) Scatter of
final loss (C) or accuracy (D) against the probability of a rule 2 epoch at a fixed 5 times higher
variance. Accuracy linear fit: R? = 0.063, p-value = 0.287 and slope = -0.0001. (E-H) Evolution of
order parameters Q and M, as well as second layer weights V, across 25,000 epochs for each
model settings.

171



Supplementary figure 12. Physiological development of mice with developmental
implantation of a cranial window and a head-fixing plate. a, Pictures of the same animal
across development with the implants. b, Infrared pictures of the same animal head-fixed in
different developmental stages, illustrating normal eye opening timeline. ¢, 1-photon
low-magnification pictures of the craniotomy showing estable visibility without skull regrowth
throughout development.
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Supplementary figure 13. Developmental imaging of calcium traces from the same
neurons throughout development. a, Average neuropil-neuron Pearson’s correlation
coefficient during 20 minute baseline through development (P7-16) for all animals imaged. b,
Average number of neurons detected in the field of view through development (P7-16) for all
animals imaged. ¢, Tracking of the same interneurons (VIP+) across development (from left to
right: P8, P10, P12 and P14). Images are averages of 128 frames used to locate the same FOV
every imaging day. d, Representative average calcium trace of all cells in the field of view from a
single animal, with the result of the calcium event automatic detection algorithm showing the
maximum, start and end of each event, demonstrating high-accuracy to identify H- and
L-events. e, Errorbar plots of the change of different statistics (mean, standard deviation, 1st,
5th, 8th, 25th, 50th and 75th percentile) in calcium dynamics, across development, to select the
right normalisation approach for developmental recordings. Traces are the average of all
animals imaged.
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