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Résumé

Au cours de son développement précoce, sur une courte période de temps appelée période
critique, les structures et les fonctions du cerveau sont trés sensibles aux entrées sensorielles. Cette
sensibilité est soutenue par un état de plasticité accrue et résulte d'une forte excitabilité du cerveau. Une
fois la période critique terminée, en raison d'une inhibition massive destinée a équilibrer
I'hyperexcitabilité, et plus le cerveau mirit jusqu'a I'dge adulte, cette plasticité s'affaiblit. Un certain
degré de plasticité subsiste aprés cette période critique initiale et joue un role essentiel dans
l'apprentissage et la réparation du cerveau. Cependant, l'efficacité plus faible de la plasticité dans le
cerveau adulte peut entraver la récupération, comme dans le cas de I'amblyopie adulte. Des études
antérieures sur des rongeurs ont démontré qu'une classe spécifique de neuromodulateurs peut augmenter
l'apprentissage perceptif et ainsi améliorer la plasticité visuelle. Dans la présente thése, nous cherchons
a comprendre les mécanismes neuronaux sous-jacents de la plasticité visuelle lorsque 1'apprentissage
perceptif est couplé a un neuromodulateur, chez des primates non humains adultes. Pour caractériser un
tel effet, nous avons utilisé 1'imagerie par résonance magnétique fonctionnelle (IRMf), la pharmacologie
et des observations comportementales. Nous avons ainsi cong¢u une étude longitudinale pour caractériser
I'état basal du cerveau (point temporel T1), puis ses changements en termes de connectivité fonctionnelle
et de schémas d'activation aprés une manipulation comportementale descendante, c'est-a-dire une
manipulation de récompense biaisant la prise de décision en faveur de parties spécifiques du champ
visuel (point temporel 2). Enfin, nous avons caractérisé les changements survenant lorsque cette
manipulation comportementale basée sur la récompense était couplée a une administration de
neuromodulateurs (point temporel 3). Afin d'améliorer la plasticité, ce neuromodulateur doit rétablir
l'excitabilité neuronale. Nous avons donc émis I'hypothése qu'un inhibiteur sélectif de la recapture de la
sérotonine (ISRS), et plus particuliérement la fluoxétine, qui diminue les niveaux de GABA dans le
cerveau, entrainant ainsi une diminution globale (bien que complexe) de l'inhibition corticale,
contribuerait a renforcer la plasticité dans le cerveau adulte. L'apprentissage perceptif en présence de
fluoxétine a produit des signatures comportementales et neurales marquées de 'apprentissage, indiquant
ainsi une plasticité accrue. Dans une premiere étude (comportementale), impliquant trois tiches visuelles
distinctes couplant des mécanismes top-down et bottom-up, nous avons démontré que sous fluoxétine
la vision de la luminance est dégradée ainsi que la résolution spatiale visuelle, alors que la sensibilité a
la récompense augmente. Dans une deuxiéme étude (IRMf), nous avons examiné les changements de
connectivité fonctionnelle du cerveau aprés un apprentissage extensif de nouvelles contingences
spatiales basé sur la récompense et avec I'impact de la fluoxétine. Nous mettons en évidence que la
décorrélation générale entre les voies visuelles ventrales et dorsales observées aprés un apprentissage
perceptif basé sur la récompense est renforcée en présence de I'ISRS. Nous proposons que ces
changements corticaux sous-tendent la sensibilité accrue aux emplacements spatiaux récompensés

observée au niveau comportemental et contribuent a la maximisation du résultat comportemental. Notre



troisieme et derniere étude (IRMf), soutient davantage ce point de vue, en montrant que si les schémas
d'activations dans V2 suivent la carte de priorité spatiale construite par l'apprentissage bas¢ sur la
récompense, ces effets sont fortement renforcés par la fluoxétine. De manicre assez remarquable, ces
changements sont spécifiques aux représentations corticales du champ visuel inférieur. Nous montrons
en outre que la fluoxétine dégrade le codage de la résolution spatiale dans le cortex visuel, ce qui appuie

nos observations comportementales de 'étude 1.

Dans I'ensemble, nous décrivons les mécanismes neuronaux et de réseau par lesquels la
fluoxétine contribue a la réintégration de la plasticité corticale visuelle dans le cerveau adulte et leurs
corrélats comportementaux. Ceci a des implications majeures dans le domaine clinique dans le contexte

de la récupération sensorielle et cognitive ou de l'apprentissage.

Mots-clés : Plasticité visuelle a 1'age adulte, fluoxétine, IRMf, comportement, récompense, carte de

priorité spatiale, macaques rhésus.



Abstract

During its early development, on a short time-window called the critical period, the brain
structures and functions are very sensitive to sensory inputs. This sensitivity is supported by a state of
enhanced plasticity and results from a high excitability of the brain. Once the critical period closes, due
to a massive inhibition to balance the hyper-excitability, and the more the brain matures into adulthood,
this plasticity becomes weaker. Some degree of plasticity remains after this initial critical period and
plays a critical role in learning and brain repair. However, the weaker efficiency of plasticity in the adult
brain can hinder recovery such as in adult amblyopia. Previous studies on rodents have demonstrated
that a specific class of neuromodulators can increase perceptual learning and thus enhance visual
plasticity. In the present thesis, we seek to understand the underlying neural mechanisms of visual
plasticity when the perceptual learning is coupled with a neuromodulator, in adult non-human primates.
To characterize such an effect, we used functional magnetic resonance imaging (fMRI), pharmacology
and behavioral observations. We thus designed a longitudinal study to characterize the brain basal state
(time point T1), then its changes in functional connectivity and activation patterns after a behavioral
top-down manipulation, i.e. a reward manipulation biasing decision making in favor of specific parts of
the visual field (time point 2). Finally, we characterized the changes occurring when this behavioral
reward-based manipulation was coupled with a neuromodulator intake (time point 3). In order to
enhance a plasticity, this neuromodulator has to re-instate neural excitability. We thus hypothesized that
a selective serotonin reuptake inhibitor (SSRI), and specifically fluoxetine, which decreases GABA
levels in the brain, hence resulting in a global (though complex) decrease of cortical inhibition, would
contribute to enhance plasticity in the adult brain. Perceptual learning in the presence of fluoxetine
produced marked behavioral and neural signatures of learning, thus indicating an enhanced plasticity.
In a first study (behavioral), involving three distinct visual tasks coupling top-down and bottom-up
mechanisms, we demonstrated that under fluoxetine luminance vision is degraded as well visual spatial
resolution, while sensitivity to reward increases. In a second study (fMRI), we investigated the whole
brain functional connectivity changes following an extensive reward-based learning of novel spatial
contingencies and with the impact of fluoxetine. We highlight that the general decorrelation between
the ventral and dorsal visual pathways observed following reward-based perceptual learning is further
enhanced in the presence of the SSRI. We propose that these cortical changes underlie the enhanced
sensitivity to rewarded spatial locations observed at the behavioral level and contribute to the
maximization of behavioral outcome. Our third and last study (fMRI), further supports this view, by
showing that while activations patterns in V2 track the spatial priority map constructed through the
reward-based learning, these effects are greatly enhanced by fluoxetine. Quite remarkably, these
changes are specific to the lower visual field cortical representations. We additionally show that
fluoxetine degrades spatial resolution coding in the visual cortex, supporting our behavioral observations

in study 1.



Overall, we describe the neural and network mechanisms through which fluoxetine contribute to the re-
instatement of visual cortical plasticity in the adult brain and their behavioral correlates. This has major

implications in the clinical field in the context of sensory and cognitive recovery or learning.

Keywords: Visual plasticity in adulthood, fluoxetine, fMRI, behavior, reward, spatial priority map,

rhesus macaques.



Preface

The present Ph.D. thesis manuscript is an account of my research work on the topic of the
behavioral and pharmacological enhancement of plasticity in the adult macaque visual cortex, that I had
the opportunity to conduct at the Institut des Sciences Cognitives — Marc Jeannerod, in the team Neural
basis of spatial cognition and action, under the supervision of its leader, Suliann Ben Hamed. To that

extent, I conducted a longitudinal protocol involving fMRI methods.

In a first part of the manuscript, I define the topic and set the frames of our studies in an
Introduction. The Chapter I, aims at characterizing behaviorally the effect of pharmacology intake in
the visual system through three tasks. The Chapter II lays on findings of the first chapter and focuses
more particularly on the functional connectivity of the brain to understand the underlying neural bases
of behavioral and pharmacological manipulations of the visual system. The Chapter III focuses on the
visual area as we here study the retinotopy evolution across the longitudinal protocol and the activity of
this area according to our manipulations. Then, I discuss these results and present the perspectives and
ongoing projects in link with this thesis work in a Discussion & perspectives part. In a last part, I
present three appendices summarizing the ongoing advance of research project I had the opportunity
to be a contributor of. The first one is a project dedicated on multisensory integration in the macaque
brain in a social context leading to three papers. The second is a longitudinal study of the early social
adversity effect in the juvenile macaque. The third one is a methodological study on diffusion MRI

technique.

Even though [ am the main contributor of the 3 presented studies, from the design to the writing,
passing-by data acquisitions and analyses, I was only able to accomplish my work thanks to the guidance

I received, the teamwork and my fellow collaborators. Thus, the pronoun we is used.
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Abbreviation list

%SC: Percent signal change
5-HT: 5-hydroxytryptamine
ACC: Anterior cingulate cortex

ADHD:Attention-deficit-hyperactivity-

disorder

BOLD: Blood oxygenation level dependent
Ca?": Calcium

D4: 4-quadrants peripheral detection task
D8: 8-quadrants peripheral detection task
DLPFC: Dorsolateral prefrontal cortex
E/1: Excitation/Inhibition balance

FC: Functional connectivity

FEF: Frontal eye fields

fMRI: Functional magnetic resonance imaging

FX: Fixed effect

GABA: y-Aminobutyric acid
IPS: Intraparietal sulcus

IT: Inferior temporal cortex

MION: Monocrystalline

nanoparticles

MT: Middle temporal area

iron-oxide
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LIP: Lateral intraparietal sulcus

LTP: Long-term potentiation

LDP: Long-term depression

LS: Lateral sulcus

OD: Ocular dominance

OFC: Orbitofrontal cortex

PCC: Posterior cingulate cortex

RDX: Random effect

ROI: Region of interest

RT: Reaction time

SERT: Serotonin transporter

SPL: Superior parietal cortex

SSRI: Selective serotonin reuptake inhibitor
T1-3: Time-point 1-3

V1 : Visual area V1; primary visual area
V2 : Visual area V2

V3 : Visual area V3

V4 : Visual area V4

VLPFC: Ventrolateral prefrontal cortex
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Introduction

The visual system: development and plasticity

1. From light to information processing in the visual system

The visual system is composed of the eyes as main sensory organ, and multiple central nervous
system components. All these components in their integrity allow us to perceive incoming visual
information and develop a variety of visual cognitive functions such as localization, identification,

categorization, and many more.

When light first hits the cornea, photoreceptors of the retina, rods and cones, are excited
(Chichilnisky and Wandell, 1995) and light is converted in colors and contrasts. Ganglion cells then
project to the cortex the converted light into electrical signal through the optic nerve to the optic chiasm.
Here, the projecting axons from the retinas of both eyes join or cross medially, and after this partial
decussation, they form the lateralized optic tracts (for review, see Petros et al., 2008). Retinal projections
are allocated to each brain hemisphere in the optic chiasm. From there, information of the right visual
hemifield are sent contralaterally to the left hemisphere and vice versa for the left hemifield (Jeffery,
2001). The central part of the visual field is sent to both cortical hemispheres. For example, an
information in the right hemifield perceived by the left eye will be projected ipsilaterally in the left
hemisphere whereas the same information perceived by the right eye will cross the optic chiasm to be
projected contralaterally to the left hemifield (Figure 1). Importantly, the space where both hemifields
are seen by both eyes is called the binocular visual field (Hubel and Wiesel, 1959). Thanks to binocular
vision, primates, the eyes of which face forward in the face and have overlapping representations of the
visual field, can process the visual information into stereopsis (or stereoscopic vision) that contributes

to depth perception and enhance the field of view (Poggio and Poggio, 1984; Read, 2021).

Figure 1: Allocation of visual information in the human brain (Motz et al., 2012)
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While some axons of the optic tract project directly to the midbrain or to the superior colliculus,
most of them innervate the right and left lateral geniculate nuclei (LGN) (Watanabe and Rodieck, 1989)
located in the dorsal thalamus. From there, visual information is then forwarded to the primary visual
cortex (V1), also known as the striate cortex (Chatterjee and Callaway, 2003), that covers the occipital
pole of the occipital lobe. In one of their key experiment, Hubel and Wiesel (1977) have demonstrated
that after injecting radioactive proline in a macaque eye, a region within layer IV of the striate cortex
present stripes corresponding to each eyes nerve endings, revealing for the first time the existence of
ocular dominance columns. These ocular dominance columns alternate systematically between left eye

and right eye dominance and are at the root of the coding of depth (Cléry et al., 2015).

Beyond V1, information is processed in the visual extrastriate areas, which are organized in two
separate streams (Goodale and Milner, 1992; Ungerleider and Haxby, 1994). The dorsal visual stream
or “where” pathway is essential for the spatial localization of objects and movement processing. It
projects from visual area V3, to middle temporal regions (MT or V5), then to the posterior parietal cortex
to end in the dorsolateral prefrontal cortex (DLPFC). The ventral visual stream or “what” pathway is
directed toward visual area V4, to the inferior temporal cortex and to the ventrolateral prefrontal cortex
(VLPFC) and aims at categorizing and recognizing objects (Mishkin and Ungerleider, 1982; Ungerleider
and Haxby, 1994; Goodale and Westwood, 2004; Ungerleider and Pessoa, 2008).

Thanks to the parallel processing within these visual pathways, feedback and feedforward
connectivity within these pathways, as well as direct reciprocal connection between them at several
levels of the visual hierarchy, the brain combines stimuli to identify information from visual objects
according to their color, form, movement, luminosity and spatial location. This complex system
continuously evolves through life, and is subject to both refinement (e.g. through development or

learning) and impairment (e.g. through lesions or aging) thanks to neuronal plasticity.
2. What is neuronal plasticity?

1. Definition and history
The brain and its function are not fixed in adulthood. This is due to neuronal plasticity. This
term, according to many scientists, first pointed toward the regenerative capacity of the peripheral
nervous system. Then, in 1964, Marian Diamond published the first scientific evidence of anatomical

brain plasticity, driven by environmental enrichment (Diamond et al., 1964).

During the same period, David Hubel and Torsten Wiesel made a crucial discovery in their work
with kittens. The experiment consisted of suturing only one eye and recording cortical brain maps. Hubel
and Wiesel (Hubel and Wiesel, 1963; Wiesel and Hubel, 1963a, 1963b) found that the part of the kitten's

brain associated with the closed eye was not as dormant as expected. Instead, it processed visual
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information from the open eye. Hence, researchers often describe neuroplasticity as “The ability to make

adaptive changes related to the structure and function of the nervous system.” (Zilles, 1992).

In 2002, Wall and colleagues traced the mechanisms underlying neuroplasticity (Wall et al.,
2002). According to their findings, the reorganization occurs at all levels of the processing hierarchy;
this produces the map changes they observed in the cerebral cortex. Crucial for learning, memory,
development, behavioral adaptability and repair, brain plasticity is now considered as the ability of

neurons to be modulated in response to experience.

2. Experience and activity dependent plasticity

Experience-dependent plasticity. Much of our knowledge about how activity affects the
development of neural circuits comes from studies of mammalian visual systems, where differences in
the input of each eye affects connectivity patterns in the visual cortex. In addition to early visual regions,
changes in the structure and size of the human cerebral cortex, from infancy to late adolescence, suggest
that experience-dependent critical periods may influence connectivity and complex behaviors (for
review, see Nithianantharajah and Hannan, 2006). In humans, postnatal changes in cortical size may
reflect a consequence of experience and activity on the differential development of some cortical regions

but not others.

Activity-dependent plasticity. Experience-dependent plasticity is in part implemented thanks to
activity-dependent plasticity. Activity-dependent plasticity is a form of functional and structural
neuroplasticity that arises from the use of cognitive functions and personal experience; hence, it is the
biological basis for learning and the formation of new memories (for review, see Ganguly and Poo,
2013). By experimentation on rats, it was found that visual experience during vigilant states leads to
increased responsiveness and plastic changes in the visual cortex (Tsanov and Manahan-Vaughan,
2007). Moreover, depressed states were found to negatively alter the stimulus so the response was not
robust. This experiment proves that even the visual cortex is capable of achieving activity-dependent
plasticity, as it is reliant on both visual exploration and the arousal state of the animal. There are many
mechanisms involved in activity-dependent plasticity. These include long-term potentiation (LTP),
long-term depression (LTD), synaptic elimination, neurogenesis, and synaptogenesis (Bruel-Jungerman

et al., 2007).

3. Synaptic plasticity
Hebbian theory. Hebbian theory is a neuroscientific theory that states that the increase in
efficiency of synapses is the result of repeated and persistent stimulation of a postsynaptic cell by a
presynaptic cell. This is an attempt to explain synaptic plasticity, the adaptation of neurons in the brain

during learning (Hebb, 1949; Viana Di Prisco, 1984).

Regardless of the widespread use of Hebbian models for long-term development, Hebb's

principle does not cover all forms of long-term synaptic plasticity. Hebb recognized no rules for
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inhibitory synapses, nor did he make predictions for anti-causal spike sequences (presynaptic neurons
activated after postsynaptic neurons). Synaptic alterations can occur not only between activated neurons
A and B, but also in neighboring synapses. These forms of heterosynaptic and homeostatic plasticity are
considered as non-Hebbian. This apparent randomness of synaptic connections enables a network of
neurons to continuously try out new network configurations while maintaining its functionality (Kappel

et al., 2015).

Short-term synaptic plasticity. Release of neurotransmitters are enhanced by short-term
potentiation, which are themselves the results of actions of calcium (Ca2+) in the presynaptic terminal.
This type of synaptic plasticity lasts for seconds to minutes, no more. It is mostly observed during
repeated activation of chemical synapses. We distinguish several forms of short-term synaptic plasticity
such as facilitation, depression, potentiation and augmentation. Their mechanisms all involve a
repetitive synaptic activity and can trigger each other. Although their relative contributions vary from
synapse to synapse, these forms of short-term synaptic plasticity collectively cause transmission at all
chemical synapses to change dynamically because of the recent history of synaptic activity (for review,

see Zucker and Regehr, 2002).

Long-term synaptic plasticity. Other types of synaptic activity can also produce a long-lasting
increase in synaptic strength (long-term potentiation, LTP) or a decrease of it (long-term depression,
LDP). These two mechanisms only define the direction of change in synaptic efficacy and are also Ca2+
dependent (Paulsen and Sejnowski, 2000). At least some of the synaptic changes produced by these
forms of plasticity are postsynaptic and caused by changes in neurotransmitter receptor transport,
although changes in neurotransmission may also occur. In V1, it has been shown that the push-pull
mechanism (receptors coupled to the G-protein Gs promote the expression of LTP at the expense of
LTD, and Gq-coupled receptors promote LTD at the expense of LTP) paired to monocular stimulation
and pharmacology action on Gs or Gq coupled receptors can modulate the neuronal response and remain

stable even in adulthood (Gu, 2002; Hong et al., 2020).

Long-lasting synaptic plasticity may act as a neural mechanism for many forms of brain plasticity, such
as learning new behaviors or acquiring new memories of a recent history of synaptic activity. Plasticity
is however more active during development during a particular period (for review, see Espinosa and
Stryker, 2012), and is crucial to refine visual, somatosensory and auditory systems. This period of

sensitivity is referred to as the critical period (Wiesel, 1982; Berardi et al., 2000).
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3. The critical period in the developing primary visual system

1. Early sensory experience shapes the visual system
The critical period is a temporal window in which neural connections are particularly sensitive
in response to an external stimulus and varies widely among animal species (Figure 2b). Hence, the
more complex the brain and the longer the life of the animal are, the more extended the critical period
will be (Figure 2a) (Berardi et al., 2000). Thus, in the visual cortex, experience shapes synaptic circuits
during a period of enhanced plasticity that follows eye opening (Hubel and Wiesel, 1970; Lehmann and
Lowel, 2008).

Figure 2: Life span and critical period relationship (Berardi et al., 2000)

On another side, studies of the visual systems of kittens and non-human primates have
demonstrated that even a few days of abnormal visual experiences during the critical period can lead to
visual impairment. Indeed, as discussed earlier, in their landmark experiments, Hubel and Wiesel
showed that by depriving kittens of normal visual experience during the critical period by eyelid suture,
the circuitry of the neurons in their visual cortex is irreversibly altered. However, if the same experiment
is conducted in an adult cat, little to no impairment occur (Hubel and Wiesel, 1963; Wiesel and Hubel,

1963a, 1963b).
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Accordingly, the normal functional development can be altered by manipulating the visual input,
using methods such as dark rearing (Duffy and Mitchell, 2013) or monocular deprivation, the later
permitting to manipulate ocular dominance (OD) of cortical neurons. In the latter, changes in visual
inputs alter the natural dominance of the contralateral eye (for review, see Espinosa and Stryker, 2012;
Hensch and Quinlan, 2018). Since it is typical of the critical period, OD has been characterized among
rodents, ferrets, cats, monkeys and humans (Banks et al., 1975; Olson and Freeman, 1980; Harwerth et
al., 1986; Fagiolini et al., 1994; Huang et al., 1999; Issa et al., 1999) as a marker of this time window
and even induce molecular changes (Cnops et al., 2008). The decline of OD plasticity after the critical
period requires “brakes” on plasticity mediated by specific molecular mechanisms to close the critical
period and their continuous application to keep it closed (Bavelier et al., 2010). In this context,
excitation/inhibition (E/I) balance has been proposed to play a key role as a brake on cortical plasticity

and GABAergic neuromodulation has been proposed to play a key role in this respect.

2. Excitation/ inhibition (E/I) and the role of the GABAergic
circuit

There are two main types of y-Aminobutyric acid (GABA) receptors: an ionotropic GABAa
receptor that induces hyperpolarization in mature cells (Kaila et al., 2014) and a metabotropic GABAb
receptor (Wu et al., 2016), which are G-protein coupled receptors interacting with potassium and
calcium channels. In the developing brain, GABA acts as an excitatory neurotransmitter. However in
the mature brain, it rather inhibits the target cells. The GABA binding to GABAD receptors either cause
a postsynaptic potassium release inducing a slow inhibitory potential or inhibits presynaptic calcium
channels, which leads to a decreasing of neurotransmitter release (Ulrich and Bettler, 2007). GABA is
involved in several cognitive functions (Schmidt-Wilcke et al., 2018; Kim et al., 2019), such as
impulsivity (Boy et al., 2011; Yoon et al., 2016), working memory (Duncan et al., 2014; Yoon et al.,
2016) and motor function (Stinear and Byblow, 2003; Zoghi et al., 2003; Duncan et al., 2014). The
inhibiting role of GABA is also crucial to modulate the end of the critical period and to trigger the
plasticity of ocular dominance (OD) (Hensch et al., 1998; Fagiolini and Hensch, 2000).

In adults, E/I balance measured in V1 during resting state has been proven to modulate the
deprivation state of OD (Pizzorusso, 2002; Harauzov et al., 2010; Heimel et al., 2011). More
specifically, in rats, it has been shown that a reduced intracortical inhibition triggers OD plasticity in the
adult visual cortex due to monocular deprivation is accompanied by an enhancement of activity-
dependent potentiation of synaptic efficacy but not of activity-dependent depression (Harauzov et al.,
2010). A transplantation of embryonic inhibitory neurons into the visual cortex of mice allowed to
reactivate visual cortical plasticity, hence opened a new critical period after a deprivation during the
initial critical period (Davis et al., 2015). In human adults, GABA has also been measured thanks to
magnetic resonance spectroscopy in V1 (Lunghi et al., 2015). In this study, after binocular rivalry and

monocular deprivation, the team observed a high correlation between the GABA concentration in the
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visual cortex and the perceptual enhancement of the deprived eye. Specifically, pre or post-synaptic
GABAD receptors inhibit both excitatory and inhibitory neurons, so the activation of these receptors
plays a role in the information exchange between brain areas managing both synaptic plasticity and
rhythmicity (for review, see Sanchez-Vives et al., 2021). Therefore, reducing the cortical inhibition of
GABA has arole in visual plasticity and in the reopening of the critical period.

In addition, GABA concentration reduction is associated with several neurodevelopmental
disorders (Chattopadhyaya and Di Cristo, 2012) such as attention-deficit-hyperactivity-disorder
(ADHD) (Edden et al., 2012). Indeed, in animal studies, GABA is involved in attentional regulation
(Katzner et al., 2011; Paine et al., 2011; McGarrity et al., 2017) and in visuo-spatial attention (Petersen
etal., 1987; Pezze et al., 2014). Human studies show that high GABA concentration improves attentional
selectivity in the visual cortex (van Loon et al., 2013; Sandberg et al., 2014), by suppressing task-
irrelevant information or by enhancing the specificity of neural representations (Sandberg et al., 2014;
Frangou et al., 2019). GABA is then shown to be involved in top-down and bottom-up visual attentional
processing. It shapes visual attention by suppressing bottom-up signals while improving attentional
selectivity in early visual areas (van Loon et al., 2013) which are influenced by top-down signals

(Sandberg et al., 2014).
4. Inducing plasticity in the adult brain: the case of amblyopia

The impaired circuitry of the critical period caused by abnormal visual experience or pre-natal
alteration of the visual system can decrease the visual representation quality and be the cause of
pathologies such as amblyopia or congenital cataract. The latter for example, is very rare at young age
and is caused by genetic mutation affecting lens development, hence a visual deprivation of the affected

eye, inducing a form of amblyopia (Churchill and Graw, 2011; Rong et al., 2015).

Amblyopia (‘lazy eye’) is a developmental disorder caused by physiological alterations in the
visual cortex in stages of the postnatal visual system development resulting in eyesight deficiencies and
affects 2-5% of children (Powell and Hatt, 2009). It has two main causes (Tailor et al., 2016): either a
difference in the optical properties of the two eyes, reflected in a different spectacle prescription for the
right and the left eye (anisometropia) or/and strabismus (misalignment of the visual axes). The
imbalanced input between the two eyes results in low stereoscopy (Greenwood et al., 2012), suppression
of the central part of the visual field (corresponding to the overlap between the two hemifields, Figure
1) (Hess et al., 2014), reduction in contrast sensitivity and perceptual spatial distortions (Barrett et al.,

2004), these effects have been shown in both humans and other animals (for review, see Kiorpes, 2006).

Amblyopia is relatively easy to correct until the age of 8 years by improving the quality of visual
input in the affected eye (for review, see Daw, 1998; Mitchell and Mackinnon, 2002; Simons, 2005) but
becomes increasingly resistant to reversal with age. However some mechanisms are known to enhance

plasticity in the adult visual cortex, such as local inhibition, transplants or neuromodulation (for review,
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see Hensch and Quinlan, 2018). In particular, the release of the intracortical inhibitory brake (Figure 3)
is considered crucial to re-instate a juvenile-like plasticity in adulthood and initiate recovery from

amblyopia in the adult brain (Bavelier et al., 2010; Baroncelli et al., 2011).

Hence, OD is also of clinical significance to the recovery of vision in patients with amblyopia
or strabismus (Hoyt, 2005). For example, an experiment conducted in non-amblyopic human adults
using monocular deprivation for 150min causes effects on the deprived eye for 90min (Lunghi et al.,
2011), while a replication of this protocol locates the local binocular changes in layer IV for area V1
(Zhou et al., 2014). Another significant study using brain imaging reveals the nature of neuroplastic
changes at play during short-term monocular deprivation on healthy humans adults, showing interocular
inhibitory interactions prior to binocular combination (Chadnova et al., 2017). Thus, even at a smaller
scale, the adult visual system remains plastic even after the critical period (Karni and Bertini, 1997; for
review, see Castaldi et al., 2020), making the study of enhancement of visual plasticity in adulthood

crucial.

Figure 3: Evolving plastic capacity across the lifespan (blue arrows) suggests possible mechanisms for

enhancing learning and recovery of function in adulthood (red arrows). (Bavelier et al., 2010)
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Induction of visual plasticity in the adult brain

1. At cellular and molecular levels

Critical period is likely to be triggered again in adulthood thanks to cellular and molecular
manipulations. For example, introducing immature astrocytes in adult cats reopens a period of high
plasticity, reminiscent of the early life visual critical period (Miiller and Best, 1989). In the mouse visual
cortex, astrocytes control critical-period closure. Indeed, a study showed that mice etched with immature
astrocytes had high plasticity compared to control mice with monocular deficiency when culture
medium was injected or mice that were not injected. Thus, astrocytes not only influence the activity of
individual synapses but are also important in the experience-dependent wiring of brain circuits, as well
as in critical period closure (Ribot et al., 2021). In addition, some proteins such a Tau (a microtubule-
associated protein that has been involved in glaucoma) may limit visual plasticity in adult mice. It has
been found to be involved in the adaptive plastic mechanisms operating in the adult visual brain

subjected to sensory experience changes (Rodriguez et al., 2020).

Yet very promisingly, such experiments remain invasive and are still studied in animal models
such as rodents. While this field remain of high interest, attention modulation and pharmacological

manipulation have also been shown to contribute to enhanced plasticity in adulthood.
2. Cognitive mechanisms

1. The role of attention: bottom-up & top-down pathways

Among all types of attention, the visuospatial selective attention refers to the cognitive process
that permits to focus on a specific part of the visual field in order to prioritize relevant information while
ignoring the irrelevant ones (Itti and Koch, 2001; Di Bello et al., 2022). In the brain, two networks are
involved in controlling attention. They are the top-down attention, which is the voluntary guidance of
attention led by self-intention, often guided by an external factor, prior knowledge, willful plans, and
current goals, and the bottom-up attention which is involuntary guidance of attention by a salient
stimulus relative to the background (Corbetta and Shulman, 2002; Yantis, 2002; Ibos et al., 2013;
Astrand et al., 2015).

Brain regions involved in top-down & bottom-up attention. Bottom-up processing of visual
information starts from V1 (Katsuki and Constantinidis, 2014) and projects to higher cortical areas
through the ventral and dorsal pathways (Mishkin et al., 1983; Ungerleider and Pessoa, 2008). On the
other hand, top-down mechanisms go from higher cognitive functions associated regions, such as

prefrontal areas, like the frontal eye fields (FEF), and parietal areas, like the intraparietal sulcus (IPS),
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which are associated with gaze, and modulate neuronal activity down to early visual areas (MT, V4-V1)
(Hopfinger et al., 2000; Noudoost et al., 2010; Wardak et al., 2011; Ibos et al., 2013; Miller and
Buschman, 2013; Astrand et al., 2015; Esterman et al., 2015; Meehan et al., 2017; Thiele and Bellgrove,
2018). Subcortical regions are also involved in the visual attentional control such as the superior
colliculus, the thalamus, the lateral geniculate nucleus (LGN) and the pulvinar (Schneider, 2011;

Fiebelkorn and Kastner, 2020).

Priority map & statistical learning. The close connection of these networks (Buschman and
Miller, 2007; Katsuki and Constantinidis, 2014; Richter et al., 2017) allows the integration of both
selection history with current goals with the salience to shape a priority map, like reward-based history
effects (Awh et al., 2012; Failing and Theeuwes, 2018; Theeuwes et al., 2022). Indeed, visual attention
and working memory processes have a strong interaction (Awh et al., 2006; Chelazzi et al., 1998;
Theeuwes et al., 2009), the encoding of which is refined by the level of attentional prioritization
(Klyszejko et al., 2014) and is affected by both reward and punishment stimuli related to prior
experiences (Kahnt et al., 2014; Watson et al., 2019). The integration of bottom-up and top-down factors
in visual attention leads to the principle of the priority map (Serences and Yantis, 2006, 2004; Bisley
and Goldberg, 2010; Di Bello et al., 2022) which tends to increase the activity in the frontoparietal
network (Corbetta and Shulman, 2002; Katsuki and Constantinidis, 2012, 2014). Indeed, when a
distractor is presented prior to a target, there is a concurrent increased activity in the visual cortex, thus
triggering the frontal and parietal areas concerned by the target to come (Luck et al., 1997; Kastner et
al., 1999; Ress et al., 2000; Miiller and Kleinschmidt, 2003). In addition, neurons with a large receptive
fields may encode multiple objects (either distractor, cue or target) to identify their size and location (Ito
et al., 1995; Lueschow et al., 1994). If two objects compete in this receptive field, and more specifically
in visual area V4 and the inferotemporal cortex, the most salient one affects normally the neurons
response, while the less salient suppresses any kind of response (Moran and Desimone, 1985; Chelazzi
et al., 1998). Moreover, in order to optimize one’s behavior, it has been shown that FEF and IPS
conversely suppresses distractors processing and enhances spatial target selection from the early visual
areas level (Di Bello et al., 2020), under attentional guidance (Gaillard et al., 2020; Di Bello et al., 2022).
The amplified attentional effect caused by stimuli competition, in comparison with no competition, has
been widely documented (Shiu and Pashler, 1994; Kastner et al., 1998; Reynolds et al., 1999; Awh and
Pashler, 2000; Dosher and Lu, 2000; Kastner and Ungerleider, 2001; Awh et al., 2003). Interestingly,
the more the receptive field has objects, the less fine information spread and priority set —up are (Wise
and Desimone, 1988; Miller et al., 1993a), although a voluntary shift of attention to navigate between
the hierarchically organized receptive fields may occur (Serences and Yantis, 2006). The spatial priority
map can also be altered by statistical learning (Ferrante et al., 2018), and enhanced by objects reward

competitivity (Chelazzi et al., 2014).
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2. Other behavioral manipulations
1. Perceptual learning
Perceptual learning is the most dominant form of cortical plasticity in adulthood. It involves
implicit memory thanks to experience and practice, in order to produce repetitive sensory interventions.
It has been widely studied in the search for a treatment for amblyopia in adulthood (for review, see Levi
and Li, 2009). For example, even in adulthood, extensive and repeated practice of a simple
discrimination task affects both stimuli representation in early and late visual areas (Adab et al., 2014).
Practice thus leads to long-lasting improvement of performance through neural processing in the visual
cortex by using the stimulus information more efficiently, as shown in studies on amblyopia for example

(Kiorpes, 20006).

2. Cross-modal plasticity
Other ways to induce plasticity non-invasively involve multisensory learning and integration
(Bavelier and Neville, 2002; Ewall et al., 2021). Indeed, most studies focus on one sensory modality
while the brain is now considered as a connectome. As a result, sensory interactions are worth
considering in the context of plasticity (for review, see Shimojo, 2001). Most often, it is associated with

a deprivation in early stages of development, such as blindness.

Motor. 1t has been shown that motor exercise coupled to visual experience such as the
monocular deprivation can trigger short-term homeostatic plasticity in adults (Lunghi and Sale, 2015).
Although the effect of motor exercise on the effect of monocular deprivation is still a topic of
controversy (Zhou et al., 2017; Finn et al., 2019), evidence shows that neurons in mouse visual cortex
respond more during locomotion than when still (Niell and Stryker, 2010; Kaneko and Stryker, 2014)
yet these effects are smaller in non-human species such as monkeys (Cook and Maunsell, 2002;

Reynolds and Chelazzi, 2004).

Somatosensory. Because it shares similar mechanisms to restore firing rate after sensory
deprivation as those described in the visual system, somatosensory area stimulation is investigated to
restore homeostatic plasticity. In a study by Gainey and Feldman (2017), it has been proposed that
activity-dependent plasticity interacts with Hebbian synaptic plasticity in a context of sensory
deprivation, very similar in rodents somatosensory and visual cortices. Moreover, patients with an visual
hemispatial neglect (a deficit of attention) of their own body (most often, their arm and hand) caused by
a lesion in an hemisphere may be rewired thanks to somatosensory stimulation of the vestibular system
(Kerkhoft, 2003).

Auditory. A tracer study in primates by Falchier et al., (2002) shows that V1 receives projections
from nonvisual extrastriate cortical areas such as auditory and polysensory area of the temporal lobe
cortices, showing multimodal integration at early stage in the visual cortical pathway. Once this

milestone is laid, we can wonder whether audio-visual inputs can drive plasticity in V1. A recent
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imaging study (two-photons, Ca2+ and voltage) on mice goes further in investigating this interaction
and showed that this cross-modal plasticity not only exists, but is persistent over days (Knopfel et al.,
2019). Indeed average activity of multimodal neurons increases in response to a tone previously paired
to a visual stimulus but decrease in response to unpaired tone to visual stimuli, altogether showing that
V1 processes congruent auditory and visual stimuli by strengthening functional associations in
multisensory neurons (Aller et al., 2021). Vice-versa, visual stimulation can enhance the performance
in an auditory working memory task (Albouy et al., 2022). An imaging study in the intraparietal sulcus
(IPS) has also shown a better sensitivity to numerosity displayed in the form of differential number of
beeps, in blind individuals than on blindfolded sighted participants (Kanjlia et al., 2021). This testify for

the extended adaptability of the brain in a condition that is usually considered as an impairment.

All in all, the study of cross-modal plasticity is rather recent and is also being studied to propose
therapies in schizophrenia (Wijtenburg et al., 2021). However, these effects being caused by sensory
modulation remain too low to induce long-lasting effects, compared with a pharmacological

manipulation involving the neurotransmitters.
3. A general point on neurotransmitters

Another way to restore plasticity through alteration of the excitation-inhibition balance is to play
on neuromodulators, to favor excitation. Indeed, a coupling of Hebbian plasticity, such as LTD and LTP,
and neuromodulators highly infers on the individual behavioral state (for review, see Gu, 2002) and can
even reverse definitively the effects of a monocular deprivation among adults (Hong et al., 2020). They
all have their own action mechanisms to modulate plasticity. However, the key target of molecular
signaling in plasticity is the inhibition of GABAergic neurons. Through their post synaptic receptors,
they are very sensitive to critical period alterations.

1. Glutamatergic modulation.

Glutamatergic modulators, and more precisely AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) and NMDA (N-méthyl-D-aspartate) receptors, are involved in synaptic
plasticity. Activated by glycine or glutamate, they are important molecules in the short- and long-term
potentiation between neurons. Indeed, when their activity increases, this leads to signaling modification
in the post-synaptic cell. Hence, pre and post synaptic receptors coordination results in plasticity,

strengthened by correlated activity.

2. Cholinergic modulations.
The involvement of acetylcholine circuitry on the E/I balance by reducing the size and the
diffusion of receptive fields excitation in the visual cortex has been shown in humans (Silver et al.,
2008), rats (Kimura et al., 1999) and marmosets (Roberts et al., 2005). We can then argue that

cholinergic signaling plays a role in neuronal plasticity. Accordingly, it has been shown that cholinergic
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modulations promote remyelination, a crucial structural factor of the plasticity, and so the rewiring of

old and new connections (Fields, 2015; for review, see Fields et al., 2017).

3. Noradrenergic modulations.

The central noradrenergic system is responsible for saliency (Rogawski and Aghajanian, 1980),
improvement in the treatment of sensory information (Waterhouse and Navarra, 2019), attentional
processes/visuo-spatial attention (Reynaud et al., 2019) but also spatial and recognition memory,
cognitive flexibility and arousal. The principal source of noradrenaline in the central nervous system is
the locus coeruleus which can modulate the activity of cortical GABAergic cells in the neocortex and
hippocampus (Kawaguchi and Shindou, 1998). More precisely, it mediates plasticity in the attentional
neural network (Coull et al., 1999). In addition, the increase in the local availability of noradrenaline
enhances neuronal plasticity, by accelerating cortical recovery from the effects of prior monocular
deprivation in cats and has been proposed as a treatment for amblyopia (Kasamatsu, 1982, 1991; Gordon

et al., 1988).

4. Dopaminergic modulations.

Dopamine is widely studied to be involved in Parkinson disease (PD), its deficit resulting from
the degradation of the dopaminergic neurons being one of the causes of this neurodegenerative
pathology. However, an exercise-induced increase in the dopamine D2 receptor expression, protein and
binding in the striatum, may restore motor learning both in healthy and PD patients (for review, see
Jakowec et al., 2016), which corresponds to a form of plasticity. Dopamine is also linked to motivation
and its depletion can lead to depressive state (Pessiglione et al., 2018). However, endogenous dopamine
in the brain regulates the critical period synaptic plasticity through learning and memory (Jay, 2003).
Since it strongly interacts with the serotoninergic system (Cools, 2008; Dremencov et al., 2009; Fischer

et al., 2015) we now seek to understand more the latter system involvement into plasticity mechanisms.

Serotoninergic neuromodulation being a focus of the present Ph.D. thesis manuscript, it is

considered in an independent section in extensive details.

4. Serotonin

1. A brief history of serotonin identification
Serotonin was identified in 1946 under the name Enteramine by the pharmacologist Vittorio
Erspamer in the enterochromaffin cells of the digestive tract (Erspamer and Asero, 1952), which he
found to cause smooth muscle contractions. Meanwhile, in 1948 Maurice Rapport and Irvine Page
(Rapport et al., 1948a, 1948b, 1948c), who were interested in hypertensive substances, isolated and
characterized a vasoconstrictor substance that occurs in blood clotting. They named it "serotonin" by
contracting the Latin word "serum," its source, and the Greek "tonic," its effect on blood vessels. The

following year he analyzed it as 5-hydroxytryptamine (5-HT) and Enteramine has later been identified
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as corresponding to this specific molecule (Reid and Rand, 1952). The presence of serotonin in the
central nervous system was suggested not much longer after its initial identification (Twarog and Page,
1953) for its role as a neurotransmitter (Brodie and Shore, 1957). Later on, serotonin has been found to
be at a higher concentration in specific nerve ending of neurons of the pineal gland in rats, compared to
others structures of the brain (Michaelson and Whittaker, 1963; Zieher and De Robertis, 1963), paving
the way to map specific nuclei that contain serotonin, now known as the serotoninergic system
(Dahlstroem and Fuxe, 1964). Nowadays, serotonin, or 5-hydroxytryptamine (5-HT), is characterized
as a biogenic amine neurotransmitter, derived from the amino acid L-tryptophan, that is involved in a
wide range of behaviors, including emotional states and mental arousal. Although more than 90% of the
body serotonin lies in the platelets or the enterochromaffin cells of the gastrointestinal mucosa (Berger
et al., 2009), its role in the central nervous system is to modulate efficiency of synaptic transmission
(Twarog and Page, 1953). The serotonin system regulates physiology (Muller and Jacobs, 2010) and
many behaviors, such as impulsivity, attention, emotions, reward processing and decision-making (Abi-
Dargham et al., 1997; Clarke et al., 2004; Cools et al., 2008; Dayan and Huys, 2009; Homberg, 2012;
Nakamura, 2013) and its dysfunction is involved in Parkinson’s disease, autism, drug addiction and

schizophrenia (Abi-Dargham et al., 1997; Huot et al., 2011; Nakamura, 2013).

2. Characteristics of the serotoninergic system
1. The raphe nuclei

Nuclei subdivision. The raphe nuclei are a set of subcortical structures of the brain, they are
present in the medulla oblongata, the pontine and the midbrain (Dahlstroem and Fuxe, 1964). They are
often divided into two groups: the rostral nuclei are located near the upper part of the brain stem and the
caudal ones are located closer to the lower region of the brain stem.

Most of the serotoninergic neurons of the brain are located in the rostral group. It contains the
caudal linear nucleus, the dorsal raphe nucleus (Ren et al., 2018) and the median raphe nucleus, and
these two latter contain the most abundant serotoninergic population (Dahlstroem and Fuxe, 1964). The
caudal group that involves a minor cluster of serotonergic neurons contains the raphe nucleus magnus,
the dark raphe nucleus and the pale raphe nucleus, which is the smallest of all raphe nuclei. The dorsal
raphe and the median raphe nuclei display ascending projections targeting a large number of forebrain
regions (Azmitia and Segal, 1978; Ishimura et al., 1988; Vertes and Linley, 2008) to regulate sleep and

wakefulness while they actually receive a similar input (Vertes and Linley, 2008).

Raphe nuclei projections. Serotonin is distributed from the raphe nuclei throughout the brain
and the spinal cord by distributed efferent and afferent projections (Pollak Dorocic et al., 2014). Indeed,
serotonergic neurons of the dorsal raphe nucleus project rostrally into the cerebral hemispheres (Figure
4), raphe nuclei in the pontine branch project into the brainstem and cerebellum and those in the medulla
oblongata go to the spinal cord. Afferences of the raphe nuclei come from the cortex, the cerebellum,

the hypothalamus and the locus coeruleus. The ascending efferences are widely distributed to the frontal
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cortex, the hypothalamus, the thalamus, the basal ganglia and the locus coeruleus (Ren et al., 2018). The

descending efferences are distributed to the nuclei of the cranial nerves, to the spinal cord.

Figure 4: Serotoninergic projection in the central nervous system (Dales & Purves, 2018)

Serotonin synthesis. There are five biogenic amine neurotransmitters: the three catecholamines
(dopamine, norepinephrine, and epinephrine), histamine and serotonin. All the catecholamines are
derived from a common precursor, the amino acid tyrosine. Serotonin is synthesized in serotonergic
terminals from L-tryptophan (Clark et al., 1954; Tyce, 1990), which crosses the blood-brain barrier, and
is released by serotoninergic neurons of the raphe nuclei in the brainstem (for review, see Mohammad-
Zadeh et al., 2008; Walker and Tadi, 2022). More precisely, tryptophan is transported in the
serotoninergic neuron by a plasma membrane transporter and hydroxylated in a reaction catalyzed by
the enzyme tryptophan-5-hydroxylase (Meriney and Fanselow, 2019). Since tryptophan cannot be
endogenously synthesized, the synthesis of serotonin is limited by the dietary tryptophan intake and the
rate of the tryptophan-5-hydroxylase activity. In the central nervous system, presynaptic neurons such
as the pineal gland, catecholaminergic neurons and serotoninergic neurons synthesize and store the
serotonin. After being released in the synaptic cleft, serotonin can bind either to its specific postsynaptic
receptors or to autosynaptic receptors (Figure 5). This latter binding induces a negative feedback, thus
preventing some more release of serotonin in the synaptic cleft rather enhancing its storage in the

synapse (Cerrito and Raiteri, 1979).
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Figure 5: Serotonergic synapse and metabolism of 5-HT from synthesis, storage, release to uptake via

serotonin transporters (Ni & Watts, 2003)

2. Serotoninergic receptors

The effects of serotonin in the body are mediated by seven types of 5-HT receptors (5-HT; to 5-
HT7) (Hoyer et al., 1994), which have different affinities to agonists and antagonists according to their
subtypes. At least fourteen 5-HT receptor subtypes has been identified (Hoyer et al., 1994; Hoyer and
Martin, 1997) and the two most widely studied receptors are 5-HTi, and 5-HT»., for their dense
expression in the human brain (Beliveau et al., 2017; Carhart-Harris and Nutt, 2017; Hansen et al.,
2022). Six of these receptors’ subtypes are metabotropic, with a monomeric structure typical of G-
protein-coupled receptors. The nature of these receptors determines the excitatory or the inhibitory effect
of serotonin on other neurons. These receptors are involved in a wide range of behaviors, such as
circadian rhythms, motor behaviors, emotions control and arousal. In the central nervous system,
impairments in the function of these receptors are associated with numerous psychiatric disorders
(Berger et al., 2009), such as depression, anxiety disorders and schizophrenia. Drugs acting on 5-HT

receptors are effective treatments for several of these conditions.

3. Serotonin transporters and reuptake

After the neuronal depolarization followed by the serotonin release in the synaptic cleft, it is
removed from it by its selective serotonin transporter (SERT), which is a monoamine transporter (Torres
et al., 2003). It is located in the presynaptic neuron, in the plasma membrane, and this reuptake thus
decreases the concentration of synaptic serotonin (Ni and Watts, 2006). The high concentration of
serotonin is the synaptic cleft contributes to an increase in the strength and duration of signaling on the
postsynaptic serotonin receptor. In order to regulate this availability, two presynaptic mechanisms are
at play, which are the binding of serotonin to its auto receptors and the increased activity of SERT.

While SERT are responsible at removing serotonin from the synaptic cleft, the negative feedback
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induced by the serotonin reuptake prevents some further serotonin synaptic release (Cerrito and Raiteri,

1979).

This reuptake can be inhibited by the selective serotonin reuptake inhibitors (SSRIs). They are
a class of drugs that inhibit the ability of SERT to reuptake serotonin into presynaptic terminals: the
principle of SSRIs is to prevent serotonin recapture by binding specifically to the SERT. Thus, serotonin
remains longer around the synapse, increasing neuron stimulation and the serotoninergic system activity,
while a positive feedback loop is at play, releasing more serotonin in the synaptic cleft (Owens, 1996).
Several SSRIs are antidepressants, such as fluoxetine, citalopram and its enantiomer escitalopram,

fluvoxamine, paroxetine and sertraline.

3. Serotonin functions
1. Physiological and emotional role: some examples
Wakefulness and sleep regulation. Serotonin neurons that travel from the dorsal raphe nucleus
to other brainstem nuclei play an important role in the regulation of sleep and wake cycles, and is
especially involved during the sleep/wake shift (Siegel, 2004; Sakurai, 2007). Indeed, these neurons
show a high degree of activity in moments of alertness but are generally inactive during the rapid eye
movement sleep. Circadian rhythms are also influenced by the connection that the supra-chiasmatic

nucleus establishes with the anterior nucleus and with the middle nucleus of the raphe.

Pain perception. The dorsal raphe nucleus and the nucleus magnus are involved in natural pain
inhibition processes. The spinal cord circuits responsible for the transmission of pain signals are partially

inhibited by projections from these nuclei (Ossipov et al., 2010).

Appetite control. Serotonin regulates appetite and food intake by diminishing hunger sensation
while preserving satiety (Blundell and Halford, 1998). In the latter study, the anorexic valence is even
associated with serotoninergic drugs and it was shown later that there is indeed a strong pharmacological

specificity regarding these effects on the SHT»c receptor (Halford and Harrold, 2012).

Depressive mood. Serotonin depletion affects the mood and has a role in depressive state, SSRI
are thus proposed as anti-depressants (Pehrson et al., 2015). On a molecular and cellular level,
depressive behavior alters dopamine neuron excitability and the GABAergic synaptic plasticity, leading
to a misinterpretation of reward (Russo and Nestler, 2013). Recent findings also showed the coupled
role of SSRI with physical exercise or learning to potentially stimulate a neuroplasticity and enhance

the depression treatment (Kraus et al., 2017).

2. Effect on social behavior
Serotonin intake promotes prosocial behavior among primates (Raleigh et al., 1980), such as

cooperation, while decreasing anti-social behavior, such as aggression and isolation (for review, see
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Steenbergen et al., 2016). In addition, serotonin modulation had been linked to the establishment of
social hierarchies, whether studying the relation between SERT availability and neural responses in
humans related to learning of social dominance hierarchies (Janet et al., 2022) or by stimulating
serotonin receptors with serotonin agonists injections and observing any behavioral changes in
mammals (Sandi and Haller, 2015; Terranova et al., 2016). For example, among vervet monkeys, a male
who occupies a dominant position in the social hierarchy consequently presents a high serotonin
concentration in the blood (Raleigh, 1984) and reversely, suppression of serotonin signaling can induce
its subordination (Raleigh et al., 1991). In addition, an input of tryptophan in macaques, thus increasing
central serotonin concentration, alters saccades and social gaze toward other macaque faces, (Weinberg-
Wolf et al., 2021). Serotonin decrease has also linked social learning deficits and depression, through
the modulation of the social reward value learning (Frey and McCabe, 2020). Thus, SSRIs have been

proposed in a treatment in social behavior disorders such as social phobia (Van Ameringen et al., 1999).

3. Effect on attentional control
In the brain, serotonin signaling has a role in attention, reducing the ability to ignore a distracting
stimulus while not affecting sustained attention (Carter et al., 2005; Wingen et al., 2008), and more
particularly in processing top-down attentional control (Scholes et al., 2007; Enge et al., 2011, 2014).
Indeed, there is a high concentration of 5-HT»a receptors in the pre-frontal cortex (PFC) (Puig and
Gulledge, 2011) and as the latter region is responsible for learning, working memory and motivation, 5-

HT has been found to be involved in these functions (Meneses and Liy-Salmeron, 2012).

Serotonin is also known to be involved in the inhibition of prepotent responses and on
impulsivity (Brown et al., 2012; Worbe et al., 2014; Meyniel et al., 2016) while also having a role in
attentional processing (Carter et al., 2005; Scholes et al., 2007; Wingen et al., 2008; Enge et al., 2014;
Lietal., 2018). These effects remain highly dependent on the baseline attentional state of the individual
and an adjunction of serotonin in the brain may even have contrary effects whether we have a high or a
low baseline attention (Weinberg-Wolf et al., 2018). Thus, while SSRI decrease activity in brain regions

associated with sustained attention, no clear behavioral effect has been reported (Wingen et al., 2008).

4. Focus on fluoxetine

The antidepressant fluoxetine (Prozac) is an SSRI that does not affects the reuptake of
catecholamines, such as dopamine. In mice, it has recently been proposed as a therapy to treat mature
visual system impairments, such as degeneration of retinal pigmented epithelium cells involved in
macular degeneration (Ambati et al., 2021). Still in rodents, fluoxetine treatment coupled to a shift in
OD by monocular deprivation participated to re-instate juvenile-like plasticity (Umemori et al., 2018).
This supports the idea that fluoxetine car alter E/I balance to reinstate the characteristic plasticity of the
critical period, to heal vision damages or ischemic brain injuries such as stroke (Chollet et al., 2011;

Mead et al., 2020; for review, see Schneider et al., 2021). Indeed, serotonin decreases inhibition, hence
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modulating the homeostatic response of visual circuits (Baroncelli et al., 2010; Guidotti et al., 2012), in
favor of excitation in the E/I balance. This observation has been confirmed in rats, fluoxetine decreasing
inhibition in the adult visual cortex in landmark studies (Vetencourt et al., 2008, 2011) by decreasing
extracellular GABA concentrations. In addition, fluoxetine also participates in degrading “brakes” such
as parvalbumin-positive interneurons in the frontal cortex (Guirado et al., 2014; Ng et al., 2015),
essential in synaptic stabilization, even in single dosing (Figure 6). Once this plastic environment is
instated, the cortex being hyperexcitable (Guirado et al., 2009), behavioral manipulation of the visual
system such as monocular deprivation can indeed lead to shifts in OD, similar to those observed during
the critical period. The repetitive fluoxetine administration at chronic dosing coupled to an experience-
dependent modulation then induces long lasting effects in the visual system (Hong et al., 2021), due to
the rise of inhibition levels, similar to the end of the critical period (Figure 6). Indeed, while being
induced by top-down and bottom-up modulations, and since it has a strong affinity for receptors
SHT?2a,c, highly concentrated in PFC and visual areas (Palvimaki et al., 1996; Beliveau et al., 2017),
fluoxetine stimulates the homeostatic balance thus allowing a persistent consolidation of synaptic

changes.

Figure 6: Differential effects of SSRI such as Fluoxetine according to the dose schedule (Schneider et

al., 2021). While a single dosing participates in reopening the critical period and enhancing cortical
plasticity, a chronic intake of this SSRI restores the E/I balance, completing the rewiring process and

consolidating a long-lasting novel circuit

Hypotheses summary

Section 2 has covered the importance of enhancing visual plasticity in adulthood and the
different approaches that allow to reach this goal. On a molecular and cellular scale, the mechanisms at

play during visual plasticity in the adult brain are very juvenile-like. Although we cannot pretend to re-
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open a critical period, some plasticity at the adult age remains and it has now been widely shown that it
can be enhanced. The means we discussed here range from the molecular to the behavioral cross-modal
manipulation. In the follow research achievement, we focus on the hypothesis that a coupling of
attentional pathway modulation combined with pharmacology (Fluoxetine) will potentiate adult
plasticity and we will seek a better understanding of the process at play during visual plasticity in

adulthood.

Indeed, the use of a SSRI, and more particularly of fluoxetine to that extent is highly promising,
yet, its precise effect on the primate brain has been surprisingly little documented. We here hypothesize
and test for 1) a behavioral effect of fluoxetine on visual perception and on top-down control of visual
processing; 2) an antero-posterior connectivity decoupling due to behavioral training and a top-down
manipulation of spatial saliency; 3) an enhancement of this effect due to fluoxetine administration.
Overall, reporting an improved perceptual learning thanks to pharmacology coupled to behavioral
manipulation, would permit to decipher the mechanism at play in this specific enhancement of visual

plasticity in adulthood.

To reach this goal, we first characterized the behavioral effects of fluoxetine on three different
visual tasks. We then designed a longitudinal protocol, which involves three measurement time points
thanks to magnetic resonance imaging (MRI) techniques such as functional MRI (fMRI), myelin
mapping and GABA spectroscopy. The first measurement point was a control (T1). The second was
recorded after behavioral training involving top-down modulations of attention of hemifields using
reward biases (T2). The third measurement consisted in the same manipulation but reversed in space,

with the addition of Fluoxetine administration (T3).

Choice of the macaque as model

To conduct this longitudinal study, coupling both imaging techniques and pharmacology, we
designed protocols that require a controlled environment to ensure the observed effects are indeed a
result of either the behavioral or the pharmacological manipulation. Indeed, the plasticity we seek to
observe is very subtle. In addition, both our behavioral and pharmacological protocols require periods

of daily training and Fluoxetine administration, requiring from subjects reliability and availability.

Both of these criterions are quite difficult to meet on a 4-years longitudinal study when working
with human subjects. For that reason, we decided to conduct this project on a non-human primate model
of cognition (macaques). Because they can learn complex behavioral tasks and share a similar visual
system with humans (contrary to rodents), we decided to carry our experiments on rhesus macaques
(Macaca mulatta). Indeed, this specie is the phylogenetically closest to human that we can study in a
laboratory environment and consequently is very well documented both functionally and anatomically.

Thus, since we use neuro-imaging techniques, we already benefit from strong and numerous comparison
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points and from an established literature to optimize our protocols. The same arguments apply regarding
pharmacology studies. Event though macaques and humans physiologic system differ, they share major
similarities, including their response to Fluoxetine. In addition, macaques can be trained to daily
Fluoxetine administration thanks to positive reinforcement. Such training eases their manipulation to

scan them thanks to MRI technique.

In the context of this thesis, we also work with macaques not only as a model for human
physiology but also for a better understanding of this primate specie. Indeed, some data collected during
this thesis allowed to contribute to a primate imaging exchange database. In another project, we
characterize the neural response to socio-emotionnal stimuli in a context of audio-visual integration
(Appendix 1). Macaques were also a well-suited model for a developmental study (Appendix 2) as they

grow faster than humans, and to develop new methodologies, (Appendix 1 & 3).

Thus, to design and conduct experiments to either confirm or reject our working hypotheses, the
rhesus macaque (Macaca mulatta) stands out as an ideal experimental model. This thesis project
involves two adult male rhesus macaques, aged 9 (Samourai) and 8 (Scooby) at the beginning of the

study.

Thesis overview

The first chapter (study n°1) is a behavioral study of the SSRI fluoxetine on adults macaques. It
involved three distinct visual tasks coupling top-down and bottom-up mechanisms to characterize its
effect on the visual system. We hypothesized and demonstrated that, under fluoxetine as observed in an
alteration of the spatial priority map task, luminance vision is degraded as well visual spatial resolution,
while sensitivity to reward increases. In the second chapter (study n°2), we link the observed behavior
to its underlying brain network mechanisms by having a closer look at the functional connectivity of the
visual system, thanks to fMRI on awake macaques. We here describe our longitudinal protocol that
occurred in 3 steps: control (T1), behavioral reward manipulation (T2), behavioral reward manipulation
combined to fluoxetine intake (T3). By using the paradigm of the altered spatial priority map task, we
thus designed a dual-choice saccadic task that imbalances the salience in the visual field that constitutes
the behavioral manipulation in T2 and T3 time-points. We thus investigated the whole brain functional
connectivity changes following this extensive reward-based learning of novel spatial contingencies and
with the impact of fluoxetine. In the third chapter (study n°3), we hypothesized that we could support
the observed functional networks modulations observed in the second chapter (study n°2) through T1,
T2 and T3 by zooming in further on the visual areas retinotopy and activity, thanks to fMRI on awake

macaques.
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Chapter |

General introduction to the chapter I

The introduction of this thesis displays the importance of enhancing the visual plasticity in the
adult and how to reach this goal. Accordingly, the most common way to trigger this plasticity is to act
on the excitation/inhibition balance, in favor of a higher excitability. As a result, sensory inputs will be
more likely to influence the brain on both functional and structural levels, in order to induce long-lasting
changes. Among all strategies investigated to re-instantiate this plasticity, the modulation of
neurotransmitters, and more particularly, of serotonin, are very promising. Indeed, a general increase of
serotonin concentration and signaling in the brain is expected to reduce GABA levels, thus decreasing
GABAa receptors activity. Since the GABA has an inhibiting role in the mammalian brain, the
previously described cascade of actions is expected to lead to a reduction of inhibition, which is expected
to act in favor of an increase of excitation in the excitation/inhibition balance. Since the serotonin cannot
cross the blood-brain barrier, all the means to increase its action in the brain are indirect. Modulation of
serotonin levels can be achieved by intakes of the direct precursor of serotonin synthesis or serotonin
receptors agonist. Here, we took a particular interest in SSRIs, at third way to modulate serotonin levels.
Indeed, this pharmacological class, which is mostly known for their antidepressant role, constitutes the

most efficient ways to increase serotonin in the central nervous system.

In this first chapter, which also constitutes the first empirical study I present from my Ph.D.
work (study n°1), we will therefore focus on the SSRI fluoxetine impact on visual perception through
behavioral and physiological observations. Indeed, prior to the investigation of its effects on the neural
correlates associated with visual plasticity and the underlying mechanisms at play, our approach aimed
at first understanding the behavioral effects on vision and top-down processes. Such a process allowed
us to first, validate the effect of fluoxetine in the context of visual plasticity to corroborate the literature,
but more importantly, to bring another perspective on understanding the low to high-level features
involved in such a plasticity enhanced by SSRI intake. These features range from luminance perception
to motivation, including reward sensitivity and attention orientation. Thus, we set up three active tasks,
involving respectively target detection, spatial discrimination and choice according to the reward output.
We describe these tasks and the behavioral effects of fluoxetine in these tasks in study n°1. Thanks to
those, along with physiological validations such as pupil increase under fluoxetine, we additionally
highlighted the fact that under fluoxetine, monkey work longer while reaching higher performances.
Very interestingly, we also showed a differential reaction times differences between placebo and
fluoxetine conditions, depending on the task, thus testifying of a high-level cognitive effect of

fluoxetine.

Study n°1: Fluoxetine increases luminance perceptual thresholds while enhancing motivation
and reward sensitivity. Maéva Gacoin, Suliann Ben Hamed. BiorXiv. doi:

https://biorxiv.org/cgi/content/short/2022.11.11.516168v1 (in revision)
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Abstract

Selective serotonin reuptake inhibitors (SSRIs) increase serotonin activity in the brain. While they are
mostly known for their antidepressant properties, they have been shown to improve visual functions
in amblyopia and impact cognitive functions ranging from attention to motivation and sensitivity to
reward. Yet, a clear understanding of the specific action of serotonin to each of bottom-up sensory
and top-down cognitive control components and their interaction is still missing. To address this
question, we characterize, in two adult male macaques, the behavioral effects of fluoxetine, a specific
SSRI, on visual perception under varying bottom-up (luminosity, distractors) and top-down
(uncertainty, reward biases) constraints while they are performing three different visual tasks. We first
manipulate target luminosity in a visual detection task, and we show that fluoxetine degrades
luminance perceptual thresholds. We then use a target detection task in the presence of spatial
distractors, and we show that under fluoxetine, monkeys display both more liberal responses as well
as a degraded perceptual spatial resolution. In a last target selection task, involving free choice in the
presence of reward biases, we show that monkeys display an increased sensitivity to reward outcome
under fluoxetine. In addition, we report that monkeys produce, under fluoxetine, more trials and less
aborts, increased pupil size, shorter blink durations, as well as task-dependent changes in reaction
times. Overall, while low level vision appears to be degraded by fluoxetine, performance in the visual
tasks are maintained under fluoxetine due to enhanced top-down control based on task outcome and

reward maximization.

Keywords

Fluoxetine, serotonin, macaque, visual perception, luminosity, response criterion, reward sensitivity
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Introduction

While selective serotonin reuptake inhibitors (SSRIs) are mostly known for their antidepressant
properties (Bauer et al., 2008), serotonin concentration in the brain impacts multiple sensory and
cognitive functions ranging from retinal (for review, see Masson 2019; Pootanakit and Brunken 2000)
and visual functions (Lansner et al., 2019), to higher order cognitive functions such as sustained
attention (Carter et al., 2005; Enge et al., 2011; Li et al., 2018; Scholes et al., 2007; Wingen et al., 2008),
impulsivity (Brown et al., 2012; Meyniel et al., 2016; Worbe et al., 2014), working memory and learning
(Meneses and Liy-Salmeron, 2012) and emotional and affective processing (Bar-Haim et al., 2007,
Harmer, 2008; Harmer et al., 2006; Pérez-Edgar et al., 2010). Serotonin has also been proposed to play
a crucial role in remodeling visual cortical circuits (Maya-Vetencourt et al. 2008; 2011; Umemori et al.
2018) as well as in cognitive flexibility (Clarke et al., 2004). In this context, the specific contribution of
serotonin to low-level visual luminosity perception on the one hand and to the top-down control
mechanisms of visual perception on the other hand, such as attentional selection and distractor
suppression (Di Bello et al., 2022) or reward-based decision making (Homberg, 2012; Seymour et al.,

2012) is still a matter of research.

Serotonin brain concentrations can be modulated by increasing the circulating levels of tryptophan, its
precursor, by the action of selective serotonin agonists, or yet by the action of SSRIs. These bind
selectively to serotonin transporters and inhibit their ability to reuptake serotonin into presynaptic
terminals, resulting in an increase in the levels of extracellular serotonin (Wong et al., 1995; Clark et
al., 1996). Thus, increased release in serotonin enhances the neurotransmitter likelihood to bind to a
post-synaptic receptor. In addition, the decrease of serotonin reuptake also inhibits the negative
feedback regulation, resulting in increased serotonin release in the synaptic cleft (Cerrito and Raiteri,
1979). A particular SSRI, fluoxetine (Prozac), expresses a strong binding to receptors 5-HT2c (Ni and
Miledi, 1997; Palvimdki et al.,, 1996) and 5-HT2a (Koch, 2002), the latter having the highest
concentration in the visual system (Beliveau et al., 2017; Hansen et al., 2022), as well as in the pre-
frontal cortex (Puig and Gulledge, 2011). In particular, serotonin modulates the neuronal activity in
the visual system, in a dose- and specie dependent-manner, such that increase or depletion of 5-HT
regulates the switch between single-spike activity and rhythmic burst firing specifically in brain regions
involved in visual processing, such as the retina, the visual cortex, and the thalamus (Brunken et al.,
1993; McCormick and Wang, 1991; Monckton and McCormick, 2002; Moreau et al., 2013). In addition,
fluoxetine decreases extracellular GABA levels (Vetencourt et al., 2008; Baroncelliet al., 2011, Beshara
et al., 2016; Santana et al., 2004) thus leading to enhanced cortical excitability through a reduction of

global inhibition. Relevant to the study of the effects of serotonin on top-down and bottom-up visual
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processes, GABAa receptor concentrations are higher in the visual cortex than in the rest of the brain
and higher in the ventral part of the striate and extrastriate cortex than in its dorsal part (Kaulen et al.,
2022). However, the link between GABAa receptor concentrations and cognitive readout is not
straightforward. Indeed, GABA concentrations in the prefrontal cortex are negatively related to
attentional blink magnitude while GABA concentrations in the posterior parietal cortex are positively
correlated with attentional blink magnitude and GABA concentrations in the visual cortex do not
contribute to attentional blink magnitude (Kihara et al.,, 2016). All this taken together indicates
complex interactions between serotonin circulating levels and behavioral and cognitive markers of

visual perception.

In the present work, we precisely characterize the effects of fluoxetine on visual perception under
varying bottom-up (luminosity, distractors) and top-down (uncertainty, reward biases) constraints,
while two monkeys perform three different visual tasks. The first task is a visual detection task in the
presence of target stimuli of varying luminosity and maostly involves bottom-up visual processes. This
task thus allows to characterize the effects of fluoxetine on luminosity perceptual thresholds. The
second task is a visual detection task in the presence of spatial distractors and involves a combination
of bottom-up visual processes and top-down target selection and reactive distractor suppression
mechanisms (Di Bello et al., 2022). This task thus allows to characterize the effects of fluoxetine on
perception under spatial uncertainty. The third task is a free choice task in the presence of reward
biases (Chelazzi et al., 2014). This task thus allows to characterize the effects of fluoxetine on reward-
based decision making. Overall, we report longer time on the task, increased pupil size and shorter
blink durations under fluoxetine, increased luminance perceptual thresholds, such that higher levels
of luminosity are needed to reach a 50% correct detection, more liberal decision thresholds thus
producing more responses to both targets and distractors, a degraded perceptual spatial resolution
under spatial uncertainty, and an enhanced sensitivity to both the positive incentive of high rewards
as well as to the negative outcome of low rewards. We finally show that fluoxetine can either speed
up or slow down manual reaction times, depending on the nature of the task. Overall, we show that
the effects of fluoxetine on perception result from interference with both bottom-up perceptual
mechanisms, namely degraded luminosity thresholds or degraded spatial resolution and top-down
perceptual mechanisms, namely relaxed decision thresholds and increased sensitivity to reward
outcomes. In other words, while low level vision appears to be degraded by fluoxetine, performance
in the visual tasks may be maintained under fluoxetine due to enhanced top-down control based on

task outcome and reward maximization.
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Results
Under fluoxetine, monkeys work longer and produce less aborts

Based on serum concentration decay time in macaques (half-life <16h, Sawyer and Howell, 2011) and
to the reported threshold for behavioral effects (Fontenot et al., 2009; Chen et al., 2012), monkeys
were injected with 2.5mg/kg of Fluoxetine or an equivalent volume of saline. On each session, subjects
were allowed to work for as long as they were motivated to. Monkeys were considered as less
motivated and were brought back to their home cage when their compliance to the central fixation
constrain in the task decreased beyond a certain threshold (85% overall fixation in a block of 280 trials
for both the luminance detection task and the target detection task with distractors and 75% for the

saccadic reward competition task).

For all three tasks, a significant increase in the number of trials as well as a significant decrease in abort
trials (i.e. trials discontinued prior to the onset of task response signal) is observed when monkeys are
on fluoxetine compared to placebo sessions (Figure 1). Specifically, during the luminance detection
task, both monkeys M1 and M2 performed more trials per session in fluoxetine sessions as compared
to placebo sessions (M1: median number of trials per session +/- s.e.: placebo: 1257,67+/-233,98;
fluoxetine: 1914,33+/-13,95; Wilcoxon non-parametric test, p=0,024 M2: placebo: 289,25+/-62,33;
fluoxetine: 387+/-14,81; p=0,034) and less aborted trials (M1: median %Abort: placebo: 50,60+/-0,03;
fluoxetine: 35,53+/-0,01; p=0,005; M2: placebo: 90,16+/-0,02; fluoxetine: 84,83+/-0,02; p=0,045). This
was also true for the detection task with distractors (M1: median number of trials per session +/- s.e.:
placebo: 970,5+/-72,85; fluoxetine: 1443,5+/-69,01; p=0,001; M2: placebo: 270,8+/-44,04; fluoxetine:
496,9+/-86,39; p=0,009; M1: median %Abort: placebo: 23,71+/-0,01; fluoxetine: 22,7+/-0,01; p=0,016;
M2: placebo: 18,93+/-0,01; fluoxetine: 16,47+/-0,01; p 0,027). However, we did not observe this effect
for the saccadic reward competition task (M1: median number of trials per session +/- s.e.: placebo:
936+/-109,10; fluoxetine: 1128+/-94,99; p=0,124; M2: placebo: 624+/-87,64; fluoxetine: 792+/-94,99;
p=0,109; M1: median %Abort: placebo: 29,46+/-0,05; fluoxetine: 27,80+/-0,020; p=0,456; M2:
placebo: 44,15+/-0,02; fluoxetine: 37,78+/-0,02; p=0,128). Overall, fluoxetine thus enhances both the
motivation of the monkeys to work (more trials) as well as their compliance on the task (less aborts).
Please note that, due to the nature of the tasks, performance defined as the percentage of correct

trials cannot be computed.
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Figure 1: Effect of fluoxetine on on-task motivation (# of trials) and on-task compliance (% aborts), on the Luminance
detection task (A), the detection task with distractors (B) and the saccadic reward competition task (C). For all plots, median
+/- s.e. of the median are represented. Placebo data are represented in light gray and fluoxetine data are represented in dark
gray. Statistical significance is represented as follows: ***, p<0.001; **, p<0.01; *, p<0.05; n.s., p>0.05.

Under fluoxetine, perceptual thresholds are increased

In order to assess the effect of fluoxetine on perceptual thresholds, we had monkeys detect targets of
varying luminosities ranging for very high luminance to very low, in seven steps (Figure 2). Targets
could appear in one of four locations on the screen (upper left, upper right, lower left, lower right). It
is to be noted that this experiment was conducted twice, at a 10 months’ interval and all observations

reported below are reproduced (supplemental figure S1).

Both monkeys had a hit rate of 100% in both the placebo and fluoxetine conditions for the high
luminosity targets, indicating that they were well trained and highly motivated in this task. Behavioral
perfarmance (% Hits, i.e. correct responses) were extracted as a function of target location and target
luminosity for each monkey and each session and fitted with a sigmoid fit (Figure 2b, supplemental

figure S1).

Two different effects of fluoxetine can be described. First, fluoxetine increases perceptual thresholds
such that lower luminosity targets are less perceived under fluoxetine relative to placebo condition.
This is quantified by a shift in the p®° (i.e. point of perceptual indecision) of sigmoid fits in the fluoxetine
relative to the placebo condition towards higher luminosities (ﬁ, median +/- s.e. fluoxetine, M1:
placebo: 4,76 + 0,01; fluoxetine: 4,23 + 0,04; Wilcoxon non-parametric test, p=0,026; M2: placebo:

3,90 +0,03; fluoxetine: 3,71 + 0,02; p= 0,002).

Second, under fluoxetine, monkeys had lower hit rates than on placebo condition, producing
significantly less hits for lower luminosity targets (Figure 1B). A two-way ANOVA on target position x
condition indicates a significant effect of condition and quadrant with no interaction for both monkeys

(M1: target position, F(1,83)= 78,365, p<0,001; condition, F(3,249)= 77,638, p<0,001; interaction,
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F(3,249)= 1,639, p=0,181; M2: target position, F(1,76)= 40,803, p<0,001; condition, F(3,228)= 41,768,
p<0,001; interaction, F(3,228)= 1,702, p= 0,167). Post-hoc Wilcoxon tests indicate that this holds
significant in M1 for three quadrants out of four and in M2, for one quadrant out of four (Figure 1B).
This indicates that their perception for low luminosity target is strongly degraded under fluoxetine.
Alternatively, this possibly indicates that monkeys become more conservative under fluoxetine, i.e.
they select more carefully their responses to minimize errors. These hypotheses are evaluated in the

next section, using a second behavioral task.
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Figure 2: Effect of fluoxetine on perceptual thresholds in a luminance detection task. (A) Monkeys had to detect a target
presented in one of four quadrants. Target luminosity ranged from high to low luminosity in 7 steps. Monkeys were rewarded
for a speeded detection of target presentation. Targets were presented at four different locations, in the upper left (UL),
upper right (UR), lower right (LR) and lower left (LL) quadrants, at 8° of eccentricity from the center of the screen, for 200ms.
(B) For both monkeys, % of hits were computed independently for each target luminosity. Dots represent individual sessions,
continuous lines represent average % hits across all sessions (+/-s.e.) and dashed lines represent sigmoid fit of the data.
Placebo data are represented in light gray and fluoxetine data are represented in dark gray. Behavioral data are represented
independently for each target position. Statistical significance is represented as follows: ***, p<0.001; **, p<0.01; *, p<0.05;
n.s., p>0.05.

Under spatial uncertainty, fluoxetine relaxes perceptual decision thresholds and degrades perceived

spatial resolution

In order to further investigate the effects of fluoxetine on perceptual sensitivity and response decision
thresholds described in the previous experiment, we had monkeys perform luminosity target detection
task in the presence of spatial distractors (Figure 3a). In this task, targets and distractors were only
distinguishable by their spatial position, and were set at a perceptual threshold of 70%, as
characterized in the luminance detection task (Figure 2). Targets and distractors could either be
presented in the lower left or in the lower right quadrants. As for the previous task, this experiment

was conducted twice, at a 10 months’ interval and all observations reported below are reproduced.

Based on the monkeys’ response in this task (Hits: correct target detections; Misses: no response to
target presentation; False alarms: erroneous responses to distractors and Correct rejections: correct
no response to distractors), we calculated the criterion (reflecting the willingness to respond that the

signal is present in an ambiguous situation, independently of the subject’s sensitivity to the signal) and
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d-prime (reflects the actual sensitivity of the subject to the signal) over all sessions in both the
fluoxetine and placebo conditions. A high criterion corresponds to a conservative behavior (i.e. less
responses but mostly correct) while a low criterion corresponds to a liberal behavior (i.e. more
responses but more false alarms). A high d" indicates the signal is easily detected in the face of noise
while a low d’ reflects a difficulty to detect the signal. Because reaction times differed between left
and right targets, these trials were considered independently. This spatial uncertainty task was very
difficult; thus, overall criteria were negative. Yet, for both monkeys and both hemifields, we observe a
significant decrease in criterion after fluoxetine administration compared to the placebo condition
(Figure 3b, M1: right: fluoxetine, median+/-s.e. of median, -0,84+/-0,05; placebo: -0,73+/-0,03;
Wilcoxon non-parametric test, p=0,047, left: fluoxetine, -0,62+/-0,04; placebo: -0,54+/-0,06; p=0,012;
M2: right: fluoxetine, -1,27+/-0,04; placebo: -1,11+/-0,05; p= 0,002, left: fluoxetine, -1,15+/-0,05;
placebo: -0,95+/-0,05; p<0,001). Under fluoxetine, both subjects lowered their response decision
thresholds, so that they allowed themselves more mistakes. This effect was present irrespective of
whether distractors were closest to the target location, closest to the center of the visual field or
further away in the periphery (supplemental figure 52a and S2b, Two-way ANOVA condition x
distractor location, M1: condition, F(1,91)= 4,266, p=0,041; location, F(2,182)= 12,772, p<0,001;
interaction, F(2,182)= 0,139, p=0,870; M2: condition, F(1,62)= 19,484, p<0,001; location, F(2,124)=
11,389, p<0,001; interaction, F(2,124)= 0,829, p= 0,439, this analysis cumulates both test and retest
tasks to increase samples per distractor location categories). In this task, changes in d-prime (assessing
sensitivity to spatial location) were inconsistent across subjects and across hemifields (M1: right:
fluoxetine, median +/-s.e.: 1,27+/-0,07; placebo: 1,24+/-0,05; Wilcoxon non-parametric test, p=0,323;
left: fluoxetine, 0,75+/-0,06; placebo: -0,54+/-0,06; p=0,020; M2: right: fluoxetine, 0,92+/-0,09;
placebo: 1,23+/-0,09; p= 0,065; left: fluoxetine, 1,41+/-0,07; placebo: 1,21+/-0,08; p=0,250). Because
fluoxetine is expected to change excitatory/inhibitory balance in favor of excitation through its effect
on GABAergic circuitry and thus change the coding spatial resolution in the visual cortex (Hendry and
Jones, 1988), we reasoned that changes in spatial d-primes might depend on the actual distance of the
distractors to the target. For both monkeys, fluoxetine resulted in significantly decreased d-primes for
close distractors but not for intermediate and far distractors (Figure S2b, intermediate distractors, M1:
Wilcoxon non-parametric test, p=0,126; M2, p=0,470; close distractors, M1: p=0,041; M2, p=0,043; far
distractors, M1: p = 0,155; M2: p=0,481). Post-hoc analyses however indicate that this effect was
driven, in both monkeys, by a right quadrant effect. This suggests a degraded spatial resolution in the

visual cortex, compatible with a related excitatory/inhibitory balance under fluoxetine.
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Figure 3: Effect of fluoxetine on spatial sensitivity d-prime and response criterion in a target detection task in the presence
of spatial distractors. (A) Monkeys had to detect a target presented in one of two quadrants (lower left or lower right). Target
luminosity was kept high and presented at a fixed location, at 8° of eccentricity from the center of the screen, for 200ms.
Monkeys were rewarded for a speeded detection of target presentation. On 75% of the trials, targets were preceded by a
distractor, undistinguishable from the target except for its spatial location. These distractors were located within a circle of
2° of eccentricity around the target. Responses to these distractors interrupted the trial and monkeys were not rewarded. (B)
For both monkeys, d' and criterion were computed independently for each target (left, light gray; right, dark gray). Median
+/- s.e. of median are presented for placebo and fluoxetine conditions. Statistical significance is represented as follows: ***,
p<0.001; **, p<0.01; *, p<0.05; °, p<0.07.

Fluoxetine results in increased sensitivity to reward during free choice

Decision-making in non-human primates is most often guided by reward expectation. Recent fMRI
observations suggest that spatial biases induced by reward incentives are subtended by a cortical
network that is functionally distinct from spatial biases induced by spatial attention (Zubair et al.,
2021). Additionally, in ecological conditions, foraging often takes place in a changing environment,
where the actual location of rewards change dynamically with time and the actions taken in this
environment. Continuously updating expected reward locations is thus crucial. We extensively trained
the two macaques included in the present study on a saccadic reward competition in a stable
environment (Figure 4a). On every trial, the monkeys had to make a saccade to one of two possible
targets. Each successful saccade was rewarded, but the delivered reward depended on which target
was selected on this specific trial. Some targets were associated with an 80% probability of high reward
and a 20% probability of low reward (High expected reward). Some targets were associated with the
opposite reward contingencies: 20% probability of high reward and 80% probability of low reward (Low
expected rewards). Some others yet were associated with 50% probability of high or low reward
(Intermediate expected reward). Reward contingencies were fixed from one trial to the next, and were
spatially organized such that each High or Low expected reward target was neighbored by
Intermediate expected reward targets. Prior to our measurements, monkeys were training on the
contingency map task, in a fixed reference configuration. They were then trained under a daily

rotational change in this overlearned contingency map for four weeks. In order to evaluate the effect
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of fluoxetine on reward-based decision-making in a changing environment, we then performed acute
fluoxetine (or placebo) injections while the monkeys performed the saccade reward competition task
described above, to the exception that reward contingency maps varied from one day to the nextin a
pseudo-random manner (Figure 4b). In addition to engage monkeys in active inference of the reward
contingency maps on each day, this manipulation allowed to dissociate possible effects of fluoxetine
on each of reward and spatial biases. On every week, a placebo session was recorded. The next day,
monkeys received an acute injection of 2,5mg/kg of fluoxetine. They then worked on the remaining
weekdays on the same task, but these days were considered as washout days. Because subjects,
whether human or non-human, have individual reward sensitives as well as individual spatial response
biases, we independently characterize the effects of fluoxetine on reward and spatial biases as

presented next.
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Figure 4: Effect of fluoxetine on saccadic choices towards targets of different reward contingencies. (A) Monkeys had to
fixate a central cross on a screen 60cm away from their eyes. After an interval of 1 to 2 secs, two stimuli appeared
simultaneously at two different locations out of eight. All of the 8 possible target locations were organized along a virtual
circle of 8° of eccentricity from the fixation cross, equidistant one from the other. Monkeys were rewarded to make a saccadic
eye movement to any of the two targets. (B) Each target was associated with two possible reward quantities, but with a
different probability. High expected reward targets were associated with 80% of high reward probability and 20% of low
reward probability. Low expected reward targets were associated with 20% of high reward probability and 80% of low reward
probability. Intermediate expected reward targets were associated with 50% of high reward probability and 50% of low
reward probability. Reward contingencies between neighbors were kept constant as follows: 80% high reward (HR) — 50% HR
— 80% HR — 50% HR — 20%HR — 50% HR — 20% HR — 50% HR. However, the actual location of high and low rewarding targets
changed pseudo-randomly from one day to the next. Thus, monkeys had to learn the new reward contingencies every day.
We did not evaluate how much monkeys built a representation of the reference contingency map. (C) Polar plots represent
the probability that monkeys choose any given target either as a function of the reward contingency map (i.e. irrespective of
actual spatial position, left) or as a function of the spatial map (i.e. irrespective of actual reward contingency maps, right).
Median are presented for placebo (dashed lines) and fluoxetine (continuous lines) conditions. Statistical significance is
represented as follows: ***, p<0.001; **, p<0.01; *, p<0.05.

Effect of fluoxetine on reward biases. In order to assess the effect of fluoxetine on reward-induced
biases, we computed for each individual reward contingency, a reward selectivity index (RSI) as

follows. For each rewarded contingency, we estimate the median proportion of instances in which this
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contingency was chosen, irrespective of the reward contingency associated with the other singleton in
the pair, as well as irrespective of spatial positions. Thus, RSI reflects preference for a given reward
contingency irrespective of other sources of variation in the trial. Hence, a high RSI indicates that
monkeys prefer this contingency relative to the others. An increase in reward selectivity index under
fluoxetine indicates that the preference for this specific spatial position is enhanced. In both monkeys,
we observe a significant increase in the RSI on the highly rewarded items (80% of high reward
probability (M1: 80%HR;: fluoxetine, median +/- s.e.: 60,33+/-3,40; placebo: 52,34+/-1,72; Wilcoxon
non-parametric test, p=0,028; 80%HR;: fluoxetine, 60,37+/-6,24; placebo: 48,22+/-1,94; p=0,044. M2:
80%HR;: fluoxetine, 62,62+/-4,91; placebo: 51,45+/-1,59; p=0,026; 80%HR:: fluoxetine, 66,44+/-5,04;
placebo: 52,22+/-2,09; p=0,011) and for M1, an increase on the intermediate reward items (50% of
high reward probability, M1: 50%HRsgo-s0: fluoxetine, median +/- s.e.: 54,08+/-4,45; placebo: 44,90+/-
0,54; p=0,0314) neighboring them (Figure 4c, left). This indicates an increase in the monkeys’
preference for these rewards under fluoxetine. We also observe, for both monkeys, a significant
decrease in the RS| on both the low reward items (20% of high reward probability, M1: 20%HRa:
fluoxetine, median +/- s.e.: 38+/-4,50; placebo: 53,85+/-2,50; p=0,005; 20%HR,: fluoxetine, 39,18+/-
2,84; placebo: 49,97+/-2,25; p=0,006. M2: 20%HR;: fluoxetine, 37,15+/-4,32; placebo: 55,08+/-0,89;
p<0,001; 20%HR;: fluoxetine, 38,88+/-3,66; placebo: 49,96+/-1,74; p=0,009) and for M2 on the
intermediate reward items (50% of high reward probability, M2: 50%HR20.20: fluoxetine, median +/-
s.e.: 36,24+/-5,16; placebo: 46,18+/-1,88; p=0,048) neighboring them (Figure 4c). This indicates a
decrease in the monkeys’ preference for these rewards under fluoxetine. Thus, overall, this
demonstrates that fluoxetine significantly alters reward—based decision making such that subjects are
more sensitive to the positive incentive of high reward probabilities as well as to the negative outcome

of low reward probabilities.

Effect of fluoxetine on spatial biases. In order to assess the effect of fluoxetine on intrinsic spatial
biases, we computed for each individual target position, a spatial selectivity index (SSI) as follows. For
each spatial location, we estimated the median proportion of instances in which this position was
chosen, irrespective of the spatial position of the other singleton in the pair, as well as irrespective of
reward contingencies. Hence, a high SSl indicates that monkeys prefer this contingency relative to the
others. An increase in spatial selectivity index under fluoxetine indicates that the preference for this
specific reward contingency is enhanced. Under fluoxetine, Monkey M1 shows a decreased SSI
specifically for the left targets relative to the placebo and an increased SS| in upper positions (Figure
4c, right). Because spatial positions on the left hemifield were associated with a high SSl in the placebo

condition relative to the right targets, this indicates that the monkeys often preferred targets on this
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side on the placebo condition and that this spatial bias decreased under fluoxetine (M1: Middle-left:
fluoxetine, median +/- s.e.: 47,394/-6,13; placebo: 77,36+/-6,78; Wilcoxon non-parametric test,
p=0,003; Low-left: fluoxetine, 50,34+/-7,99; placebo: 76,58+/-8,21; p=0,020). Likewise, Monkey M1
had a low SSI toward upper positions in placebo position relative to lower positions targets and this
spatial bias decreased under fluoxetine (M1: Up: fluoxetine, median +/- s.e.: 49,29+/-7,65; placebo:
22,99+/-8,51; p=0,020; Up-right: fluoxetine, 33,07+/-5,38; placebo: 13,29+/-3,37; p=0,004). Thus, in
this monkey, fluoxetine resulted in a reduction in overall spatial biases. Monkey M2 show no significant

difference in SSls between the placebo and the fluoxetine condition (Figure 4c, right).

Pupil size is enlarged and blink duration decreased under fluoxetine

Changes in perceptual thresholds as described in the first luminance detection task can be accounted
for by local changes in excitatory/inhibitory balance in the visual cortex. However, this can also be
accounted for by changes in oculomotor functions such as pupil size changes and blink duration
(LeDoux et al., 1998). We thus quantified these two parameters independently in the fluoxetine and

placebo conditions.

Overall, pupil size significantly increases under fluoxetine relative to placebo, both at rest and in the
task (Figure 5A, two-way ANOVA, condition x epoch: M1: main condition effect, F(1,2999)= 1910,
p<0,001; main epoch effect: F(1,2999)= 64926, p<0,001; interaction: F(1,83)=6027, p<0,001; M2: main
condition effect, F(1,2999)= 58539, p<0,001; main epoch effect: F(1,2999)= 57, p<0,001; interaction:
F(1,2999)= 55, p<0,001). This observation is in agreement with what has already been described in the
literature (Cazettes et al., 2021; McGuirk and Silverstone, 1990). However, enlarged pupil size is
associated with enhanced visual acuity (Leibowitz, 1952). Thus, this observation on pupil size is at odds

with our observation of degraded perceptual thresholds in the luminance detection task.

We also measured eye blink statistics as a proxy of attentional engagement. Blink rate in the task was
not affected by fluoxetine (M1: Median+/-s.e., fluoxetine= 0,18+/-0,001 blinks/sec; placebo= 0,19+/-
0,02 blink/sec; Wilcoxon test, p= 0,152; M2: fluoxetine= 0,13+/-0,01 blink/sec; placebo= 0,13+/-0,01
blink/sec; Wilcoxon test, p= 0,290). However, blink duration was significantly shorter under fluoxetine
relative to placebo (Figure 5B, Wilcoxon test, M1: p<0,001; M2: p<0,001). Because epochs of blinking
have been shown to interfere with cognition (lrwin, 2014), shorter eye blink under fluoxetine might be

associated with stronger involvement in the task.
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Figure 5: Effect of fluoxetine on pupil size and eye blink duration. (A) Median +/-s.e. of %pupil size change relative to the
entire task, for monkeys M1 (top) and M2 (bottom), during rest (baseline, continuous line) and after target presentation (task,
dashed lines), in the placebo and fluoxetine conditions. (B) Median +/-s.e. of blink duration, for monkeys M1 (top) and M2
(bottom), in the placebo and fluoxetine conditions. Statistical significance is represented as follows: ***, p<0.001; **, p<0.01;
*, p<0.05.

Paradoxical effects of fluoxetine on manual reaction times

Reaction times (RT) correspond to a complex behavioral variable that is subject to modulations by
multiple cognitive functions ranging from spatial attention (Wardak et al., 2011, 2012a), to temporal
expectation and anticipation (Cravo et al., 2013; Wardak et al., 2012b), decision making (Fujimoto et
al,, 2021; Hanks et al., 2006; Noorani and Carpenter, 2016), perception (Song et al., 2008),
reinforcement learning (Viejo et al., 2018), arousal (Davranche et al., 2006; Eason et al., 1969; Fujimoto
et al,, 2021), reward (Epstein et al., 2011; Firestone and Douglas, 1975; Procyk et al., 2000; Simen et
al., 2009), to name a few. In the following, we characterize the effect of fluoxetine on RT distributions.
For the sake of clarity, in the following, we focus on manual reaction times in the two first tasks, as
saccadic reaction time from the saccadic reward choice task are confounded by possible spatial and
reward biases. We used the LATER model in order to classify reaction times in anticipatory reaction

times and controlled reaction times (supplemental figure S3).

For the luminance detection task, because reaction times vary as a function of target luminance, we
focused on the trials with two highest target luminance. On these trials, both monkeys had a 100% hit
rate. We pooled the trials corresponding to the two easiest targets on all four positions. We report, in
both monkeys, a significant decrease in controlled reaction time under fluoxetine relative to placebo

(Figure 6, M1: median RT +/- s.e., placebo = 526,4ms +/- 4,38; fluoxetine = 506,4ms +/- 3,21; p < 0,001.
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M2 median RT +/- s.e., placebo = 497,1ms +/- 6,19; fluoxetine = 485,9 +/- 5,49; p<0,001). Fluoxetine
did not have the same impact on the rate of anticipatory responses in each monkey. M1 had fewer
anticipations in the fluoxetine condition (2,89%) relative to the placebo condition (7,83%, p<0,001) and
faster responses in the fluoxetine condition (median RT +/- s.e., 263,8ms +/- 2,99) relative to the
placebo condition (329,3ms +/- 4,30; p<0,001). In M2, anticipation rate was not significantly different
in the fluoxetine condition (7,08%) relative to the placebo condition (6.06%, p=0,344) and these
anticipatory responses were slower in the fluoxetine condition (median RT +/- s.e., 286,7ms +/- 6,16)

relative to the placebo condition (234,4ms +/- 4,67; p=0,029).

For the target detection task in the presence of distractors, we report the opposite observations.
Indeed, RT increased under fluoxetine in target only trials (M1: median RT +/- s.e., placebogrigir =
619,3ms +/- 5,77; placeboigr = 557,9ms +/- 5,24; fluoxetinerieur = 641,1ms +/- 8,29; fluoxetine gt =
572,5ms +/- 6,90; peiaceso-ruox <0,001. M2 median RT +/- s.e., placeboricyr = 424,4ms +/- 3,80 ;
placeboierr = 404,3ms +/- 3,62; fluoxetinepenr = 425,4ms +/- 4,03; fluoxetinegrr = 415,7 ms +/- 3,91;
Peuaceso-Fuox < 0,001). On these trials, we also report less percentage of anticipatory responses under
fluoxetine relative to placebo (M1, left quadrant, placebo = 3,62%, fluoxetine = 1,25%, p <0,001; right
qguadrant, placebo = 8,86%, fluoxetine = 1,25%, p= 0,008; M2, left quadrant, placebo = 1,79%,
fluoxetine = 0,55%, p<0,001; right quadrant, placebo= 0,92%, fluoxetine=0,59%, p<0,001).

On trials with a distractor preceding target presentation, RT also increased under fluoxetine in target
only trials (M1: median RT +/- s.e., placebogieur = 575,5ms +/- 5,50; placeboerr = 520,15ms +/- 4,78;
fluoxetinericur = 906ms +/- 14,46; fluoxetineierr = 733,7ms +/- 16,23; priaceso-rLuox < 0,001. M2 median
RT +/- s.e., placeborignt = 392,8ms +/- 3,49 ; placeboierr = 385,1ms +/- 3,52; fluoxetinerignr = 399,8ms
+/- 3,70; fluoxetineerr = 406,7 ms +/- 3,85; peiaceso-ruox < 0,001). In addition, we observe a marked
increase of the overall percentage of anticipatory responses (M1, left quadrant, placebo = 25,74%,
fluoxetine = 91,75%, p<0,001; right quadrant, placebo = 47,49%, fluoxetine = 97,74%, p<0,001. M2,
left quadrant, placebo = 9,71%, fluoxetine = 10,06%, p<0,001; right quadrant, placebo= 3,37%,
fluoxetine=25,48%, p<0,001), and significantly more when distractor is preceding the target compared
to target only trials under fluoxetine than in the placebo condition (Two-way ANOVA condition
distractor presence, M1: left quadrant, condition, F(1,8)= 3586,177 , p<0,001; location, F(1,8)=
1123,003, p<0,001; interaction, F(1,8)= 857,459, p<0,001; right quadrant, condition, F(1,8)= 132,883,
p<0,001; location, F(1,8)= 847,965, p<0,001; interaction, F(1,8)= 1258,187, p<0,001 ;M2: left quadrant,
condition, F(1,15)= 2342,318, p<0,001; location, F(1,15)=3669,967, p<0,001; interaction, F(1,15)=
1463,787, p<0,001; right quadrant, condition, F(1,15)= 595,421 p<0,001; location, F(1,15)= 2481,401,

p<0,001; interaction, F(1,15)= 358,152, p<0,001). Overall, on this task, we thus report a paradoxical
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effect of fluoxetine, associated with more anticipatory RTs on distractor trials, indicating a stronger
release of proactive inhibitory mechanisms (Wardak et al., 2012a, 2012b; Criaud et al., 2012), while at

the same time we report longer controlled RT on these same trials, indicating stronger cognitive

control.
A Luminance detection task B Detection task w/ distractors C Detection task w/ distractors
Targets only Targets preceeded by distractors
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Figure 6: Effect of fluoxetine on controlled reaction times. Median +/-s.e. of reaction times, for monkeys M1 (top) and M2
(bottom), in the placebo and fluoxetine conditions in the luminance task (A, all positions collapsed, high luminance targets
only), in the detection tasks with distractors, on target only trials (B), and in trials with distractors (C). Statistical significance
is represented as follows: ¥**, p<0.001; **, p<0.01; *, p<0.05.

Discussion

In the present work, we precisely characterize the effects of fluoxetine on behavioral and physiological
metrics while monkeys are performing three different visual tasks. We report a set of specific effects
of fluoxetine as well as several non-specific effects of fluoxetine, including longer time on the task and
shorter blink durations. Luminance perceptual thresholds are increased, such that higher levels of
luminosity are needed to reach a 50% correct detection. Under sensory uncertainty, decision
thresholds are released and perceptual spatial resolution is degraded. We additionally show that
fluoxetine increases sensitivity to reward outcome. Last, we show that fluoxetine can either speed up
or slow down manual reaction times, depending on the nature of the task. In the following, we discuss

these observations in the light of the current knowledge on fluoxetine.

Fluoxetine interferes with retinal functions

We here show that fluoxetine results in increased visual perceptual thresholds, higher levels of
luminosity being required to achieve similar detection thresholds as in placebo. This can be accounted

for by the reported role of serotonin (5-hydroxytryptamine or 5-HT) in the physiology and development
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of the retinal of vertebrates (for review, see Masson, 2019; Pootanakit and Brunken, 2000). 5-HT is
synthesized as a precursor for melanopsin in both photoreceptors and amacrine cells (Millar et al.,
1988; Pourcho, 1996; Vaney, 1986) and its uptake occurs in bipolar and retinal ganglion cells (RGC). In
particular, amacrine cells are major transporters of rod signals to RGC, playing a role in increasing their
slow potential information (Nelson, 1982; Smith and Vardi, 1995). Accordingly, in fish, fluoxetine
enhances serotonin accumulation in bipolar cells (Schuette and Chappell, 1998). A similar 5-HT uptake
is described in cat RGC following the injection of a serotoninergic neurotoxin (Wassle et al., 1987). This
results in the suppression of spontaneous spike firing in RGC, thus decreasing melanopsin driven
response (Hughes et al., 2016). Overall, the coupled retinal effect of the SSRI on decreasing melanopsin
and the rods transporter activity of amacrine cells is thus responsible for luminance perception
depletion, and possibly accounts for our experimental observation of a p°° indecision threshold shifted

toward higher luminosities.

Fluoxetine interferes with pupil and blink physiology

SSRIs have been shown to result in increased pupil dilation (Hughes et al., 2016; Schmitt et al., 2002).
In particular, patients treated with fluoxetine have bigger pupillary diameters and slower pupillary
contraction (Rodriguez et al., 2020). It is unclear whether these effects are also associated with low
level changes in visual accommodation (Rodriguez et al., 2020). Enlarged pupil diameter has been
associated with higher thresholds at detecting the frequency at which a flickering light is perceived as
a steady light source (Schmitt et al., 2002) as well as with enhanced letter identification report at very
short presentation timings (Lansner et al., 2019). This suggests larger pupil size impacts perception and
possibly also accounts for our experimental observation of a p5U indecision threshold shifted toward

higher luminosities.

To our knowledge, there are no reports that fluoxetine impacts blink duration. Capitdo et al., (2015)
show that fluoxetine modulates emotional processing, suppressing for example the motion-
potentiated startle effect. Here, we show a significant decrease in blink duration, in the absence of
change in blink frequency. In the context of our task, these blinks are considered as spontaneous rather
than reflex blinks in response to external events. Spontaneous blinks have been shown to correlate
with the activation of a network involving somatosensory primary and secondary areas, as well as
parietal, cingulate, insular, as well as striate and extrastriate visual areas (Guipponi et al., 2015).
Shorter blinks possibly correlate with weaker activations in this network. This remains to be explored

as well as the possible link between blink duration and perception.
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Fluoxetine enhances motivation on task

Reward is a key motivational factor and reward processing is known to regulate cognitive functions
such as attention, memory, decision making and learning (Arnsten and Rubia, 2012; for review, see
Hélie et al., 2017). Fluoxetine is proposed to mediate these cognitive functions through the reward
valuation pathways. Indeed, Inhibition of central serotonin reuptake decreases probabilistic learning
(Chamberlain et al., 2006) and SSRI enhances reward processing in healthy adults (Macoveanu, 2014;
McCabe et al., 2010; Scholl et al., 2017). The serotoninergic cells of the dorsal raphe nucleus project
to both the bed nucleus of the stria terminalis, an anxiety-related structure, the ventral tegmental
area, a reward-related structure, and are shown to respond to emotional salience (Paquelet et al.,
2022). The activity of this neuronal population is additionally shown to correlate with learning rate,
both in a context of expected and unexpected uncertainty (Grossman et al., 2022). Fluoxetine has also
been associated with a reduction of effort cost, or to an increased valuation of reward. Indeed, a study
in healthy humans shows that subjects who received a SSRI put more effort to get a reward (Meyniel
et al.,, 2016). Last, fluoxetine has been shown to decrease both hunger and thirst (McGuirk and
Silverstone, 1990). In spite of this convergent evidence for a role of serotoninergic pathway on
motivation through reward processing and valuation, caution is required as it has been shown that

changes in sensitivity to the reward under SSRI is highly dose-dependent (Bari et al., 2010).

We report that monkeys make more trials and produce less abort trials under fluoxetine relative to the
placebo condition. These observations are reproduced in three different behavioral tasks and both
monkeys. This could be accounted for by an enhanced motivation to work. This enhanced motivation
could be due to increased hunger or thirst. This however seems unlikely, as in humans, fluoxetine has
been shown to decrease hunger and thirst rather than increase them (McGuirk and Silverstone, 1990).
A general effect of fluoxetine on effort and reward valuation is more plausible (Meyniel et al., 2016).
Accordingly, we observe that both monkeys expressed, in addition to an increase in the number of task
trials, a higher willingness to initiate working sessions, at all stages of experimental preparation and
execution (higher willingness to come out of the cage, and go in monkey chair, faster eye calibration,
no signs of restlessness at the end of the working session that would indicate that the monkey wants

to go back to its home cage).

In the free choice task, we manipulated reward contingency and we measured the monkeys’ sensitivity
to reward. Fluoxetine significantly altered reward based-decision making such that subjects were more
sensitive to the positive incentive of high reward probability as well as to the negative outcome of low

reward probabilities. In other words, monkeys’ decision-making was more impacted by expected
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reward under fluoxetine. Thus, not only did monkeys put more effort to get a reward under fluoxetine

(Meyniel et al., 2016), but they also better used reward information in order to guide their behavior.

Fluoxetine interferes with attention

Shorter blinks (Hsieh and Tai, 2013) as well as enlarged pupil (Aston-Jones and Cohen, 2005; Wang et
al., 2018) have been associated with higher arousal. Improved arousal could thus be at the origin of
the enhanced commitment to the task. Beyond this non-specific arousal effect, enhanced performance
in task could also be due to enhanced attention, taking place independently from motivational factors.
Indeed, it has been shown that 5-HTP (the immediate serotonin precursor) uptake increases attention
in low baseline attention individuals (Weinberg-Wolf et al., 2018). Likewise, fluoxetine is shown to
selectively modulate, prefrontal synaptic growth during macaque brain development (Golub et al.,
2017). It is also shown to activate other cortical structures involved in sustained attention, such as the
thalamus and caudate nucleus in healthy subjects but no behavioral effect on sustained attention has
been reported (Wingen et al.,, 2008) and the dorsolateral prefrontal cortex in attention deficit
hyperactivity disorder and autism spectrum disorder patients (Chantiluke et al., 2015; Hollander et al.,
2005; Quintana et al., 2007; Riggs et al., 2007; Strawn et al., 2015). Last, frontoparietal inhibitory
mechanisms have been shown to be closely linked with individual differences in attentional processing
such that GABA concentrations in the prefrontal cortex are negatively related to attentional blink
magnitude while GABA concentrations in the posterior parietal cortex are positively correlated with
attentional blink magnitude (Kihara et al., 2016). In other words, the functional roles of the GABAergic
system in selective attention differ between the prefrontal and the parietal cortex. In contrast, GABA
concentrations in the visual cortex do not contribute to neither attentional blink magnitude nor to
first-target accuracy during a rapid serial visual presentation (Kihara et al., 2016). The GABA-mediated
effects of fluoxetine are complex. Indeed, fluoxetine increases the cerebrospinal fluid GABA levels
(Goren et al., 2007), indirectly affecting the GABA levels in the brain (Beshara et al., 2016; Santana et
al., 2004). This results in a change in the excitatory/inhibitory balance in the brain to the benefit of a
stronger inhibition (Yin et al., 2021). However, all this taken together suggests a specific impact of
fluoxetine on the fronto-parietal attentional network (Ibos et al., 2013). A direct role of fluoxetine on
the correlated activation of the fronto-parietal attentional network is observed in the same macaques
as those included in the present study, during the performance of a perceptual task during an fMRI
protocol (Gacoin, PhD dissertation). This thus confirms the impact of fluoxetine on the cortical

substrates of the attentional function.

Attentional control on perception involves both changes in perceptual sensitivity and changes and the

decision response threshold. The neuronal activity in the prefrontal cortex has been associated to both
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(Luo and Maunsell, 2018), while the neuronal activity of extrastriate cortex has mostly been associated
with changes in sensitivity (Martinez-Trujillo and Gulli, 2018). Here, in a spatial decision task involving
a spatial uncertainty, we report both a change in response criterion, monkeys becoming more liberal,
as well as a loss of spatial resolution in visual processing. In line with the observations by Kihara et al.
(2016), we predict that GABA concentrations in the prefrontal cortex are negatively related to response
criterion magnitude, thus accounting for our experimental observations under fluoxetine. This predicts

a decrease in functional connectivity between the prefrontal and parietal cortex under fluoxetine.

Fluoxetine and reaction times

Reaction times (RT) are modulated by multiple cognitive functions ranging from spatial attention
(Wardak et al., 2012a, 2011), to temporal expectation and anticipation (Cravo et al., 2013; Wardak et
al., 2012b), decision making (Fujimoto et al., 2021; Hanks et al., 2006; Noorani and Carpenter, 2016),
perception (Song et al., 2008), reinforcement learning (Viejo et al., 2018), arousal (Davranche et al.,
2006; Eason et al., 1969; Fujimoto et al., 2021) and reward processing (Epstein et al., 2011; Firestone
and Douglas, 1975; Procyk et al., 2000; Simen et al., 2009). RTs have recently been found to be
prolonged in the context of decision-making under SSRIs (Khalighinejad et al., 2022). We here
reproduce this observation (prolonged RTs under fluoxetine) in a detection task under spatial
uncertainty as well as in a task involving free choice based on reward incentives. However, we report
the opposite trend (i.e. speeded up RTs under fluoxetine) in a luminance detection task. We propose
to interpret this paradoxical effect in the context of stochastic resonance. A recent study by (Groen et
al., 2018) shows that adding noise to the visual cortex using transcranial random noise stimulation
enhanced decision-making when stimuli were just below perceptual threshold, but not when they
were well below or above threshold. Stretching this observation, we would like to propose that the
observed paradoxical effects of fluoxetine on RT depend on the specific noise functions associated
with each task, noise being defined as both neuronal noise possibly effected by fluoxetine due to
changes in the excitatory/inhibitory balance in the brain (Yin et al., 2021), as well as task related noise

or uncertainty, be it spatial uncertainty or reward-related uncertainty.

Fluoxetine and cognitive flexibility

Cognitive flexibility corresponds to the ability animals have to dynamically change their behavioral
strategy as a function of the external contingencies as well as their internal drives. Prefrontal serotonin
levels have been associated with enhanced behavioral flexibility (Clarke et al., 2004). Here, we show
that under fluoxetine, in a free choice task in which reward contingencies change daily and thus have

to be relearned, fluoxetine resulted in a stronger implementation of reward outcome in the choice
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strategy of the monkeys. This thus indicates that monkeys were mare flexible in adapting their
response choice from one day to the next and from one trial to the next, confirming an enhanced level

of cognitive flexibility.

GABA-, Dopamine- and noradrenaline-mediated effects of fluoxetine on perception

Perception relies on both lower level visual mechanisms and higher order attentional mechanisms. As
discussed in a previous section, frontoparietal inhibitory mechanisms are closely linked with individual
differences in attentional processing (Kihara et al. 2016), such that the functional roles of the
GABAergic system in selective attention differs between the prefrontal and the parietal cortex. In
contrast, GABA concentrations in the visual cortex do not contribute to neither attentional blink
magnitude nor to first-target accuracy during a rapid serial visual presentation (Kihara et al. 2016). It
is unclear whether visual cortex GABA concentrations affect perceptual luminosity thresholds
independently of top-down attentional processes. GABAa receptor distribution is not homogenous
throughout the brain (Kaulen et al., 2022). In particular, GABAa receptor concentrations are higher in
the ventral part of the striate and extrastriate cortex than in its dorsal part (Kaulen et al., 2022). Due
to this GABAa inhomogeneity, predicting the cognitive effects of systemic fluoxetine neuromodulation
is complex. For example, this bias in GABAa receptor concentrations between dorsal and ventral
occipital cortex possibly contributes the well documented functional asymmetry between the upper
and lower visual fields (Carlsen et al., 2007, 2007; Chen et al., 2005; Khan and Lawrence, 2005; Liu et
al., 2006; Maehara et al., 2004; Qu et al., 2006; Rizzolatti et al., 1987) and higher spatial resolution in
the lower visual field (Levine and McAnany, 2005; Sample et al., 1997). This asymmetry has been
proposed to have an evolutionary origin (Previc, 1990) due to the fact that hand and tool manipulation
mostly occurs in the lower visual field (Levine and McAnany, 2005). In our own data, the luminance
detection task, we observe that under fluoxetine, monkeys produce less responses to very low
luminosities, specifically in the lower visual field (which is coded by the dorsal part of the occipital
cortex). We propose that in the upper visual field, due to the higher GABAa receptor concentrations in
the ventral part of the striate and extrastriate cortex, noise cancellation is efficient including in the
absence of fluoxetine. Due to the lower GABAa receptor concentrations in the ventral part of the
striate and extrastriate cortex, noise cancellation in this part of the visual field is enhanced under

fluoxetine.

This highlights the complexity of predicting the specific effects of fluoxetine on cognition. To bring
further complexity to this question, at high doses, fluoxetine has been shown to enhance synaptic
dopamine and noradrenaline in the rat prefrontal cortex and in the hypothalamus (Bymaster et al.,

2002; Itti and Koch, 2001; Palvimaki et al., 1996; Perry and Fuller, 1997; Pinna et al., 2009), influencing
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the mesocortical dopaminergic pathway (Gobert et al., 2000). Overall, we show that fluoxetine
interferes with bottom-up perceptual mechanisms, namely degraded luminosity thresholds and
degraded spatial resolution as well as on top-down perceptual mechanisms, namely relaxed decision
thresholds and increased sensitivity to reward outcomes. In other words, fluoxetine degrades low level
visual functions while at the same time maintaining performance in the visual tasks due to enhanced

top-down control based on task outcome and reward maximization.

Material and methods
Animals and ethical approval

Two healthy adult male rhesus macaques (macaca mulatta) took partin the study (M1: 11kgs, 12 years;
M2: 8,5kgs, 13 years). The project was authorized by the French Ministry for Higher Education and
Research (# 2016120910476056 and #1588- 2015090114042892) in accordance with the French
transposition texts of Directive 2010/63/UE. This authorization was based on an ethical evaluation by
the French Committee on the Ethics of Experiments in Animals (C2EA) CELYNE registered at the

national level as C2EA number 42.

Surgery

The animals were implanted with a peek MRI-compatible headset covered by dental acrylic. The
anesthesia for the surgery was induced by Zoletil (Tiletamine-Zolazepam, Virbac, 5 mg/kg) and
maintained by isoflurane (Belamont, 1-2%). Post-surgery analgesia was ensured thanks to Temgesic
(buprenorphine, 0.3 mg/ml, 0.01 mg/kg). During recovery, proper analgesic and antibiotic coverage
was provided. The surgical procedures conformed to European and National Institutes of Health

Guidelines for the Care and Use of Laboratory Animals.

Fluoxetine preparation

Fluoxetine hydrochloryde is a selective 5-HT reuptake inhibitor. It binds to the human 5-HT transporter
with a Ki of 0.9 nmol/l and is between 150- and 900-fold selective for 5-HT1A, 5-HT2A et 5-HT2C over
H1, al, a2-adrenergic, and muscarinic receptors (Ambati et al., 2021). The fluoxetine (N-Methyl-3-[(4-
trifluoromethyl) phenoxy]-3-phenylpropylamine hydrochloride) used in the present study has a
molecular weight of 345,78 g/mol. Powder galenic form (BioTechne®, ToCris BioScience) was diluted
in a saline vehicle (NaCl) as follows. In order to inject the smallest possible volume to the monkeys, we
dissolved fluoxetine in a saline solution at a concentration of 8 mg/mL, vortexed 10 seconds and heated

the suspension at 60°C in bain-marie to increase solubility while not degrading the active compound.
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When needed, this preparation was frozen at -20°C so as to avoid the molecule degradation and

heated back to body temperature when necessary.

Fluoxetine administration

In order to reduce the stress potentially induced by the injection, monkeys were progressively trained
to spontaneously receive subcutaneous saline injections with clicker training. In contrast with
intramuscular injections, subcutaneous injections allow a slow distribution of injected product, thus a
longer half-life in the body. Injection site and side of injection was changed daily. Injection sites were
carefully monitored and sanitized. Once animals reached stable performance and were habituated to
subcutaneous injections, behavioral data collection started under either placebo (saline) or fluoxetine
injections (2,5mg/kg/day). This Fluoxetine concentration was chosen based on its specific serum
concentration decay time in macaques (half-life <16h, Sawyer and Howell, 2011) and the reported
threshold for behavioral effects (Fontenot et al., 2009; Chen et al., 2012). Two different injection
schedules were used. Acute schedule involving, over a full working week, one day of saline injection,
followed by one day of fluoxetine, followed by three days of saline injections (Free choice task).
Chronical injections involved daily fluoxetine injections during one full month (Luminance perceptual
task and target detection task under spatial uncertainty). The effect of this latter schedule was
compared to that of one month of saline injections. Monkeys were always injected in the morning, at
the same time, and behavioral data was collected 4 to 6 hours later based on the pharmacokinetics of
fluoxetine (Sawyer and Howell, 2011). Table 1 describes the number of placebo and fluoxetine sessions

collected for each task, under each injection schedule, as well as general trial statistics.

Experimental setup

Monkeys sat in a primate chair in sphinx position head-fixated thanks to a surgically implanted head
post. They were positioned in front of a screen. The eye to screen distance was of 60cm and screen
resolution was 1200x1900pixels with a 60Hz refresh rate. Gaze location was sampled at 120Hz using
an infrared video-eye tracking system (ISCAN). Eye Movement data Acquisition Software interfaced
with an inhouse program for stimulus delivery and experimental control (Presentation©). Monkey
hand responses were produced by releasing a bar, the effect of which was to restore the continuity of

an infra-red optic beam.

Behavioral tasks

Animals had free access to food and were maintained under a water regulation schedule individually

optimized to keep a stable motivation and performance. They were trained on three different
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behavioral tasks. In all of these tasks, monkeys had to fixate a central fixation point on a screen for a
variable duration (1-to-2 secs) while stimuli (size: 0.5°; duration: 100ms) were presented at an

eccentricity of 8°.

Luminance detection task. This task aims at assessing changes in luminance perception thresholds
under fluoxetine as compared to saline placebo injections. Monkeys had to fixate a central cross. One
thousand to 2000ms from fixation onset, a 200ms target appeared randomly at one of the four possible
following positions: (6V2, 6v2), (-6V2, 6V2), (-6V2, -6V2) or (6V2, -6V2). This task was designed to be
dominated by bottom-up perceptual processes as we did not use any spatial cue to indicate to the
monkeys the position of the upcoming target (Reynolds et al., 2000; Carrasco et al., 2004; Ibos et al.,
2009; Reynolds and Chelazzi, 2004). The luminance of the target varied from the background
luminance, from easy to hard, on a scale of seven equidistant luminance values (figure 1). Each target
position was sampled for each luminance 10 times per session. Monkeys were rewarded for producing
a hand response to target presentation, within a response time window of [150ms- 1000ms]. Misses
or false alarms are not rewarded. Note that by construction the task does not produce correct
rejections. This task was tested twice, in two sets of recording sessions spaced by ten months and a
wash out period of at least two consecutive months in between (first data collection: M1: 7 sessions,
M2: 10 sessions; second data collection: M1: 3 sessions, M2: 4 sessions (table 1). Individual
psychometric luminance perception curves are constructed for each of the four target positions
independently for the placebo and the fluoxetine conditions. In the results, we discuss the data
collected during the first data collection sessions. The data from the second data collection sessions
are presented in supplementary material (figure S1). They are not significantly different from those

reported for the first sessions, indicating a stable and reproducible effect in time.

Target detection task in the presence of distractors. The previous task allows to identify possible
changes in individual perception thresholds. However, changes in such metrics can be due to bottom-
up changes in perceptual sensitivity (or dprime) or to changes in individual subject response criterion.
In order to refine our understanding of the effect of fluoxetine on perception and decision-making, we
used a peripheral target detection task in the presence of spatial distractors (Figure 2). Monkeys had
to fixate a central cross. One thousand to 2000ms from fixation onset, a 200ms target appeared
randomly at one of the four possible following positions: (6vV2, 6V2), (-6V2, 6V2), (-6V2, -6V2) or (6V2, -
6V2). Target luminance was defined as target luminance associated with a 70% correct detection
threshold in the placebo sessions of the luminance task. Prior to actual target presentation, a 200ms
spatial distractor could randomly appear within of virtual circle of 2° around the expected target

location (as learned from the previous task). Distractors were identical to the target and only differed
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in their position. Distractors were present in 3:4 of the trials. Monkeys were rewarded for producing a
hand response to target presentation, within a response time window of [150ms- 1000ms]. Data on
this task were collected from 8 (M1) & 15 (M2) placebo sessions and 4 (M1) & 10 (M2) fluoxetine

sessions (table 1).

Saccadic reward competition task. In order to investigate the possible contribution of fluoxetine to
the implementation of reward biases and learning, we used a saccadic competitive task, towards
stimuli the spatial position of which was associated, with a specific reward probability schedule (Figure
3). The specific spatial reward contingencies changed from one session to the next. Monkeys had to
fixate a central cross. One thousand to 2000ms from fixation onset, two identical stimuli were
presented. Stimuli were drawn from a virtual array of eight stimuli organized along a circle of 8° of
eccentricity. From one session to the other, each location in this virtual array was associated with a
different reward probability (stable across trials of the same session), which the monkeys discovered
at the beginning of the session, thus building a reward based spatial priority map (Chelazzi et al., 2014;
Della Libera et al., 2017), then exploited during the rest of the session. Possible high reward
probabilities were 80%, 50% and 20%, according to a fixed spatial relationship, such that the extreme
reward probabilities (80% and 20%) were neighbored intermediate reward probability targets (50%)
(figure 3). Monkeys had to make a saccade to one of the two presented stimuli and were rewarded
according to the reward probability associated with the chosen target location. The spatial reward
contingency map was rotated from one day to the next, leading to seven different spatial reward
contingency maps, played several times over independent sessions (as the initial spatial contingency
map on which initial training was performed was not used). For this experiment, we used a 3-week

chronic saline injection schedule followed by and 8-week chronic fluoxetine injection schedule.

Monkey 1 Monkey 2
Placebo Fluoxetine Placebo Fluoxetine
Acute Chronic Acute Chronic Acute Chronic Acute Chronic
# Sess. =3; # Sess. =4, # Sess. =5; # Sess. =5;
Luminance Med. # tr.= Med. # tr.= Med. # tr.= Med. # tr.=
detection task 1257 +/- 1914 +/- 289 +/- 387 +/-
233.98 13.96 62.33 14.81
Target # Sess. =8; # Sess. =4; # Sess. =15; # Sess, =10;
detection task Med. # tr.= Med. # tr.= Med. # tr.= Med. # tr.=
with 970 +/- 1443 +/- 271 +/- 497 +/-
distractors 72.85 69.01 44.04 86.39
Saccadic # Sess. =7; # Sess. =7; # Sess. =7; # Sess. =7;
reward Med. # tr.= Med. # tr.= Med. # tr.= Med. # tr.=
competition 936 +/- 1128 +/- 624 +/- 792 +/-
task 109.10 94.99 87.64 94.99
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Table 1. Description of number of sessions and trial statistics. Number of sessions and trial statistics (median + se) are
described per type of tasks (luminance detection task, target detection task with distractors and saccadic reward competition
task), condition (Placebo and Fluoxetine) and monkeys. Injections for the saccadic reward competition task, were performed
acutely (one day per week). For the other tasks, injections were performed according to a chronic injection schedule.

Data analysis

All analyses are implemented in Matlab® using ad-hoc scripts.

Extracted behavioral and physiological measures. For each task and each session, we quantified

session length (overall number of trials) and overall behavioral performance (percentage of correct

trials relative to the sum of correct and miss trials). For the luminance detection task, we computed
the behavioral performance independently for each target contrast level to right and left targets. We
then fit a sigmoid model to the data. Using a sigmoid function (R P (2022). Sigm_fit
(https://www.mathworks.com/matlabcentral/fileexchange/42641-sigm_fit), MATLAB Central File
Exchange. Retrieved August 30, 2022), we determined the p50 (target luminance associated with a
50% chance performance), the slope (sensitivity to contrast changes) and the baseline (response level
to noise) for each mean number of trials per session (see table 1), in both placebo and fluoxetine

condition. On the two target detection tasks, manual reaction times (RT) were extracted, defined as

the time between target presentation and hand lever release (Figure 6, for RT distributions). Pupil size
variation (McGuirk and Silverstone, 1990; Phillips et al., 2000; Dumont et al., 2005) and blinks were
identified (Wilson et al.,, 1983; Semlitsch et al., 1993) and we quantified, for each session, the

distribution of blink duration and pupil size variations (Figure 5). We quantified durations of all blinks

while monkeys where engaged in tasks in both placebo and fluoxetine conditions and determined the
median value. As for measuring pupil dilation, we estimated pupil size during a period of 3 seconds of
rest before task initiation while monkeys were sat in the dark, and during a period of 3 seconds during
task execution, sampled after target presentation. Percentage pupil size variation in placebo and
fluoxetine conditions were computed by estimating the average pupil size on these two epochs and

normalizing it by average pupil size over the entire task duration.

RT analyses. All RTs above 1000ms were excluded from the analysis. RT distributions were then
analyzed using the Later model (Noorani and Carpenter, 2016). This model distributes data according
to their frequency of distribution. The LATER model allows to segregate RTs in two categories:
controlled and anticipated/express responses. We thus segregated, for each task, RT as a function of
target position, and we used the LATER model analysis in order to identify the cutoff between

anticipatory and controlled responses (Table 2).
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Monkey 1 Monkey 2
Placebo Fluoxetine Placebo Fluoxetine
Left Right Left Right Left Right Left Right
Luminance detection task 444ms 373ms 374ms 391ms

Detection task with distractors —

431ms 512ms 390ms 516ms 290ms 303ms 328ms 278ms
targets only

Detection task with distractors —

targets preceded by distractors 415ms 466ms 700ms 836ms 333ms 339ms 363ms 292ms

Table 2. RT threshold between anticipatory and controlled responses as defined by the LATER model. This threshold was
defined independently for each monkey, each task and each target position, except for the luminance detection task, for
which all four positions were considered together.

Signal Detection Theory. In the target detection task in the presence of distractors, we used signal-
detection-theory and computed the monkey’s sensitivity to the location of the target relative to the
distractors randomly presented around the target location (d’, reflecting bottom-up sensory features)
as well as their response criterion (reflecting top-down control in the decision-making process). These

metrics were independently computed per session (see table 1).

Spatial (S51) and reward (RSI) selectivity index. |n the saccadic reward competition task, we calculated,
for each session (Table 1), the choice performance of a given singleton for each possible pair of stimuli.
We then calculated, for each session, and each spatial position the SSI as follows. For each position i,
we computed the median choice percentage SSl; that a singleton at position i was chosen, irrespective
of the second singleton in the pair and irrespective of their associated rewards. In other words, it is
the median, over all pairs containing singleton i, of the percentage of times | was actually chosen. SSl;

thus reflects the average preference of the monkey for singleton i.

Likewise, we computed the RSI as follows. For each reward contingency i, we computed the median
choice percentage RSl; that a singleton with that specific reward contingency i was chosen, irrespective
of the reward associated with the second singleton in the pair, and irrespective of their spatial position.

RSIi thus reflects the average preference of the monkey for a given reward contingency i.

Statistical analyses

All statistical analyses are non-parametric Wilcoxon or Kruskall-Wallis tests, except when two-way
ANOVAs are required. P-value < 0.05 were considered as statistically significant. All statistical analyses

are implemented in Matlab® using ad-hoc scripts.
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Data availability

The data that support the findings of this study are available from the corresponding author upon
reasonable request. A Source Data file provides the raw data used to create all of the figures of this

paper.

Code availability

The code that supports the findings of this study is available from the corresponding author upon

reasonable request.
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