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RESUME

Les changements d'états émotionnels sont connus pour modifier la posture, le contrôle de la motricité fine et la coordination. Cela indique une convergence des réseaux neuronaux associés aux émotions avec le circuit moteur. En conséquence, cette observation nous a incité à entreprendre une analyse exhaustive de la littérature existante qui se penche sur les connexions anatomiques entre les structures dites émotionnelles et celles impliquées dans le mouvement. Sur la base de cette analyse, nous avons concentré les objectifs de la thèse sur les projections de l'amygdale basolatérale (BLA) vers le striatum dorsal (DS) chez la souris. Cela suggère que la BLA agit comme une entrée corticale vers le DMS.

Les sous-populations de la BLA sont classiquement définies par leurs patterns de projection. Afin de mieux appréhender le rôle des neurones BLA-DMS, nous avons focalisé notre attention sur l'analyse de leurs réseaux neuronaux en effectuant une cartographie exhaustive des afférences et des efférences de cette voie à travers l'ensemble du cerveau. Pour ce faire, nous avons utilisé des stratégies virales cre-dépendantes antérogrades et rétrogrades combinées à des outils d'analyses de cartographies et de comptages semi-automatiques. Nous avons montré que les neurones BLA-DMS, en plus d'innerver le DMS (structure responsable des mouvements volontaires dirigés vers un but), envoient également des projections, via leurs collatérales, aux circuits olfactifs (tubercule olfactif et 'nucleus of the lateral olfactory tract').

Par ailleurs, ils reçoivent principalement leurs signaux de structures que l'on associe à la régulation des émotions (telles que l'hippocampe ventral et le cortex insulaire), ainsi que des structures liées à l'olfaction (cortex piriforme). Etonnamment, les projections connues de la BLA impliquées dans les comportements liés à la peur et à l'anxiété, tels que les noyaux de la strie terminale, l'amygdale centrale et l'hippocampe ventral, n'étaient pas innervées par les neurones BLA-DMS.

Ces résultats anatomiques ont affiné notre hypothèse en proposant un rôle des neurones BLA-DMS dans les comportements guidés par les odeurs. Pour tester cette hypothèse, nous avons entrepris d'enregistrer l'activité axonale des neurones BLA-DMS in vivo. Pour ce faire, nous avons d'abord réalisé une imagerie calcique axonale par photométrie de fibre dans le DMS de souris anesthésiées et avons pu mettre fonctionnellement en évidence les circuits disynaptiques : Cortex insulaire->BLA->DMS et Hippocampe ventral->BLA->DMS. Ensuite, nous avons effectué de nouveaux enregistrements de l'activité calcique chez des souris qui se comportent dans des tâches liées à l'olfaction telles que le test d'interaction sociale et la tâche d'habituation-discrimination olfactive. Nous montrons une inhibition phasique des axones BLA-DMS durant l'interaction avec les odeurs non sociales et sociales. Cela suggère que ces neurones sont impliqués dans le mouvement guidé par l'olfaction. Des recherches supplémentaires visant à manipuler l'activité de ces neurones nous permettraient d'élucider s'ils transmettent des informations motrices liées à l'orientation et à la locomotion, ou s'ils sont plutôt impliqués dans la modulation de la valence en relation avec les stimuli olfactifs, influençant ainsi l'approche ou l'évitement.

Mot clés : Amygdale, Striatum, Comportement guidé par l'odeur, Neuromodulateur, traçage, Photométrie par fibre, Emotion, Anxiété

ABSTRACT

Changes in emotional states are known to modify posture, fine motor control, and coordination.

This suggests an overlap between neuronal circuits underlying emotions and motor control.

We thus performed an extensive review of the anatomical projections between emotionalrelated and motor-related structures. Based on this analysis, we focused the PhD on basolateral amygdala (BLA) projections to the dorsal striatum (DS) in mice. As the DS is functionally subdivided in dorsomedial (DMS) and dorsolateral (DLS) striatum, we first defined the anatomical and electrophysiological properties of DMS-and DLS-projecting BLA neurons.

To do so, we used a palette of tracing tools combined with ex vivo (patch-clamp). Anatomical and electrophysiological properties reveal two distinct DS-projecting BLA neuronal populations. We showed that the BLA topographically projects to the DS, with main projections to the DMS and that DMS-projecting BLA neurons are more excitable than DLS-projecting BLA neurons. To understand how BLA inputs are integrated in the DS, we determined the nature of DS neurons receiving BLA inputs using patch-clamp electrophysiological recordings in transgenic mouse lines following ChR2 expression in the BLA. BLA neurons preferentially excited medium spiny neurons (MSNs) and parvalbumin (PV) interneurons. This suggests that the BLA acts like a cortical input to the DMS. The function of BLA neuronal subpopulation is classically projection-defined. To shed light on the putative function of DMS-projecting BLA neurons, we focused on deciphering the neural circuitry of DMS-projecting BLA neurons and performed a whole-brain mapping of the inputs and outputs of this pathway. To do so, we used anterograde and retrograde viral cre-dependent strategies combined with semi-automatic mapping and counting analysis tools. We showed that DMS-projecting BLA neurons have extensive collaterals to olfactory and goal-directed circuits (olfactory tubercle and nucleus of the lateral olfactory tract), while receiving mainly limbic (ventral hippocampus, insular cortex) and olfactory inputs (piriform cortex). Known outputs of BLA involved in fear-and anxietyrelated behaviors such as the Bed Nucleus of the Stria Terminalis, Central Amygdala and ventral Hippocampus were not innervated by DMS-projecting BLA neurons.

These anatomical results refined our hypothesis for the role of DMS-projecting BLA neurons in odor-guided behaviors. To test this hypothesis, we set out to record the axonal activity of DMS-projecting BLA neurons in vivo. To do so, we first carried out in vivo fiber photometry axonal imaging in the DMS of anesthetized mice and confirmed the functional connectivity of the main limbic inputs to DMS-projecting BLA neurons. We showed that both the insular cortex and the ventral hippocampus can send indirect disynaptic inputs to the DMS via the BLA. We then carried out in vivo fiber photometry in behaving mice in olfactory-related behavioral tasks such as the social interaction test and olfactory habituation-discrimination task. We show a phasic inhibition of the DMS-projection BLA axons, time locked to the investigation/interaction to non-social and social odors. Future studies manipulating the activity of these neurons would help us determine whether they drive motor-related information such as orientation and locomotor or valence information for odor-driven approach or avoidance. Keywords: Amygdala, Striatum, odor-guided behavior, neuromodulator, tracing, Fiber photometry, Emotion, Anxiety
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My thesis manuscript is structured into two primary sections: an introductory part and an experimental part. The introductory section is subdivided into three sections. The initial section, " Building the bridges between emotion and motion " is a condensed version of my review, containing only the essential information that guided my investigation of the core question of my thesis-namely, the anatomical and functional characterization of afferent signals from the amygdala nuclei and the bed nucleus of the stria terminalis to the striatum.

The second and third sections of my introductory portion provide an in-depth exploration of the molecular, cellular, and anatomical organization of the two structures central to my thesis research: the Dorsal Striatum and the Amygdala.

In the second major part of this thesis manuscript, entitled "Hypothesis and Objectives," I put forth the hypothesis that amygdala projections to the DS play a role in regulating movement during shifts in emotional states and convey emotionally pertinent information to the DS to influence behavior. In this second part, I also outline the specific objectives of my thesis research and the methodologies employed to explore the functionality of the neuronal circuits under investigation.

Finally, the last portion of this manuscript reports all the experimental work of my doctoral project. This segment is presented in the form of an original article, which will be submitted shortly. This article follows the conventional structure of an introduction, comprehensive methods (summarizing all the approaches employed throughout my thesis project), and a results section (synthesizing all the experiments conducted during my thesis). Two patchclamp experiments featured in this manuscript were conducted by Anna Tokarska (a PhD student in the team of Gilad Silberberg's laboratory at Karolinska) and Léa Bonamy (a PhD student in the team supervised by Jérome Baufreton).

INTRODUCTION I. Building the bridges between emotion and motion

The brain is a remarkably complex organ responsible for a wide range of functions, including the modulation of emotional states and movement. Neuronal circuits are believed to play a crucial role in integrating sensory, cognitive, and emotional information to ultimately guide motor behavior. Over the years, numerous studies employing diverse techniques such as electrophysiology, imaging, and optogenetics have unraveled a complex network of neural circuits involved in the regulation of emotional or motor processes.

Human beings are constantly in motion and our actions are not always an emotional response or reaction. However, it is important to note that emotional states can significantly impact different aspects of motor control, such as execution, motor planning and learning. For instance, consider how your walking speed, posture, ability to drive or insert a key in a lock vary during different emotional states or moods. In most cases, your motor output will differ, highlighting the crucial role emotions play in motor control. Conversely, engaging in physical activity can help to alleviate stress and promote feelings of well-being. However, this particular aspect will not be the focus of this doctoral research.

Given the strong, innate, bi-directional relationship between emotion and motion, it is not surprising that emotional alterations are common in motor pathologies and emotional events, or state can have drastic effects on motor deficits. However, there remain significant gaps in understanding the behavioral and neural basis of the emotional modulation of movement.

Studies using a variety of techniques, including electrophysiology, imaging, and optogenetics, have revealed a complex network of neural circuits involved in the regulation of emotional and motor processes. These circuits include regions of the limbic system, such as the amygdala and hippocampus, as well as motor-related areas such as the Basal Ganglia. Research has also highlighted the role of neuromodulatory systems, such as serotonin, dopamine (DA), and noradrenaline (NA), in modulating the activity of these circuits and influencing emotional behavior 1 . In this section, we will first describe the behavioral evidence for an emotional modulation of movement and review the anatomical connections between emotion-related structures to motor-related structures.

Emotional modulation of movement

Intuitively, emotions can seem very opposite to movement. Emotions are a braindependent process modulated by peripheral and visceral signals while most movements are dependent on spinal integrity and modulated by the brain. Nonetheless, they both exert a strong influence on one another and can be seen as an extension of each other or as two parallel processes working together. The experience or feeling of an emotion is often accompanied by facial and postural changes, the same way postures and movements can impact our emotional state 2,3 . Studying emotions and trying to define them have been attempted by many, however no consensus has yet been reached. Here, we will not attempt to define emotions and will conceptually use the 2D Valence-Arousal model proposed by

Russel 4 combined with the use of neuronal structures as a proxy for emotions. The 2D

Valence-Arousal model, proposed by Russell, categorizes emotional states based on two dimensions: valence, representing how positive or negative an emotion is, and arousal, representing the intensity of the emotion. This model provides a visual framework to understand and map various emotions in a two-dimensional space.

The inherent relationship between emotions and movement has never been questioned.

However, to our knowledge, there has been no exhaustive characterization on arousal-and valence-specific effects on different motor parameters. One could expect arousal to impact speed, strength, muscle tone and coordination of movements while valence could influence the directionality, the amplitude, and the timing of movements. Or is the emotional modulation of movements simply the results of facial and postural changes induced by the emotion? To what extent emotional states can impact motor learning, action selection decision making and execution of the planned movement, in gross and skilled movements? We will not comprehensively address all these inquiries, but we anticipate that it will aid in bridging existing knowledge gaps.

To start characterizing the extent of emotional control of motor output, we reviewed behavioral evidence where researchers assessed or induced different emotional states and tested motor performance (Table 1a). We included only human or rodent studies. We were not able to find articles that assessed the impact of positively-valenced emotions on motor performance, thus the main effects on motor performance are centered around arousal, anxiety, and stress. A study performed on human subjects, found that young adults, with a high trait anxiety profile, performed worse during the whole testing session of a complex motor task, requiring hand / eye coordination and fine motor movements, than low trait individuals 5 . Another study found a correlation between levels of state anxiety and postural control 6 . The correlation disappeared when the eyes were closed, suggesting anxiety may modulate oculomotor/orienting processes.

State anxiety was found to have a negative impact on driving, with an impaired eye-steering coordination 7 . Overall, studies tend to suggest that motor performances, in relation to stress and anxiety, follow a U-inverted hypothesis, which stipulates that optimal performance occurs at moderate levels of arousal, which varies between individuals [8][9][10] . In these studies, no changes were found in motor task requiring only gross motor movements. More importantly, even trained professionals can be subject to emotion-induced changes in motor control.

Understanding the emotional control of the motor system will be relevant for different professions demanding fine motor skills in stressful situations such as musicians, athletes 11 , police officers 12 , soldiers and surgeons 13 .

This stress or anxiety-induced motor changes are reproducible in rodent studies. Acute, subchronic and chronic behavioral stress induced impairments in skilled forelimb (skilled reaching task) and hindlimbs (skilled walking task) movements [14][15][16] , with an enhanced distance between the hindlimbs, increased angle of foot rotation, decreased stride length and a disrupted interlimb coordination. Diazepam administration, an anxiolytic pharmacological compound, improved skilled reaching performance in a U-inverted dose response 15 . Even strain-related innate differences in anxiety levels were shown to affect balance and posture in mice 17 . More importantly, administration of anxiolytic (diazepam) or anxiogenic (b-CCM) compound effectively reversed the phenotype, demonstrating a key role for anxiety in mediating posturalrelated changes. In addition to postural, coordination and fine motor movements, animals are also well known to display changes in locomotor activity in relation to their emotional states. It is currently accepted that novelty exposure (e.g., first exposure to an open field), triggers an increase in locomotor activity in the first few minutes of exposure. Locomotion decreases over time and over repeated exposure to an open field 18 . The locomotion triggered by novelty seems to be linked with both exploration and arousal. Arousal is a broad term that covers a diverse array of emotions and physiological reactions, encompassing excitement, stress, and even anxiety. Chronic stress however has been shown to increase novelty-induced locomotor activity 19,20 even though in control animals, locomotor activity are negatively correlated with corticosterone levels 20,21 . Furthermore social defeat stress has been shown to decrease running wheel activity during both the active and resting phase of mice 22 . Locomotor activity in relation to emotional states is quite complex and the use of animal's movement as a proxy for emotions hinders its study. Furthermore, locomotor activity is directly linked to circadian rhythms, and responses may differ between articles in relation to behavioral testing during the resting or active phase, the experimental protocol, and lighting conditions.

From Table 1b, we observe that emotional states such as stress and anxiety can affect a wide array of motor components such as timing, coordination, posture, direction, and muscle tone.

Some of these effects in humans seem to be related to visuo-motor processing. In most cases, motor performance follows a U-inverted hypothesis in relation to arousal levels. Further studies are required to pinpoint the specific motor change in relation to arousal and-or valence.

The intricate interplay between emotions and movement is of great importance in mental-and motor-dominant pathologies. In the recent years, there has been a real effort in recognizing the relevance and presence of non-motor symptoms in motor-dominant pathologies such as Parkinson's Disease (PD). Non-motor symptoms such as anxiety and depression strongly impair the quality of life of patients 23 , are major non-motor symptoms in PD 24,25 and occur before the onset of motor deficits 26 . The origin and role of these non-motor symptoms such as anxiety in motor pathologies remains to be understood. Some studies point out anxiety as a risk factor for PD 27,28 or, as part of the pathophysiology of the disease 29 . In most cases, emotional disturbances have been determined to be an aggravating factor for motor 30,31 , gait 32 and posture deficits 33 in PD. In Table 1c, we review the relationship between emotional disturbance and motor deficits in pathological conditions. Evidence from animal experimental models for motor pathologies indicate stress and anxiety are not only the result of disease progression, even though animal models can mimic part of those non-motor symptoms 34 , but can actively worsen the course of the disease and motor deficits. PD is characterized by the neurodegeneration of DA neurons in the substantia nigra, pars compacta (SNc). Chronic stress in different animal models for PD accelerates the neurodegeneration of DA neurons in the SNc or DA terminals in the striatum and worsens motor deficits 35,36 . Chronic corticosterone, a stress related hormone, also increased alpha-synuclein induced cell loss in the SNc 37 . Imaging studies have confirmed altered activity and connectivity between emotion-related and motor structures in PD 38 . Thus, chronic emotional states, such as anxiety, can induce activity changes to motor structures which could participate in system vulnerability and motor dysfunctions. Hence, we believe that unraveling the emotion-to-motor neural circuits will provide valuable insights into human behavior, presents opportunities to enhance performance, and holds promise for improving mental and physical health. To start building the bridges between emotion and motion, we explored the function and connectivity of brain regions known to be involved in emotional processing in relation to motor control. 1.2. Exploring the function and structure of neuronal circuits that underlie emotional modulation of movement Our movements are continuously adapting and re-adjusted to the context and perception of different cues. While sensory-motor control is thoroughly investigated, not much is known on neural basis of the emotional modulation of movement. As emotions affect multiple brain and bodily processes including visual 60 , auditory 61 , time 62 and proprioceptive 63 processing, we cannot exclude that effects of emotional states on motor performance are not the result of an indirect emotional modulation of sensory processing (emotion-sensory-motor).

However, because of the strong bi-directional relationship between motion and emotion, we made the hypothesis that brain structures involved in emotional regulation would have 1) direct projections with neural circuits of movements 2) activity-dependent motor-related effects.

Our first goal was to determine relevant brain structures involved in emotional states in humans and rodents. In humans, brain lesions and functional MRI studies have been key methods to attribute a functional role to specific brain regions 64,65 . Some core nuclei show consistent changes in activity following the perception, experience and-or expression of basic emotions such as Joy, Sadness, Fear-surprise and Anger-disgust, namely: The Amygdala, the Insular Cortex (IC), the Cingulate Cortex (Cg), the Orbitofrontal cortex (OFC), the Prefrontal cortex (PFC), the Ventral Striatum (VS), the Ventral tegmental Area (VTA) and the Hippocampus.

While some of these nuclei might have a biased activity in relation to a discrete emotion, there is a general involvement of those structures in emotional processing and not for a specific emotion per say 66 . Functional imaging of patients with neuropsychiatric stress and anxiety disorders also provides information on key brain regions involved in emotional regulation.

Accordingly, common brain regions were found to be part of neural circuits of stress and anxiety disorders 67 . In rodents, the study of emotional states is quite complex and usually focused on a binary approach-avoidance behavioral analysis of animal behavior. Neural circuits underlying fear 68 , anxiety 68,69 , and reward 70 have been at the center of rodentdissection studies for a few decades and key structures have been identified. Combining human and rodent findings, a total of 16 relevant mouse brain structures appears to be consistently involved in emotional processing (Figure 1, bottom part).

To determine how emotions can modify motor output, we investigated the existence of direct monosynaptic anatomical connections between the emotion-related brain structures and neural circuits responsible for movement. There have been extensive studies in the neural circuits responsible for movement 71 , implicating cortical, subcortical, midbrain, brainstem, medullary and cerebellar structures. We restricted our analysis to: The Motor Cortex (MO), the Basal Ganglia and Brainstem structures involved in the control of movement 71 (Figure 1, bottom part).

Dissecting the function and circuits of the brain seems to perpetually highlight the complexity of this well-oiled machinery. There has been extensive work performed over the last few decades in characterizing the brain, which comprised defining anatomical boundaries of brain structures in different species, a morphological characterization of different neuronal cell types, intrinsic properties such as gene expression and electrophysiological characteristics, identification of neuronal circuits and functional studies. To gain insight on the function of a given structure and circuit, brain dysfunctions due to pathologies and lesions have been of great importance. Combining these observations with causal studies in animals has provided a strong fundamental basis for general associated functions of different brain regions and circuits.

Motor-related pathologies such as PD and Huntington's Disease (HD), have highlighted the crucial function of the Basal Ganglia in the control of voluntary movement 72 . To simplify the characterization of movement disorder, clinical features can be classified as hyperkinetic or hypokinetic movement disorders. Hyperkinetic movement disorders include HD, tics, Gilles de la Tourette's syndrome, chorea and ballism. Hypokinetic movement disorders include akinesia, bradykinesia, and rigidity, which are core features of PD 73 . Movement disorders and their motor symptoms are associated with Basal Ganglia dysfunction 74 . HD and PD are the two most prominent Basal Ganglia associated pathologies, but Gilles de la Tourette syndrome (GTS) is also commonly associated with Basal Ganglia dysfunction 75,76 .

The Basal Ganglia is a set of interconnected nuclei comprised of the striatum, the globus pallidus, the subthalamic nucleus (STN) and the substantia nigra pars reticulata (SNr) and pars compacta (SNc). Briefly, the DS is the gate of entry of the Basal Ganglia and receives extensive glutamatergic inputs from the cortex and thalamus and dopaminergic input from the midbrain. Overall, it is the main input station of the Basal Ganglia. The striatum then projects to downstream Basal Ganglia nuclei, with two main pathways. The direct pathway refers to the projections to the SNr/Globus pallidus, internal segment (GPi) and is classically thought to promote movement. It is to note that most of these neurons also have collateral connections to the GPe 77,78 , referred to as "bridging collaterals". The indirect pathway refers to DS projections to the Globus pallidus, external segment (GPe). The GPe then projects to the STN which sends their axons to the SNr/GPi. These circuits are recursive with Basal Ganglia projections to the thalamus which projects back to cortical areas. These recursive circuits are referred to as cortico-basal ganglia-thalamocortical loops.

The DS is a large structure that has been anatomically and functionally subdivided into different regions, namely the dorsomedial (DMS), dorsolateral (DLS) and tail (TS) of the striatum. In primates, the DMS corresponds to the caudate nucleus and the DLS to the putamen. Even though there has been grown interest in the study of the TS, which is implicated in visuo-motor and audio-motor processing 79 we will not discuss it here as it has not been classically integrated as part of the motor Basal Ganglia circuits or studied in the context of motor pathologies. For more information of the TS, we recommend following these reviews 79 .

Here, we will focus on the integration of amygdala and bed nucleus of the stria terminalis inputs to the DS as it is anatomically well positioned to drive emotion-related behaviors. Indeed, the DS is the gate of entry of the Basal Ganglia, DS dysfunctions are common in many motorrelated pathologies and with Figure 2 we can observe that it is the main integrator of emotionrelated structures.

In this section, we will first detail DS neuronal populations, microcircuitry, and connectivity. We will then discuss the different functions of the DS and provide up to date information on cell type and circuit specific behavioral effects. We will then thoroughly describe the amygdala and bed nucleus of the stria terminalis projections that have been reported in the DS and their relation to the previously discussed functions of the DS.

II.

The Dorsal Striatum

Motor-functions of the DS

The striatum displays unique molecular features by its lack of glutamatergic projection neurons. Both projection neurons and interneurons are almost exclusively GABAergic and display distinct features. Projection neurons of the DS, called medium spiny neurons (MSNs) in relation to their morphological features, are distinguished by their dichotomous expression of either the dopamine receptor 1 (D1R), substance P 80 and dynorphin (DYN) 81 or Adenosine A2a receptors [82][83][84] , dopamine receptor 2 (D2R) and preproenkephalin 80 , which matches their respective projection to the SNr/GPi or to the GPe 81 . Based on these projections, in relation to Basal Ganglia circuitry, D1R striatonigral and D2R striatopallidal MSNs refer to the "direct" and "indirect" pathway (Figure 3). D1R and D2R MSNs constitute more than 95% of DS neuronal population, are equally distributed in the DS 85 and show no specific spatial segregation 86 , except in the TS 86 . Main inputs to DS MSNs are glutamatergic and originate from the cortex (~ 60%-80%) and thalamus (~ 10%-20%) 87,88 . It is to note that the DS receives a substantial GABAergic innervation from the GPe 89 . Original models for Basal Ganglia and DS functions stipulated that D1R MSNs (direct pathway) promoted movement while D2R MSNs (indirect pathway) inhibited movement 74,90 , also referred to as the Go-No Go model. With the emergence of novel tools, it was then possible to record the neural activity of different MSN subtypes and manipulate them in behaving animals.

Functional evidence for the Go-No Go model was provided with optogenetics activation of D1R or D2R MSNs in the DS, which respectively increased or decreased movement 91 . Other models emerged and proposed that D1R and D2R MSNs work in coordination for selection of the appropriate motor program 92 , movement initiation and execution 93 . Evidence came from calcium imaging studies that showed both D1R and D2R MSNs were co-activated during movement 94,95 , and was complemented with optogenetic manipulation of both pathways, which revealed that manipulation of both pathways altered proper action sequence initiation and performance 93 . A recent study attempted to reconcile the main findings and models and propose an 'adaptive selection-suppression' model 96 . Overall, it seems that even though there is a bias for D1R and D2R MSNs to respectively promote and inhibit movement, proper timing, action selection, and learning requires tight coordination of those populations. Furthermore, while DA is undoubtably crucial for movement, it has been difficult to characterize its dynamics and consequences on motion over short time periods. A nicely built study suggests a role for DA in internally driven movement, without rewards or action requirements 97 .

Since movement is intricate and encompasses various components, not all of which are entirely separate from one another. Proper voluntary motor control includes goal-directed (action-outcome) and habitual behaviors (stimulus-outcome), action selection, execution parameters such as timing, whole body coordination, velocity, strength, orientation. However, voluntary actions do not occur without internal or external driven stimuli or goal. For example, different type of locomotion have been described and are thought to involve different neuronal circuit 98 . For example, appetitive and defensive locomotion, which are essential for survival;

are not thought to require Basal Ganglia motor circuits, and emotional neuronal circuits will directly reach downstream centers to provide efficient modulation of locomotor activity. to modulate both parameters [108][109][110][111] , with differential implications that remain to be elucidated.

Orientation or turning is also represented in MSN activity, with a respective increased or decreased activity during contraversive and ipsiversive movements 112 . This is in line with previous studies showing that activity in the ipsilateral DS was more strongly correlated with the initiation of contralateral body movements 94 . Furthermore, inhibition of either MSN population produced a bias towards ipsiversive turns. However, in contrast with imaging experiments which show co-activation of D1R and D2R MSNs during contralateral turns, unilateral activation of different MSN subtypes had opposite effects. D1R-MSN or D2R-MSN stimulations favored respectively contraversive 113,114 and ipsiversive movements 112 . Grooming, which is an innate behavior, relies on a complex sequence of fine motor movements. Many studies have investigated the DLS in grooming after a lesion mapping 115 study revealed its necessity in grooming sequential organization . Some have implicated both the DMS and DLS in grooming transition bouts 116,117 , or for a general for of the DLS in encoding behavioral sequences 95 and transitions.

To summarize, one main current hypothesis is that DMS is crucial for decision-making, action selection and motor learning but its disengagement is necessary for DLS expression of habitual behaviors, including skilled motor sequences 118 . Together, it suggests a fine interplay between the DMS and DLS that permits behavioral flexibility for adaptive behaviors. Some of discrepancies may arise from the experimental setup, stimulation protocols, and subregions of the striatum manipulated and recorded. Nonetheless, it is now clear that the balance between the activity of direct and indirect pathway is key for proper striatal functioning. To ensure this balance, different neuromodulators and DS interneurons exert tight control over MSN activity via pre-and post-synaptic regulation.

Microcircuitry of the DS and Dopamine neuromodulation

DS interneurons constitute less than 5% of the total DS neuronal population. These interneurons are diverse and display heterogeneity within populations [119][120][121] . Main striatal interneurons express specific molecular markers such as Acetylcholine (ChAT), Parvalbumin (PV), and somatostatin (SOM) and have distinct electrophysiological signatures. PV interneurons, also called fast-spiking interneurons 78 , are the main source of feed-forward inhibition to MSNs 89,[142][143][144] .

The integration of the excitatory drive to DS neurons and the intrinsic excitability of DS populations are strongly modulated by DA, mainly originating from the SNc 145 , though the DMS is also innervated by VTA DA 146,147 . DA is well known to be crucial for the integrity of Basal Ganglia circuitry, as it is at the heart of the pathophysiology of PD. As mentioned previously, MSNs express the G-protein-coupled receptors DA receptors, type 1 or type 2. Overall, dopamine binding on D1R is thought to be excitatory 148 and inhibitory on D2R 149 . While the view of the initial model has not changed much, the mechanism of action has been clarified.

This improved understanding of the mechanisms of action of DA in the striatum reveals its ability to alter the excitability of striatal neuronal populations within the striatum, consequently adjusting the synaptic strength of excitatory inputs from the cortex and thalamus. 

Cortical and thalamic projections to the DS

One challenge has been to build a precise extensive map of the inputs to the DS. This may be attempted by many different approaches in the DS. The DS has been functionally subdivided into DLS or DMS but a recent exhaustive study on the cortical projections to the DS reveal more than 29 functional subdomains within the DS 160 . The DS has also been subdivided by patch and matrix compartments. Patches (also called striosomes) are histochemically identified mainly based on localized high expression of the mu opioid receptor (MOR) 161 . They appear to be unevenly distributed in the DS, with decreasing density at more posterior DS levels. Finally, DS population is also projection-defined or molecularly defined based on the projections to the SNr/GPi or GPe, which is equivalent to D1R/SP/NPY or D2R/PENK expression. Together, it suggests that each anatomical subdivision may have cell-type specific and compartment specific functional relevance, highlighting the complexity of this structure.

The cortex has topographical projections to the DS and based on the convergence of different cortical areas within the striatum, 29 distinct functional domains have been identified (Figure 4). They confirm the DLS as the sensory-motor striatum and DMS as part of the associative striatum. In the DLS, they reveal a somatotopic organization of cortical projections, with five distinct subnetworks organized along the dorso-ventral of the DS which integrates respectively trunk, lower limb, upper limb and orofaciopharyngeal information (Figure 4). Interestingly, this cortical-striatal projectome highlights the convergence of visual, spatial, and auditory information in DMS regions, strongly suggesting this part of the striatum is also involved in spatial navigation and orientation 110,114 (Figure 4). The same year, another study investigated the map of excitatory inputs to the DS, and included thalamic projections 162 . They show similar cortical inputs to the DS and further show that striatal clusters, defined by cortical inputs, were also innervated by different thalamic nuclei, encouraging this functional classification of the DS based on anatomical convergence. The DMS is innervated by primarily anterior thalamic groups, the DLS from ventral, intralaminar posterior and medial nuclear groups and the ventral part of the DS, more medial thalamic groups 162 .

A lot of efforts have been set to determine cell-type specific inputs to the striatum, using anatomical tracing tools and ex vivo electrophysiology. For all cell type, the main input remained the cortex 87,88,143,163,164 . A recent study has shown using anatomical and functional approaches that MSNs and PVs receive substantially more cortical inputs than ChAT interneurons 165 , with some evidence for a bias towards D1R or D2R MSNs from different cortical areas 88,166 , even though this evidence remains to be further investigated 87 .

Furthermore, in line with the previously discussed role for PV in mediating feed-forward inhibition, cortical areas strongly innervated PVs and elicited EPSCs were of shorter latencies in PVs compared to other cell types 164,165 . Anatomically, cortical innervation of SOM LTS neurons innervation was lower than to PVs 164 , which was functionally confirmed 164,165 D1R animals displayed decreased sensitivity to novelty, with reduced exploration of a novel object, while D2R ablation resulted in a drastic increase in exploration of the novel object, which did not disappear over repeated presentations.

Curiously, while olfaction has been suggested to be the primary modality in rodents, we could not find any studies exploring the response of the DS to odors. One reason for this may have been that olfactory processing have been attributed to another striatal area, mainly the Olfactory Tubercle 172 .

Emotional integration of the DS

With all this information on the attributed role and anatomy of the DS, it is highly likely that emotional information would be transmitted to this integrative hub. While emotional-related functions are usually attributed to its counterpart, the Ventral Striatum, the role of the DS in emotional processing remains largely unexplored. Nonetheless, there is substantial evidence for emotional processing in the DS, mainly coming from human research. Interestingly, in a major amount of functional neuroimaging studies, changes in DS activity were reported during emotional processing tasks, mainly in pathologies with altered emotional and social processing.

In physiological conditions, the caudate (DMS in rodents) displayed activity during selfgenerated emotions of sadness and happiness 173 . In Major Depressive Disorder, a hyperactivity of the caudate-putamen was consistently found compared to controls in the processing of aversive or negative stimuli, as reviewed in this meta-analysis 174 . Previous studies had also observed a reduction of putamen volume in major depressive disorders 175 . In Social Anxiety Disorder, hyperactivation of the caudate or putamen was consistently reported during disorder-related (scenes meant to trigger social anxiety ) 176 or fearful 177,178 processing of visual scenes compared to neutral scenes and compared to controls subjects. A recent study showed the intensity of the differential response of the caudate-putamen activity in relation to angry vs happy faces was positively correlated to levels of social anxiety 179 . In Borderline Personality Disorder, there was a hyperactivation of the bilateral caudate during the processing of happy faces in contrast to controls 180 , and hyperactivity was also reported in bipolar disorder 181 In Autism Spectrum Disorder, many studies have reported alterations of caudate or putamen size, and functional alterations of activity during emotional face processing 182-184

. Furthermore, emotional processing dysfunctions are also common in HD and PD 185,186 , two conditions affecting the Basal Ganglia physiology. Nevertheless, the specific pathophysiology underlying these emotional alterations remains poorly understood.

However, we could not find evidence on how emotional states, such as stress and anxiety, could impact the activity of the DS. However, in addition to emotional processing, the DS appears to regulate many behaviors modulated by emotional states or stimuli. Indeed, in relation to the previously discussed role of the DS, stress is thought to promote habitual actions over goal directed actions 187,188 . In humans, combining physical and psychosocial stressors rendered participants insensitive to outcome devaluation, which was not the case in controls, implying a switch from goal to habit driven behavior. These findings were reproducible in rodents 189 .

In contrast to motor-related functions for the DS, there are now several lines of evidence pointing towards more emotional functions of the DS, including aversion 190 and social behaviors 191,192 

III. Anatomical substrates for the emotional modulation of the DS

To clarify the direct and indirect effects of emotional states on the functioning of the DS, it is crucial to delineate the neural circuits connecting emotions to motor processes.

The Amygdala

The Amygdala is a complex structure and has long been recognized to be a key structure of the emotional system (i.e., the limbic system) 195,196 . In 1819, the "amygdala" was termed by the German anatomist Karl Burdach as he observed a cluster of gray matter within crosssectional slices of the temporal lobe. The Amygdala has been given a lot of attention, as many pathologies are associated with amygdala dysfunction and manipulation of the amygdala can lead to strong behavioral defects. Indeed, amygdala dysfunctions are commonly reported in fear-and anxiety-related and pathologies 197 such as Post Traumatic Stress Disorder 198,199 , phobias and depression 200,201 , social related disorders such as Autism Spectrum Disorder 202,203 and motor-related pathologies such as PD 204,205 and HD 206,207 . However, as most pathologies have high comorbidity with anxiety-or depressive-disorders, is has been challenging to delineate the origin and clinical significance of amygdala reported dysfunctions 208 . The amygdala was often referred to as the fear center of the brain. These conclusions were drawn based on amygdala lesions in humans, and in animals models, which strongly impaired the acquisition and expression of conditioned fear 209,210 . Over the years, this view has extended to include both positive-and aversive sensory processing and respective behaviors, socialsexual behaviors, but also more cognitive functions such as perception, learning and memory 211 . In humans, functional neuroimaging studies of the amygdala confirmed the amygdala was more likely to display activity in relation to emotional stimuli for both positive and negative emotions in contrast to neutral stimuli. They also showed a bias in the response of the amygdala in response to the stimulus modality. External stimuli were more predictive of amygdala response than internal one, with the strongest predictor of activity being olfactorygustatory external stimuli 212 . In line with those observations, one leading theory is that the amygdala acts as a 'relevance detector' 213 or a judge of incoming external information and assigns a value to the incoming stimuli to promote adaptive behaviors, making it the "sensory gateway to the emotions" 214 .

However, given the current knowledge of this structure, we can hardly refer to it as one single entity. Indeed, the amygdala is a very heterogeneous structure composed of more than 13 different nuclei, with different organization of projections, behaviors, histochemical and molecular markers. In addition to those "pure" amygdala nuclei, there are other nuclei, which are part of the "extended amygdala" [215][216][217][218] , which are also core components of the emotional system and have dense reciprocal connections with amygdala nuclei.

Divisions of the Amygdala

Overall, the Amygdala is a set of nuclei of cortical-like and striatal-like nature. The terminology and inclusion criteria for the Amygdala are still unclear, but are commonly categorized into three different subgroups, on the basis of amygdala cytoarchitecture, neurochemistry and connectivity: the Basal Amygdala Complex, the superficial cortex-like nuclear group, and the centromedial group (part of the extended amygdala).

The Basal Amygdala Complex refers to the Basal Amygdala (BA), Lateral Amygdala (LA) and Basomedial Amygdala (BM) nuclei (shown in orange in Figure 5). Of note, the LA and BA are often grouped together and named BLA. The Basal Amygdala complex has a cortical like structure, with glutamatergic projection neurons (spiny pyramidal-like neurons) and inhibitory interneurons. It has been proposed that it is part of the extension of the claustrum 219 .

The superficial cortex-like group (shown in purple in Figure 5) includes the nucleus of the lateral olfactory tract (nLOT), bed nucleus of the accessory olfactory tract (BAOT) and the anterior (ACo) and posterior (PCo) cortical nuclei (CoA). These nuclei exhibit similar neuronal composition than BLA neurons, but the perpendicular organization of projections neurons are closer to a cortical organization and is thought to be a part of the extension of the olfactory cortex 219 .

The extended amygdala also refers to the centromedial and centrolateral amygdala and consists of the central amygdala (CeA), medial amygdala (MeA), and specific bed nucleus of the stria terminalis (BNST) nuclei. Substantia innominata and Nucleus accumbens are also been decribed as part of the extended amygdala 215 . These structures are of striatal-like nature 219 and have GABAergic, medium spiny projection neurons.

Three other amygdala nuclei (shown in pink in Figure 5) do not belong to any subgroups yet, namely the Anterior Amygdaloid Nucleus, the Intercalated cells, and the amygdalohippocampal transition area (AHi). 

Amygdala projections to the DS

In Figure 2, we have reported that different nuclei from the Amygdala and extended Amygdala network such as the Basolateral Amygdala (BLA), the Central Amygdala (CeA) and the Bed Nucleus of the stria terminal (BNST) send direct projections to the DS. In addition to direct projections, both the BLA and CeA can modulate motor output (Table 2), an effect that is less clear in the BNST, though largely unexplored.

Amygdala projections to the DS have been reported since the 1970s Since then, new transgenic mouse lines and viral tracing tools emerged and permit a more detailed comprehension of neural pathways in a cell-type specific manner. Furthermore, the emergence of automatic mapping and analysis of anatomical tracing data allows for more comprehensive studies of brain-wide inputs and outputs.

Interestingly, with novel viral-tracing tools and mapping quantification, studies report other projections from the extended amygdala to the DS, including now inputs from the Central amygdala and Bed Nucleus of the Stria terminalis. Cre-dependent mapping of inputs to D1R, D2R, and interneurons of the DS consistently report BLA 166 , CeA 166 and BNST 163 retrograde labeling. Furthermore, when employing monosynaptic-retrograde tracing with rabies virus infection, it was found that inputs from the CeA and the BNST were synaptically connected to

ChAT but not to PV striatal interneurons, with minimal retrograde labeling observed in the BLA 163 . Using the same approach to determine inputs to DMS D1R and D2R MSNs, some report projections only from the BLA 87 , while others report CeA and BLA projections 88 . As mentioned previously, the DS is also compartmentalized in patch (striosomes) and matrix compartments, which are thought to relay respectively limbic or sensory-motor information.

Using transgenic mouse lines to trace inputs to specifically patches and matrix in the DMS, the same authors showed a dense innervation from the BNST, which was confirmed by anterograde tracing and electrophysiological recordings 143 . This projection had been reported previously using highly targeted small deposits of PHA-L, a classic anterograde tracer, although this study reported a much less dense projection and only from the juxtacapsular BNST nucleus 225 . In addition, the anterograde labeling differs quite strongly between the two studies, with fibers located along the medio-lateral DS 143 and the later in the ventro-medial DS 225 . Anterograde tracing studies are in line with retrograde studies showing a BLA innervation to the DS, and a very nice recent study mapping the inputs-outputs of the BLA confirm the topographical organization of the projections to the DS 226 . Whole brain mappings of axonal projections from the CeA have not, to our knowledge, been done. However, the Allen Brain Atlas mouse connectivity includes anterograde tracing of CeA, for which one the expression is restricted to the CeA and displays sparse labeling in the DS (Allen brain Atlas, Primary Injection Location: Central amygdalar nucleus, Experiment #: 120281646 ).

In this section, we will provide a detailed section on the basolateral amygdala complex (BLA), which comprises the lateral (LA) and basal (BA) and basomedial (BM) amygdala. Other nuclei will not be addressed as our initial anatomical results indicate the BLA was the main projector to the DS, and we thus solely focused on this pathway in this study.

Furthermore, we will review mainly evidence from rodent's studies, as 1) it is the model used in our study.

2) It is the most commonly used model to study amygdala circuits. 3)

Evidence suggest the neuroanatomy of the BLA is similar in rodents and primates 227 .

IV.

The Basolateral Amygdala complex (LA-BA-BM)

General organization of the BLA

The BLA is an almond-shaped structure that has been further subdivided according to different anatomical, cellular, molecular and connectivity patterns. Classically, it is considered that the LA is a gateway for information flow within the amygdala 228 . LA neurons integrate inputs from associative (thalamic) and sensory-related (sensory cortices) areas and are thought to have restricted intranuclear (intra-amygdala) projections, even though there has been some report for extranuclear projections 224,229 . BA principal neurons receive dense inputs from the LA subregions 230 , and while it is mainly known for its long-range projections, there are dense intraand inter-divisional projections across its rostro-caudal axis 228 .

In line with its cortical-like cytoarchitecture and connectivity 231,232 , projection neurons of the BLA are, for the most part, glutamatergic pyramidal cells 233,234 with a majority of BLA neurons expressing the vesicular glutamatergic transporter 1 (VGLUT1) and CaMKII 235 . Quantification of the proportion of excitatory/inhibitory neurons in the BLA approximates respectively a 80%-20% distribution, even though there have been variable quantification across studies and animal models [236][237][238] . Within pyramidal neurons of the BLA, dichotomous populations have been identified in relation to their morphological features (soma size) or ex vivo electrophysiological properties 239,240 . Magnocellular neurons, which were initially defined by their large soma, express the molecular marker Rspo2 + ( R-spondin 2), and are preferentially distributed in the anterior BLA 228,241 , while parvocellular BLA neurons, characterized by a smaller soma, express Ppp1r1b (Protein Phosphatase 1 Regulatory Inhibitor Subunit 1B) and are preferentially distributed in the posterior BLA. These features distinguish them from the other main population of neurons in this structure, the interneurons.

BLA projection neurons are under a strong inhibitory control by different interneuron populations 242 . BLA interneurons express GABA 243 along with other typical interneurons neuropeptides such as PV, SOM/NPY 244 , VIP and CCK 242 and calcium-binding proteins. They exhibit, as for other interneuron populations 245,246 , distinct electrophysiological signatures 247 and morphological properties 248 that distinguishes them from pyramidal neurons 242,243 . PV and SOM form the two main interneuron populations in the BLA, with PV recapitulating up to 40%

of the interneuron population 248 and SOM approximately 15% 244,248 . PVs have strong control over spike output of BLA projection neurons 249 . They are known to innervate the somatodendritic compartment of principal neurons, with synapses are also found on the peri-somatic regions [249][250][251] , and are thought to be electrical coupled 252 , which promotes coordinated network of inhibition. Other types of interneurons also display peri-somatic inhibition, such as CCK interneurons 251 . In contrast SOM interneurons innervates the dendritic compartment of BLA projection neurons 253 and are thought to control the synaptic integration of glutamatergic signals 254 . Both interneuron subtypes have been proposed to mediate feed-forward and feedback inhibition [255][256][257][258] .

Projection neurons and interneurons are the post-synaptic targets of brain-wide afferences, including sensory areas, neuromodulatory structures, and higher order associative structures.

Most projections arise from cortical and thalamic areas, while not restricted to them 226,259 .

Sensory integration of the BLA

The BLA has originally been studied in the context of fear conditioning. Lesions or inactivation's of this structure revealed an inability of the animals to acquire or express the adapted response to a conditioned stimulus [260][261][262][263] or to contextual fear conditioning 264,265 . Most of this work highlighted the importance of the LA for the acquisition of cued fear conditioning 266,267 . This work was closely paralleled with behavioral studies showing a role for the BLA in appetitive conditioning and rewarding behaviors 268 . Most of BLA functions were studied in regard to contextual or cued behaviors, which implies BLA neurons receive sensory information.

Anatomical and functional studies indicate that all sensory modalities are represented in the BLA 269 .

Visual information appears to originate from the visual thalamus 270 and transmitted to the BLA either directly or indirectly by multimodal areas such as the temporal association cortex 271,272 and the perirhinal cortex 273,274 . No direct projections from the primary or secondary visual cortices have been reported. Somatosensory information is thought to indirectly reach the BLA via the posterior insular cortex, with no direct projection from somatosensory cortices 275 .

Auditory information have been shown to originate sparsely from secondary auditory cortices 259 and mainly by the auditory thalamus 276 . Gustatory and visceral inputs arise from the respective primary gustatory and visceral cortex, which is part of the anterior insula 269 .

The organization of the olfactory system differs from other sensory modalities as there is no thalamic relay before reaching the primary olfactory cortex 277 . Thus, olfactory primary cortices have been defined as the cortical areas innervated by the olfactory bulb. This has been shown

to include the anterior olfactory nucleus, piriform cortex, olfactory tubercle, ventral tenia tecta, and the rostral entorhinal cortex but also of amygdala nuclei (part of the superficial cortical-like group) such as the nucleus of the lateral olfactory tract (NLOT) and the anterior subdivision of the cortical nucleus (COa) 269 . The BLA integrates information from multiple of these primary cortical areas, with projections from all of these aforementioned structures reported, with the exception of the tenia tecta.

Thus, visual, auditory and somatosensory information appears to be principally mediated via an indirect cortico-cortical or cortico-thalamic route, with higher cortical processing than gustatory-visceral and olfactory information that have direct projections to the BLA from primary sensory cortices 269 . Functionally, the BLA has been shown to respond to auditory 278 and somatosensory 279 , and olfactory stimuli 280,281 using in vivo electrophysiological recordings in anesthetized mice to avoid any emotion-related confounds. Taste 282 responses were observed in recordings in the awake animal, however no responses to neutral (unpaired) visual cues were observed in BLA neurons 283 .

We could not find evidence for a direct comparison between the representation of the different modalities in the BLA. This may be due to the difficulty in providing inputs of comparable intensities and valence between modalities. However, sensory integration appears to have specificity within and between modalities in BLA neurons. Indeed, the presentations of two different neutral sound only showed a partial overlap of BLA responsive neurons 284 . Another line of research has explored the activity and role of BLA neurons in more naturalistic-like settings. A recent study investigated the individual responses of a large set of BLA neurons in behaving rats during the presentation of different social or non-social stimuli, using multi-unit electrophysiological recordings (Neuropixel probes) 285 . While this task integrates all sensory modalities, BLA neurons were found to selectively respond to specific salient stimuli.

Interestingly, 23.5% of the recorded neurons displayed increased activity with high selectivity to specific stimuli, which included social (female or male responsive) and non-social stimuli (food or toy responsive), while another subset of neurons had pan-responsive activity.

Contextual information is thought to reach the BLA via the ventral CA1 (vCA1). These conclusions were drawn based on contextual fear conditioning experiments, for which the retrieval and expression have been shown to rely on the integrity of the vCA1 286 , BLA 264,265,287 and vCA1 to BLA 288 pathway. Furthermore, exposure to a novel context or to context associated with footshock's induced cFos expression in vCA1 projectors to the BLA, and this cFos expression was significantly greater than during exposure to their home cage 288 .

Internal factors have also been suggested to modulate the activity of BLA principal neurons, such as the internal state of the animal and exposure to aversive experiences. Chronic stress induces anxiety-like behaviors, and has been shown to increase the excitability of BLA neurons, both in vivo 289 and ex vivo 290 . Furthermore, the activity of BLA cells have been correlated with anxiety levels 291 .

Neuromodulation of the BLA

Information and sensory flow are known to be strongly modulated by neuromodulators which can, via a diversity of different receptors, cellular cascades, and pre-and post-synaptic mechanisms, affect the excitability of a given cell, the integration and activity of afferences 292 .

The BLA, like many other brain regions, is innervated by acetylcholine and the main monoamines, comprised of serotonin, DA, and noradrenaline. While much remains to be uncovered, we will provide a summarized overview of the action of these neuromodulators on BLA neurons and some attributed functions.

The BLA displays dense immunoreactivity for serotonin 293 , which is known to originate, in part, from the Dorsal Raphe Nucleus 294,295 (DRN). Electron microscopy studies had reported serotonin immunoreactive terminals in close proximity to interneurons in the BLA 253,296 , with a large majority of symmetrical (inhibitory) synapses 297 . Pharmacological studies showed serotonin had a general inhibitory effect on BLA principal neurons, that was partly mediated by an indirect excitation of BLA interneurons via 5HT2 action 298 . A more recent study showed that activation of BLA interneurons was in part due to glutamatergic release. Indeed light excitation of serotonin-expressing DRN terminals in the BLA evoked fast excitatory post-synaptic potentials, which was blocked by glutamatergic antagonists 295 . This excitation was observed only in BLA interneurons. The net effect of the light-stimulation serotonin-terminals on BLA principal neurons was a slow inhibition. The authors further showed the inhibition observed on these BLA principal cells was both direct, via 5HT1A receptor activation, and indirectly via its excitatory effect on GABA-interneurons. Overall, serotonin appears to inhibit BLA principal neurons.

Noradrenaline afferents to the BLA have been shown to arise mainly from the Locus Coeruleus (LC) 299 , one of the main noradrenergic nuclei. Electron microscopy studies showed most NAimmunoreactive terminals were towards BLA principal neurons (>80%) 300 . These synapses were mainly symmetrical. Combining fast scan cyclic voltammetry in the BLA with light stimulation of tyrosine-hydroxylase expressing LC terminals in the BLA confirmed noradrenaline release in the BLA from the LC 301 . The net effect of noradrenaline on BLA principal neurons appear bi-directional, with in vivo recordings showing similar proportions of neurons excited or inhibited following yohimbine systemic administration 302 or light stimulation of tyrosine-hydroxylase expressing LC terminals in the BLA 301 , with a majority of neurons not modulated by the stimulation.

DA afferents to the BLA are thought to arise, in part, from the VTA 303,304 . Dopamine predominantly synapses BLA on pyramidal neurons and PV interneurons [305][306][307] . Using ex vivo electrophysiology, DA has been shown to enhance the spontaneous activity of both BLA projection neurons and interneurons, and enhances the excitability of these cells 308 . In vivo intracellular recordings of BLA neurons in anesthetized rats display similar increases in spontaneous activity following apomorphine administration (non-selective DA agonist) 309 . DA has been implicated in conditioned fear 304,310 , anxiety 303 , and can be release in relation to salience of cues, in a state dependent manner 283

Acetylcholine innervation to the BLA is dense and has been shown to originate from the Basal Forebrain 311 . Even though a pedunculopontine cholinergic projection was suggested after a retrograde study of cholinergic afference to the BLA 311 , anterograde tracing of both cholinergic neurons in the basal forebrain and pedunculopontine nucleus confirms the cholinergic projection to BLA neurons is confined to the Basal Forebrain 312 . Electron microscopy studies showed most ACh-immunoreactive terminals synaptic terminals were on BLA principal neurons (>85%), and to a lesser extend PV interneurons (7%) 313 . Ex vivo electrophysiological recording shows that light activation of ChAT-expressing Basal Forebrain terminals in the BLA has a biphasic response, with a fast inhibition followed by a sustained depolarization. These responses appear to be mediated, in part, by the muscarinic receptor 1 (M1R) 312,314 . On the other hand, the light stimulation has no effect on the activity of PV interneurons (fast spiking) but elicited excitatory post synaptic potentials (EPSCs) in late firing interneurons. This effect was, this time, mediated by activation of the ionotropic nicotinic receptor 314 .

The BLA in valence encoding

Altogether, it is clear that the BLA integrates multimodal sensory information. How the BLA associates a value to a given stimuli has been the core subject of much research. While we will not discuss the plasticity mechanisms that are thought to occur in the BLA, what is clear is that BLA neurons display specific activity-changes 284,285,315,316 in relation to novelty, positivevalence stimuli, negative valence stimuli and social stimuli 285,315,317,318 . Novelty is illustrated by the fact that neutral sensory stimuli show an increased activity during the first presentations but rapidly exhibits habituation (loss of response to the stimuli) if not associated to a non-neutral outcome 278,280 . However, when the neutral stimulus, conditioned stimulus (CS) is paired with an outcome, Unconditioned stimulus (US), classically foot shocks or sucrose, for respectively fear-or appetitive-conditioning, a representative subset of BLA neurons is known to increase, or decrease, their activity in response to the CS 280,315,319,320 . In this respect, valence-encoding BLA neurons have been defined, with some cells responding preferentially to an appetitive CS and US, or aversive CS and US 315,317 . Some cells have been shown to respond to both types of associations 284,315 , and may represent the salience of the stimuli and not its valence. Activation of neurons that selectively respond to stimuli of positive or negative valence have been shown to drive respectively appetitive or aversive behaviors 321,322 .

Recordings and manipulations of BLA neurons have displayed the diversity of emotional behaviors it can drive or modulate, and have been implicated in the neural circuits of fear and anxiety 68,194 , reward 323 suggested to mediate social behaviors and exploration [324][325][326][327][328][329] . There are obvious relationships between those behaviors, which are not fully independent of each other.

To investigate the neural correlates of these behaviors, disentangling the circuitry of the BLA, and mainly the outputs of BLA neurons, has been at the essence of most studies. Rapidly, the importance of BLA projections and molecular markers to drive behaviors were highlighted 241,[330][331][332] . Since then, there has been extensive work on the understanding of BLA functions and behaviors in relation to its target and embedded circuit.

The BLA in motor behavior

The BLA has not only been shown to drive emotional behaviors, but manipulations of this structure can both induce and modulate motor-related changes (Table 2). More specifically, when the animals were subject to an acute stressor or sub-chronic stress (7 days), BLA lesions have been found to affect the total distance traveled in an open field, by a reduction of locomotor activity, which was not due to an increase in the time spent freezing 333 . On the other hand, another study report increased locomotor activity in the open field following BLA lesions 334 . There has been some evidence for correlations between speed and BLA neurons 285,324,326 , however, it has been difficult to conclude on those observations as it is usually associated with specific behaviors, which can be stationary or non-stationary in nature.

Nonetheless, it appears some BLA neurons do drive locomotor and velocity motorcomponents. Using light-stimulation to excite pathway specific BLA neurons in a time-locked manner has also shown differential results on locomotor-reported effects. Light stimulation of BLA projecting to the lateral hypothalamus showed a progressive increase in the mean velocity and distance traveled in the open field, with increased light frequency stimulations 335 . A significant increase was observed at 20Hz stimulations. Another study report that BLA stimulations of NL189-expressing neurons were found to trigger behavioral arrests that were valued and de-valued lever presses 355 . Furthermore, as stress and anxiety, have been known

to impact goal-directed behaviors 187,188 , and more specifically, insensitivity to devaluation, and that the BLA is a core component of those circuits, it seems reasonable to hypothesize that these reported effects would arise from the BLA projections to the DMS. The team of B.

Balleine, a specialist in instrumental conditioning, has investigated this question. As most of BLA implication in outcome encoding had been through lesions, the authors tested the loss of function of this pathway in outcome devaluation. They initially performed a disconnection of the BLA-to-DMS pathway, by lesioning or by muscimol inactivation, the ipsilateral BLA and the contralateral DMS. In this experiment, BLA disconnection to the DMS showed an impairment in outcome-devaluation performance 358 . However, with specific lesions using viral tools to deplete the BLA to DMS pathway, animals were able to successfully perform the tasks. On the other hand, lesioning BLA projections to the prelimbic cortex impaired this behavior 359 .

However, these experiments only assessed the loss of function of this pathway and may not account for impairments in goal-directed behaviors observed in stress and anxiety emotional states, which are known to generate an overall hyperexcitability of BLA neurons.

Subpopulations of the BLA mediate different behavior

Behavioral effects of BLA manipulations have yielded a wide array of seemingly opposite or varied behaviors (Table 3). Defensive behaviors have been associated to stimulations of the BLA projections to the CeA 360 , mPFC 361 and vCA1 362 . Anxiolytic behaviors have been associated with the BLA to BNST and CeA pathway 363,364 . In line with the observed behaviors, all of these structures have been described as part of the fear and anxiety neural circuits 68 .

In addition to the specificity of projections, behaviors were also related to the expression of specific genetic markers. Main identified molecular marker were Rspo2 and Ppp1r1b which were initially described as mutually exclusive 241 , and distributed respectively preferentially in the anterior or posterior BLA. However another recent studied report strong colocalization between those two marker in the posterior BLA 332 . Another molecular marker has been used

to define function, namely Fezf2 (Forebrain Embryonic Zinc Finger-Like Protein 2), which appear to colocalize mainly with Rspo2+ neurons 332 .

Recent studies have combined intersectional genetic approaches to investigate geneticallyand projection-defined BLA populations 332,365 . These results suggest that BLA to CeA can drive appetitive behaviors, in relation to Ppp1r1b or Rspo2 expression in the BLA, which appears to preferentially innervate different division of the CeA 331,365 . Similar observations were made for the BLA projections to the NAc. They have classically been associated with the reward circuit, as light stimulation of this pathway support positive reinforcement 360,366 and are preferentially modulated by stimuli of positive valence 317 . However, the specific stimulation of Fezf2 BLA neurons specifically to the NAc have been recently implicated in aversive behaviors.

In line with previous findings, those neurons showed strong colocalization with Rspo2+ neurons. However, Fezf2 BLA neurons also projected to the Olfactory Tubercle (OT), but showed strikingly contrasting effects with NAc projections and have been related to positive valence 332 . As mentioned before, another molecular marker has been reported to drive motorrelated effects, namely the NL189-expressing BLA neurons. Activation of these neurons promoted behavioral arrest, and this stimulation was not associated to any specific valence 325 .

These neurons were located in the ventro-lateral BLA and projected to the CeA and BNST 325 . 

HYPOTHESIS AND OBJECTIVES

Emotional states and motor control have been, for the most part, investigated separately, even though the inherent relationship between those two systems is undoubted. Indeed, most of our decisions, actions and movements are guided by the presence and value of different cues in our environment (sensory-guided behaviors and goal-directed behaviors) and modulated by how we feel (internal and emotional state). Facial expressions are a good example to illustrate this statement, as they represent a direct motor response to emotions. Emotions also drive strong and fast motor responses (run or freeze), which are essential for survival. However, the influence of emotions on motor actions encompasses what we refer to as "survival responses"

and have been shown to modulate a wide array of voluntary movements such as locomotion, posture, fine motor control, and/or coordination (Table 1). This area of study is of clinical importance as there is a strong relationship between motor disorders such as PD and Psychiatric Disorders such as anxiety. Indeed, while the most prominent features are related to motor dysfunctions, there has been an emerging consensus that these pathologies have very debilitating non-motor symptoms, which include neuropsychiatric symptoms such anxiety 24,367,368 , and deficits in emotion recognition for PD and HD 185,186 . Some studies point out anxiety as a risk factor for PD 27,28 or, as part of the pathophysiology of the disease 29 . In most cases, emotional disturbances have been determined to be an aggravating factor for motor 30,31 , gait 32 and posture deficits 33 in PD.

The neural correlates underlying these interactions remains unclear and suggests an overlap between neural circuits underlying emotions and motor control. One key structure of the emotional system, the Amygdala, appears to be an area of interest as altered of the Amygdala is common in psychiatric disorders including fear-and anxiety-related and pathologies 197 such as PTSD 198,199 , phobias and depression 200,201 , social related disorders such as autism 202,203 but also and motor-related pathologies such as PD 204,205 and HD 206,207 .

The amygdala is well known for its reactivity to emotional stimuli and its role in shaping emotional behaviors 211 , components that are largely mediated by one of its most studied nuclei, the Basolateral Amygdala (BLA). The BLA has been a key node in the neural circuits for fearand anxiety 68,194 , and the activity of these neurons have been correlated with anxiety levels 291 .

The BLA appears to respond to stimuli of positive-and negative-valence 284,315,317 and drive subsequent behaviors 321,322 . Thus, lesions or manipulations of the BLA have been shown to modulate anxiety states bi-directionally but also fear-and reward-related behaviors 68,194,331,369 .

The behavioral outcome is highly dependent on the efferent target of BLA neurons 331 . While most studies have focused on emotional behaviors for the BLA, there has been evidence that the BLA can also modulate motor output. Indeed, lesions or manipulations of the BLA can impact locomotor activity [333][334][335] and cell-type specific manipulations of BLA neurons have been found to encode and drive behavioral arrests 325 . Furthermore, recordings of BLA activity suggest a subset of BLA neurons may encode for speed 285,324,325 , though it may represent a behavioral bias (stationary vs non-stationary behaviors). In addition to locomotor-related effects, stimulations of the BLA have been shown to impact motor learning 336 , and inactivation of the BLA have been shown to alter goal-directed behaviors 355,357 , a behavior that integrates both valuation and motor networks 99 . Importantly, the BLA appears to have restricted direct projections to the motor system, with reported projections only to the motor cortex and Dorsal Striatum (Figure 2). While BLA projections to the Motor Cortex are thought to impact motor learning, very few studies have investigated the role of BLA projections to the DS. In addition to BLA inputs, there has been some evidence for projections from the Central Amygdala and Bed Nucleus of the Stria terminalis to the DS, which are also part of the neural circuit for anxiety 68,194 and CeA manipulations have been shown to modulate motor control (Table 2).

The DS is part of the motor Basal Ganglia, a circuit responsible for voluntary control 72 . The DS is the gate of entry of this circuit and receives brain-wide cortical and thalamic inputs. A systematic mapping of the cortical inputs to the DS reveals highly compartmentalized information processing within DS compartments that are proposed to subserve different functions 160 , ranging from goal-directed behaviors in domains of visuo-spatial sensory convergence and frontal eye fields (DMS), to habitual behaviors in domains of somatic sensorimotor convergence of body features. Given that emotional states such as anxiety and stress are known to impact goal-directed behavior 187,188 , eye-hand-feet coordination and orientation 7,43 , but also fine motor skills movements 15,16,45 and locomotion velocity 46,50 , features that have been associated with DS neural activity [107][108][109][110][111]370,371 , it suggests that these effects may be mediated, in part, via anxiety-related circuits to the DS, such as the Amygdala and Bed nucleus of the stria terminalis 68,194 . We thus made the hypothesis that amygdala and bed nucleus of the stria terminalis projections to the DS play a role in regulating movement during shifts in emotional states and convey emotionally pertinent information to the DS to guide behavior.

However, as both the DS and amygdala are functionally heterogeneous, to gather the extent and type of behaviors modulated by these inputs, our first objective was to clarify the contribution of each amygdala nuclei to the different DS subregions and determine the main amygdala projector to the DS. This was done by using a retrograde tracing approach in C57BL6 mice.

As there has been extensive characterization of amygdala subpopulations, we aimed to characterize the properties of this neuronal population. To do so, we combined retrograde tracing tools with ex vivo and in vivo electrophysiological recordings. This led to the investigation of the Basolateral Amygdala projections to the DMS.

The DS is composed of MSNs, their output neurons, but also a diverse set of interneurons controlling the activity of MSNs. Both of which contribute to Basal Ganglia function and are implicated in movement disorders 127,372 . We thus sought out to determine the functional organization of the post-synaptic targets of BLA inputs in the DS. To answer this question, we combined the use of fluorescent reporters in transgenic mouse lines to identify the different populations in the DS, with circuit dissection of functional inputs using optogenetics and ex vivo electrophysiology.

Subpopulation of BLA neurons have been shown to drive anxiogenic or anxiolytic, aversive, or appetitive behaviors 331 . Most of these functions are projection-defined. To determine the putative function of this pathway, as there has been no characterization of this circuit and collaterals, we performed an extensive mapping of the inputs and outputs of amygdala neurons projecting to the DS. This was done using anterograde and retrograde tracing in a cell-type (projection-defined) specific manner.

We then sought out to determine the activity of this pathway in behaving animals to infer the function of this pathway. This was done using bulk activity recordings specifically in BLA neurons projecting to the DMS, with expression of a calcium sensor specifically in DMSprojecting amygdala neurons.

This hypothesis, along with the set of the specific objectives and the corresponding experimental work, constitutes the entirety of my doctoral research, and it is presented in the form of a draft scientific publication provided below.

ABSTRACT:

Alterations in emotional states are known to influence motor functions, implying a potential overlap between the neural circuits governing emotions and motor control. Traditionally associated with motor control and emotional processing, the Dorsal Striatum (DS) and Amygdala exhibit overlapping functions. In this study, we conducted a comprehensive examination of a specific neuronal subpopulation within the Basolateral Amygdala (BLA)

projecting to the dorsomedial striatum (DMS). Our findings reveal that BLA neurons primarily excite medium spiny neurons (MSNs) and parvalbumin (PV) interneurons within the striatum.

Additionally, our exploration of the neural circuitry of DMS-projecting BLA neurons unveils extensive collateral connections to olfactory and goal-directed circuits. These neurons also receive inputs from emotional, neuromodulatory, and olfactory systems. Using in vivo fiber photometry experiments, we show that DMS-projecting BLA neurons are inhibited during odor and social investigation. Our study contributes both anatomical and functional insights into the neural circuitry through which the BLA influences neuronal populations within the striatum.

Moreover, our study clarifies the role of DMS-projecting BLA neurons in behavior guided by olfactory cues. Overall, this work enhances our understanding of how the BLA regulates striatal neuronal populations and sheds light on the involvement of DMS-projecting BLA neurons in odor-guided behavio

INTRODUCTION

Emotional states and motor control have been, for the most part, investigated separately, even though the inherent relationship between those two systems is undoubted. Indeed, most of our decisions, actions and movements are guided by the presence and value of different cues in our environment (sensory-guided behavior and goal-directed behavior) and modulated by how we feel (internal and emotional state). The Dorsal Striatum (DS), a component of the basal ganglia circuitry responsible for voluntary movement control, has been widely acknowledged to receive inputs from the Amygdala 1 , a core nucleus involved in the acquisition of behavior linked to biologically significant events with affective properties 2 . While the DS is typically investigated in the context of motor control and the Amygdala in relation to emotional processing and behavior, these two structures seem to have overlapping functions. Moreover, they are frequently found to have impaired connections in different pathological conditions, including Huntington's Disease 3 and autism spectrum disorders 4,5 . The DS serves as a hub for anatomical convergence, where distinct sub-regions process information for various motor functions 6 . The DS has been linked to the regulation of both goal-directed and habitual behavior 7 . Consequently, the DS plays a role in sensory integration, as almost all sensory input is relayed to the striatum through an intricate network of thalamocortical and corticostriatal connections 8 . Behavior do not rely exclusively on sensory and internal cues; instead, it is the valuation of these cues that directs the orchestration of sequences of multiple actions, implicating the brain's valuation system in shaping behavior 9 . The basolateral amygdala (BLA) is critical to the development of this value signal and the behavioral outcome is highly dependent on the efferent target of BLA neurons 10,11 .

In consequence, the BLA has thus been implicated in a wide range of behavior from fear-and anxiety-related behavior 12,13 , social behavior 14,15 , goal-directed behavior 16,17 , and even motorcomponents 18,19 , though extensively less studied. The primary function hypothesized with BLA to DS pathway is often associated with is its involvement in goal-directed behavior 20 . Indeed, the BLA has been causally involved in guiding the choice of goal-directed actions by encoding outcome value 21 , but not the acquisition of instrumental tasks 16 . Lesions 17 , Blockade of NMDA receptors 21 in the BLA before devaluation impairs the ability animals to encode the change in outcome value, as animals show equivalent pressing to valued and de-valued lever presses 21 .

However, despite prior suggestions 22 the group of B. Balleine recently demonstrated that circuit-specific ablation of BLA inputs to the DMS did not abolished the capacity for goaldirected learning in mice 23 . Thus, leaving the function of this pathway unclear. Interestingly, while this pathway is frequently referenced in studies 18,24 , it has not undergone a comprehensive examination in terms of its input and output characteristics.

Considering the impact of emotional states on behavior, including goal-directed actions 25,26 , coordination 27,28 , fine motor skills [29][30][31] , and locomotion 32,33 , it's reasonable to hypothesize that BLA projections to the DMS play a pivotal role. However, as both the DS and amygdala are functionally heterogeneous, to gather the extent and type of behavior modulated by these inputs, our first objective was to combine retrograde tracing tools with ex vivo and in vivo electrophysiological recordings to clarify the contribution of each amygdala nuclei to the different DS subregions and identify the post-synaptic striatal targets of BLA inputs. To determine the putative function of this pathway, as there has been no characterization of this circuit and collaterals, we first performed an extensive mapping of the inputs and outputs of amygdala neurons projecting to the DS, and then determine the activity of this pathway in behaving animals. Our data provide an in-depth characterization of an understudied neuronal subpopulation of the BLA and propose a role for DMS-projecting BLA neurons in driving olfactory-guided behavior.

MATERIALS AND METHODS

Animals and ethics approval

For ex vivo electrophysiology experiments in the DS, young adults were used (P24-60, males and females). Following mouse lines were used: PV-Cre (B6;129P2-Pvalb 

Stereotaxic injections and implantations

All surgeries were performed on mice aged 9-14 weeks. Mice were initially anesthetized using 4-5% isoflurane in an induction box and maintained at 1-2% of isoflurane during the rest of the procedure. A sub-cutaneous injection of buprenorphine (0.1 mg/kg) was done 10 min before any invasive procedure. Animals were placed in a stereotaxic frame (M2E, France) with lateral ear bars to fix the head. The body temperature was maintained at 36-38°C using a thermistorcontrolled electric heating pad (Harvard Apparatus). Eye ointment was applied regularly to maintain eye lubrification. The head of the animal was shaved, the skin disinfected with betadine then rinsed with saline and after a subcutaneous injection of Lidocaine (50 µL, 7 mg / kg), a scalp incision was made. The dorso-ventral axis was adjusted to have a maximum of 20 µm distance between the Bregma-Lambda depth. All injections were unilateral (right hemisphere). Clean holes were drilled in the skull to expose the surface of the brain, in which injection glass micropipette (diameter: 30-50 μm at the tip) containing the solution (See Star Methods for solution references) was lowered down to the target. Glass micropipettes were backfilled and lowered to the corresponding target (See Star Methods for coordinates). The solution was delivered by air pressure using a Picospitzer. The injection pipette was then moved 50-100 µm dorsal to the injection site and left in place for 10 min to prevent leakage.

Mice were then left to recover from surgery on a heating pad for 2 hours post-surgery and set back in their home cage. Post-operative care was done for a minimum of 48hours post-surgery.

To identify DS-projecting amygdala neurons, we injected different retrograde tracers in the DMS and/or DLS. For CTb experiments, 15 wild type C57BL6/J male mice underwent single injections (60 nL) of Cholera-toxin B (1% CTb; List Biological, Campbell, CA) in the DMS (n=7)

or DLS (n=8). Mice were perfused after 10 days and CTb was revealed using a standard immunohistochemistry using ABC amplification technique (described in the immunohistochemistry section). 4 animals were removed from analysis because of visible leak in the cortex or ventricle.

For retro-AAV experiments, single or dual viral injections (60 nL) of rAAV2-retro-CAG-GFP

(1.6x10 12 , Lot #AV7493C) and/or rAAV2-retro-CAG-tdTomato (8.6x10 12 , Lot #AV7494C) were done in 4 adult wild type C57BL6/J male mice and in 4 Ai9:tdTomato mice (2 females, 2 males).

Mice were perfused after a minimum of four weeks. Only GFP signal was amplified for quantification. Only injections confined to the DS were used for analysis.

To map BLA projections to the DS:

For non-specific tracing of BLA projections, 30 nL of PHA-L (in phosphate buffer saline, PBS;

Vector Laboratories) was injected in the mBLA of 4 C57BL6/J male mice. Mice were perfused after 10 days, and PHA-L was revealed using a standard immunohistochemistry using ABC amplification technique (described in the immunohistochemistry section). Only 2 animals showed restricted expression of PHA-L in the BLA and one was used for illustrative purposes (Supplementary figure 1).

To trace the projections and localization of synaptic inputs of DMS-projecting BLA neurons, 9 C57BL6/J male mice were injected with 100 nL of rAAV2-retro-CAG-Cre For anesthetized experiments, a total of 16 C57BL6/J mice (12 males, 4 females) were used.

The day of the experiment, an optic fiber (400 µm diameter, NA: 0.57, length: 5 mm, Doric

Lenses) was inserted in the brain at the time of the experiment. Optic fiber efficiency was tested and to be able to identify the localization of the optic fiber track, the cell tracker DIL (CellTracker™; CM-DiI Dye; Invitrogen™, diluted in 100 µL of pure ethanol) was gently applied using a paint brush.

For behavioral experiments using fiber photometry, 20 C57BL6/J mice of 8 weeks (10 males, 10 females) were implanted with an optic fiber (400 µm diameter, NA: 0.57, length: 5 mm, Doric Lenses) the same day than viral injections. Small scalpel cuts were made on the skull for cement adherence and then the optic fiber was cleaned and slowly inserted in the brain 300 µm above the region of interest (DMS). Once the skull was dried and the optic fiber in position, a first layer of air-dried opaque cement (Superbond Universal Kit, Sun Medical) was applied. We then applied a UV-responsive layer of cement.

To identify DS neurons receiving BLA inputs, mice were deeply anesthetized using isofluorane with Animal Anethesia System (VetEquip, USA) in the stereotaxic frame (Harvard Apparatus, Holliston, MA). For the electrophysiological ex vivo recordings mice were unilaterally injected into the BLA (AP: -1.2 mm anterior and ML: 2.8 mm lateral to bregma and DV: -4.8 mm from bregma) with 200 nL of AAV2-CaMKIIa-hChR2-EYFP using a Hamillton syringe and Quintessential Stereotaxic Injector (Stoelting, Wood Dale, IL). In case of visible spill in the cortex or not enough BLA coverage mice were excluded (14 mice). Animals were used for experiments 3-4 weeks after injections for optimal viral transduction. Only ipsilateral hemispheres were used for recordings.

To record the ex-vivo electrophysiological properties of DMS-or DLS projecting BLA neurons, dual viral injections (60 nL) of rAAV2-retro-CAG-GFP (1.6x10 12 , Lot #AV7493C) and rAAV2retro-CAG-tdTomato (8.6x10 12 , Lot #AV7494C) were done in 5 adult wild type C57BL6/J male mice. No neurons were recorded in one mouse.

In vivo electrophysiology

Mice were initially anesthetized using 4% isoflurane in an induction box and maintained at 1-2% of isoflurane during the rest of the procedure. Animals were placed in a stereotaxic frame 

Optotagging and antidromic spiking

The optic fiber was placed in the recording electrode. In whole cell voltage-clamp recordings, cells were held at -60 mV and series resistance (Rs)

were monitored by a step of -5 mV. Signals were low-pass filtered at 4 kHz and sampled at 20 kHz. To evaluate their passive membrane properties (capacitance, resistance) neurons were recorded in voltage-clamp mode. Then, active membrane properties were evaluated in current-clamp mode: negative and positive steps of currents were injected through the patchpipette (50 pA steps, ranging from 0 to +550 pA, 1000 ms duration).

After electrophysiological recordings, slices were fixed overnight in a solution of PFA at 4%

and maintained in PBS-azide at 0.2% at 4°C until immunohistochemical processing.

Ex vivo electrophysiological data were analyzed using ClampFit 10.7 (Molecular Devices LLC)

and OriginPro (version 7, OriginLab Corporation).

Recordings of striatal neurons following light stimulation of BLA terminals 

Immunohistochemistry

For all anatomical experiments, animals were first perfused with PBS 1X and post-fixed with 4 % PFA. After 24 h to 48 h, brains were stored in PBS-Azide 0.03%. A scalpel cut was performed on the left hemisphere, as all unilateral injections were done on the right hemisphere. Coronal or sagittal 50 µm sections were done using a vibrating microtome. We sectioned and collected brain tissue in serial sections, reserving one-sixth of the brain for immunohistochemistry experiments. Slices were then stored in PBS-Azide 0.03% until further processing. For fiber photometry experiments, no immunohistochemistry was done as GCaMP expression was visible without further amplification and optic fiber localization did not require revealing methods. Slices were directly mounted with DAPI Fluoromount-G (Southern Biotech) and coverslipped.

For immunofluorescence, sections were first washed 3 times in PBS 1X for a minimum of 10 minutes for each wash. For the blocking procedure, sections were incubated in PBS-Triton 0.3 % and in 3 % Normal Goat Serum (NGS) or 3 % Normal Donkey Serum (NDS) for 60 minutes.

Sections were then incubated for 24 hours at 4°C on an orbital shaker with the primary antibody PK-6100, Vectorlabs). DAB-revelation lasted 5 min using the DAB-Nickel substrate working solution (SK-4100, Vectorlabs). Brain slices were mounted on gelatin slides, dehydrated 24 hours later, and imaged using brightfield widefield imaging slide scanner.

For starter cell identification, triple immunostaining for GFP, T2A and GAD67 was done on all anterior slices of the brain to the end of the BLA. GAD67 immunostaining was not used in this study.

For identification of neuromodulatory inputs, all slices after the end of BLA were used for a triple immunostaining of GFP, TH and TPH2. ChAT immunostaining was performed on anterior slices of the brain, after imaging and analysis of starter cells. Slides were soaked in PBS-Azide 0.03 % for 48 hours, the coverslip was gently removed with a paint brush and sections were retrieved.

Tracing experiment: Single GFP immunostaining was performed for cre-dependent tracing of DMS-projecting BLA neurons and retro-AAV-GFP retrograde labeling. CTb and PHA-L were revealed as described above.

Fiber photometry

In anesthetized mice to record activity changes, as the GCaMP optimal excitation wavelength is 470 nm and the 405 nm LED was used as our control signal, to remove unrelated signal artifacts (such as motion artifacts) as this isosbestic wavelength is calcium independent. The LEDs were coupled to optical fibre patch cords (400 μm, NA: 0.57), which were connected to the optical fibre ferrules (400 μm, NA: 0.57). The cell tracker DIL (CellTracker™; CM-DiI Dye; Invitrogen™) was gently applied on the optic fiber for post-histological identification of the optic fiber track.

To determine the optimal distance to record the activity of those neurons and assess that our signal was related to a change in activity specifically in DMS-projecting BLA neurons, we stimulated the AI (10 Hz, 10 seconds, 1 mA) every 200 µm after entering the brain. Once the optimal signal was reached (manually determined live), the followings protocols were recorded, always in the same order.

To determine event-related activity, all stimulations were connected to the Doric fiber photometry system and evoked a TTL pulse, for each electrical or sensory stimulation.

Electrical stimulations of AI and vCA1: Protocols were adapted from 35 .

After with 120 seconds of baseline for each recording: five pulses at 20 Hz every two seconds, repeated 100 times, 1 Hz-3 Hz-5 Hz-10 Hz-20 Hz of 30 seconds, with 30 seconds in between stimulations. Recordings started with AI stimulations and then were performed with vCA1 stimulations. The first batch of mice were done only in the BLA with AI stimulations (N=4) and for the second batch of animal, we initially recorded in the BLA and then in the DMS (N=10)

with both AI and vCA1 stimulations.

Sensory stimulations: air puffs were delivered on the face of the mouse, controlled by a Picospitzer at 20 psi for 50 ms. Foot shocks were delivered at 5 mA, 20 Hz, 4 seconds as described previously 36 .

To determine the localization of the electrical stimulations, a lesion was done at the end of experiments by passing 50 µA of continuous current through the stimulation electrode for 15-30 seconds. Mice were then deeply anesthetized with isoflurane (5%), injected with a lethal dose of exagon-lurocaine and perfused with PBS 1X. Brains were gently removed from the skull and post-fixed with 4% PFA. Histological verification of the recording site (neurobiotin revelation) and of the electrical stimulations (lesions) were done.

In behaving animals

Fiber photometry recordings were recorded as for anesthetized mice (see above). To synchronize the video with the fiber photometry recordings, the camera was externally triggered by uEye Cockpit software which emitted a TTL for each frame to the Doric Neuroscience Studio. Camera recordings were done at 30 fps, at 512x512 resolution. For all animals and behavioral assay, recordings started at least two minutes before the start of experiment for photobleaching the signal.

Behavior

For all behavioral experiments, mice were set on a 12h dark-light cycle (dark: 7:30 AM- 

Open field

Mice were placed at the corner of the open field (40x40x40cm, 50 lux of white light) and allowed to freely explore the apparatus for 10 min. Mice were then placed back into their home cage.

Time spent in the center and periphery and velocity were measured.

Elevated-Plus-Maze

Mice were placed at the center of elevated-plus-maze and behavior was assessed for 10 min.

Each arm was 30 cm long and 5 cm wide. Walls of the closed arms were 25 cm tall. Open 

Olfactory Habituation-Discrimination Test

The apparatus was adapted to permit fiber photometry recordings, thus requiring an open apparatus on the top. Custom-made apparatus of 25 cm x 40 cm x 40 cm with a hole in the middle of the wide side at 8 cm in height was used. The arena was illuminated with 50 lux of white light. The height was chosen to distinguish between general exploration and cotton swab exploration, as the mice had to rear to reach the cotton swab. The hole was custom-made to fit the size of a 1 mL Eppendorf tubes. Eppendorf tubes were cut at the tip to insert a cotton swab as described previously 37 . We did not provide bedding to ensure proper tracking of the animals and cotton swab interaction and validated this protocol in a pilot experiment. Animals were habituated to the apparatus for 30 minutes with a clean and dry cotton swab 37 . After 30 minutes, 20 µL of tap water was applied on a cotton swab just before its placement in the apparatus. The experimental setup was designed so that the experimenter had no contact with the mice (no looming) and did not interfere with video recording. To avoid any contamination of odors, new disposables (Tubes, pipettes, cotton swab, gloves) we used for each trial. This was done for every odor presentation. Every odor was presented three times, with a new solution of the same odor. Concentrations for the Banana (isoamyl acetate, 0.85 mM diluted in water; Sigma Aldrich: W205508-1KG-K) and Citrus (Citral, 0.85 mM, diluted in water; Sigma Aldrich: C83007-5ML) were chosen to be neutral 38 . For social odor presentations of sexmatched juvenile bedding (Postnatal day 22 to Postnatal day 32) or sex-matched adults bedding (aged of 8-12 weeks), the cotton swab dipped multiple times in the respective dirty beddings. Juvenile odors were always the first social odors and adult sex-matched bedding odors the last odor one, as it has been shown to enhance exploration to the second social exploration 37 . Each odor presentation lasted for a minimum of 90 seconds and up to 150 seconds 39 . After 90 seconds, the experimenter would switch cotton swabs if the mouse was in the other half of the apparatus except if the time exceeded 150 seconds. Mice were then placed back into their home cage.

The time spent around the cotton swab (named contact, C) or exploring the apparatus (nocontact, NC) were calculated (named contact zones) for the 100 seconds following the presentation of a new cotton swab to normalize between animals and expressed as the percentage of time spent in the contact zone for each trial.

Three Chamber Test

The apparatus was a rectangular plexigas arena (60 cm x 42 cm x 22 cm, Imetronic). Three chambers of equal size were separated by two removable doorways. Lux illumination was of 90 lux in the center and 70 lux on the two external chambers. Mice were habituated to the apparatus for 10 minutes. After this habituation period, two enclosures (8 cm x 8 cm x 10 cm)

were placed in the middle of the opposite side chambers, with in one of the enclosures, a sex-matched unfamiliar juvenile (Postnatal day 22 to Postnatal day 32) and the other enclosure was empty. Mice were left to freely explore for another 10 minutes and placed back into their home cage. Juvenile mice were separately habituated to be under the enclosure on two daily sessions of 10 min, two days before the testing session. Sides were alternated between animals to avoid any potential confounds.

The time spent around the social and non-social enclosures were calculated (named contact zones), and the time in both chambers, excluding the enclosures zones, was calculated (No contact).

apposed to the allen brain atlas using Fiji BigWarp plugin and custom-made script to convert images into regions of interest. Images were thresholded (same threshold within animals) and positive pixels and area of each ROI was used to quantify density (Density: Number of positive pixels / area). Ipsilateral BLA was systematically removed from the quantification (presence of cell bodies). Total synaptophysin pixels were used to determine the main outputs (Figure 4B).

We then removed DS-related areas to determine the collaterals of this pathway. To normalize the quantification between animals, it was expressed as the percentage of total density per animal.

Whole-brain quantification of rabies labeling

Four animals that showed restricted expression of stater cells in the BLA were used. All slices of each brain, from the olfactory bulb (AP +3.2 mm) to the cerebellum (AP: -6 mm) were used.

All slices were imaged using a slide scanner (Nanozoomer 2.0HT) at x20 magnification. Slices were then manually sorted and semi-automatically apposed using the Fiji/QuPath experimental plugin "Apposing Big brains and atlases" (ABBA), which uses the Allen Brain Atlas classification. GFP-positive cells were quantified automatically using QuPath, with the use of a cell classifier to avoid artifactual labeling. The number of GFP positive count was then extracted for all regions using a custom script using Python. Within regions, as we had access to the whole brain and did not omit small structures, we summed all GFP cells of a given region.

To normalize between animals, the data was expressed as the percentage of total GFP counts per animal.

Colocalization analysis:

For all colocalization quantification, images were taken using confocal imaging at a x20 magnification and 2 µm z-stacks were done over the whole depth of the slice. Most images consisted of mosaiques of z-stacks, to allow accurate mapping and localization of cells.

Colocalization was determined manually.

For starter cells, the whole BLA and surroundings was imaged using the confocal microscope Leica SP8. The experimenter first counted all T2A-immunoreactive cells without access to the GFP labeling and then assessed whether the fluorescence colocalized, to avoid experimenter bias.

For colocalization of the rabies labeling with the different immunohistochemical markers (TH, TPH2, ChAT), images were taken using the confocal microscope Cell Discoverer 7 (Zeiss).

The session consisted of an initial identification of all GFP-positive neurons within a slide, with widefield imaging Cell Discoverer 7 (Zeiss) at 2.5x magnification for both DAPI and GFP fluorophores. This allowed for proper identification of the different brain regions. We then switched to confocal microscopy at 20x magnification, after having created regions of interests for all GFP-positive cells within a neuromodulatory area. For analysis, all GFP positive cells were first identified and then colocalization was determined.

Fiber photometry analysis

To determine the fractional ΔF/F, a least-squares linear fit was applied to the 405 nm control signal and fitted to the 473 nm signal over the whole behavioral recording. This was done to align the two signals and correct for motion artifacts, auto-fluorescence, and photo-bleaching.

It was calculated as follows: ΔF/F = ([473 nm signal - 405 nm fitted]/405 nm fitted) 40,41 . To normalize and allow for comparison between animals, the ΔF/F were z-scored over the entire behavioral session.

For all behavioral tests, to determine the average activity within ROIs, we averaged the zscored trace when the animals for each frame within the ROI (global signal) 42 .

For the OFT: To have a gross measure of the calcium activity of the mice and to normalize between animals, low-and high-velocity events, we used the distribution of velocity, such that low-velocity events corresponded to velocities below the 1 st quartile and high-velocity event the velocities above the 3 rd quartile.

For the OHDT: To correlate event-related activity in behaving animals, we extracted the mean z-scored trace and the duration of events that lasted for a minimum of 2 seconds. To correlate the total activity in relation to the behavior, we used the mean z-scored trace of each mouse and the total time spent within the ROI. To determine the dynamics of the signal for the significant inhibition observed during the juvenile mouse odor, we extracted a 10 second time window (-5 seconds to + 5 seconds), with at 0 seconds, the start of interaction for a duration of minimum 5 seconds. The z-scored-trace was offset such that each z-score average from -5 seconds to -3 seconds equaled 0.

For the three-chamber test: As we have not corrected for the time spent on top of the enclosure (no-social exploration), the time spent in the ROIs were not a good indicator of the time spent interacting with the mice. To determine event-related changes, we compared the mean zscored trace before (-2 seconds) and during events that lasted for a minimum of 2 seconds, for the social and non-social enclosures.

For anesthetized recordings: All z-scores were calculated according to the baseline, such for each time point, z-score = (ΔF/F -mean(ΔF/F baseline))/ std(ΔF/F baseline).

-For prolonged electrical stimulations (30 seconds), The ΔF/F was extracted with a 55 second time window, with a baseline from -10 second to 0, the start and end of stimulation from 0 to 30 seconds and the recovery from 30 to 45 seconds 35 .

-For electrical pulses (5 pulses of 20 Hz, every 2 seconds, repeated 100 times): The ΔF/F was extracted with a 2 second time window, with a baseline from -0.2 seconds, the start and end of stimulation from 0 seconds to 0.25 seconds and a recovery from 0.25 seconds to 1.8 seconds.

-For sensory stimulations: The ΔF/F was extracted with a 10 second time window, and only the first stimulation for each mouse was used. The baseline from -1 seconds to 0. For air puffs, the duration lasted 50 ms, and 4 seconds for the foot shocks (5 mA, 20 Hz, 4 seconds) 36 .

Behavior analysis

For all behavioral assays, the position of the mouse and key positions of the apparatus and objects were determined using the open source software DeepLabCut 2.0 43,44 . The head was tracked for all the OHDT and Three Chamber test to determine interactions, and the body was All analysis was made using custom scripts on Python.

Star methods:

List of coordinates for stereotaxic surgeries (mm from Bregma) 

RESULTS

Mapping amygdala and extended amygdala projections to the Dorsal

Striatum

The Amygdala and extended amygdala network have been reported to project to the Dorsal Striatum (DS) 1,6,[45][46][47][48][49][50] , with mainly reports of Basolateral Amygdala (BLA) 1,6,[45][46][47][48][49] , Central Amygdala (CeA) [48][49][50][51] and Bed Nucleus of the stria terminalis (BNST) 48,50,52,53 projections to the DS. Most of these studies took advantage of the benefits of transgenic mouse lines and credependent retrograde tracers to quantify cell-type specific inputs to the DS. While this information is crucial to understand the circuit of projections to the DS, it complicates the comparison of the different amygdala and extended amygdala inputs to the DS. To assess the influence of projections originating from nuclei within the amygdala and extended amygdala on the dorsal striatum (DS), we initiated our investigation by administering small-volume injections (60 nL) of cholera-toxin B (CTb) across the medio-lateral DS in C57BL6/J mice 1A). CTb, a widely established tracer in neuroscience for many years, served as our reference marker. Detection of CTb was achieved through peroxidase and DAB-Ni immunohistochemical techniques, and the presence of retrograde labeling was evaluated across various amygdala nuclei using brightfield imaging (Supplementary Figure 1B). To normalize between DMS and DLS injections and animals, each amygdala and BNST nuclei was calculated as a percentage of total amygdala counts (Supplementary Figure 1C).

The BLA was found to be the main amygdala projector to the DS (Supplementary Figure 1C, %Total BLA inputs, 76.81, +/-5.017 %). Substantial retrograde labeling was also found in the Lateral Amygdala (LA, 6.681, +/-2.339 %), nucleus of the lateral olfactory tract (NLOT, 9.546, +/-3.375 %) and posterior basomedial nucleus (BMP, 6.557, +/-2.785 %). Surprisingly, there was no retrogradely labeled cells in the CeA or BNST following any of DS injections, nor in other amygdala nuclei (Supplementary Figure 1B) such as the medial amygdala (MeA), Cortical amygdala (ACo: 2 retrogradely labeled cells in one animal, COa), anterior amygdala (AA), and basomedial amygdala (BMA). When distinguishing between DMS and DLS injections, the BLA remained the main amygdala projector to the DS (Supplementary Figure 1D). Only the BMP showed a differential contribution, with specific projections only the DMS (DMS: 15.07 +/-4.1 % vs DLS: 0.87 +/-1.5 %, two-way ANOVA, p = 0.038).

Properties of DS-projecting BLA neurons

As our anatomical results were consistent across injections and the BLA had significantly more retrogradely labeled cells than other amygdala and BNST nuclei, we focused on the BLA innervation of the DS.

To determine whether the BLA had a differential innervation of the DS subregions, we grouped the subnuclei of the BLA complex, which includes the LA-BLA-BM (referred to as BLA), quantified, and mapped BLA retrograde labeling following DMS or DLS CTb injections (Figure 1A To further confirm this connectivity bias in the DS, we injected a conventional anterograde tracer Phaseolus vulgaris-leucoagglutinin (PHA-L) in the BLA (30 nL) and detected PHA-L by peroxidase and DAB-Ni immunohistochemical revelation brightfield imaging of PHA-L axonal labeling in the DS in sagittal slices go in line with our previous results, with dense apparent fibers in the medial DS in contrast to its lateral sections (data not quantified, Supplementary Figure 2G).

As DMS-and DLS-projecting BLA neurons appear to be anatomically distinct neuronal populations, we further investigated whether these neurons were functionally different. For this, we measured their ex-vivo intrinsic electrophysiological properties. Double injections (60 nL per injection) of rAAV-CAG-tdTomato and rAAV-CAG-eYFP were performed in the DMS and DLS (tracers were switched across injections to avoid potential tracer confounds). After a minimum of four weeks to allow proper viral expression, we performed whole-cell patch-clamp electrophysiological recordings of DMS-and DLS-projecting BLA neurons (Figure 1F). BLA neurons expressing eYFP or tdTomato neurons were identified during the experiment, recorded, and filled with biocytin for post-histological identification (Figure 1G). DMS-or DLSprojecting BLA neurons exhibited similar passive electrophysiological properties (Figure 1H-I-J), with no significant differences in their resting membrane potential (DMS : -62.89 +/-1 mV, DLS: -65.12 +/-1.27 mV, t-test p>0.1), resistance (DMS: 242.3 +/-26.38 mΩ, DLS: 239.1 +/-33.93 mΩ, t-test, p>0.5) and capacitance (DMS: 126.9 +/-9.314 pF, DLS: 159.2 +/-18.02 pF, t-test p>0.3). However, DMS-or DLS-projecting BLA neurons differed in their intensity-voltage response curve (Figure 1K, two-way ANOVA row-column factor p< 0.005, column factor p= 0.0243), with DMS-projecting BLA neurons displaying increased action potential frequency to application of current steps.

We next conducted in vivo electrophysiological recordings of DS-projecting BLA neurons in anesthetized mice. A light-responding opsin (ChR2) was expressed specifically in DMSprojecting or DLS-projecting BLA neurons using the cre-loxP recombination system (Supplementary Figure 2A). To express Cre in DS-projecting BLA neurons, we used a similar retrograde viral strategy approach than before, with a retrograde adeno-associated virus expressing Cre under the ubiquitous CAG promotor (rAAV-CAG-cre). During the same surgery, the rAAV-CAG-cre (100 nL) was injected in the DMS or DLS and a cre-dependent channel rhodopsin expressing eYFP (AAV-FLEX-ChR2-eYFP) was injected in the BLA (120 nL). After a minimum of four weeks allowing proper viral expression, in vivo extracellular recordings of BLA neurons were performed under isoflurane anesthesia. An optic fiber was inserted into the recording electrode for opto-identification of DS-projecting BLA neurons. In initial recordings (N= 8), we were not able to record light-evoked spikes in the BLA, despite proper localization of the recording electrode. As the density of DLS-projecting BLA neurons was very low, in line with our anatomical results (Figure 1D), we focused only on recordings of DMS-projecting BLA neurons. To enhance the probability of recording DMS-projecting BLA neurons, we combined opto-identification with an electrical stimulation in the DMS to elicit antidromic spiking in the BLA (Supplementary Figure 2B). This strategy increased our success rate, with 4 opto-identified neurons (Supplementary Figure 2C). and 16 antidromicelicited spikes (Supplementary Figure 2D) in the next four mice. Opto-identified (shown in blue) and antidromic elicited spikes (shown in orange) were in majority located in the dorsomedial BLA (Supplementary Figure 2E, 13/20) and displayed similar electrophysiological properties (Supplementary Figure 2F, Opto-identified: half-width 1.2 +/-0.09 ms, spontaneous frequency: 1.59 +/-1.19 Hz, Coefficient variation: 1.269 +/-0.37 au). Nonresponding BLA neurons are not shown nor compared with opto-or antidromic-responding neurons since lack of response is not a sufficient criterion for classifying them as non-projecting to DMS. Furthermore, as they exhibited spontaneous activity, they also may represent a nonrepresentative subset of BLA neurons 55,56 . 

BLA preferentially excites MSNs and PVs in the DS.

After anatomically characterizing the BLA-DMS projection, our next objective was to test the functionality of this pathway. The DS is mainly composed of medium spiny neurons (>95 %) which are the DS output neurons, and of interneurons which exert tight control over MSN activity 57 . As DS afferents are known to display differential connectivity on DS subpopulations 58 , we aimed to determine the nature of DS neurons receiving BLA inputs. We mimicked the experimental design previously used to characterize the functional organization of cortical and thalamic inputs to the DS by combining ex vivo electrophysiology and optogenetic 58 . To record light-evoked currents in the DS, unilateral injections of the adenoassociated virus expressing the light-responding opsin (ChR2) and the green fluorescent protein (GFP) under the CAMKII promoter was injected in the BLA (Figure 2A, Supplementary Figure 3A). To visualize the main interneuron populations of the DS during patch clamp experiments, parvalbumin (PV) neurons were patched in PV-cre:Ai9T and cholinergic interneurons (ChAT) in ChAT-cre:Ai9T transgenic mouse line. Interneurons and MSNs were identified based on their expression of tdTomato and on their electrophysiological signature (Figure 2B, Supplementary Figure 3A).

To define connectivity in a cell-type specific manner, we calculate the probability of MSN, PV, ChAT and low threshold spiking interneurons (LTS) to respond to light stimulation of BLA terminals (Figure 2D). BLA neurons preferentially targeted both MSNs (77 % of response, 47/61) and PVs (67 % of response, 20/30) with a low response rate in ChAT (21 % of response, 3/14) and LTS (21 % of response, 1/6). Animals for which the injection site was located in the CeA had no visible fibers in the DS and did not elicit responses (data not shown).

The onset of the light elicited EPSPs indicates those responses were monosynaptic (Figure 2G). This was further confirmed in a subset experiment, as bath application of TTX and 4-AP did not prevent light-elicited EPSPs in all MSN recorded (Figure 2C 

Mapping the inputs-outputs of DMS-projecting BLA neurons

Having established the robust anatomical and functional connectivity between the BLA and DMS, our subsequent objective was to elucidate the specific role of this pathway. As the DMS is a place of anatomical convergence, behavioral functions of DMS are thought to rely on tightly regulated activity, which is highly dependent on the integration of brain-wide inputs. We thus decided to focus on the type of information DMS-projecting BLA neurons could convey to the DMS and the network in which it is embedded to clarify the function of this pathway.

BLA neurons are commonly functionally associated and categorized in relation to their specificity of projections to various brain regions 59 such as the Nucleus Accumbens (NAc) 60,61 , the CeA 60,[62][63][64] , the BNST 65 , the ventral hippocampus (vCA1) 66,67 , the lateral septum (LS) 68 , and the medial Prefrontal cortex 69 . More importantly, each BLA subpopulation appears to be a part of a specific network as those main neuronal populations show little overlap 60,70 . Indeed, neurons rarely provide restricted synaptic contact to a single brain region, and usually have dense collaterals 71,72 , likely facilitating intricate and distributed information processing, and thereby supporting network processing 73 . Thus, to gain insight into the functions of DMSprojecting BLA neurons, we sought out to characterize the circuit in which it is embedded. Furthermore, as there has been, to our knowledge, no anatomical characterization of this specific pathway, one key question was whether DMS-projecting BLA neurons constituted a distinct, previously unidentified subpopulation within the BLA or if they represented a lessexplored collateral projection associated with established projection-defined BLA subpopulations.

To achieve this, we first employed a cre-dependent anterograde approach to map the collaterals of DMS-projecting BLA neurons. To avoid quantification of axons of passage, we mapped synaptophysin sites, a presynaptic marker, specifically in DMS-projecting BLA neurons. This involved inducing Cre expression in DMS-projecting BLA neurons through the injection of a retrograde rAAV-CAG-Cre into the DMS, while simultaneously introducing a credependent AAV that expressed tdTomato under the synapsin promoter and GFP under the synaptophysin promoter into the BLA. This results in tdTomato expression in cell bodies cytoplasm and synaptophysin at synaptic sites 74,75 , tdTomato was expressed in DMSprojecting BLA neurons and GFP was expressed at presynaptic sites (Figure 3A). All animals included had restricted expression of tdTomato in the BLA (N=4). We then quantified over five representative brain slices synaptophysin fluorescence using confocal microscopy. Coronal sections were selected to include all known BLA outputs and additional outputs that were observed after widefield slide scanning imaging.

Our first question was whether the DMS was the main projector of DMS-projecting BLA neurons. The DMS recapitulated more than 29% (+/-11 %) of the total synaptophysin fluorescence, and up to 37.65% of the fluorescence was within DS subregions (Figure 3B).

DMS displayed the highest percentage of synaptophysin fluorescence closely followed by the Olfactory tubercle (OT, 25.85, +/-7.29 %). We then removed the DMS from our quantification, to determine whether its projection pattern resembled known projection defined BLA subpopulations. Representative images of the synaptophysin fluorescence density (Figure 3C) and quantification (Figure 3D) shows strong synaptophysin density (>25 % of the total density) in the OT and the nucleus of the lateral olfactory tract (NLOT). These projections were bilateral, and also showed the highest level of contralateral synaptophysin fluorescent density.

These were followed by moderate density (>3 %) in the NAc, Prelimbic cortex (PL), Claustrum (CLA) and anterior cingulate cortex (ACA) and low (>1 %) density was found in the orbital cortex (ORB), Infralimbic cortex (IL), fundus of striatum, and insular cortex (AI). Sparse or no synaptophysin labeling was observed in the BNST, CeA, LS, and vCA1.

To comprehend how BLA subpopulation subserves different functions, there has been recent interest in characterizing and comparing whether different BLA subpopulations receive different type of inputs 61,[76][77][78][79] . Monosynaptic retrograde tracing to NAc 76,78 -, vHPC 76,78 -, CeA 76 -, mPFC-78 and BNST 78 -projecting BLA neurons have been investigated, however, there has been, to our knowledge, no investigation of the inputs to DMS-projecting BLA neurons. To add to our current understanding of the organization of the BLA and to determine the circuit in which are embedded DMS-projecting BLA neurons, we performed a whole brain mapping of the pre-synaptic inputs to DMS-projecting BLA neurons (Figure 4D-4E, Supplementary Figure 5A-5B) using a cre-dependent rabies virus system (Figure 4A). Mice were injected with a retrograde virus expressing cre (rAAV-CAG-cre) in the DMS and a cre-dependent helper virus (EnVA-DIO-DeltaG-T2A) in the BLA. Following five weeks of viral expression, we injected the EnvA-pseudotyped, G-deleted rabies virus expressing GFP (RVΔG-GFP) in the BLA. After seven days, mice were perfused after 7 days to allow for long range transsynaptic labeling while limiting neuronal toxicity 80 . To increase the number of starter cells and prevent expression of starter cells from leakage around the pipette tracts, the helper virus was injected in the anterior and posterior BLA, while the RVΔG-GFP was injected in between.

To validate our strategy, we first assessed the localization of starter cells, which are defined by the co-expression of the helper virus and rabies virus (Figure 4B-4C). To do so, we performed immunostaining against T2A and GFP in BLA slices. Slices were imaged using a slide scanner to ensure T2A expression was limited to the BLA, and confocal imaging was used to quantify the number of starter cells across the whole anterior-posterior axis of the BLA (Figure 4B-4C, Supplementary figure 4C). Out of the six injected mice (2 males, 4 females), four (1 male, 3 females) showed restricted expression of starter cells in the BLA (Figure 4C, total starter cells counted: 1417, with 99.51 % of starter cells in the LA/BLA). Mapping of starter cells show a similar distribution in the BLA (Supplementary figure 4C) than our retrograde experiments (Figure 1A-1D), confirming the specificity to DMS-projecting BLA neurons. To further validate the specificity of our strategy, we used the axonal expression of T2A to confirm the dense expression of T2A axonal labeling the DMS, which was absent in the DLS (Supplementary Figure 4A). We next performed semi-automatic whole-brain mapping and quantification of all GFP-positive neurons, from the olfactory bulb to the cerebellum (Figure4D-4E, Supplementary Figure 5A-5B) and checked that BLA starter cells were associated with the total number of GFP counted cells (Supplementary Figure 4B, Pearson correlation, R=0.82, p = 0.09).

GFP labeling was mainly ipsilateral (93.23 +/-0.59 %), even though some cortical, olfactory, and thalamic areas exhibited consistent contralateral labeling across animals (Figure 4D).

Interestingly, the BLA was the main contralateral projector (0.98 +/-0.16 %). The insular cortex (AI) and ventral hippocampus (vCA1) represented more than 10 % of the total inputs to DMSprojecting BLA neurons, followed by the entorhinal cortex (ENT), the temporal association cortex (TeA), midline thalamic nuclei (MTN), the ventral pallidum (PALv), the CeA and Piriform Cortex (PIR). Sparse labeling was found in the hypothalamus and midbrain. Very few cells were located in the Pons. These results are in line with previous retrograde tracing of BLA neurons 59 and BLA subpopulations 6,78 .

To confirm the functional connectivity observed by this anatomical tracing study, we tested whether stimulation of the two main inputs to DMS-projecting BLA neurons, namely the vCA1 and AI, would evoke spike-related activity in DMS-projecting BL A neurons, and activity in their axonal projections to the DMS. To record activity-related change, we used bulk imaging technique in anesthetized mice using fiber photometry with specific expression of the GCaMP sensor 8f in DMS-projecting BLA neurons (Figure 4G). Placement of the optic fiber (Supplementary Figure 6C) above the BLA (Figure 4J) or above the DMS (Figure 4I) allowed A) Schematic representation of the viral strategy employed to map synaptic sites of DMS-projecting BLA neurons (eYFP) and their cytoplasm (magenta). Representatives images of restricted expression of TdTomato,in the BLA (left, magenta) and their synaptophysin labeling in the DMS (right, eYFP). Scale bar: 100 µm B) Percentage of total synaptophysin positive pixels within DS subregions and non-DS (% of total, mean of 4 mice). C) Representative images in one animal of synaptophysin fluorescent labeling (eYFP). Left images: Epifluorescent images of brain slices (Scale bar: 1000 µm) along the anterior-posterior axis of the brain DAPI counterstaining (Blue) and synaptophysin (eYFP). Right: Example of confocal images of the labeling in different regions (numbered images from 1 to 5: Strong to medium labeling (> 4 % total density), 6 to 10: Sparse or no labeling (<1 %). D) Quantification of synaptophysin density across five representative slices expressed as the percentage of total labeling per brain regions or by developmental categories (inset, according to the Allen Brain Atlas classification). Abbreviations: OT: Olfactory Tubercle, NLOT: Nucleus of the Lateral Olfactory Tract; NAc: Nucleus accumbens ; PL: Prelimbic Cortex ; CLA: Claustrum ; LS: Lateral Septum ; BNST: Bed Nucleus of the stria terminalis ; CeA: Central Amygdala ; vCA1 : ventral hippocampus, CA1 region us to record neuronal-and axonal-activity changes following AI and vCA1 electrical stimulations 35 (Figure 4I, Supplementary Figure 6C). We used brief pulses of 20 Hz electrical stimulations, to attempt physiological burst stimulations, which robustly evoked strong changes in fluorescence, both in BLA neurons (Figure 4J) and axons in the DMS (Figure 4I). There was no difference between AI and vCA1 evoked-responses, as can be observed in To gain insight on the functional significance of the inputs to DMS-projecting BLA neurons, we tentatively categorized the inputs into functional categories (Supplementary Figure 7: limbic, motor (motor basal ganglia), and sensory (auditory system, olfactory system, visual system, somatosensory system, gustatory system). This classification highlighted the overwhelming presence of the olfactory system with this circuit. Most of the projections originated from limbicrelated areas (implicated in fear-anxiety- 81,82 and reward-circuits 83 and pathologies 84 such as the vCA1, the CeA and agranular insular cortex) but also from sensory areas with a predominance of the olfactory sense, such as the Piriform Cortex, NLOT and Entorhinal cortex but also gustatory areas (Gustatory cortex). More importantly, most of the inputs of these neurons in addition to the DMS were to the olfactory circuits, with reciprocal (NLOT) and nonreciprocal projections (OT).

In addition to excitatory/inhibitory signals, neuromodulators can have a profound impact on intrinsic neuronal activity and can modulate the synaptic integration of afference 85 . The impact of neuromodulators of the system is complex and they are usually studied individually.

Different functions have also been related to different neuromodulators to the BLA 41,[86][87][88] , the main being Dopamine (DA), Serotonin (SE), Noradrenaline (NA) and Acetylcholine (ACh).

While the inputs-outputs relationship of different BLA subpopulations have been at the center of many studies, exhaustive characterization of the type and source of neuromodulation to projection-defined BLA neurons has not, to our knowledge, been investigated. To determine the origin and type of neuromodulation to DMS-projecting BLA neurons, we took advantage of our rabies experiment to map and quantify colocalization of GFP positive cells with known immunohistochemical markers. We assessed the co-expression of Tyrosine Hydroxylaseimmunoreactive (TH+), Tryptophan hydroxylase-immunoreactive (TPH2+) and choline acetyltransferase-immunoreactive (ChAT+) neurons with GFP-positive cells (DMS-projecting neurons from the rabies experiment) in the different dopaminergic, noradrenergic, serotonergic, and cholinergic main nuclei (Figure 5). Dopaminergic and noradrenergic neurons were distinguished by employing the same immunohistochemical marker (TH); however, their differentiation primarily relied on their specific locations, with a particular emphasis on the locus coeruleus for the noradrenergic system 89 .

We show that acetylcholine is the main source of neuromodulation to DMS-projecting BLA neurons (Figure 5F). Those inputs originated solely from the basal forebrain, with no GFPpositive cells in the Pedunculopontine nucleus, another source of ACh. Serotonin neurons (TPH2+/GFP+) mainly originated from the Dorsal Raphe nuclei (DRN), with some coexpression in the Caudal Linear Nucleus (CLi), Median Raphe Nucleus (MRN) and A8 (Figure 5E-5H). Surprisingly, we found the source of dopamine to DMS-projecting BLA neurons was not restricted to the VTA and equally originated from the DRN, CLi and the VTA (Figure 5G-5E). It is to be noted that for all brain regions except the DRN and the CLi, the majority of GFPpositive neurons were not colocalized with their respective marker (Figure 5I), and these GFPonly cells were intermingled with colocalized neurons.

DMS-projecting BLA neurons display activity changes in relation to olfactory and social cues but not general locomotor activity.

Traditionally, the DMS is linked to goal-directed behavior, while it is well-established that stress and anxiety can influence these behavior by favoring the development of habitual responses 25,26,90 . However, previous studies have tested whether loss of function of BLA to DMS pathway would impact goal directed behavior and those two studies yielded opposite results 22,23 . Furthermore, the function of the DMS extends goal-directed behavior and can modulate general motor-related behavior such as velocity 91 . and orientation 92 but has also been implicated in emotional 91,93 and social-related behavior and pathologies 94 , which are also BLA-related functions 14,18,19,67 , tough we found no evidence for the BLA in rotation-orientation bias.

Interestingly, our anatomical results showed that DMS-projecting BLA neurons did not project to the CeA, BNST, vCA1, and Lateral Septum (LS) (Figure 3C-3D), suggesting they are not part of fear-and anxiety-related circuits of the BLA. Given that the main collaterals of DMSprojecting BLA neurons were to the OT and NLOT, which are part of the olfactory system and circuits 95 , and to a lesser extent the NAc, which has been involved in motivated behavior 96,97 , this led us to hypothesize that the BLA to the DMS pathway might play a role in olfactoryguided behavior. In order to examine the general functions of this pathway, we chose to conduct in vivo neuronal activity recordings during tasks that are recognized for their ability to influence BLA activity 98,99 , including the open field test (OFT). The OFT is a well-established assessment tool for characterizing both general locomotor activity and anxiety-related behavior 100 . To specifically assess olfactory-guided behavior, we monitored in vivo the activity of the BLA-DMS pathway during olfactory-and social-related tasks such as the olfactoryhabituation-discrimination task (OHDT) 39 and the three-chamber test 101 . To do so, we recorded bulk changes of activity of this pathway using in vivo fiber photometry recordings, with restricted expression of the calcium sensor GCaMP in DMS-projecting BLA neurons. To avoid 

A-D)

Representative examples of different brain areas know to co-express neuromodulators such as Dopamine (TH-ir neurons in the VTA, SNc, RLI, CLi, DRN and A8), Serotonin (TPH2-ir neurons in the DRN, CLi, MRN and A8), Noradrenaline (TH-ir in the LC), and Acetylcholine (Basal Forebrain). Scale bar: 100 µm. E) Mapping of the neuromodulators innervating DMS-projecting BLA neurons (GFP labeling from rabies experiments) by their co-expression of TH+/GFP+ (magenta), TPH2+/GFP+ (orange). F) Total neuromodulation to DMS-projecting BLA neurons (expressed as a percentage of all GFP neurons co-expressing one of the neuromodulators). This was counted across four animals, with a total of 1560 GFP neurons co-expressing either TH-ir, TPH2-ir or ChAT-ir. G-H) Source of dopaminergic (G) and serotonin (H) inputs to DMS-projecting BLA neurons I) Percentage of neurons expressing only GFP (black) or neurons co-expressing GFP with TH+/GFP+ (magenta), TPH2+/GFP+ (orange) within monoamine-expressing regions (expressed as the percentage of total counts).

neuropil recordings 102 and specifically address the projections to the DMS, we recorded axonal calcium activity in the DMS by implanting the optic fiber above the DMS. Validation of axonal recordings had been assessed in our previously described axonal recordings in anesthetized mice (Figure 4I). As for fiber photometry anesthetized recordings, we injected a retrograde rAAV-CAG-cre in the DMS and a cre-dependent AAV-FLEX-GCaMP8f in the BLA and the optic fiber was implanted in the DMS (Figure 6A). 8 C57BL6/J mice (6 males, 2 females) were included in the study (see methods). After five weeks of viral expression, animals underwent different behavioral assays to test for general locomotor behavior (OFT) and anxiety-related behavior (OFT and Elevated Plus Maze). Olfactory and social-related behavior were assessed using the olfactory-habituation-discrimination task and the three-chamber test.

In the OFT, as expected, mice spent significantly more time in the periphery than the center (Figure 6B, paired t-test, p<0.001). However, there was no significant change in the global calcium signal (Figure 6C, z-score normalized trace) when the mouse was in the center compared to the periphery in the OFT (Figure 6D). As both the DMS and the BLA can modulate locomotor velocity 18,19,91,103 , we tested whether high-or low-velocity periods were associated with activity changes. Again, there was no difference in the global calcium signal during highspeed or low-speed locomotor activity (Figure 6E). The Elevated Plus Maze analysis of the fiber photometry recordings are still to be analyzed.

To determine whether DMS-projecting BLA may project sensory-related information, and more specifically odor-related information to the DMS, a known sensory hub 8,104 , we used the OHDT.

It consists of three presentations in a row of the same odor for each odor after 30 minutes of habituation to the apparatus. Odors include non-social and social odors 39 which are presented on a cotton swab (Figure 7A). As observed in Figure 7B, animals displayed habituation to odors, as they spent more time at the initial presentation than the last (Wilcoxon t-test for each odor showed p<0.05). Discrimination between odors was determined by comparing the time in the last odor trial compared to the new. There was no difference between the switch to adult bedding odor, but animals did spent time exploring this odor. Statistical significance was obtained for the switch to banana and juvenile (Wilcoxon t-test p<0.05) and close to significance for the switch to citrus (Wilcoxon t-test, p=0.057). To avoid extensive bleaching of the signal, as the odor presentations last for 35-45 minutes, we separately recorded blocks of odor presentations. To determine whether there was activity change in relation to the odor, we compared, for each odor, the global calcium signal in the contact zone (Figure 7C), were the mice is in close proximity to the cotton swab, to the global calcium signal in the rest of the apparatus (no contact zone). We first did a general analysis, with no differentiation between presentation trials to test for odor-related changes in signal. Interestingly, both the water and juvenile bedding odor presentation showed a significant decrease in fluorescence in the contact zone (Figure 7C, paired t-test, p<0.05). We reasoned this inhibition could be related to a general decrease in BLA activity for decision-making or approach-related behavior or would be specific to the interaction with the odor. As our behavioral assay did not allow us to determine a 'decision" time window, as we opted for a free-exploration approach, we reasoned that if the inhibition was specific to the interaction, it should be negatively correlated with the time spent interacting. To test this, we first defined interaction bouts (mouse in contact zone for a minimum of two seconds). As all interaction bouts were of variable duration, we tested whether the mean calcium signal (z-score) during the interaction was correlated with its duration. This correlation was performed on all interaction bouts for all mice for the water and juvenile bedding conditions. Interestingly, water interaction bouts were not correlated with the duration of the interaction (Figure 7D), but there was a significant negative correlation for the juvenile odor condition (Figure 7E, Pearson correlation, r = -0.6, p < 0.0001). To observe the calcium-related changes around the start of interaction, we used previously defined protocols 41 . As can be observed in Figure 7F (top trace: average raw signal for each event, with in blue the calcium-dependent signal and in purple the control signal; bottom trace: normalized z-score from baseline -5 seconds to -3 seconds before the start of interaction), the decrease in fluorescent signaling begins around the start of the interaction. Even though other odors had no significant decrease in the contact zone, this may have been confounded by the difference in the total amount of time spent in the contact zone (Figure 7B). Thus, we also tested for these odors whether the calcium signal during the interaction bouts were correlated to the time spent interacting (Supplementary Figure 8C-8D). Interestingly, only the other social odor (adult bedding) showed a significant correlation (Pearson correlation, r = -0.31, p=0.024). To ensure the lack of correlation in non-social odors was not due to habituation-related effect, we tested whether, for the first odor presentation, the global calcium signal was correlated to the amount of time spent in the contact zone. Again, there was no significant correlation for non-social odors (Pearson correlation, p>0.2), a significant negative correlation for the juvenile bedding odor (Pearson correlation, r = -0.78, p=0.019) and correlation close to significance for the adult bedding odor (Pearson correlation, r = -0.6, p=0.09).

Interestingly, in line with the social-specific effect observed during the ODHT, a similar finding was observed during the three-chamber test. This behavioral assay can be used to determine sociability 101 , where, after a habituation period, mice are left to freely explore an arena with in one compartment, a sex-matched juvenile in an open enclosure (cup) to allow social contacts, or another compartment with an empty cup, for non-social interactions (Figure 7G). As A) Olfactory-Habituation-Discrimination task (OHDT) behavioral apparatus and representative trace during presentation of a sex-matched juvenile mouse bedding odor. The contact zone (C, red) is localized around the scented cotton swab. The no-contact zone (NC) was defined as the rest of the apparatus. B) Behavior of the mice in the OHDT expressed as the percentage of time spent in the contact zone for each odor presentation. C) Averaged calcium signal (z-scored trace) in the contact zone (C) or no-contact zone (NC) for each odor (averaged across all three presentations). D-E) Correlation between the average z-score during contact bouts (>2 seconds) and the duration of those bouts for all Water trials and Juvenile odor trials for all animals (N=8). F) Raw (top trace, with in light blue the calcium-dependent signal and in purple the isosbestic (calciumindependent) signal) and normalized z-score trace (bottom trace) from baseline (-5 seconds to -3 seconds before the start of interaction) for juvenile odor contact bouts. G) Representative trace of the position of a mouse in the three-chamber test and delimitations of the different compartments, with in green and orange the contact area with respectively the empty cup and juvenile cup. The no-contact (gray) includes all the apparatus excluding the empty and juvenile contact areas.

H) Validation of the behavioral assay. On the left, percentage of time spent in the contact zone with the empty (green) or juvenile sex-matched mouse (orange). On the right, percentage of time spent in the left (1, empty) or right (2, juvenile) no-contact zones. One animal was not recorded and is not represented. I) Averaged calcium signal (z-scored trace) in the no-contact zone (gray), empty (green) or juvenile (orange) contact zone. K-L) Mean z-score before and during contact bouts with the empty cup (green) or juvenile mouse (orange) for all animals.

validation of our behavioral assay, mice spent significant more time around the juvenile cup than the empty cup (Figure 7H, paired t-test, p<0.001) and as expected, did not differ in the time spent in the zones outside the cups between the different compartments (Figure 7H, paired t-test, p>0.3).

To determine DMS-projecting BLA neurons activity was modulated by the contact with the empty cup or juvenile cup, we performed a similar analysis as for the OHDT, and compared the global calcium signal in the contact zone for the empty cup (green) and juvenile cup (orange) with the no contact zones (rest of apparatus). There was a significant difference between the contact zone with the juvenile compared to the no-contact zone (Figure 7I, oneway ANOVA, p=0.04, multiple comparisons contact zone juvenile vs no-contact zone, p=0.005), while there was no significant difference between the contact with the empty cup and juvenile mouse cup. We then similarly defined contact bouts (more than two seconds in the contact zones), but this time, compared the global calcium signal before and during the interaction instead of a correlation. That is because the time spent in the cup zones were not representative of interactions per say but was confounded by exploration on top of the cup (for both the object and juvenile), which we did not correct for in this experiment. When comparing the calcium signal before (two seconds before entering the cup zones) and during the contact in the cup zone, only the juvenile cup showed a significant decrease in calcium signals (Figure 7K-7L, paired t-test for all contact bouts, juvenile: p <0.0001, object: p=0.5).

DISCUSSION

In this study, we provide an in-depth characterization of an understudied neuronal subpopulation of the BLA and propose a role for DMS-projecting BLA neurons in driving sensory-olfactory-guided behavior. Characterization of the input-output connectivity of DMSprojecting BLA neurons show that this subpopulation has extensive collaterals to olfactory and goal-directed circuits while receiving brain wide-afferences and neuromodulatory inputs of different nature and origin. Recording the axonal bulk activity change of this projection-defined BLA subpopulation in the DMS revealed these neurons are inhibited during interactions with social-odors and social investigations. We further show that this inhibition was correlated with the time spent interacting. Our results may extend to Amygdala projections to the DS, as these results were further supported by our anatomical evidence showing that the Nucleus of the Lateral Olfactory Tract (NLOT) 95,105,106 , which belongs to the amygdala and is a component of the primary olfactory cortex, is the sole additional source projecting to both the DMS and DLS (Supplementary Figure 1). In addition to this novel description of the NLOT as a contributor to DS functions, we also report a few key findings that should have relevance for the understanding of BLA function.

We present evidence indicating that DMS-projecting BLA neurons receive neuromodulatory inputs from the cholinergic, dopaminergic, and serotoninergic systems, but not from the noradrenergic system. Regarding the dopaminergic afferences, a surprising finding is that the VTA does not constitute the sole origin of dopaminergic input. Instead, dopamine originates from multiple regions, including the VTA, CLi, and DRN. A recent characterization of the connectivity of BLA neurons has highlighted the connections of this structure with the olfactory networks 59 . Curiously, though BLA projectors have been at the center of many research studies, there has been in the past little to no mention of these pathways in circuitry-based studies. One recent study has highlighted and investigated the role of OT-projecting BLA neurons, however with no investigation of its olfactory function.

Olfaction is a crucial sense, particularly for rodents. This area of study has been less explored in regard to other senses, though has been revealed to guide not only pro-social behavior 107 , have innate hedonic values 107 and as such, will elicits approach-avoidance 38 and modulate affective states 107,108 . Additionally, olfaction has been found to play a pivotal role in directional reaching for water using chemosensation 109 . Furthermore, the BLA has largely been implicated in modulating social behavior 14,15,110 . The inhibition of the BLA axonal activity in the striatum during episodes of odor-and social-investigation was unexpected. While some studies have highlighted inhibitory activity in projection neurons of the BLA in response to emotional stimuli 11,60,[111][112][113] , understanding its significance has proven to be more challenging.

Interestingly, both inhibition and excitation have been reported in the literature during social investigation 15,114 . A recent sudy report two anti-correlated ensembles of BLA neurons for social exploration or no-social exploration 114 . The non-social exploration population exhibited remarkably similar dynamics to the activity recordings of BLA neurons projecting to the DMS in our study 114 . In contrast, another recent study identified another subpopulation of neurons BLA neurons, defined by their expression of secretin, that appears to be activated during social epoch and social odors, and have been associated to the social exploration BLA neurons 15 .

These findings go in line with the idea that subpopulations of neurons encode for specific behavior. It is thus expected, though not investigated, that DMS-projecting BLA neurons would not co-express secretin.

Nevertheless, understanding how the decrease of activity of BLA axons in the DMS during odor-guided behavior aligns with the functions of the DMS remains a question. The DMS is a place of sensory and associative integration, receiving cortical inputs from primary sensory cortices such as the Visual and Auditory Cortex, motor cortices such as the frontal eye field, but also higher order cortical areas involved in spatial processing 6 . This anatomical convergence of inputs is coherent with main DMS attributed functions such as goal directed behavior 115 and orientation 116 . Interestingly, we do not have any knowledge of studies investigating the olfactory integration within DS functions, though all other senses are represented across subdivisions 6,8,117 . Our findings are twofold. First, we report a direct projection from the NLOT to the DS, with anatomically similar input weight to the DMS and DLS. Second, DMS-projecting BLA neurons are part of goal-directed circuits, with projections to the DMS, PL and NAc 118 . Thus, how can we explain that genetic ablation of DMS-projecting BLA neurons did not impair goal-directed behavior, as it was expected from previous functional studies 23 and by our circuit. One possibility is that this phenomenon is linked to the valence of the tested goal-directed behavior. Goal-directed behavior can either be driven by the motivation to reach a positive goal or to avoid an aversive outcome, which gained interest in relation to the DS 119 . As DMS-projecting BLA neurons show decreased activity to social interactions, which can be considered rewarding or pleasing with non-familiar conspecific mouse 120 , increased activity may promote avoidance. Furthermore, a recent population Fezf2+

expressing BLA neurons projecting to the NAc have been shown to respond to aversive cues and elicit aversive behavior 61 . Another possibility could be due to the sensory nature of the rewarded outcome, which did not promote a specific engagement of this pathway.

In conclusion, our research clarified the function of DMS-projecting BLA neurons in behavior influenced by olfactory cues. Our study contributes to our comprehension of how the BLA modulates neuronal populations within the striatum and reveals the role of DMS-projecting BLA neurons in behavior guided by odors.

Limitations of the study

Our study, though comprehensive, did not address a few limiting points. One limiting factor of our study is that we have not compared our population of neurons with another major BLA subpopulation, such as the projection to the vCA1. Indeed these pathways has been implicated in social and anxiety-related behavior 121 , though different BLA neurons and most certainly different neural pathways. However, as DMS-projecting BLA neurons are a population of neurons that had not been characterized before, it should help the comprehension of amygdala circuits.

In this study, we have not addressed the sex-specificity of our anatomical and functional assessment. Our anatomical data was mainly addressed in males, however, no sexdifferences were reported in a brain-wide characterization of BLA connectivity 59 . For activity recordings in behaving mice, though we have done the behavioral assays in both equally distributed groups, many females were removed from analysis. This was mainly as we have not adapted our coordinates between groups and led to misplacement of the optic fiber, that was more central than the localization of our fibers. However, though we have pooled males and females together, as statistical tests could not be done with the low number of animals per further tested whether BLA neurons were responsive to appetitive and aversive stimuli in isoflurane-anesthetized mice. Both foot shocks and air-puffs elicited strong phasic responses.

Appetitive stimuli such as sucrose application was tested however, because of the anesthesia, results had to many confounds and were not further analyzed.

Recording DMS axonal bulk activity from this projection-defined subpopulation revealed these neurons are inhibited during interactions with social-odors and interactions with sex-matched juvenile mouse. We further show that this inhibition was correlated with the time spent interacting. We also report an inhibition during the presentation of water; Thus, our pathway may not be limited to social odor processing but also to novel or salient odors. No changes in calcic activity were reported in the OFT, though more investigation is required to conclude on these behaviors, mainly for anxiety-related behaviors. Nonetheless, our anatomical data with the lack of calcic changes in the OFT, as our circuit does not necessarily suggest it is part of the neural circuits for anxiety 68,194 .

In conclusion, our research clarified the function of DMS-projecting BLA neurons in behaviors influenced by olfactory cues. Our study contributes to our comprehension of how the BLA modulates neuronal populations within the striatum and reveals the role of DMS-projecting BLA neurons in behaviors guided by odors.

Limitations of the study

Our study, though comprehensive, did not address a few limiting points. One limiting factor of our study is that we have not compared our population of neurons with another major BLA subpopulation, such as the projection to the vCA1. Indeed this pathway is implicated in social and anxiety-related behaviors 375 and most likely represent a different BLA subpopulation of neurons than the ones projecting to the DMS. However, as DMS-projecting BLA neurons are a population of neurons that had not been characterized before, it should help the comprehension of amygdala circuits.

In this study, we have not addressed sex-specificity of our anatomical and functional assessment. Our anatomical data was mainly addressed in males, however, no sexdifferences were reported in a brain-wide characterization of BLA connectivity 376 . For activity recordings in behaving mice, though we have done the behavioral assays in both equally distributed groups, many females were removed from analysis. This was mainly as we have not adapted our coordinates between groups and led to misplacement of the optic fiber, that was more central than the localization of our fibers. However, though we have pooled males and females together, as statistical tests could not be done with the low number of animals per group, no outliers were found in relation to sex. Nonetheless, social behaviors have been associated with sex-differences 377 and thus requires caution in the interpretation of our data.

We have not assessed the causal relationship between our observations and conclusions.

Thus, future manipulations of the pathway would be required to conclude.

Amygdala projections to the DS

Our anatomical tracing experiments focused on the integration of amygdala and bed nucleus of the stria terminalis projections to the DS. Consistent with previous studies, we found retrogradely labeled cells in the BLA, that followed a topographical organization, following injection of a conventional retrograde tracer along the medio-lateral axis of the DS. This corroborates previous anatomical tracing experiments to the DS 227,376 Interestingly, we report a projection from the NLOT to both the DMS and DLS, an amygdala nucleus that has received little attention, and is part of the olfactory neural circuits 378 . This is, to our knowledge, the first description of this pathway. Furthermore, those projections were bilateral, as were BLA projections, though this aspect was not investigated in our study. Given the small size of this structure, it is not surprising that it had been ignored or masked by the large amount of other cortical and thalamic inputs to the DS. This projection is unlikely to result from leak in cortical areas or in the corpus callosum, as this was carefully assessed for inclusion criteria of our animals.

None of the other amygdala nuclei investigated showed labeling following CTb or retro-AAVs injections in the DS, though we have not assessed the labeling in the most caudal regions of the amygdala, and thus did not investigate projections from the Ahi. This is in contrast with previous studies reporting labeling in the CeA 88,143,163,379 but also BNST 88,143,163 . Our results do not withhold any evidence for the existence of these pathways. This was consistent across all our injections and with various retrograde tracers. Those discrepancies may arise from the following hypothesis: 1) One possibility is that our injections, that were relatively small (60nL), did not label the patch compartment, which has been shown to be the main target of CeA and BNST outputs 143 . However, given the number of retrograde injections that we performed in this study, it does not seem a likely explanation. 2) Another possibility is that in these studies, injections may have spread to more caudal DS regions (tail of the striatum) which we have not targeted, and has been shown to have a different connectivity than the DS 79 , or to the globus pallidus, which is known to receive CeA and BNST inputs 344,380 . 3) We did not use a similar tracer (CTb, retro-AAVs) nor mouse line (C57BL6) than previous studies, however these differences are again unlikely to explain the lack of labeling in the CeA or BNST. Previous studies took advantage of transgenic mouse lines to express-cre in specific populations of neurons, combined with cre-dependent monosynaptic tracing (rabies) in the DS. However, as CTb does not exhibit tropism towards specific cell types but can be uptaken by fibers of passage, in contrast to rabies 381 , our approach should have presumably resulted in false positives rather than false negatives. Furthermore, while it seemed a plausible explanation, we did not find any reports in the literature for differential connectivity in transgenic mouse lines.

Properties of DS-projecting BLA neurons

By comparing the contribution of amygdala inputs to the DS, we show that the BLA is the main amygdala projector to both the DMS and DLS (Supplementary Figure 1A-1C). However, when we compared the number of retrogradely labeled cells in BLA between those injections, we found the BLA mainly projected to the DMS (Figure 1A-1E). We may have underestimated the number of DLS-projection neurons as our injections were relatively central and did not reach the most ventral region of the DLS, which may be the primary target of these neurons 160,376 . These projections may be of relevance for gustatory-related behaviors, mouth movements and vocalizations, based on the anatomical convergence of cortical inputs to these regions 160 and a recent assessment of this function for the VLS 114 . However, this division of the DS remains highly understudied, with most research focused on the more dorsal portion of this DLS. However, as these results were supported by injections of a conventional anterograde tracer in the BLA (PHA-L), which resulted visually denser axonal labeling along the anterior-posterior axis of the DMS than DLS (Supplementary Figure 1G). This data was not quantified due to the low number of animals with confined PHA-L expression in the BLA (n=2, one shown for illustrative purposes).

Characterization of the ex vivo electrophysiological properties of DMS-or DLS-projecting BLA neurons further distinguished those two anatomically segregated populations. DMS-projecting BLA neurons were found to be more excitable than DLS-projecting BLA neurons, which was displayed by an increase of action potential frequency following application of increasing current steps. However, these changes in excitability did not appear to originate from any changes in the passive properties of these neurons. This suggests that these neurons are more excitable and have a higher probability of firing action potentials to excitatory inputs. Further analysis would be of interest to determine whether each of these cell types exhibit distinct firing patterns and the typical lasting after-hyperpolarization of BLA projection neurons 240 .

In vivo electrophysiological recordings of DMS-projecting BLA neurons displayed similar properties (Half-width > 1 ms, low firing frequency) as reported for projections neurons of the BLA in urethane-anesthetized rats 382,383 and isoflurane-anesthetized cats 384 . Most of antidromically-or opto-identified neurons had no or low spontaneous activity (<0.5Hz to 1Hz), even though one opto-identified neurons displayed a higher rate of 5Hz and maybe represent a specific population of BLA projections neurons, as have been reported in cats 384 Though these two populations appear distinct, we have not determined their level of colocalization, thus cannot exclude that some neurons project to both regions.

Molecular markers

One aspect we have not undertaken due to time-constraints and methodological procedures to set up and validate, was the characterization of the gene expression of our DMS-and DLSprojecting neurons. Indeed, there have been several molecular markers identified in the BLA that have shown functional relevance 241,332,385 . Our neurons do not exhibit specific properties that allow us to classify them into Rspo2 or Ppp1r1b+ neurons, though the comparison is tempting. Rough similarities between the ex vivo electrophysiological properties of DMSprojecting BLA neurons could be observed, with the parvocellular Ppp1r1b+ neurons 241 .

However, this seems unlikely as Ppp1r1b+ neurons are located in more ventral BLA regions.

Furthermore, the use of viral tracers to identify and patch our neurons excludes the possibility to make that comparison between studies, as it has been shown to affect the integrity of these neurons (as for most tracers except retrobeads). Of note, this should not have impacted our results, as we switched between tracers across animals to control for this potential confound.

Thus, genetic profiling of these neurons would be required to determine the nature of these neurons.

A recent study described OT-projecting and NAc-projecting BLA neurons, which should include, at least in part, some of DMS-projecting BLA neurons based on the collaterals to those structures. These authors identified them as Fezf2+ neurons and they show no colocalization with Ppp1r1b neurons until very posterior BLA levels 332 . However, they found Rpso2 + /Ppp1r1b colocalization at caudal levels, contrasting the highly spatially segregated organization of these neurons in the most anterior vs posterior BLA levels, initially reported 241 . One molecular marker of interest for the DLS-projecting BLA neurons may be the NL189 marker used by Botta et al., 2020 325 . Indeed, though we have not characterized this pathway, it appears anatomically well located to belong to CeA-projecting BLA neurons. Other recent molecular markers have emerged, with again displaying interesting anatomical and functional relevance are the secretin expressing BLA neurons 385 . These neurons have been found to display increasing activation during investigation of social odors and conspecific. As we have found an opposite effect, and that BLA neurons have often been dichotomously separated 324,326,386 , we would expect no colocalization with this marker. This was emphasized by their anatomical tracing approach, with projections to the CeA, mPFC and BNST but not NAc. Again, many output regions of the BLA were not investigated, rendering comparison complex. Nonetheless, they have been reported to be anatomically localized to the BLAam region, suggesting disparity within BLAam projectors. Systematic mapping of BLA subpopulation collaterals combined with the expression of molecular markers would help clarify the circuits and functional relevance of BLA neurons.

Valence assessment

In addition to projection-defined and gene-defined neurons, BLA neurons have also been differentiated on the basis of their preferential coding for stimuli of positive or negative valence 284,315,317 . Whilst this provides more comprehensible functional significance to BLA neurons, it does not seem to be a sufficient classification, as many neurons exhibit a response to stimuli of both valence 284,315,317 , across projection neurons, gene-defined neurons, and the medio-ventral and antero-posterior axis.

Nonetheless, our results overall would tend to point towards a preferential encoding for aversive stimuli. Multiple evidence directed our attention towards that aspect, though we have not tested this hypothesis in our study.

1) Based on anatomical results on the collaterals to the NAc and the spatial localization of our DMS-projecting BLA neurons, it initially suggested those neurons were part of the reward circuit, given the accumulating evidence for a NAc-specific rewarding effect 317,360,387 . However, recent studies have emphasized the need to complement projection-based studies, as they do not define per say positive or negative-responsive neurons in the BLA, nor their subsequent behaviors 241,332 . Indeed, NAc-projecting BLA neurons mainly co-express the Ppp1r1b gene (associated to positive-valence), which provides an explanation for the overall rewarding effect of BLA projections to the NAc, nonetheless, a substantial amount (~30%) of these neurons coexpress the Rpso2 + gene (associated to negative-valence) 241 . These results are supported by another recent study showing NAc-projecting BLAFezf2 neurons respond to aversive stimuli and display aversion to the light stimulation in a real time place preference/aversion assay 332 .

In line with the idea that DMS-projecting BLA neurons may be aversive in relation to anatomical tracing data, Rspo2+ neurons appear to be preferentially clustered within the medial division of the BLA, where DMS-projecting BLA neurons show a preferential bias.

2) Functional results. We used in vivo fiber photometry recordings both in anesthetized mice and in behaving animals. Given the predominance of the olfactory circuits within this neuronal population, we decided to test the differential impact of this sense for our experiments. Across the experiment, all components were multimodal, however, we restricted the changing variable to odor-identity and most certainly odor-valence. This was done using the olfactory habituationdiscrimination task, with repeated presentations of the same (three times) or of different odors (three non-social, two socials, as has been previously described). The non-social odors were chosen at a concentration shown to be neutral 388 . Though water and social odors were the most investigated odors in our setup. These three odors showed some inhibitory activity in relation to the presentation, though the time spent in contact with the water odor was not correlated with this inhibition and was close to significance for time spent interacting with the adult mouse bedding. Given that the most appetitive odors interactions were associated with an inhibition in these neurons, one could expect aversive odors to elicit activation of this pathway.

Functional inputs to the Dorsal Striatum

Ex vivo opto-dissection of the post-synaptic targets of the BLA in the DS reveals a unique functional connectivity to the DS. While there had been some reports on BLA inputs to MSNs 359,389 , this is the first study to provide the functional organization of this pathway and adds to our comprehension of the selective organization of excitatory striatal afferences in relation to pre-and post-synaptic targets 165 .

Previous studies used specific cell-type retrograde mapping of inputs to different MSNs and interneurons in the DS 87,88,163,166 , no differences were found in most studies for amygdala anatomical inputs to D1R, D2R, PV or ChAT interneurons of the DS 87,88,163 . One study show a preferential bias for innervation of the amygdala to the D1R MSNs 166 . Our study does not support equal innervation of BLA inputs to the different DS neuronal populations and is in line with reports of anatomical and functional convergence previously observed in the DMS 164 . We found a preferential innervation of BLA neurons to both MSNs and PVs, and sparse connectivity to ChAT interneurons and Low threshold Spiking interneurons (putative Somatostatin-expressing interneurons). Indeed, optical stimulation of BLA terminals in the DS elicited EPSCs in 77% of all MSNs and 67% of PVs recorded. While we did not differentiate between MSN subtypes, these results corroborate a previous study reporting 62% of response in D1R MSNs and 93% in D2R MSNs following optical stimulation of BLA terminals in the DMS 359 . This is not supported by the anatomical labeling observed for cell type specific tracing of ChAT and-or PVs in the DS 87,163 and the preferential bias reported from the Amygdala to D1R MSNs 166 . We do not exclude that some discrepancies may arise for the specific subregions targeted in those studies. Indeed, Fisher et al., 2020 359 recorded cells specifically in the DMS, and while we did not assess the precise localization of recorded neurons, our patch-clamp experiments were done in DS regions displaying high fiber density, thus most certainly excluding more ventro-lateral or central subregions of the DS. Motor cortex inputs to the DS have been shown to display discrete changes in its functional organization in relation to its inputs to the ipsilateral or contralateral DLS 165 . Thus, we cannot exclude that amygdala inputs to the DS may have a differential functional organization in relation to discrete DS subregions.

One unique feature of the connectivity of BLA inputs to the DS was the facilitatory component found in MSNs but not PVs, with significantly increased Paired-Pulse Ratio in MSNs (>1) compared to PVs, suggesting a relatively low probability of release, though, no differences were observed in the elicited EPSPs between populations, that is facilitated upon stimulation specifically at MSN synapses. However, we cannot exclude the involvement of post-synaptic NMDA receptors in mediating some of those effects, as we did not block those receptors nor used clamped voltages to prevent their activation. No depression nor facilitation was observed on PVs, which contrasts with some studies reporting paired pulse facilitation observed on Fast Spiking Interneurons (PV) in cortico-striatal synapses 390 , even though it does not appear to be the cases for all cortical inputs 165 . Both short term facilitation 391 and depression 392 have been reported in cortico-striatal synapses onto MSNs,

Inputs-Outputs of DMS-projecting BLA neurons

Outputs of BLA neurons and DMS-projecting BLA neurons BLA projection neurons received a lot of attention and many studies have examined the involvement of those projection-specific neurons in fear-conditioning, anxiety-related behavioral assays, reward-and -social-behaviors 330,[360][361][362] . While there have been many reports of differential effects within sub-regions of a structure, there has not been a systematic analysis of collaterals of projection-defined or gene-defined subpopulations of BLA neurons, rendering comparison quite problematic. Furthermore, while efforts have been set to determine the specificity of the different pathways over the years, there has been no systematic analysis of those outputs. One crucial study started to fill those gaps and will most certainly serve as a reference for all connectivity studies of the BLA and followed the studies of AJ McDonald and A. Pitkänen, along with others, with a thorough systematic analysis of the brain-wide connectivity of BLA neurons in relation to their compartments, along the anterior-posterior and medio-lateral axis 315,376 .

Though this comprehensive mapping will help clarify questions and controversies, much remains to be understood on how this integrates into our current state of the art understanding of BLA neurons, as intermingled neurons within BLA subregions have been shown to display separate functional features and connectivity 331,369 .

Our cre-dependent viral approach allowed us to be highly specific of DMS-projecting BLA neurons projectors. To ensure that we would not label of passage, we used a viral vector under the synaptophysin promoter. In our study, we do not report any synaptophysin labeling within the main known output of the BLA, such as the CeA, vCA1 nor BNST, and this was consistent across injections. When comparing our inputs with the study from Hintiryan et al., 2021 376 , while most of our output targets were similar in regard to BLAam / BMAp / BLA ac compartment (NAc, OT, PL and ACA), however, there was sparse to no synaptophysin labeling in the visual cortex, and Orbital cortex, Lateral septum, no labeling in hypothalamic nor thalamic areas, nor the reciprocation of outputs to the PAA, COA, TR and EPd. This supports the notion that intermingled BLA neurons have connectivity-and functional-specificities, in addition to the topographical organization of valence observed in BLA responses 315 .

However, we report a projection to the claustrum that is not merely as weak as has been described by this study. Cell-type specific retrograde tracing of inputs to the Retrosplenial Cortex-projecting claustrum neurons also mention this BLA projection, which represents a substantial input to this structure 393 .

One limitation of our cre-dependent viral tracing approach is that we did not systematically assess the localization of the injection site. Nonetheless, in all injections, the neuronal expression was within the medial aspect of the BLA, within the compartments described by Hintiryan et al., 2021 376 and others 229 . We further assessed the axonal (for cre-dependent rabies experiment) or synaptophysin repartition within the DMS and DLS and consistently reported an exclusive labeling within the DMS, close to the lateral ventricle.

Furthermore, we found it surprising to observe such dense labeling in olfactory regions such as the NLOT and OT, as they had, to our knowledge, never been mentioned in circuit-based BLA research except for the OT in a recent study 332 . Again, there was no mention of the NLOT, though quite recognizable with its round shaped structure, both in coronal and sagittal sections.

Which raises the question of whether there was high specificity in the outputs mentioned in previous studies, thus the lack of report was partly due to the lack of labeling, or was this output consistently labeled in most studies but not reported nor investigated, though being an integral part of the circuit. Thus, if these structures are common outputs to all BLA subpopulations, much needs to be re-thought about the specificities of our pathways to define function.

Neuromodulatory inputs to DMS-projecting BLA neurons

Neuromodulators are core regulators of brain function and activity 292 . Although acetylcholineand monoamine-producing neurons represent a smaller population than glutamatergic and GABAergic neurons, excess or loss of neuromodulators are often associated with pathologies and targeting this system has been the first line of treatment some pathologies such as PD 394 and anxiety and depressive disorders 395 .

The main neuromodulators, and the most studied, include Dopamine, Serotonin, Noradrenaline and Acetylcholine. As different neuromodulators have been associated with different functions 301,303,396,397 and effect on neuronal activity, we aimed to determine the type of neuromodulation they could receive. Interestingly, we found that not only the type of neuromodulator but also the incoming source were found to differ. Until now, most neuromodulators are classically associated with only one source, mainly for Dopamine (VTA to NAc and BLA, SNc to DS etc.), though VTA projections to the DS have been mentioned before 88,398 . This raises an interesting question for the future as to how neuromodulators co-operate to drive function, within and between neuromodulatory regions.

One limitation of this quantification provided is the well-known tropism for rabies retrograde labeling. Some studies were not able to detect neuromodulators, especially Dopamine and Noradrenaline.

However, in our hands, the rabies virus appeared to be able to transfect those neurons, even though it might have led to an under quantification for some cell-types such as TH-positive neurons. The lack of labeling in the LC may be a confound from our experimental strategy. The long-range distance to the LC does not appear to be an issue here, as neurons were able to reach the LC and many other brain areas densely labeled were further away from the BLA. Thus, it appears there is some selectivity within subpopulation of BLA neurons to be preferentially innervated by different neuromodulators. This is in line with the number of cFos positive cells colocalized with different BLAprojectors following light stimulation of the LC. In this study, they report that CeA-and vCA1-were preferentially activated by the light-stimulation of the LC than the NAc-projecting BLA neurons 301 .

Inferring function from calcium recordings of DMS-projecting BLA neurons

Calcium imaging recordings are a great tool to determine when the system is active but not what it does. It is precious information before drastically manipulating the activity of neurons, without knowing their endogenous activity. There are many ways to interpret data. For example, if we consider that our neurons display a similar pattern than reported in Fustiñana et al., 2021 326 , they could be interpreted as social, non-social or nonspecific. One could consider they are social, as it may have underlined as previous activity to seek social contact and allows the system to consume its reward 386 . It is also comprehensible to consider this inhibition as non-social, the system is not active during social interactions, thus not involved. It could also be non-specific to social contact, but just rely on attentional processes or memory. Furthermore, fiber photometry recordings do not allow us to have access to detailed information about the connectivity within cells in the BLA and their proposed constant rewiring to stimuli. However, to observe change, it requires an ensemble to convey a similar increase or decrease in activity, suggesting the probability that it will be associated with a behavior is greater, and permits us to draw interpretations to test.

Discussion of the tools and methodology

Conventional and viral tools to target a specific population Retrograde tracers are known to display a wide array of potential confounds and can both lead to false-positives by intake of passive damaged fibers and bidirectional transsynaptic transport, but also false-negatives with low-or high efficiency of transduction specific tropism for celltypes. As the DS is a place where bundles of fibers cross, injection of viral tools or conventional retrograde tracer could yield consistent false positive, with uptake by passing damaged fibers.

This was highly controlled for, using a combination of classic tracers and functional assessment of the pathway.

Using anatomical tools, we assessed the presence of 1) anterograde fibers in the DS following the injections of a conventional anterograde tracer, PHA-L, in the BLA. 2) Retrobeads labeling (data not shown), a retrograde tracer which is not affected by passing fibers, which led to similar labeling in the BLA and no labeling in the CeA nor BNST following DMS injections. 3) Cre-dependent viral strategy to express eYFP at synaptophysin sites of DMS-projecting BLA neurons, an anatomical marker for synapses. The presence of synaptophysin puncta labeling using confocal imaging was assessed.

Each strategy complemented each other and did not result in observable inconsistencies. Furthermore, all those results are heavily supported by the literature 224,229 .

To confirm the functional monosynaptic connectivity and excitatory nature of the projections, we used opto-dissection of the circuit using ex vivo electrophysiology with light stimulation of BLA terminals eliciting EPSCs in DS neuronal populations, a response that was at latencies suggesting monosynaptic connections. This was confirmed in a subset of tested cells, with light-elicited EPSCs even following bath application of TTX and 4-AP, confirming the monosynaptic nature of those projections. At last, we confirmed the glutamatergic nature that is attributed to most projection neurons of the BLA, as bath application of NBQX abolished light elicited EPSCs.

Fiber photometry

We did not take advantage of the fast temporal frequency of the GCaMP sensor used in this study, with a sampling rate of 10 Hz, lower than the rising time of this fast-rising GCaMP 399 . While we do not believe that it affects our in vivo behavioral recordings, as events occur in a matter of seconds, it withheld in-depth analysis of the latency of the different sensory signals.

Furthermore, we have not analyzed the electro encephalogram recordings (though recorded) nor assessed up-down states, which is crucial in regulating the excitability of both the cortex and DS 400,401 .

On confound of our behavioral experiment is that we have not used a proper control. Though it is a common omission 303 , as mice were their own control, using the isosbestic (405nm) to control any confounds, it would have been preferable to include animals with viral expression of GFP in BLA neurons projecting to the DMS.

The main limiting factor is that we have not compared our population of neurons with another one. Our initial intent was to systematically assess DMS-or DLS-projecting BLA neurons.

However, targeting the BLA to DLS pathway was not highly successful with our dual viral approach, with very low BLA neurons labeled and some leak in the surrounding structures (Endopiriform cortex and posterior insular cortex) in contrast to the DMS-projecting BLA neurons pathway which consistently resulted in bright viral expression with no observable leak in the surrounding areas.

Behavioral assessments

OHDT: adapted protocol does not seem to be an issue, though differences for investigation time social odors may be due to the non-normalized odor sampling from dirty bedding between cotton swabs. Though it does not appear to be a confound for our experiment, as animals were able to discriminate between several presentations of the same odor.

Three chambers: One confound was that our enclosures had a tight grid, preventing detection of direct contact with the juvenile mouse and general investigation of the social enclosures.

There was no spatial confound, with no preference for any of the external chambers in the habituation session, nor during the social preference assay outside of the enclosure areas.

Perspectives

Molecular profiling of DMS-and DLS-projecting BLA neurons

These results provide exciting perspectives to investigate this pathway in sensory-guided behaviors.

A few gaps remain to be clarified to comprehend how these neurons integrate within the BLA circuits, more specifically in regard to the molecular marker fezf2+ and Rspo2+, SCT (Secretin) and NL189. We expect DMS-projecting BLA neurons to colocalize with fezf2+ and Rspo2+ neurons, but not to SCT, Ppp1r1b+, nor NL189, which are molecular markers of interest for DLS-projecting BLA neurons.

Manipulation of DMS-projecting BLA axons using optogenetics light-excitation

Orientation to olfactory stimuli for sensory-guided behaviors

The DMS has been shown to drive orientation, and this, dependent on the cognitive load of the task. However, optogenetic stimulation of the DMS and its more ventral part (VMS) have been shown to elicits contralateral turning behaviour 110,114 . Determining whether stimulations of BLA inputs to the DS could bias orientation, eye gaze, or impair eye-forelimb coordination would definitely place the BLA as being capable of modulating motor behaviors in relation to sensory-relevant cues.

Sensory responses in DMS in regard to BLA manipulations

The DMS has been shown to respond to somatosensory stimulations, though the neural pathways through which this is possible remains unclear 168 . We showed that DMS-projecting neurons responded to noxious foot shocks stimulations and air puffs (Supplementary Figure 6D), two somatosensory stimulations. As this was done under isoflurane-anesthesia, these sensory stimulations may have been a mere result of general cortical activation. However, these results are supported by literature. Indeed, those somatosensory information are wellknown to converge in the Lateral Amygdala and are known to increase for some part BLA activity 284,402 . In awake mice, NAc-projecting but not OT-projecting BLA neurons were found to respond to shocks and air puffs while the opposite was found for neutral-appetitive stimuli such that OT-projecting BLA neurons responded to Water, Fat and Sucrose but only showed a minimal response to air puff and tail shock 332 .

Are DMS-projecting BLA neurons part of the neural circuit transmitting multimodal affective sensory value to the DMS to guide behavior? And how does this integrate with DS function and neuronal activity? How do sensory signals and BLA signals converge temporally within the DMS?

Experience and state dependent modulation of DMS-projecting BLA neurons

The BLA has widely been implicated in the neuronal circuit for fear-and anxiety-related behaviors, however, our anatomical results do not support such a pathway for DMS-projecting BLA neurons. These conclusions were drawn based on the lack of projections to the BNST, CeA and vCA1, though DMS-projecting BLA neurons do have collaterals to the Prelimbic Cortex, which is involved in fear-conditioning 330 but also necessary for goal directed learning 359 . Furthermore, it is usually admitted that chronic stress and aversive states increase BLA neuronal excitability, it has not often referenced in a pathway-specific manner, leaving this an open question. Indeed, it does not appear that our circuit mediates anxiogenic-or anxiolytic states per se, based on its connectivity. However, given the wide array of behaviors that anxiety can modulate, these neurons could be impacted by the internal and emotional state of the animals.

Functional comparison with the main collaterals of DMS-projecting BLA neurons and other subpopulations

One main drawback of our study is the lack of comparison with other BLA subpopulations, or other collaterals within DMS-projecting BLA neurons. However, it does show common and distinct features in comparison to other subpopulations described in the literature, like many other described populations. Thus, one of our interests would be to determine the impact of this DMS-projecting BLA subpopulation neuronal transmission to different output targets. Thus, would local manipulation of DMS-projection BLA axons in the OT, NLOT or DMS impact similar behaviors? Or are they each involved in different behavioral processing (rewarding, velocity of approach, eye gaze, head-body orientation, consumption), though with similar information incoming? These collateral-specificities might explain why some studies do not report such variability in the type of responses encoded by different projection-defined BLA neurons 386 , though strong behavioral differences have been observed 331,369 . Furthermore, during our fiber photometry recordings of DMS-projecting BLA neurons, we recorded in axons, to avoid neuropil calcic changes 403 blurring the spiking activity. Every structure has their own microcircuit with modulators controlling the activity of these neurons but also of pre-synaptic inputs 404 . As there as still many mechanisms to understand, one could expect to observe different calcic changes at different collaterals of the same neurons. That would add complexity but be quite compelling.

Rewarding-aversive or passive-active behaviors or Go-No Go?

The BLA is classically defined by population responding to emotional stimuli of different valence and to drive appetitive or aversive behaviors 405 As in mice exploration relies in part on olfactory cues and chemo sensation, our population may dichotomously represent more "active neurons" for "Go" signals in the DS, without their stimulation being inherently rewarding or aversive but may promote active (or stationary) behaviors in relation to the incoming cue.

To determine whether the projection to the DMS is inherently rewarding or aversive, performing light activation or inhibition of BLA axons above the DMS using the Real Time Place Preference assay would definitely be helpful to understand the function of this pathway in regard to the DMS but also to other BLA subpopulations.

On the other hand, would light activation or inhibition during respectively stationary or nonstationary bouts affect the on-going velocity of the mice.

Conclusion

Our study contributes both anatomical and functional insights into the neural circuitry through which the BLA influences neuronal populations within the striatum. Moreover, our study clarifies the role of DMS-projecting BLA neurons in behaviors guided by olfactory cues. Overall, this work enhances our understanding of how the BLA regulates striatal neuronal populations and sheds light on the involvement of DMS-projecting BLA neurons in odor-guided behaviors.
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Abstract

The brain is a remarkably complex organ responsible for a wide range of functions, including the modulation of emotional states and movement. Neuronal circuits are believed to play a crucial role in integrating sensory, cognitive, and emotional information to ultimately guide motor behavior. Over the years, numerous studies employing diverse techniques such as electrophysiology, imaging, and optogenetics have unraveled a complex network of neural circuits involved in the regulation of emotional or motor processes. Emotions can exert a substantial influence on physical performance, encompassing both everyday activities and pathological conditions. The aim of this review is to explore how emotional states can shape movements by connecting the neural circuits for emotional processing to motor neural circuits.

We first provide a comprehensive overview of the impact of different emotional states on motor control, in humans and rodents. In line with those behavioral studies, we set out to identify emotion-related structures capable of modulating motor output, behaviorally and anatomically.

Neuronal circuits involved in emotional processing are extensively connected to the motor system. These circuits can drive emotional behavior, essential for survival, but can also continuously shape ongoing movement. In summary, the investigation of the intricate relationship between emotion and movement offers valuable insights into human behavior, presents opportunities to enhance performance, and holds promise for improving mental and physical health. This review integrates findings from various scientific approaches, including anatomical tracing, circuit-based dissection, and behavioral studies, conducted in both animal and human subjects. By incorporating these diverse methodologies, the review aims to present a comprehensive overview of the current understanding of the emotional modulation of movements in both physiological and pathological conditions.

Introduction

The brain is a remarkably complex organ responsible for a wide range of functions, including the modulation of emotional states and movement. Neuronal circuits are thought to play a crucial role in integrating sensory, cognitive, and emotional information to ultimately guide motor behavior. The scope of this review is to explore the intricate relationship between emotional states and movements. Human beings are constantly in motion and our actions are not always an emotional response or reaction. However, it is important to note that emotional states can significantly impact different aspects of motor control, such as execution, motor planning and learning. For instance, consider how your walking speed, posture, ability to drive or insert a key in a lock vary during different emotional states or moods. In most cases, your motor output will differ, highlighting the crucial role emotions play in motor control. Conversely, engaging in physical activity can help to alleviate stress and promote feelings of well-being.

However, this particular aspect of the influence of movement on mood is not emphasized in this review, leaving room for it to be explored in another dedicated study. Thus, understanding the neural mechanisms underlying these processes is essential for developing new therapies for emotional and motor disorders.

Sensory-motor processing has been given significant emphasis in previous studies, but this review aims to explore emotion-motor connectivity and their possible functions. We intend to provide a strong fundamental basis for investigating the relationship between emotion and motion with a circuit-based approach, that could have clinical relevance. Given the strong, innate, bi-directional relationship between emotion and motion, it is not surprising that emotional alterations are common in motor pathologies and emotional events, or state can have drastic effects on motor deficits. However, there remain significant gaps in understanding the behavioral and neural basis of the emotional modulation of movement.

Studies using a variety of techniques, including electrophysiology, imaging, and optogenetics, have revealed a complex network of neural circuits involved in the regulation of emotional and motor processes. These circuits include regions of the limbic system, such as the amygdala and hippocampus, as well as motor-related areas such as the basal ganglia. Research has also highlighted the role of neuromodulatory systems, such as serotonin, dopamine (DA), and noradrenaline (NA), in modulating the activity of these circuits and influencing emotional behavior 1 .

The goal of this review is to provide an overview of the current state of knowledge in this rapidly evolving field. To better define the impact of emotional control on motor output, we conducted a comprehensive investigation of behavioral evidence assessing the effect of emotional state on motor performance. We analyzed a variety of factors including walking speed, postural stability, hand-eye coordination, manual dexterity, fine motor skills and balance during different emotional states. The results of our investigation indicate that emotional states do indeed have a significant impact on motor performance.

We then compiled an exhaustive list of emotion-and motion-related structures to provide a comprehensive connectivity map of direct anatomical emotion to motor reported projections. This analysis allowed us to gain a deeper understanding of the function of emotion-related structures in motor control. We identified key structures such as the amygdala, prefrontal cortex, and hypothalamic nuclei that play important roles in the modulation of motor movements by emotional states.

In conclusion, this review provides a comprehensive analysis of the relationship between emotional states and motor control. Our findings highlight the crucial role of emotions in modulating motor movements and suggest that emotional alterations may have significant effects on motor deficits. This review also identifies key structures and neural networks involved in the emotional modulation of movement, providing a strong foundation for further research on this topic.

Materials and methods

We conducted a narrative review on the intricate interplay between emotions and movements, searching the database Pubmed and Google Scholar for the following terms: Anterograde, Retrograde, Anatomy, Efference, Afference, Outputs, Inputs, Circuit, Emotions, State, Mood, Anxiety, Stress, Motor, Movement, Rotarod, Motor Skilled reaching, Motor skilled forelimb, Coordination, Direction, Orientation, Optogenetics, Rabies, Chemogenetics, Lesions, Manipulation. All the structures have been individually searched with all those terms. We also searched for all individual projection, combining emotion-motor pairs with the 16 emotionrelated structures with the 13 motor-related structures. We used the following inclusion criteria:

For behavioral studies (Table 1), studies were required to specifically test motor behavior with observations or interventions on emotional states. Both positive and negative results were included.

For the anatomical studies (Table 2), were included only studies in mice and rats. We included only monosynaptic tracing studies. All available studies at this time point were included for review with no minimum sample size set. Both positive and negative results were included. To report negative results, either the study explicitly mentioned the lack of labeling, or we determined whether the study had done extensive mapping of the anterograde or retrograde labeling near the regions of interest (cortical, midbrain or brainstem area).

The main difficulty in summarizing the anatomical results was to adapt to the evolution of the anatomical terms for similar or overlapping structures. For example, the Ventral Striatum (VS) includes the Nucleus Accumbens (NAc) and the olfactory tubercle. Nonetheless, authors often use the VS as a synonym for the NAc. When we had a doubt in the terminology of the structures, we assessed the localization of the labeling or injection when possible. If the naming was too ambiguous, we did not include the article for the given structure. For Table 3, we searched for studies that manipulated the activity of our emotion-related structures (lesion studies, pharmacological modulation, manipulation studies) that had projections to the motor system. We thus excluded the ventral hippocampus and the lateral septum from our search. Most studies investigate those structures in non-motor function. For general locomotor activity, we included studies that tested it only in the non-appetitive, nonaversive tests (open field test, home cage). For spontaneous behavior (turning, vertical activity, jaw movements) and specific motor components such as reaction time, speed, and action selection, we allowed the different behavioral protocols. For other motor behavior, such as coordination and balance, classic motor test had to be used (rotarod).

Emotional modulation of movement

Intuitively, emotions can seem very opposite to movement. Emotions are a braindependent process modulated by peripheral and visceral signals while most movements are dependent on spinal integrity and modulated by the brain. Nonetheless, they both exert a strong influence on one another and could be seen as an extension of each other or two parallel processes working together. The experience or feeling of an emotion is often accompanied by facial and postural changes, the same way postures and movements can impact our emotional state 3,4 . Studying emotions and trying to define them have been attempted by many, however no consensus has yet been reached. In this review, we won't attempt to define emotions and will conceptually use the 2D Valence-Arousal model proposed by Russel 5 combined with the use of neuronal structures as a proxy for emotions.

The inherent relationship between emotions and movement has never been questioned. However, to our knowledge, there has been no exhaustive characterization on arousal-and valence-specific effects on different motor parameters. One could expect arousal to impact speed, strength, muscle tone and coordination of movements while valence could influence the directionality, the amplitude, and the timing of movements. Or is the emotional modulation of movements simply the results of facial and postural changes induced by the emotion? To which extent emotional states can impact motor learning, action selection decision making and execution of the planned movement, at gross and skilled movements? While our review may not comprehensively address all these inquiries, we anticipate that it will aid in bridging existing knowledge gaps.

To start characterizing the extent of emotional control of motor output, we reviewed behavioral evidence where researchers assessed or induced different emotional states and tested motor performance (Table 1a). We included only human or rodent studies. We were not able to find articles that assessed the impact of positively-valenced emotions on motor performance, thus the main effects on motor performance are centered around arousal, anxiety, and stress. A study performed in human subjects, found that young adults, with a high trait anxiety profile, performed worse during the whole testing session of a complex motor task, requiring hand eye coordination and fine motor movements, than low trait individuals 6 . Another study found a correlation between levels of state anxiety and postural control 7 . The correlation disappeared when the eyes were closed, suggesting anxiety may modulate oculomotor/orienting processes.

State anxiety was found to have a negative impact on driving, with an impaired eye-steering coordination 8 . Overall, studies tend to suggest that motor performances, in relation to stress and anxiety, follow a U-inverted hypothesis, which stipulates that optimal performance occurs at moderate levels of arousal, which varies between individuals [9][10][11] . In these studies, no changes were found in motor task requiring only gross motor movements. More importantly, even trained professionals can be subject to emotion-induced changes in motor control.

Understanding the emotional control of the motor system will be relevant for different professions demanding fine motor skills in stressful situations such as musicians, athletes 12 , police officers 13 , soldiers and surgeons 14 . This stress or anxiety-induced motor changes are reproducible in rodent studies. Acute, subchronic and chronic behavioral stress induced impairments in skilled forelimb (skilled reaching task) and hindlimbs (skilled walking task) movements [15][16][17] , with an enhanced distance between the hindlimbs, increased angle of foot rotation, decreased stride length and a disrupted interlimb coordination. Diazepam administration, an anxiolytic pharmacological compound, improved skilled reaching performance in a U-inverted dose response 16 . Even strain-related innate differences in anxiety levels were shown to affect balance and posture in mice 18 . More importantly, administration of anxiolytic (diazepam) or anxiogenic (b-CCM) compound effectively reversed the phenotype, demonstrating a key role for anxiety in mediating posturalrelated changes.

From Table 1b, we observe that emotional states such as stress and anxiety can affect a wide array of motor components such as timing, coordination, posture, direction, and muscle tone. Some of these effects in humans seem to be related to visuo-motor processing. In most cases, motor performance follows a U-inverted hypothesis in relation to arousal levels. Further studies are required to pinpoint the specific motor change in relation to arousal and-or valence.

The intricate interplay between emotions and movement is of great importance in mental-and motor-dominant pathologies. In the recent years, there has been a real effort in recognizing the relevance and presence of non-motor symptoms in motor-dominant pathologies such as Parkinson's Disease (PD). Non-motor symptoms such as anxiety and depression strongly impair the quality of life of patients 19 , are major non-motor symptoms in PD 20,21 and occur before the onset of motor deficits 22 . The origin and role of those non-motor symptoms such as anxiety in motor pathologies remains to be understood. Some studies point out anxiety as a risk factor for PD 23,24 or, as part of the pathophysiology of the disease 25 . In most cases, emotional disturbances have been determined to be an aggravating factor for motor 26,27 , gait 28 and posture deficits 29 in Parkinson's disease. In Table 1c, we review the relationship between emotional disturbance and motor deficits in pathological conditions. Evidence from animal experimental models for motor pathologies indicate stress and anxiety are not only the result of disease progression, even though animals models can mimic part of those non-motor symptoms 30 , but can actively worsened the course of the disease and motor deficits.

Parkinson's disease is characterized by the neurodegeneration of DA neurons in the substantia nigra (SN). Chronic stress in different animal models for Parkinson's disease accelerates the neurodegeneration of DA neurons in the SN or DA terminals in the striatum and worsens motor deficits 31,32 . Chronic corticosterone, a stress related hormone, also increased alpha-synuclein induced Tyrosine Hydroxylase (TH) cell loss in the SN 33 . Imaging studies have confirmed altered activity and connectivity between emotion-related and motor structures in PD 34 . Thus, chronic emotional states could display activity changes to motor structures that could participate in system vulnerability and motor dysfunctions. Hence, we believe that unraveling the emotion-to-motor neural circuits will offer give valuable insights valuable insights into human behavior, presents opportunities to enhance performance, and holds promise for improving mental and physical health.

To start building the bridges between emotion and motion, we explored the function and connectivity of brain regions known to be involved in emotional processing in relation to motor control.

4.

Exploring the function and structure of neuronal circuits that underlie emotional modulation of movement.

Our movements are continuously adapting and re-adjusted to the context and perception of different cues. While sensory-motor control is thoroughly investigated, not much is known on neural basis of the emotional modulation of movement. As emotions affect multiple brain and bodily processes including visual 35 , auditory 36 , time 37 processing, we cannot exclude that effects of emotional states on motor performance are not the result of an indirect emotional modulation of sensory processing (emotion-sensory-motor). However, because of the strong bi-directional relationship between motion and emotion, we made the hypothesis that brain structures involved in emotional regulation would have 1) direct projections with neural circuits of movements 2) activity-dependent motor-related effects.

Our first goal was to determine relevant brain structures involved in emotional states in humans and rodents. In humans, brain lesions and functional MRI studies have been key methods to attribute a functional role to specific brain regions. Some core nuclei show consistent change in activity following the perception, experience and-or expression of basic emotions such as Joy, Sadness, Fear-surprise and Anger-disgust, namely: The Amygdala, the Insular Cortex (IC), the Cingulate Cortex (Cg), the Orbitofrontal cortex (OFC), the Prefrontal cortex, the Ventral Striatum (VS), the Ventral tegmental Area (VTA) and the Hippocampus. While some of these nuclei might have a biased activity in relation to a discrete emotion, there is a general involvement of those structures in emotional processing and not for a specific emotion per say 38 . Functional imaging of patients with neuropsychiatric stress and anxiety disorders also provides information on key brain regions involved in emotional regulation. Accordingly, common brain regions were found to be part of neural circuits of stress and anxiety disorders 39 . In rodents, the study of emotional states is quite complex and usually focused on a binary approach-avoidance behavioral analysis of animal behavior. Neural circuits underlying fear 40 , anxiety 40,41 , and reward 42 have been at the center of rodent-dissection studies for a few decades and key structures have been identified. Combining human and rodent findings, we identified a total of 16 relevant mice brain structures involved in emotional processing (Figure 1a). We excluded thalamic brain regions and the Parabrachial Nuclei from our analysis as their main function are to relay multimodal information to the brain. To gain insight on the ability for emotion-related structures to shape motion, we looked out for motor-related changes following manipulation of their activity (Table 3). We predominantly report locomotor or velocity-related effects. This over-representation of locomotor assessment is explained by the fact that most studies assess locomotor activity but do not explore for fine motor skills, motor learning, and coordination.

To determine how emotions can modify motor output, we investigated the existence of direct monosynaptic anatomical connections between the emotion-related brain structures and neural circuits responsible for movement. There have been extensive studies in the neural circuits responsible for movement 43 , implicating cortical, subcortical, midbrain, brainstem, medullary and cerebellar structures. We restricted our analysis to: The Motor Cortex (MO), the Basal Ganglia and Brainstem structures involved in the control of movement 43 (Figure 1b).

Inputs to cerebellar structures were not investigated, as cerebrum-cerebellar interactions are indirect. However, we believe that unraveling inputs to motor cerebellar nuclei would be extremely relevant in understanding the emotional control of fine motor movements, posture, and balance 44 .

Table 2 is an exhaustive summary of all the emotion-related structures projections to motorrelated nuclei. As anatomical tracing studies are very sensitive to the type of animal line used and the type of tracer in addition to injection site variability, we limited our analysis to rodent anatomical studies and included studies that yielded positive and negative anatomical results.

We provide details on the line used, the type of tracer and the consistency of those findings.

In Figure 2, we summarized the emotion-to-motor projections. Colored squares indicate we found evidence for both anterograde and retrograde labeling. To report the consistency of those findings, colored squares were set in transparency for anatomical findings with less than 75% of positive results. Interestingly, all emotion-related structures except the ventral hippocampus (vHPC) 45 and Lateral Septum (LS), have extensive monosynaptic connections to motor neural circuits (Figure 2).

The Motor Cortex

Motor Cortex (MO)

The MO is necessary for learning of skilled motor tasks 46 , can reliably drive muscle activity 47 and controversy remains on its contribution in movement execution parameters 46,48 . Multiple anatomical tracing studies have investigated brain-wide inputs to the MO, in a cell type or layer specific manner. Cortical structures involved in emotional regulation all send projections to the MO except the medial Prefrontal Cortex (mPFC).

Cortical inputs to MO

The IC, OFC and Cg project to many different cell-types in the primary motor cortex (M1), including Glutamatergic, GABAergic, SOM, PV-expressing cell and CRH neurons (Table 2).

The Basolateral Amygdala (BLA), a cortical-like structure, is the only amygdaloid nucleus to project directly to M1 and shares similar inputs than other cortical inputs to M1. In addition, the IC, Cg and BLA also have monosynaptic inputs to deep output neurons of M1 Layer 5 neurons, implying a direct and indirect modulation of output neurons of MO. To our knowledge, the role of these pathways has never been investigated. Electrical stimulation of the anterior mid-Cg in humans induced a variety of responses, including motor responses, which were the first 49 or third 50 most frequent response. These motor responses included unilateral or bilateral limb movements. Even though we were not able to find similar studies in rodents, it provides the idea that Cg projections to MO could modulate the execution of forelimb movements.

We suggest a role for the BLA to MO in the consolidation of skilled motor learning, as stimulations of the BLA post-training sessions enhanced motor skill learning 51 . More specifically, we hypothesize that the BLA mediates the bidirectional effects of glucocorticoids / stress on skilled motor learning. The BLA is known to enhance different forms of learning and memory consolidation 52 .

Neuromodulatory inputs to MO

The MO is also innervated by the three neuromodulatory regions investigated: serotonin from the Dorsal Raphe Nucleus (DRN), NA from the Locus Coeruleus (LC) and DA from the VTA.

VTA DA projections to MO are thought to be crucial for motor skill learning 53 . NA signaling in MO has been involved in motor coordination, as blockade of noradrenergic receptors in M1 induced contralateral miss-steps 54 . For a review on the monoaminergic modulation of motor cortex function, see 55 .

Interestingly, we found no evidence for an innervation by the GABAergic striatal (NAc, LS, CeA) and pallidal (VP) nuclei to the Motor Cortex (Table 2).

The Motor Basal Ganglia

The Basal Ganglia is a set of subcortical nuclei responsible for voluntary motor control 56 .

Movement disorders and their motor symptoms are associated with basal ganglia dysfunction 57 such as PD and Huntington's Disease. We will describe for each basal ganglia nuclei a summary of their known motor function and their innervation by emotional related structures.

We will briefly mention the DRN here, as it innervates all basal ganglia structures and the other motor-related nuclei listed in this review (Figure 2). Motor research classically focused on dopaminergic neuromodulation but recent years have emphasized the crucial role for serotonin on motor control and its tight regulation of basal ganglia activity 58 . In PD, serotonin signalling has been implicated in L-DOPA-induced dyskinesia 59 and tremors 60,61 . The DRN is a serotonergic nucleus with brain-wide innervation to a functionally diverse set of structures, including the basal ganglia. The largest source of basal ganglia serotoninergic innervation is in the SN 62 . We recommend very thorough reviews on the neuromodulation of serotonin to basal ganglia circuits and their associated function, in health and disease 58,63 .

Dorsal Striatum (DS)

The DS is the gate of entry of the Basal Ganglia and receives dense cortical inputs. It is important to note that the role of the DS is not restricted to motor behavior and has been involved in a wide arra y of cognitive processes 64 .This implies that some of the projections we report may not participate in motor control. The DS is mainly composed of medium Spiny neurons (MSN), the output neurons of the striatum, which express either the Dopamine Receptor 1 (D1R) or Dopamine Receptor 2 (D2R) and of interneurons which modulate MSNs activity 65,66 . The DS has been anatomically and functionally subdivided into a Dorsomedial (DMS) and Dorsolateral (DLS) division. The DMS is classically associated with goal-directed behavior 67 and is considered the associative part of the striatum, while the DLS with habitual behavior 67 and sensory-motor processing. Pure motor-related effects are usually attributed to the DLS, nonetheless both DMS and DLS have been shown to modulate locomotion and velocity 68,69 , movement sequence 70 and orientation 71 . The mPFC, Cg, OFC and BLA have dense projections to the DS (Table 2), and more specifically the DMS. They project to SPNs and some interneuron populations.

mPFC & Cg to DS mPFC projections to the DMS drive both the acquisition 72 and learning 73,74 of goal directed behavior but also behavioral inhibition 75,76 . The Cg is involved in behavioral inhibition and action selection processes 77 . Some of those effects are mediated via the DMS as inhibition of Cg projections (also called dorsal mPFC) to the DMS resulted in inhibition deficits with increased premature responses 78 in a Go/No-Go task. Overall, the mPFC is seemingly involved in movement initiation, timing and speed while the Cg mainly drives behavioral inhibition and action adaptation 77,79 (Table 3). Both the mPFC and Cg are key structures in emotional processing 80 and their projections to the DMS could impact the reaction time 79 , the type of movement and coordination of a sequence of movements in relation to an affective state.

OFC & BLA to DS

As goal directed behavior are guided by outcome value, the OFC and BLA are well positioned to drive or inhibit goal-directed behavior as they encode stimuli incentive value [81][82][83][84] and lesions of either OFC or BLA impairs goal-directed responses 85,86 . However, we believe these BLA and OFC projections to DMS not only subserve value-outcome associations but also sensoryguided behavior. The subregions of the DMS where BLA, OFC, Cg and mPFC project has been associated with visuo-spatial and auditory function due to the strong anatomical convergence of many cortical regions involved in visuo-spatial and auditory processing 87 . In line with this, a recent study showed that the OFC dynamically encodes a spatial map of future navigational goals 88 , suggesting that changes in OFC activity in relation to an emotional state could also impact goal-directed trajectories or eye-head movements. As the BLA and OFC share strong bi-directional connectivity, they could synergistically provide spatial and valencesalience information to the DMS to drive behavior. Alterations of OFC and-or BLA activity due to an affective state could thus affect head-body coordination or direction.

Furthermore, goal-directed behavior are usually studied using instrumental conditioning and rarely on innate goal-directed behavior. The BLA is well known for its role in exploration, social and maternal behavior. One could expect BLA projections to the DMS to mediate some of those innate behavior, as lesions of the BLA impairs pup retrieval behavior 89 with little impact on nursing behavior. More studies are required to unravel the motor function of BLA and OFC projections to the DMS in execution, initiation, and orientation of movement.

IC to DS

Surprisingly, the only projection DLS is from the IC. It has dense projections to ventrolateral subregions of the DS, which explains the lack of labeling in some studies targeting the DMS (Table 2, 90,91 ). A role for the IC and DS on punishment based-avoidance learning 92 has been suggested. However, as the IC integrates peripheral signals such as gut-related, gustatory and central signals from emotion-related structures and as the proposed function of the ventral DLS in orofacial control 87 , we find reasonable to hypothesize that IC to DLS pathway drives oro-facial responses to consumption or emotional states. In line with this idea, IC stimulation can trigger jaw movements (Table 3) and its neuronal activity has been correlated with specific facial expressions 93 . In addition, D1R-and D2R-expressing MSNs in the ventrolateral DS can drive respectively contraversive and ipsiversive head turns 94 .

Neuromodulatory inputs to DS

The DS receives neuromodulatory inputs from the serotonergic DRN and dopaminergic VTA, but we found no evidence for a noradrenergic innervation from the LC (Table 2). For a review of the possible role for serotonin on DS function, see 95 . Interestingly, even if VTA DA projections to the DS are well established with elegant tracing studies and functional mapping studies 96 , this pathway has not, to the best of our knowledge, been investigated. However, the effects of dopamine on striatal neuronal population and function have been well described 97- 99 .

Other projections to DS

While those cortical inputs to the striatum are dense and consistent across studies, it is not always the case. Inputs from striatal-like regions such as the Nucleus Accumbens (NAc), the Bed Nucleus of Stria Terminalis (BNST), Central Amygdala (CeA), and hypothalamic regions such as the lateral Hypothalamus (LH) and Paraventricular Hypothalamus (PVN) are unclear (Table 2). There is conflicting evidence in retrograde studies, even with the same tracer, and usually little evidence of anterograde labeling. However, as the NAc, BNST and PVN fit our inclusion criteria, they were included in our scheme (Figure 2). DS MSNs projects either to the external Globus Pallidus (GPe), called the indirect pathway, or directly to the Substantia nigra pars reticulata (SNr)/internal Globus Pallidus (GPi), part of the direct pathway.

Globus Pallidus (GP)

In this section we will focus on the GPe as we could not find whole-brain retrograde tracing studies for the internal segment of the GP, also named entopeduncular nucleus in rodents.

The GPe had been long considered as just a relay nucleus of the Basal Ganglia, but over the years, studies have highlighted its complexity and its implication in motor pathologies such as PD and Hungtington 100 . The GPe is a GABAergic structure receiving its main inputs from D2 MSN of the DS and projects to the STN and SNr. Motor functions of the GPe include motor coordination 101 , locomotion 102,103 , fine motor control 104 and goal directed and habitual behaviors 103,105 . Recent studies have disentangled cell-type and projection specific effects of the GPe in motor control. The GPe is mainly composed of prototypic and arkypallidal neurons, which display distinct electrophysiological, molecular and connectivity profiles 106 . Prototypic GPe neurons are tonically active with regular high frequency firing, express PV and provide the long-range inputs to the STN and SNr 107 . Activation or inhibition of prototypic GPe neurons (PV-expressing) to SNr respectively increases or decreases on-going locomotion speed 103 .

Prototypic neurons also provide local inhibition on arkypallidal neurons (FoxP2-or NPAS1expressing neurons). Arkypallidal neurons are thought to project only to the DS 107 and provide a "stop" signal to the striatum for action suppression 108 . Activation of arkypallidal neurons through direct light stimulation of FoxP2 neurons or via activation of D2 MSN (disynaptic disinhibition) strongly inhibits locomotion 102 . Interestingly, lesioning arkypallidal inputs to the DS did not affect spontaneous locomotion and had minimal effects on motor coordination but promoted a shift from a goal-directed task to habitual seeking 105 .

OFC & IC to GPe

Projections from the lateral OFC have been reported on GPe parvalbumin-expressing (PV) neurons that project to the parafascicular thalamus but not to the SNr, the output neurons of the Basal Ganglia 103 . GPe to parafascicular thalamus pathway has been shown to play a role in reversal learning 103 , in line with the previously discussed role for the OFC in goal directedbehavior. Non-cell type specific retrograde whole brain mapping of presynaptic inputs to GPe however did not mention OFC projection 109 . In that study, the gustatory and visceral parts of the IC were part of the main non-striatal inputs to the GPe, which is consistent with IC anterograde tracing studies. The density of the projections is moderate to low in relation to other IC outputs and one study suggested a role for this pathway in speech production 110 .

CeA-BNST-PVN to GPe

The CeA and BNST could be considered the main emotion-related inputs to the GPe.

Interestingly, CeA and BNST project to all main neuronal cell types in the GPe, meaning NPAS1 111 -and PV 103 -expressing neurons, and are not targeting projection specific GPe neurons 103 . We will first discuss CeA inputs to the GPe and CeA-BNST-PVN CRF-specific neurotransmission to the GPe will be discussed in the section below.

The CeA projection to the GPe is now well-defined, as multiple anatomical and electrophysiological studies have evidenced a monosynaptic CeA to GP projection. The CeA is a GABAergic structure that co-expresses a wide array of peptides. Different retrograde and anterograde studies have suggested Corticotropin Releasing Factor (CRF), somatostatin (SST) and Pro-enkephalin (Penk) CeA neurotransmission to the GP. More specifically, GPeprojecting CeA neurons have been shown to be highly co-expressed with SST (~90%) 112 , and CRF (~50 to 80%) 111 . Furthermore, both anterograde tracing of Penk 113 and SST 112 CeA neurons shown GPe labeling. A nice study investigated the molecular organization of the CeA in relation to the type of emotional stimuli they respond to. Anatomically, SST neurons show some level of colocalization with both CeA CRF (~50%) and Penk neurons, while CRF and Penk do not display any colocalization 114 . In this elegant study, CeA CRH neurons appear to mediate appetitive signaling and some of the results suggest Penk CeA neurons may convey aversive signaling. This suggests that the GPe can integrate emotional-related stimuli of both valence via the CeA. Furthermore, this could partly explain the discrepancies in the appetitive or defensive behavior reported by manipulations of CeA SST neurons 114,115 .

The function of CeA projections to the GPe has already been partially addressed. Permanent inhibition of CeA inputs to GPe decreased the maximum locomotor velocity reached in response to a shock threat and abolished freezing in a fear conditioning protocol 112 . Light inhibition and light excitation of GPe-projecting CeA neurons respectively decreased and increased freezing in the same fear paradigm. Interestingly, the same manipulations had no effect on a real place preference test, implying the stimulation is not inherently aversive or appetitive. We suggest that CeA different GABAergic projections to arkypallidal or prototypic GPe neurons could respectively provide "Go" or "Stop" signals in response to appetitive and aversive stimuli 102,116 . In line with this hypothesis, light activation of CeA SST neurons in a fear conditioning paradigm prevented the active avoidance response (in this case running), resembling stop-related GPe signaling 116 . However, it is to note that chemogenetic activation of CRF-expressing neurons in the CeA exacerbated hyponeaphasia but did not alter general locomotor activity 117 . Furthermore, the CeA with the BNST and PVN constitute three different sources of CRF neuromodulation to the GPe 118 . The GPe show mRNA expression only for CRHR1 119 , which are present in 60% of GPe cells and CRH increases neuronal firing of GPe cells ex vivo via a CRFR1-mediated postsynaptic action 118 . This suggests a strong influential role for CRF signaling in the GPe in mediating stress-related motor changes seen in Table 1b.

More studies need to be conducted to determine the impact of these projections on motor control and their pattern of activation in behaving animals.

Subthalamic Nucleus (STN)

The STN is at the junction between the midbrain and diencephalon. It has been long considered to be a part of the basal ganglia motor circuitry and is the main glutamatergic input to the GPi and SNr 120 . Aberrant STN activity is a hallmark of PD 121 and targeting the STN using Deep Brain Stimulation has been an effective treatment for PD motor symptoms 122,123 .

In patients with Parkinson's disease and animal models for it, the STN is overactivated and switches from tonic to burst firing (for a review on STN 121 ). Preventing this aberrant activity in animal models for Parkinson's, using lesions 124 , Deep Brain Stimulation 125 or optogenetics inhibition 126 have been found to significantly improve motor symptoms. In physiological condition, the neural activity of the STN is associated to Stop-related signals [126][127][128] . In line with this, bilateral activation or inhibition 129,130 of STN activity using optogenetics respectively decreased or increased locomotor activity and activation disrupted motor coordination 129 . A recent study investigated the pathway-specific effects of photo-stimulation and photoinhibition of STN to SNr and GPi circuits on locomotion 126 . Photo-stimulation of both pathways resulted in a significant time-locked decrease in locomotor activity, consistent with previous studies.

However only photo-inhibition of STN to SNr axons increased locomotion 126 . This suggests a tonic regulation of locomotor activity by STN to SNr pathway. In addition to the locomotor effects, unilateral activation or inhibition of the STN induced respectively ipsiversive and contraversive rotations in mice 129 .

The STN, like the rest of the Basal Ganglia circuitry has its functional associative, motor, and limbic domains 131 . As it is a small structure and not many whole-brain retrograde tracing detailed analysis exist, we did not differentiate inputs to different STN sub-territories.

The STN receives afferents from cortical glutamatergic structures such as the Cg, mPFC and IC, and GABAergic structures such as the BNST, CeA, NAc and the Ventral Pallidum (VP) (Table 2, Figure 2). The VTA has a light projection to the STN, however evidence 132 hints towards a non-dopaminergic VTA innervation of the STN while the DRN provides serotonergic innervation to the STN. To our surprise, we could not find any circuit-based behavioral studies on those pathways, except one study on mPFC projections to the STN. In this study, activation or inhibition of mPFC fibers in the STN did not alter anxiety-related behavior nor locomotion, but action selection/decision making performance 133 . However, this study lacked specificity in the projection target as there are many passing fibers near the STN, thus the results could have been confounded or blunted by aspecific modulation of mPFC fibers.

It would be interesting to determine whether GABAergic projections from the CeA, BNST, NAc and VP would facilitate movement while glutamatergic inputs from cortical regions would inhibit movement. An imbalance in those excitatory/inhibitory inputs in physiological conditions would result in motor changes.

To gain insight into the neuromodulatory impact of serotonin on the STN, we recommend consulting the following reference 134 .

Substantia nigra, pars reticulata (SNr)

The SNr is a GABAergic structure and a major output nucleus of the Basal Ganglia. It has descending projections to brainstem motor areas and locomotor regions such as the Pedunculopontine Nucleus (PPN) 135 , and ascending projections to thalamic regions 136 .

The SNr is known to control locomotor activity 137 , rotations 137 , orienting movements 138,139 , balance 137 and active avoidance 140 . There have been strong recent advancements on the motor driven effects of the SNr in a projection-and cell type specific manner. Activation of PVexpressing and vGat-expressing neurons in the SNr both reduce locomotor activity, but only activation of vGat-expressing cells affect fine motor coordination 137 . Interestingly, the emotionrelated structures that project to the SNr are mainly GABAergic (Figure 2) and show locomotor effects when manipulated (summarized in Table 3).

NAc to SNr

The NAc is a striatal structure, with a similar organization to the DS. It is known as the limbicmotor interface in the brain, even though we hope that our review will expand this outdated notion that the NAc is the only limbic-motor relay. The NAc can be subdivided in its core and shell regions. As both subregions can drive motor effects 141,142 , we did not differentiate between NAc subregions in Table 2. The NAc is well known to modulate cocaine-induced locomotor activity 143 and can also drive robust rotational behavior 144 . Indeed, unilateral injections of dopaminergic, cholinergic and AMPA receptor agonist drive contralateral rotations 145,146 and have differential effects on stepping pattern, implying a control on fine motor movements. Surprisingly, the effects of the manipulation of D1R-and D2R-expressing NAc neurons are unclear (Table 3), with some studies reporting changes 147 or no effects on locomotion 148 . This lack of consistency may be due to the type of manipulation (chemogenetics versus optogenetics) and the lack of specificity in the output target.

Curiously, while a motor role for the NAc to SNr have been long hypothesized, there have been very few studies investigating the motor effects of the NAc in a cell-type and projection specific manner. Anatomical studies indicate it is the core region of the NAc that mainly projects to SNr 149,150

. One recent study tried to fill in the gap and found that unilateral excitation of D1Rexpressing NAc core terminals in the SNr induced contralateral rotations while bilateral stimulation increased the speed and distance travelled of the animal 151 . This is in line with expected effects on unilateral or bilateral inhibition of the SNr. Inhibition of this pathway had no effect on general locomotor activity, suggesting it is not tonically active and not involved in on-going locomotion. Given the role for the NAc in motivation, one could expect that inhibition of this pathway would affect motivation-induced hyperlocomotion. Furthermore, as pharmacological manipulation of NAc can induce alterations in stepping patterns 100 , this pathway could also alter performance in skilled motor tasks and coordination. Interestingly, manipulation of D2R-expressing NAc neurons did not modulate gross motor behavior 148 but their deletion have been reported to affect skilled motor learning.

CeA to SNr

The CeA is another dense source of GABAergic input to the SNr and some of those co-express Penk. The SNr expresses high density of opioid receptors 152,153 and pharmacological stimulation of these receptors in the SNr elicit rotations and an increase in locomotor activity 154 . CeA GABAergic inputs to SNr neurons are expected to induce hyperlocomotion (As NAc projections). Thus PENK release in the SNr could mediate some of the motor changes observed following pharmacological manipulations of opioid receptors in the SNr.

BNST to SNr

BNST CRH neurons have been reported to project to the SNr and retrograde labeling was observed after cre-dependent retrograde tracing of PV neurons in the SNr. However, this projection had not been mentionned in earlier anterograde or retrograde studies (Table 2).

Even though these inputs may be similar to CeA, given the lack of insight of BNST motorrelated function and this anatomical pathway, further studies are required to hypothesize its function.

LH to SNr

The LH projects to Gad2-expressing but not PV-expressing neurons in the SNr 155 . The LH has a diverse set of neuronal subpopulations, mainly based on their molecular profile 156 . Cell-type specific axonal tracing is still lacking and would help understand the behavioral effects observed when manipulated. Nonetheless, we know that part of SNr-projecting LH neurons co-express the Melacortin receptor 3, GABA and other neuropeptides such as Galanin and Neurotensin but not orexin 157 . Interestingly, a majority of articles report increases [157][158][159][160][161][162] or decreases 159,163,164 in locomotor activity following respectively activation or inhibition of LH neurons. These results are in line with calcium imaging of LH GAD65-expressing neurons which display activity patterns correlated with voluntary locomotion 159 . These LH GABAergic neurons receive glutamatergic inputs from orexin-expressing LH neurons, which respond to stress 159 . Altogether, as both the SNr and LH neurons can drive voluntary locomotion, and anterograde 157 and retrograde 155 studies report SNr-projecting LH neurons, it suggests a role for this pathway in mediating emotion-related locomotor activity. More studies are required to determine the molecular profile of SNr-projecting LH neurons, the circuit in which it is embedded and its effect on locomotion, rearing and fine motor movements.

VTA to SNr

DA projections from the VTA to the SNr have been shown to increase locomotor activity and rescue chronic-social defeat-induced hypo-locomotion in mice without affecting anxiety-like behavior 165 .

VP to SNr

The VP has also been reported to project to the SNr, however these projections require further investigation as many retrograde studies did not mention or report this projection (Table 2).

Substantia nigra, pars compacta (SNc)

The SNc is a midbrain dopaminergic structure part of the Basal Ganglia circuitry. It receives inhibitory projections from the GPe and SNr and projects mainly to the DS. The integrity of the SNc is crucial for proper motor control as core motor symptoms of PD are attributed to the neurodegeneration of SNc DA neurons.

SNc DA neurons exhibit specific firing patterns, with low frequency spiking activity followed by bursting activity which are thought to be key for proper action control as they are altered in PD animal models 166 . However not much is known about the short-term effects of SNc DA neurotransmission contribution to motor control. Recent studies have investigated the temporal dynamics and involvement of SNc DA neurons in physiological conditions during movement. Some studies found that the activity of SNc DA neurons precede movement initiation and both its tonic and phasic activity is related to the vigor of future movements 167 . The effect of SNc DA activity during movement is unclear as manipulation of SNc DA neurons during on-going movements had no effect on locomotor activity 167 but modified the kinematics and coordination of movement during a skilled motor task 168 . Some of the discrepancies listed here may arise from the motor task tested, from spontaneous movements to skilled learnt movements. Overall, it suggests that short term changes in SNc DA activity can modulate fine motor components of movements, such as vigor, timing, and coordination in physiological conditions. Much remains to be understood on how short-or long-term changes in both tonic and burst firing of the SNc affect DS MSN activity and its impact on movement initiation and kinetics. When investigating the inputs to SNc neurons, we were surprised to find such a widespread innervation from emotion-related structures. Watabe-Uchida et al., provided a comprehensive mapping of mono-synaptic inputs to SNc DA neurons and while they do report some retrogradely labeled cells from the OFC, main inputs arose from GABAergic structures (CeA, BNST, NAc, VP) and neuromodulatory structures (PVN, DRN, VTA), summarized in Figure 2.

We found of interest the dense CRF innervation to the SNc originating from the CeA and BNST but not PVN 169 . In SNc DA, urocortin, which is part of the CRF family, has been found to inhibit somatodendritic DA release via CRF-1R 170 , which could result in a disinhibition of SNc DA activity as somatodendritic release of dopamine in SNc DA neurons have been shown to inhibit SNc DA neurons 171 . However, in SNc and VTA DA cells, CRF application has been shown to potentiate inhibitory currents via a CRFR1 dependent mechanism that increases GIRK conductance 172 . In addition to post-synaptic effects of CRH on SNc DA cells, recent studies suggest that CRH modulation of pre-synaptic receptors on GPe-expressing cells in the SN is crucial for the integrity of neuronal transmission. Some of these effects could be mediated in part via the CeA and/or BNST CRH liberation at the level of the SNc. This CRF modulation by CeA and BNST could induce stress-induced fine motor timing, vigor and coordination changes. In addition, this pathway could also be sensitive to chronic stress. Indeed, chronic stress has been shown to increase both the tonic and bursting activity of SNc DA neurons 173 and overexpression of CRF reduces CRF1-expression in the SNc 174 .

The PVN innervation to the SNc does not express CRH 169 but OXT [175][176][177] and AVP 176 . PVN OXT neurons inhibit SNc DA activity via OXT and AVP GPCR receptors 175 but do not coexpress GABA 175 . Anterograde studies of the PVN using PHA-L 178,179 consistently illustrate and report fibers coursing through the SNc, however they do not mention synaptic terminals. Thus we did not include them in Table 2. Nonetheless, as retrograde studies also report a PVN projection, with tracers that are not uptaken by passing fibers, we believe that those reported coursing fibers also provide synaptic input along the way.

Motor brainstem nuclei

Superior Colliculus (SC)

The SC is a midbrain structure involved in sensorimotor control of eye and head movements for orienting behavior 180 . The SC integrates information from many areas, including the motor basal ganglia and motor cortical areas and projects back to basal ganglia and downstream motor centers 181 involved in locomotion such as the PPN and head movements such as the Gigantocellular reticular nucleus (GRN) 182 . Furthermore, the topographic organization of those projections is remarkably similar to the cortico-striatal network. A brain-wide analysis of the SC inputs-outputs revealed functional sub-domains identified based on the convergence of inputs 181 , with strong similarities with rostro-caudal cortical somatotopic map.

Interestingly, the mPFC and OFC are, with M1, the only cortical areas to display bilateral projections to the SC. Information from M1, OFC and mPFC converge in the lateral SC (SCl) 181 which projects to locomotor 182,183 , head orienting 182,183 and orofacial centers 89 The only putative GABAergic innervation is from the LS, however these projections appear to be very sparse 186,187 . SOM-expressing neurons in LS has been shown to respond to aversive stimuli 188 , but activation of these neurons did not elicit locomotor or anxiety-related behavior 188 .

We hypothesize DRN serotoninergic projections to SC are involved in modulating visuo-motor processing. DRN GABA neurons are activated during visual looming stimuli while DRN serotoninergic neurons are inhibited. DRN GABA neurons received direct inputs from the retinal ganglion cells, that also send collaterals to the SC. Both inhibition of DRN GABA neurons and activation of DRN 5HT neurons impaired visual stimuli response, with decrease velocity during looming. There was no change in velocity after looming presentation 189 . DRN 

Mecencephalic locomotor region (MLR)

The MLR is at the junction between the midbrain and hindbrain. It is well known to control gait and locomotion 192,193 and includes the PPN and the Cuneiform nucleus (Cnf).

Discovery of those locomotor regions were done by electrical stimulations of different brainstem areas in cats. Specific stimulation of those regions was able to initiate and sustain locomotor activity in cats. These results were later reproduced in rodents. The MLR is composed of glutamatergic and GABAergic neurons, with also Cholinergic neurons specifically in the PPN. Cell-type specific activation of those neurons in mice demonstrated glutamatergic neurons of MLR encode locomotor state and speed and is required during spontaneous locomotor activity. Light activation of these neurons was sufficient to drive robust locomotor activity and increase locomotor velocity while inhibition of these neurons produced opposite effects, with increased stop bouts and decreased velocity. In contrast, light activation of ChAT or GABA MLR neurons could not initiate locomotion but modulated running velocity. ChAT increased it while GABAergic neurons decreased it. Part of those effects could be via local modulation of glutamatergic MLR neurons. While these locomotor effects are quite striking, we would like to point out that MLR motor role encompasses locomotor effects. MLR neurons can also drive forelimb movements such as grooming and handling, MLR neurons projecting to SC are recruited during rearing 194 and cholinergic neurons of the MLR have been involved in the control of gait 195,196 .

Recent studies explored further the implication of the different nuclei in locomotor control. Surprisingly, stimulation of glutamatergic PPN neurons decreased running velocity but in line with MLR-stimulations reported above, glutamatergic CnF drove high-speed synchronized locomotor activity 193,197,198 . The story is more complex nonetheless as long photoinhibition of PPN glutamatergic neurons also slowed down locomotion and induced arrests 192 and chemogenetic excitation of bilateral caudal glutamatergic PPN increases locomotion 199 , Mapping the inputs-outputs of PPN and CnF glutamatergic neurons showed differential connectivity. The PPN displays broader connectivity to motor Basal Ganglia 193 and receives broader afferences from emotion-related structures such as the amygdala 197 and BNST 193 .

Hypothalamic regions seem to innervate both nuclei equally 193,197 . Cortical projections to the MLR seem to be restricted to cholinergic neurons of the PPN 200,201 . However, as most anatomical studies do not differentiate between the PPN and CnF, we did not provide those details in Table 2 or Figure 2. Overall, The MLR receives inputs from cortical, subcortical, pallidal, hypothalamic and neuromodulatory regions involved in emotional processing (Figure 2) with a differential innervation of GABAergic and Glutamatergic-expressing cells 149 . Hypothalamic areas, VTA, and BNST seem to equally project to both cell types while the DRN, seemingly show a preferential innervation to GABAergic MLR neurons and CeA and NAc to glutamatergic MLR neurons. Only the projections from the CeA to the MLR have been investigated in a projection-specific manner. Bilateral light activation of CeA terminals in MLR inhibited MLR glutamatergic neurons and stopped locomotor activity while its inhibition showed no effect on locomotion 202 . This suggests that CeA inputs to MLR are not involved in on-going locomotion and are context specific. This could be one pathway to convey freezing-like behavior observed after CeA excitation (Table 3). Given the complexity of the circuits, and the lack of information on the type of neurotransmission to MLR from LH, PVN, BNST, VTA and DRN, we won't go discuss their individual role.

. However, the CeA does not only project to glutamatergic neurons but also to PPN cholinergic neurons 200 , suggesting CeA to MLR projections are not restricted to locomotor changes.

Medullary reticular nuclei (GRN -LGRN)

The GRN and LGRN are hindbrain nuclei located in the ventral medulla. They project to the spinal cord cervical, thoracic, and lumbar segments and receive MLR afference. Recent studies provide strong insights on their anatomical and behavioral involvement for locomotion, postural, and orientation control. While the GRN and LGRN are anatomically very close by, they differ in their descending spinal projection pattern and motor responses. GRN neurons predominantly innervates the ipsilateral spinal cord [203][204][205] , and studies suggest they project to pre-motor neurons in the different spinal segments 203,206 . The integrity of the GRN is essential for MLR-induced initiation of locomotion, stop-signals 182,206 and ipsiversive spontaneous turning 182 . Studies on the GRN focused mainly on glutamatergic reticulo-spinal neurons, shown to co-express vGlut2, CHX10 and V2a 204,206 even though GRN inhibitory neurons also project to the spinal cord [207][208][209] and participate to muscle tone atonia during REM sleep 6 . An elegant study identified different spinal-projecting GRN CHX10 neurons that control orientation (C2-projecting) or stop (L2-projecting) locomotor signals 182 . This is consistent with other studies reporting ipsiversive turns 210 and decreased speed following chemogenetic or optogenetic unilateral stimulation of glutamatergic GRN neurons 203 . Inhibition of these neurons had opposite effects, with animals displaying contraversive orientation biais and increased speed 203,206 . Furthermore, light stimulation of glutamatergic GRN neurons displays EMG responses in both resting and anesthetized mice and disrupts ipsilateral rhythmic locomotor activity 203,211 . As the GRN has direct access to spinal motor circuits controlling head, trunk and hindlimb muscles, determining the inputs to those different spinal-projecting neurons is highly relevant. Retrograde anatomical studies of the GRN are rare and very few described whole brain retrogradely labeled cells. Hermann et al., described retrogradely labeled cells in the IC, BNST, CeA, LH, PVN and DRN after injection of CTb in GRN pars alpha 212 . Monosynaptic retrograde tracing of glutamatergic GRN neurons also report inputs from the ipsilateral CeA and bilateral BNST (named extended amygdala, central) but they do not mention hypothalamic or DRN inputs 203 . We also had difficulties in finding anterograde studies assessing caudal ventromedial medulla levels. Thus, we could not provide additional information on PVN or IC putative inputs to the GRN. In a similar fashion, CeA terminals in the GRN were mentioned in a PHA-L study 213 but we could not find studies with a thorough description of those CeA inputs.

Given the strong changes in velocity and stop-related effects by CeA or LH manipulations (Table 3), it is likely that some of these motor-related changes are mediated via GRNprojecting CeA or LH neurons. More importantly, as the GRN affects locomotor rhythm and visuo-head-body orientation, dysregulation of its activity via emotional related inputs could mediate emotion-induced impairments in eye-head coordination observed in Table 1.

Inputs to the LGRN are strikingly similar to the GRN (Figure 2), with again retrograde labeling in IC, BNST, CeA, LH, PVN and DRN following CTb injections 214 . These results are consistent with another study using fluorogold 215 . The LGRN has bilateral projections 205,210 to the spinal cord and unilateral activation of glutamatergic LGRN was sufficient to initiate coordinated locomotion and fast EMG responses in limb muscles 210 . Impressively, high intensity lightstimulation of glutamatergic or inhibitory neurons respectively induced high-speed locomotion (> 50 cm/s) or behavioral arrests (<3 cm/s) 210 . Those behavioral responses are impressive, as the stimulations were unilateral and evoked coordinated full-body responses. These authors further showed that these glutamatergic LGRN neurons were necessary for high-speed locomotion during treadmill running and MLR-evoked high-speed running. Those emotionrelated inputs to LGRN could facilitate or inhibit velocity in response to a specific emotional state. Another possibility is that those inputs mediate jaw-related movements. Indeed, the

LGRN directly innervates cranial motor nuclei such as the hypoglossal nucleus (motoneurons innervating the tongue) and trigeminal nucleus (motoneurons that innervate mastication) 214 , manipulation of IC, LH, CeA can induce jaw-related movements (Table 3) and they are part of neural circuits related to taste 216 , food 217 , and prey-hunting 218

Discussion

We have provided here an exhaustive update of what is known on the behavioral and anatomical emotional modulation of movement. Our study further emphasis the need to explore these projections, as for most of them, there is a big lack of information on the molecular, anatomical, and behavioral level. In Figure 3 we summarize the main emotion projections to motor circuits for which there was enough anatomical and behavioral evidence to propose a motor-related function. However, many other projections lack projection-specific or motor assessment. For example, out of all the projections, we believe the function of the BNST projections to motor-related structures should be investigated. Indeed, we found surprising the lack of motor-related changes following BNST manipulation that we could find (Table 3). Indeed, the BNST shares very similar projections than the CeA (Figure 2) and they are both core components of the extended amygdala but only a motor role for the CeA is clear (Table 3). Similarly, while LH projection-specific locomotor effects should be confirmed, there is not much doubt that most of them can modulate locomotion (Figure 2, Table 3). The oxytocin and vasopressin PVN neurons share common projections with the LH to brainstem motor-related nuclei (Figure 2), but again, in contrast with the LH, not much is known on the putative motor-role of the PVN.

We also find of interest the putative role for the IC and Amygdala in driving facial expressions 93,219 . It is thought the Basal Ganglia is involved in the voluntary control of facial expressions, as their they are impacted in PD 220 . Facial expressions and postural changes are understudied in rodents, which is most certainly due to the difficulty of assessing them. However, recent advances in automatic quantification of behavior make this area of study more accessible 93 .

Over the years, there has been many structures that have been associated with emotional processing, some which were not included in our analysis. Of note, the tail of the VTA , also called rostro-medial tegmental nucleus is crucial in the processing of aversive stimuli 221,222 , can drive motor behavior and controls SNc activity 223 . The claustrum is also another multimodal processing structure involved in emotional 224 and motor 225 processing. Interestingly, whole brain mapping of claustrum outputs does not show any projections to motor-related structures 226 but densely projects to cortical-emotional related structures such as the BLA, mPFC, Cg, OFC. The claustrum could influence motor control via di-synaptic projections or could mediate motor-induced emotional changes.

In this review we have mentioned but not discussed the putative role of the VP in relation to its motor projections. That is because VP motor-related effects, even though described quite striking in specific conditions, are quite complex and could not be explained by individual projections, Scientists have reported that bilateral but not unilateral VP manipulations can drive atypical abnormal movements 227 . Cell type specific manipulation of VP neurons drive strong opposite changes in velocity in response the valence of the conditioned stimulus 228 . In neutral or appetitive context, activation or inhibition of VP GABAergic neurons respectively increase or decrease speed and locomotion 228,229 . Strikingly, the same activation decreased velocity when avoiding an aversive outcome. Glutamatergic VP neurons have seemingly opposite effects, and can strongly inhibit velocity when activated or inhibited in regards to, respectively, an appetitive or aversive stimuli 228 . Further projection and cell-type specific studies are required to understand its context-specific motor modulation. Nonetheless, given its connectivity with the STN, SN and PPN, it is it anatomically well placed to shape locomotor activity, turning and stop-related behavior. Interestingly, it does not provide any cholinergic modulation to the motor circuits 230 .

Motion to emotion:

Our review emphasizes the strong behavioral and anatomical relationship between the emotional and motor system. As mentioned previously, this relationship is bidirectional, and we believe further research should also put in exert the motor to emotional interaction. There are several lines of evidence demonstrating that motion can modulate and or initiate the feeling of an emotion. Studies have mainly focused on the facial feedback hypothesis. Indeed selfgenerated facial expressions have been recognized to modulate both positive and negative affect 231 and a large-scale international study confirmed that facial expressions could initiate and amplify feelings of happiness 232 . Similar emotional changes were observed with postural changes 233,234 . The neural circuits responsible for motion-induced emotional changes may however not directly include the motor system and may be the sole result of proprioceptive and sensory feedback to the brain. However, during our anatomical investigation, we noticed many of the motor-related structures also had projections back to our emotion-related structures. Of note, MLR, and more specifically PPN 193 projections to amygdala, BNST, hypothalamus, VP, VTA, DRN and LC, SNr projections to neuromodulatory regions such as the VTA, DRN and LC 155 and GPe projections to BLA 235 . This suggests that motor-induced emotional changes could also be mediated by voluntary control of movements. Rotarod performance was impaired in in chronically stressed rats, even following a 10day recovery period. High doses of antidepressants reversed this effect. Strength and locomotion did not differ in chronic stress conditions. 
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DS

✓ R Cre-dpt rabies Mouse D1R-cre 90,262 , D2R-cre 90,262 , ChAT-cre 90 , PV-cre 263 , Sepw1-NP67-cre 

DS

✓ R Cre-dpt rabies Mouse D1R-cre 274 , D2R-cre 274 ✘ R/A 90,262,264,305,306 

GPe

MLR

✘ A/R 45,269,200,270 

GRN

✘ A/R 45,203 212 LGRN ✘ A/R 45,214,271,215,311 

  Comme le DS est fonctionnellement subdivisé en striatum dorsomédian (DMS) et dorsolatéral (DLS), nous avons d'abord défini les propriétés anatomiques et électrophysiologiques des neurones BLA projetant au DMS (BLA-DMS) et au DLS (BLA-DLS). Pour ce faire, nous avons utilisé une palette d'outils de traçage combinée à de l'électrophysiologie ex vivo (patch-clamp). Ces résultats révèlent deux populations neuronales BLA distinctes projetant au DS. Nous avons confirmé la topographie des projections vers le DS, déjà décrites dans la littérature, montré que la BLA projette majoritairement vers le DMS et que les neurones BLA-DMS sont plus excitables que les BLA-DLS. Afin de mieux comprendre le mécanisme d'intégration de ces projections au niveau du DS, nous avons déterminé la nature des neurones du DS recevant des signaux de la BLA. Pour cela, nous avons combiné la technique du patch-clamp dans le DS avec une approche d'optogénétique chez des souris transgéniques, exprimant la protéine fluorescente 'tdTomato' dans les interneurones à parvalbumine (PV) ou cholinergiques. Nous avons montré que les neurones de la BLA excitent préférentiellement les neurones 'medium spiny' (MSN) et les PV.

  More specifically, I would like to dedicate my PhD to someone who isn't here anymore, Lila Ghent Braine, my grandmother. My interest in Neurosciences and Cognitive Sciences grew just before you passed away, and I never had the chance to discuss those subjects with you. During this PhD, I have dug a bit deeper into this past of yours. Not only you were an amazing person, with whom you could share a good meal, a good laugh and insightful discussions, your professional path is impressive. I understood only quite late the extent of the work and career you had accomplished, not only in Neurosciences but also as an active feminist. What a shock to discover that you did your PhD under the supervision of Donald O. Hebb. I wish you could tell and the tales and stories of the time, all your knowledge and anecdotes on the field and of your own journey. rAAV: retrograde Adeno-associated Virus ChR2: Channelrhodopsin-2 TTX: Tetrodotoxin NBQX: 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxaline 4AP: 4-Aminopyridine b-CCM: methyl β-carboline-3-carboxylate AP: Action potential LTS: low-threshold spiking PPR: Paired pulse ratio EPSP/IPSP: Excitatory / Inhibitory post-synaptic potential EPSC/IPSC: Excitatory / Inhibitory post-synaptic current EPM: Elevated-Plus-Maze OFT: Open field Test OHDT Olfactory habituation discrimination task GTS: Gilles de la Tourette syndrome HD: Huntington's Disease PD: Parkinson's Disease FOREWORD At the beginning of my thesis project, my aim was to delve into the examination of neural circuitry responsible for modulating movements through emotional influences. This ambitious question afforded me the opportunity to contextualize this objective in the context of existing literature. Consequently, I authored a comprehensive review entitled "Emotion in Action: When emotions intersect with motor circuits," which we recently submitted to the journal Neuroscience and Biobehavioral Reviews (Manuscript Number: NEUBIOREV-D-23-00868).

Figure 1 :

 1 Figure 1: Summary of core structures recognized as part of the neural circuits for emotion-processing (top) and motor control (bottom)

Figure 2 :

 2 Figure 2: Anatomical projections from emotion-related structures (top) to motor-related structures (left). Colored boxes: Anterograde and retrograde evidence of a projection. More (opaque) or less (transparent) than 75% of the studies found reported this projection. Empty boxes with a cross indicate our results suggest there is no projection between the structures. Gray-shaded bowed: projections to be investigated by further studies. Colors indicate the putative neurotransmitter used. Orange: Glutamate, Blue: GABA, Green: Monoamines, Purple: Diverse peptides and hormones.

Figure 3 :

 3 Figure 3: Schematic organization of the Dorsal Striatum (DS). The DS main population are Medium Spiny Neurons (MSN, illustrated in black) which are the output neurons of this structure. They have a dichotomous expression of the Dopamine receptor 1 (D1R) or Dopamine receptor 2 (D2R) which respectively project to the Substantia Nigra, pars reticulata (SNr)/ Globus Pallidus, internal segment (GPi) to promote movement (Direct pathway, 'Go'), or to the Globus Pallidus, external segment (GPe) to inhibit movement (Indirect Pathway, "No Go"). The activity of these neurons is tightly regulated by DS interneurons, mainly the Parvalbumin (PV), Cholinergic (ChAT) and Somatostatin (SOM) expressing subtypes, which have differential connectivity within this circuit. MSNs receive dense glutamatergic (in orange) afferences from the Cortex and Thalamus, which also project to the different interneurons, with overall preferential connectivity to MSNs and PVs. This network is neuromodulated by DA (in green), originating from the midbrain.

Figure 4 :

 4 Figure 4: The cortico-striatal connectome. Proposed functional division of the DS based on the anatomical convergence of cortical inputs to the Dorsal Striatum along its anterior posterior axis. Figures from Hintiryan et al., 2016 147 .

Figure 5 :

 5 Figure 5: Inspired from Aert and Seuntjens., 2021 220 . Localization of the different amygdala and bed nucleus of the stria terminalis in relation to their classification. In blue: Amygdala and bed nucleus of the stria terminalis part of the extended amygdala. In orange: Deep amygdala nuclei, named the Basolateral Amygdala Complex (BLA), In purple: Superficial cortex-like nuclear group part of the olfactory system. In pink: non-classified amygdala nuclei, which includes the intercalated cells which are not shown here.

↘

  Abbreviations: E: Excitation; I: Inhibition; M: Modulation; ↗,↘, ≠: significant increase, decrease, difference; = : no significant change; ⇘: trend towards a decrease; THC: Δ9 -tetrahydrocannabinol ; NPY: Neuropeptide Y ; CRH/CRF: Corticotropin Releasing Hormone/Factor; DA: Dopamine ; DTR: diphtheria toxin receptor; DTA: diphtheria toxin subunit A; R : Receptor; SOM: Somatostatin; TH: Tyrosine Hydroxylase;5-HT: 5hydroxytryptamine; CS: Conditioned Stimuli; CART: Cocaine-and amphetamine-regulated transcript; LepR: Leptin Receptor; PVT: Paraventricular Thalamus; μ-OR: mu-opioid receptors; NT: Neurotransmitter; TeLC: tetanus toxin light chain; NTS: Neurotensin; PCRt: parvicellular reticular nucleus; PAG: periaqueductal gray

  (2.8 x1012, #AV7703E) in the DMS (n=6) DLS (n=3) and with 120 nL of AAV-phSyn1(S)-FLEX-tdTomato-T2A-sypEGFP-WPRE (4.5 x10 12 , #51509). The mice were perfused after 4 weeks. 3 animals were removed from analysis because of visible leak (tdTomato) expression outside the BLA (from DLS injections), or because of the lack or low viral expression in the BLA (n=2).To identify inputs to specifically DMS-projecting BLA neurons, we used a cre-dependent rabies strategy. Six mice (2M/4F) were injected with 100 nL of rAAV2-retro-CAG-Cre (2.8 x1012, #AV7703E) in the DMS and with two injections of the cre-dependent helper virus (pAAV-EF1a-DIO-TVA950-T2A-CVS11G-WPRE, 120 nL) in the aBLA and pBLA (see Star Methods for coordinates). After 6 weeks of expression, 120 nL of G-Deleted Rabies-eGFP-Rabies B19G (120 nL, Addgene #32635 -Salk institute vector core) was injected in the mBLA. The mice were perfused 7 days after. After starter cell identification, 2 animals (1 male /1 female) were removed from analysis.To record the activity of DMS-projecting BLA neurons we used a cre-dependent viral strategy to express the Calcium sensor GCaMP8f specifically in DMS-projecting BLA neurons. Mice were injected with 100 nL of rAAV2-retro-CAG-Cre (2.8 x10 12 , #AV7703E) in the DMS and 120 nL of pGP-AAV9-syn-FLEX-jGCaMP8f-WPRE (2.4 x10 13 , #162379) in the mBLA.

(

  M2E, France) with lateral ear bars to fix the head. Extracellular recordings were realized with glass electrodes (0.5-1 µm) filled with 2 % neurobiotin. The extracellular potential was recorded with an Axoclamp-2B amplifier and filter (300/0.5 Hz;34 ). Spikes were collected live (CED 1401, SPIKE 2, Cambridge Electronic Design). Electrical stimulations were conducted with a concentric electrode (Phymep) and a stimulator isolator (500 μs, 1 mA; Digitimer). To determine the position of the recording electrode, an iontophotoretic deposit of neurobiotin (-20 µA, pulsed current for 15 min) was performed at the end of the recordings. To determine the localization of the electrical stimulations, a lesion was done at the end of experiments by passing 50 µA of a continuous positive current through the stimulation electrode for 15-30 seconds. Mice were then deeply anesthetized with isoflurane (5%), injected with a lethal dose of exagon-lurocaine and perfused with PBS. Brains were gently removed from the skull and post-fixed with 4% paraformaldehyde (PFA). Histological verification of the recording site (neurobiotin revelation) and of the electrical stimulations (lesions) were done.

  Preparation of brain slices: Mice were anesthetized with isoflurane (VM Pharma AB, Sweden) and decapitated. Brain was removed and parasagittal or coronal slices (thickness 250 μm) were cut using a VT1200S Vibratome(Leica, Japan) in the ice-cold cutting solution containing (in mM): 205 sucrose, 10 glucose, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2 and 7.5 MgCl2. Next, slices were incubated for 30 min in artificial cerebrospinal fluid (ACSF) at 35°C. The ACSF was composed of (in mM): 125 NaCl, 25 glucose, 25 NaHCO3, 2.5 KCl, 2 CaCl2, 1.25 NaH2PO4, 1 MgCl2 and saturated with 95% oxygen and 5% carbon dioxide. Before onset of the recordings, slices were incubated at room temperature for at least 1h. Recordings were made from neuronal somata in oxygenated ACSF at 34-35°C. Electrophysiological recordings and optogenetic stimulation: Cells were visualized using IR-DIC imaging on a BX51WI (Olympus, Japan) upright microscope with a 40x long-workingdistance immersion objective and a digital camera (Hamamatsu Photonics, Japan) and tdTomato positive cells were visualized by epi-fluorescent illumination (Mightex BioLED, CA, USA). Patch pipettes (resistances of 6-10 MOhm) were pulled using a Flaming/Brown micropipette puller P-1000 (Sutter Instruments Co, Novato, CA) and filled with an intracellular solution containing (in mM): 105 K-gluconate, 30 KCl, 10 Na2-Phosphocreatine, 10 HEPES, 4 ATP-Mg, 0.3 GTP-Na and with pH adjusted with KOH to 7.3 and osmolarity of 280-290 mOsm/l. Liquid junction potential (measured at ~11 mV) was not corrected for. Pipette capacitance and access resistance was compensated throughout the experiment and if access resistance increased beyond 18 MOhm recordings were excluded from analysis. All recordings were performed using Multiclamp 700B amplifiers (Molecular Devices, CA, USA), filtered at 2 kHz, digitized (10-20 kHz) using ITC-18 (HEKA Elektronik, Instrutech, NY, USA), and acquired and analyzed with Igor Pro (Wavemetrics, OR, USA). For ex vivo connectivity experiments, afferent fibers expressing ChR2-YFP from BLA were stimulated using BioLED Light Source Control Module (Mightex, U.S.A.). Following drugs were bath applied to test the glutamatergic nature of the connection: to block AMPA receptors NBQX was used (10 µM, Tocris), and to verify if responses are monosynaptic, TTX (0.5 µM, Tocris) and 4-AP (100 µM, Tocris) were used. All drugs were washed in for at least 15 minutes before onset of the recordings. During optogenetic experiments, train (10 or 20 Hz) of blue light (473 nm) pulses (2 ms) was used. To calculate the paired-pulse ratio (PPR) of synaptic responses, the amplitude of the second response was calculated by subtraction of an exponential fit for the decay of the previous response. At least 15 sweeps with 8 s intervals were used to calculate average synaptic responses in current clamp.

in 1 %

 1 NDS or 1 % NGS and PBS-Triton 0.3 %. The next day, sections were washed 3 times for a minimum of 10 min and incubated with the secondary antibody in PBS-Triton 0.3 % for 90 min. Section were washed again, 3 times for a minimum of 10 min, mounted with DAPI Fluoromount-G (Southern Biotech) and coverslipped. For primary and secondary references and concentration, please refer to Star Methods. For immunohistochemical detection of CTb and PHA-L, sections were washed 4 times x 10 min in PBS 1X, and endogenous peroxidases were blocked by H 2O2. Sections were then incubated for 1 hour in PBS-Triton (0.3 %) with 3 % Normal Donkey Serum (NDS) and then incubated for 72 hours at 4°C in goat anti-CTb primary antibody (1:20,000; List Biological), PBS-Triton 0.3 % and 1 % NDS. After washes, slices were sequentially incubated for 90 min at room temperature in Donkey anti-goat Biotin (1:1000; Merck AP180B), and ABC (1:1000;

  Recordings were done after a minimum of four weeks to allow for viral expression of the GCaMP sensor specifically in DMS-projecting BLA neurons. Mice were initially anesthetized using 4% isoflurane in an induction box and maintained at 1-2% of isoflurane during the rest of the procedure. Animals were placed in a stereotaxic frame (M2E, France) with lateral ear bars to fix the head. After stereotaxic surgeries to access the BLA, DMS, vCA1 and AI, stimulating electrodes (concentric electrode, 250 µm in diameter overall; 100 µm diameter for inner electrode, which extended 100 µm beyond the outer electrode; FHC, Bowdoinham, ME; 1mA) were placed in the AI (AP: +1.7 /ML:+2.5/ DV: -2.3) and vCA1 (angle of 10° along the anterior-posterior axis, AP: -4 / ML: +3.2 / DV: -4.25). Coordinates were chosen to approximate the labeling observed in the rabies tracing experiment.The efficiency of the optic fiber was assessed, and the power of the LED was adjusted to have at the tip of the optic fiber: For the 473nm LED: 100 µW, for the 405nm: 35-45 µW. The bulk fluorescence activity of DMS-projecting BLA neurons or axons were respectively recorded in the BLA or DMS via the expression of the GCaMP sensor 8f with Doric fiber photometry systems. Light was transmitted to the optic fiber through two light emitting diodes, using alternated emission of 10 Hz of the 405 nm and 473 nm wavelength. Alternating between two wavelengths in fiber photometry is essential for distinguishing between the signal of interest (e.g., fluorescence from calcium indicators) and background noise. The 473 nm LED was used
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 730 ) to respect their physiological circadian/activity rhythms. Mice were handled for 5 days before the start of the experiments. On the first day of handling, the experimenter placed their hand in the cage for a minimum of 10 min. Each mouse was then shortly handled and put back in the cage. Over the next days of handling, mice were individually handled for a minimum of 5 minutes each day, and 5 minutes with all the littermates. For fiber photometry experiments, on the 3 rd day on handling, the experimenter briefly habituated the mice to have their head blocked for a few seconds multiple times, on the 4 th day, mice had their head blocked for a minimum of 10 seconds multiple times, and on the fifth day, mice were connected to the optic fiber.Before the start of any behavioral experiments, mice were acclimated to the experimental room for 1 hour before the start of experiments. Mice were kept away from the light of the experimental setup to limit disruption of the inverted cycle. All behavioral experiments were recorded with a top view camera (Camera IR 60 Hz, IDS) at 512x512 resolution and 30 fps.The behavioral experiments were done in the following order: open field (OFT), elevated-plusmaze (EPM), olfactory habituation-discrimination test (OHDT) and social preference test (three chamber test). Males were tested in the morning for the OFT and EPM and females the afternoon, to avoid odor interference, and over two different days for the OHDT and SI.

  arms and center of the maze were illuminated at 100-120 lux, and 50-70 lux for the closed arms. Mice were then placed back into their home cage. Time spent in the center, closed and open arms and velocity was measured. As the apparatus was 40 cm x 40 cm, the center was a 20 cm x 20 cm area center in the middle of the apparatus.

  tracked for the Open Field and Elevated Plus Maze Test. Outliers removed and ROIs were determined based on mean tracked coordinates from DeepLabCut (Cotton swab position, enclosures, and all corners and intersections for the different apparatus). The size of the regions of interest for the cotton swab and enclosures were determined to fit the surrounding, contact areas. The center of the open field was determined as half the size of the apparatus based on their tracked coordinates, Open and closed arms of the EPM were determined based on apparatus coordinates tracked by DeepLabCut and the center was defined as frames for which the animal was both in the open and closed arm (intersection). The social and non-social compartments were determined based on apparatus coordinates tracked by DeepLabCut.

  ) A representative example of a CTb injection in the DMS with the respective BLA retrograde labeling is shown in Figure 1A. Retrogradely labeled cells were manually counted across three different anterior-posterior (AP, expressed as millimeters from bregma levels, anterior BLA, AP: -1.2 / -1.4 mm, medial BLA, AP: -1.5 / -1.7 mm, and posterior BLA AP: -1.8 / -2 mm). Total BLA retrograde counts following DMS (magenta) or DLS (cyan) injections are shown in Figure 1B. There were significantly more BLA retrogradely labeled cells following DMS than DLS injections (Mann-Whitney test, p = 0.006). BLA projections were topographically organized with DMS injections labeling the most dorso-medial BLA and DLS injections the most ventro-lateral BLA (Figure 1C), as have been reported in the literature 45 . We reproduced similar results with retrograde tracing using a retro-adeno-associated virus-(rAAV2) mediated expression of the fluorescent protein tdTomato (rAAV-CAG-tdTomato) or Green Fluorescent protein (rAAV-CAG-eYFP) under the ubiquitous CAG promoter 54 . Single (N=6) or double (N=3) injections (60 nL) of rAAVs were made in the DMS and DLS (Figure 1D, tracers were switched across injections to avoid potential tracer confounds). An example of a double injection of rAAV-tdTomato in the DMS and rAAV-eYFP in the DLS with the respective BLA retrograde fluorescent labeling is shown in Figure 1D. Retrogradely labeled cells were quantified across the same anterior-posterior axis as in Figure 1C-1D, and again, there was significantly more retrogradely labeled cells in the BLA following DMS (magenta) than DLS (cyan) injections (Mann-Whitney test, p= 0.048). Consistent with CTb experiments, there was no retrogradely labeled cells in the CeA and BNST following DMS or DLS injections (illustrative image of representative retrograde labeling in amygdala nuclei following a DMS injection of rAAV-CAG-eYFP in Supplementary figure F).

Figure 1 :

 1 Figure 1: Properties of DS-projection BLA neurons A and D) Schematics of the injection strategy for labeling DS-projecting neurons. Single injections of CTb (A) were performed (N = 11) as well as retro-AAVs with single (N = 6) or double (N = 3) injections (D). These injections were targeted at DMS or DLS, as visualized in the images on the left (Scale bar: 500 µm). The right image illustrates representative retrograde labeling observed in the BLA (Scale bar: 50 µm). B and E) Quantification of CTb (B) or retro-AAVs (E) retrograde labeling in the BLA following DMS (magenta) or DLS (cyan) injections. C) Mapping of retrogradely labeled BLA neurons following CTb injections in the DMS (magenta) or DLS (cyan) across three anterior-posterior (AP) levels. The numbers represent the AP position relative to bregma (in mm). F) Illustration depicting the viral and ex-vivo electrophysiological methods employed to record the electrophysiological characteristics of BLA neurons projecting to either the DMS or DLS in slice preparations. Double injections of retro-AAVs injections were performed in the DMS and DLS followed by a minimum of four weeks of viral expression. Subsequently, ex-vivo electrophysiological recordings were made in the BLA. G) Representative images and traces for BLA biocytin-filled neurons (yellow) after patch-clamp recording, projecting to the DMS (left image, magenta trace) and DLS (right image, cyan trace). Scale bar: 5 µm. H-K) Electrophysiological properties of DMS-or DLS-projecting BLA neurons. CTb: Cholera Toxin subunit B; retro-AAVs: retrograde adeno-associated viruses; DMS medial region of the dorsal striatum; DLS: lateral region of the dorsal striatum; BLA: basolateral amygdala. AP, Action potential.

  top, n=4 cells, N=3 animals). Stimulation of BLA terminals in the DS elicited EPSPs, indicating these projections are glutamatergic, in line with the cortical-like nature of the BLA. However, this was confirmed by bath application of the antagonist of AMPA receptors which abolished light-elicited responses in all MSN tested (Figure 2C bottom, n=4 cells, N=3 animals). We then examined the relative strength and short-term plasticity exhibited of BLA to MSNs and BLA to PVs. There was no difference in the overall EPSP amplitude or latency of response elicited by light stimulation of BLA terminals in PVs or MSNs (Figure 2E-2G), or nor in pairs of MSN-PV or MSN-ChAT (Supplementary Figure 3C-3F-3I). Interestingly, BLA inputs to MSNs were characterized by a facilitatory component which was not observed in other cell types and was significantly different from PVs (Figure 2F) and ChAT PPR (Supplementary Figure 3C, one-way ANOVA, Kruskal-Wallis p=0.009). Comparison between specific pairs of recorded MSNs and PVs yielded similar results (Supplementary figure 3D-3E-3F, t-test, p=0.009).

Figure 2 :

 2 Figure 2: Characterization of BLA inputs to MSNs and striatal interneurons. (A) Left: Neurons in the Basolateral amygdala (BLA) were unilaterally transduced with AAV2-CaMKIIa-hChR2-EYFP and after 4 weeks of incubation, striatal neurons were recorded ex vivo in the ipsilateral dorsal striatum in the vicinity of visible YFP-expressing BLA terminals. Right: An infrared image combined with fluorescence image showing a paired recording from a PV-TOM cell and a neighboring non-labelled neuron. (B) Typical voltage-current relationship of different striatal neurons. Different types were identified based on the fluorescent marker (PV-TOM) and on their firing profiles. (C) Top: Application of TTX abolished synaptic responses in all tested ChR2-interneurons, and subsequent application of 4-AP rescued the responses (n=4 cells, N=3 animals), indicating that BLA responses were monosynaptic. Bottom: Synaptic responses in all tested MSNs were abolished following bath application of glutamatergic blocker of AMPA receptors NBQX (n=4 cells, N=3 animals). (D) Summary of the response probabilities of different striatal neurons (nMSN=47/61, nPV=20/30, nLTS=1/6, nChAT=3/14, N=4 animals). (E-F-G) Summary of EPSP amplitude (E), Paired-Pulse Ratio (PPR, in panel F) and latency of optogenetically-induced BLA responses in MSN and PV (G). Comparisons were made using Mann-Whitney test.

Figure 3 :

 3 Figure 3 : Mapping the outputs of DMS-projecting BLA neurons.

  Long train of stimulations (30 seconds) of different frequencies (1 Hz, 3 Hz, 5 Hz, 10 Hz and 20 Hz) yielded similar results, with stimulation-related change in fluorescence, which increased in relation to the frequency of stimulation and reached a plateau at 10 and 20 Hz stimulations (Supplementary Figure 6A-6B) No changes in fluorescence were observed during misplacement of the optic fiber or of the stimulation electrode (data not shown). Tovalidate that stimulation-evoked fluorescent increase was due to stimulation-evoked spiking in the BLA, in vivo extracellular electrophysiological recordings were done the same day in a sample of those mice (N=3) with AI stimulations. We verified that our stimulation protocol could consistently trigger spikes in the BLA (Figure4K), with latencies consistent with monosynaptic responses (12 +/-2.12 ms).

Figure 4 :

 4 Figure 4: Whole brain mapping of monosynaptic inputs to DMS-projecting BLA neurons. A) Viral injection strategy to label monosynaptic inputs to the initially targeted neurons (i.e: DMSprojecting BLA neurons). B-C) Representative example of starter cells in the BLA (B) and quantification of starter cells (C) showing a restricted expression in the BLA. D) Example images of pre-synaptic inputs to DMS-projecting BLA neurons. Top images are limbicrelated inputs, with images of the ventral hippocampus (vCA1), the insular cortex (AI), the central Amygdala (CeA) and the bed nucleus of the stria terminalis (BNST). Bottom images are olfactory-related inputs, with the entorhinal cortex (ENT), the piriform transition area (TR), the piriform cortex (PIR) and Nucleus of the lateral olfactory tract (NLOT). E-F) Whole brain quantification of monosynaptic inputs to DMS-projecting BLA neurons. E) Detailed (E) or grouped (F) quantification according to the Allen Brain Atlas classification G) Schematic representation of the viral strategy for restricted expression of the calcium sensor GCaMP8f specifically in DMS-projecting BLA neurons. H) Experimental design to record electrically evoked insula or vCA1 responses using in vivo anesthetized photometric (I-J) or electrophysiological (K) recordings. I-J) Recordings of calcium changes evoked by electrical stimulation of the insula (pink) or vCA1 (blue) in DMS-projecting BLA axons (I) or neurons (J). Traces were averaged over 100 trials per animal and arrows show the start of the five pulses (1 mA, 500 µs). A raw trace of the calcium recordings is shown in C, with in light blue the calcium-dependent signal and in purple the isosbestic (calcium-independent) signal following three trains of five pulses. Images show the tip of the optic fiber in the DMS for axonal imaging (C) or above the BLA for neuronal imaging. K) Electrophysiological recordings of BLA neurons following electrical insula stimulation parallel the calcium response observed in I and J. The image shows the localization of the recording electrode in the BLA.

Figure 5 :

 5 Figure 5: Origin and quantitative mapping of the sources of the main neuromodulators innervating the DMS-projecting BLA neurons.

Figure 6 :

 6 Figure 6: No change in the activity of DMS-projecting neurons in the OFT A) Schematic representation of the viral strategy for restricted expression of the calcium sensor GCaMP8f specifically in DMS-projecting BLA neurons. Bottom images show the optic fiber placement above the DMS to record axonal activity (left) and the representative GCaMP expression in the BLA. Scale bar: 1mm B) Representative trace (left) of the position of a mouse in the Open Field Test (OFT) and delimitations of the center (light blue) and periphery compartments. On the right is the percentage of time spent in each compartment for all animals. One animal was removed due to optic fiber disconnection. C) Representative global calcium signal (expressed as z-score, black trace) and velocity (light gray trace, expressed as cm/s) during the whole session (10 minutes). The position in the center is illustrated by blue shaded bouts. D) Averaged calcium signal (z-scored trace) in the periphery and in the center compartment. E) Average calcium signal (z-scored trace) during high or low velocity events.

Figure 7 :

 7 Figure 7: DMS-projecting BLA neurons are inhibited during the interactions with neutral and social-odors.

6 :

 6 In vivo calcium monitoring via fiber photometry under anesthesia, in DMS-projecting BLA axons within the DMS during sensory or electrical stimulation A-B) Example of electrical lesion in the insula (A) or vCA1 (B) and their respective evoked-changes in fluorescence following different frequency stimulations. C) Summary of stimulating electrodes positions in the insula or vCA1, and tip of optic fiber in the DMS or BLA after histological assessment. D) Calcium changes quantified via fiber photometry in anesthetized mice following two types of sensory stimulation (air puffs or foot shocks). The upper graph displays the z-score dynamics in response to sensory stimulation. The two lower curves illustrate the GCaMP8f signal (in blue) and the isosbestic signal (in purple) in response to sensory stimulation.

  . The DS however is classically dichotomized in relation to a Go / No-Go model in relation to D1R and D2R-expressing MSNs 91 . Interestingly, a subpopulation of BLA neurons expressing NL189 have been shown to modulate arrests during exploratory bouts, independent of anxiety or fear-related behaviors 325 .

For Figure 2 ,

 2 The rules for inclusion/exclusion of structure naming were the following: Cingulate Cortex (Cg): dorsomedial Prefrontal Cortex (dmPFC) or medial Prefrontal Cortex were included as Cg 2 (and not mPFC) only if which we had a visual assessment of labeling and/or injection site ; Orbitofrontal Cortex (OFC): Medial, Lateral and Ventral Orbital Cortex were systematically included; Insular Cortex (IC): Gustatory Cortex and Visceral Cortex were systematically included ; NAc: VS was included with precaution. ; Bed Nucleus of the stria terminal (BNST): Central extended Amygdala was included with precaution ; Ventral Pallidum (VP): Substantia Innominata was excluded from the VP; Dorsal Raphe Nucleus: ventrolateral periaqueductal gray was systematically included; Gigantocellular reticular nucleus (GRN) and Lateral Gigantocellular reticular nucleus (LGRN): ventromedial medulla and medullary reticular nuclei was included only if we had a visual assessment of labeling and/or injection site. we summarized the results of Table 2. Cortical structures were considered glutamatergic, striatal and pallidal structures GABAergic. Hypothalamic and neuromodulatory regions such as the DRN, Ventral Tegmental Area (VTA) and Locus Coeruleus (LC) were not further classified.

  such as the GRN and Paragigantocellular reticular nucleus. The Cg has ipsilateral projections to all the different SC subregions 181 . Cg to SC pathway has been investigated and has been shown to facilitate ipsiversive orienting actions 184 and involved in visually-guided behavior 185 . Unilateral photoinhibition of the SC decreased contraversive actions and increased ipsiversive actions. Photoinhibition of Cg to SC on the other hand increased contraversive actions and decreased ipsiversive actions.

  serotonin has been shown to decrease SC neuronal activity both in vivo and ex-vivo. It further decreases SC responses to visual stimuli or optic chiasma electrical stimulation in vivo 190 . Thus, DRN 5HT projections decrease retino-tectal neurotransmission, decrease SC response to visual stimuli and visuo-motor responses to visual looming. The projection from the LC and SC accelerates visuo-motor responses. Stress enhances visual looming defensive responses, an effect that is mediated by LC TH+ projections to the LC. Activation of LC TH+ terminals in SC decreases the reaction time / latency of looming defensive response, mimicking the stress-related effects. In stressed animals, inhibition of LC TH+ to SC pathway or intra infusions of noradrenergic receptor antagonist in the SC significantly decreased stress-induced acceleration 191 .

  Grip test C mice (Anxious strain) had an impaired posture and balance vs B6. Diazepam and b-CCM respectively improved or impaired balance and posture in both strains. , EE improved skilled limb movement accuracy. Post-lesion (with delay): EE improved recovery in skilled limb movement accuracy and limb placement accuracy 241 Rats, (M/F, n=20) -Acute & chronic (15d) stress: RS Fine motor skills: -Skilled forelimb reaching task -Skilled walking task Acute and chronic stress impaired skilled forelimb reaching task. Males were more sensitive and recovered more slowly to stress-induced impairments. No correlation with CORT levels.
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  ✘: No projection reported, ✓: Projection mentioned or quantified Abbreviations: A: Anterograde; R: Retrograde; HRP: Horseradish Peroxidase; WGA: Wheat Germ Agglutinin; CTb: Cholera toxin-b; FG: FluoroGold; rAAV: retro-Adeno-Associated Virus; AAV: Adeno-Associated Virus; PHA-L: Phaseolus vulgaris-leucoagglutin; BDA: Biotinylated dextran amines; CRF: Corticotropin releasing Hormone; ChAT: choline acetyltransferase; CaMKII: Calcium-calmodulindependent protein kinase II; VGlut: Vesicular glutamate transporter; vGat: Vesicular GABA transporter; SERT: Serotonin Transporter; DAT: Dopamine Transporter; Gabrr3: Gamma-Aminobutyric Acid Type A Receptor Subunit Rho3; Gad: Glutamate Decarboxylase; PV: Parvalbumin; Rbp4: Retinol-binding protein 4; Oxt: Oxytocin; AVP: Arginine Vasopressin; SST: Somatostatin; NTS: Neurotensin; Mc3R: Melanocortin 3 Receptor; Penk : Proenkephalin; NPAS1: Neuronal PAS Domain Protein 1

Figure 1 :

 1 Abbreviations: E: Excitation; I: Inhibition; M: Modulation; ↗,↘, ≠: significant increase, decrease, difference; = : no significant change; ⇘: trend towards a decrease; THC: Δ9 -tetrahydrocannabinol ; NPY: Neuropeptide Y ; CRH/CRF: Corticotropin Releasing Hormone/Factor; DA: Dopamine ; DTR: diphtheria toxin receptor; DTA: diphtheria toxin subunit A; R : Receptor; SST: Somatostatin; TH: Tyrosine Hydroxylase;5-HT: 5-hydroxytryptamine; CS: Conditioned Stimuli; CART: Cocaine-and amphetamine-regulated transcript; LepR: Leptin Receptor; PVT: Paraventricular Thalamus; μ-OR: mu-opioid receptors; NT: Neurotransmitter; TeLC: tetanus toxin light chain; NTS: Neurotensin; PCRt: parvicellular reticular nucleus; PAG: periaqueductal gray

Figure 2 :

 2 Figure 2: Anatomical projections from emotion-related structures (top) to motor-related structures (left). Colored boxes: Anterograde and retrograde evidence of a projection. More (opaque) or less (transparent) than 75% of the studies listed in Table 2 report this projection. Empty boxes with a cross indicate our results suggest there is no projection between the structures. Gray shaded boxes: Projections to be investigated by further studies. Colors indicate the putative neurotransmitter used. Orange: Glutamate, Blue: GABA, Green: Monoamines, Purple: Diverse peptides and hormones.

Figure 3 :

 3 Figure 3: Piecing the puzzle together, a hint into the emotion-related inputs to motor circuits with the proposed (dashed arrows) or reported (arrows) motor-related function.

  

  

  

  

  

  

  

  

  

  

Table 1 :

 1 Impact of emotional states on motor performances.

	Subjects Anxiety	Motor task	Conclusions	ref
	a. Humans		
	Students (M, n=200)	-Trait anxiety -State anxiety: Presence of evaluators	Simple repetitive motor task	Inverted U-hypothesis: High trait anxiety performed better than low when no stressor. The presence of a stressor had opposite effects on group performance.
		-Trait anxiety		Inverted U-hypothesis: Low and high
	Students	(MAS)	Hand skilled	trait and state anxiety performed
	(M, n=90)	-State anxiety:	movement	worse than moderate trait and state
		Threat of a shock		anxiety.
	Students (NA, n=640)	-Trait anxiety (MAS)	Pursuit-rotor test: Hand and eye coordination	Trait anxiety was negatively correlated with performance at all time points.
				U-inverted hypothesis for fine motor
	Adults (M/W, n=40)	-Trait anxiety (STAI) -State anxiety: Public evaluation	Gross arm & fine hand movements movement	task: High anxiety profiles performed better in non-stress than the low anxiety profiles and worse in stressful condition. Low anxiety
				profiles had opposite results.
				Basal anxiety states were positively
	Adults (M/W, n=20)	-State and Trait anxiety (Japanese STAI)	Postural sway: Balance control.	correlated with changes in postural body sway causing instability. This effect was abolished if eyes were
				closed.
	Adults (M, n=24)	-Competitive state anxiety (MRF): Ego threat	Driving task: hand, feet and eye coordination	State anxiety impaired eye-steering coordination, performance.
	Pianist (M/W, n=18)	-State anxiety: Professional judges and large audience	Solo piano piece: Fine finger movements and coordination	State anxiety impaired performance (tempo, dexterity) and was associated with a persistent low-level muscle tension arm and shoulder.
	Trained soldiers (M, n=32)	-Trait anxiety (STAI) -State anxiety-Arousal: Urban	Loading bullet in gun: Fine motor skill	Soldiers improved their performance post-simulation. However, the simulation increased their arousal but not their state anxiety. Possible
		combat simulation		U-inverted hypothesis.
	b. Rodents		
	Rats (M, n=8)	-Acute stress: RS Locomotion	Acute stress, increased vertical and horizontal activity with no change in speed.
	Rats (M, n=16)	-Acute & chronic (13d) stress: Forced swimming, L/D box	Balance/Coordination: Ladder beam Strength: Grip test Skilled Walking: Sticky paper	Acute and chronic stress induced deficits in ladder beam (foot falls), increased grip duration and skilled walking.

59 Abbreviations: MAS: Manifest Anxiety Scale; STAI: State-Trait Anxiety Inventory; IAPS: International Affective Picture System; MRF: Mental Readiness Form; SAM: Self-Assessment Manikin; SSRs: Multiple Subject Stress Ratings; ECG: Electrocardiogram; HAM-A: Hamilton Anxiety Rating Scale; CCEI: Crown-Crisp experiential index; SCL-90: Symptom Checklist 90; L/D box: Light/Dark box; EPM: Elevated-Plus Maze; RS: Restrain Stress; CSDS: Chronic Social Defeat Stress; CVS: Chronic Variable Stress; CRF: Corticotropin Releasing Factor; CORT: Corticosterone; MABC: Motor Assessment Battery for Children; UPDRS: Unified Parkinson's Disease Rating Scale; PD: Parkinson's Disease; PANAS: Positive and Negative Affect Schedule; MINI: Mini International Neuropsychiatric Interview Plus Version; K-SADS PL: Kiddie-Schedule for Affective Disorders and Schizophrenia; Present and Lifetime Version; MPTP: 1-methyl-4-phenyl-1,2,3,6tetrahydropyridine; 6-OHDA: 6-hydroxydopamine; b-CCM: methyl β-carboline-3carboxylate; EE: Enriched environment; DSM-5: Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition; M: Males/Man; F: Females; W: Woman.

  the least connected cortico-striatal neurons, as PV inhibition appears to be more effective during cortical desynchronization states 122 . SOM interneurons, which are also know to co-express NOS and NPY 127 , are part of the low threshold spiking interneurons (LTS) of the DS and express GABA at their axon terminals 128 . Much remains to be understood on the connectivity of LTS to striatal microcircuits. Poor inhibitory drive has been found between LTS and MSNs 127,129 , both in the number of MSNs receiving LTS inputs and in the amplitude of the IPSC elicited127,129 . This can be explained by the axonal arborization of LTS interneurons, which axons extend over longer distances (>100microns) and display sparse branching[127][128][129] . However, connectivity to MSNs may be underestimated as LTS interneurons may not elicit an inhibitory post synaptic current (IPSC) in neighboring MSNs, as synapses are located to more distal MSNs. A recent study suggests a novel role for LTS interneurons in gating incoming local DA 130 , even though the mechanism of action remains to be understood.One hypothesis is that these interneurons act in synchrony 131 with ChAT interneurons, which are another key type of interneurons also known as the tonically active neurons132,133 (TANs).

	ChAT interneurons exert strong control on MSN activity and can modulate striatal circuitry
	through different mechanisms of actions: 1) Direct glutamatergic excitation of MSNs 134 , 2)
	Gating of the excitatory inputs to the striatum 135 , 3) Indirect inhibition of MSNs via striatal
	interneurons 136 or GABA release from dopaminergic terminals 137 , 4) Drive and regulate striatal
	DA release 138,139 . Overall, the net effect of ChAT interneuron activation on MSN activity
	appears inhibitory 136 . Other classes of interneurons have been described , such as the NPY-
	neurogliaform interneurons, which can reliably inhibit MSN activity 129 and Tyrosine
	Hydroxylase (TH) expressing interneurons 140 . MSNs also contribute to striatal inhibitory
	control, even though their connectivity is relatively weak. D1R MSNs appear to inhibit mainly
	other D1R MSNs while D2R MSNs make collaterals to both MSN subtypes 141 . Though less
	present, there has been reports of extrinsic anatomical and functional inhibition to DS
	neurons

122,123 

. They provide powerful inhibitory monosynaptic inputs almost exclusively to MSNs

124,125 

, with no obvious preference for one type of MSN 125 . PVs are also interconnected, in part via gap junctions

123,126 

, allowing for immediate recruitment and synchronization of PV activity. Functionally, they are thought to filter local 124 incoming cortical information by inhibiting

Table 2 : Motor effects induced by activity changes in emotion-related structures
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	Structure	Manipulation	Motor change	ref
	BLA	Lesion	↘ locomotion in acute stress condition	
	BLA	Lesion	↗ locomotion	
	BLA	Electrical stimulation	↗ Motor learning	
	BLA	Pharmacological E: GABA A antagonist	↗ locomotion	
	BLA	Acute light E / I	↘ / ↗ speed, ↗ / ↘ arrests	
	BLA to LH	Acute light E	↗ locomotion, ↗ speed, ↗ vertical activity	
	CeA	Lesion	↘ Freezing	
	CeA CRF	Acute light E / I		
	CeA SOM	Acute light E / I		

↗ / ↘ speed to aversive cue ↘ speed / = CeL SOM Acute light E / I ↘ / ↗ speed to aversive cue CeA Acute light E ↗ Freezing CeL Pharmacological I: GABA

Table 3 :

 3 Overview of behaviors observed after specific activation of BLA subpopulations in relation to their gene expression, gene expression and output structure, and output structure.

Table inspired from

 inspired Pignatelli and Beyeler, 2020 331 

	ChR2-stimulation of BLA subpopulation	Behavior observed	Bidirectional Valence Refs
		Rspo2	Freezing	Yes	-	241
	Gene	Ppp1rb+ NL189	↗ self-stimulation ↗Momentary arrests	yes Yes	+ =	241 325
	Gene & projection	BLAfezf2:NAc BLAfezf2:OT BLAfezf2:LS BLAfezf2:mPFC	Stimulation avoidance (RTPP) Stimulation preference (RTPP) No preference (RTPP) No preference (RTPP)		-+ = =	332 332 332 332
		BLA:NAc	No preference (RTPP)	X	+	360
			↗ self-stimulation			
		BLA:NAc	Stimulation preference (RTPP)	X	+	366
		BLA:CeM	Stimulation avoidance (RTPP)		-	360
	Projections	BLA:CeL BLA:mPFC	Anxiolytic ↘ Social interactions ↗ exploration Anxiogenic (OFT, EPM)	Yes Yes No Yes	+ -	364 361
		BLA:vCA1	Anxiogenic (OFT, EPM)	Yes	-	362
		BLA:adBNST	Anxiolytic (EPM)	Yes	+	363
			No place preference (RTPA)			
		VTA:BLA	Anxiolytic (EPM)	Yes	+	

303

Abreviations: Rspo2: R-spondin 2 ; Ppp1r1b: Protein Phosphatase 1 Regulatory Inhibitor Subunit 1B; NL189: Arhgef6 gene ; Fezf2: Forebrain Embryonic Zinc Finger-Like Protein 2, BLA: Basolateral Amygdala ; LS: Lateral Septum ; NAc: Nucleus Accumbens ; CeM: Central Amygdala, medial section ; CeL; Central Amygdala, lateral sector ; mPFC: medial Prefrontal Cortex ; vCA1: ventral Hippocampus, CA1 region, adBNST: anterodorsal bed nucleus of the stria terminalis ; RTPP: Real Time Place Preference assay.

  µm diameters for inner electrode, which extended 100 µm beyond the outer electrode; FHC, Bowdoinham, ME; 1 mA, 0.5 Hz) was placed in the DMS to elicit antidromic spiking in the BLA. Neurons were considered light evoked responding within the light stimulation window (10 ms) and accurately followed the different frequency stimulations (>95 %). Spikes were considered antidromic if responding to two of the following criteria: 1) Jitter < 1 ms. 2) Collision test. 3) Followed high frequency stimulation (100 Hz). The collision test could not reliably be tested due to the absence of spontaneous activity in most BLA neurons.

	Ex vivo electrophysiology
	Electrophysiological properties of DMS-and DLS-projecting BLA neurons
	Slice preparation. Animals were anesthetized with a mixture of ketamine and xylazine (75
	mg/kg and 10 mg/kg, respectively, i.p.) and transcardially perfused with ice-cold modified
	artificial cerebrospinal fluid (ACSF), equilibrated with 95% O2 and 5% CO2, and containing (in
	mM): 230 sucrose, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 10 MgSO4 and 10 glucose.
	Multiclamp 700B amplifier and Digidata 1550B digitizer controlled by Clampex 10.7 (Molecular
	Devices, Sunnyvale, CA, USA). Recordings from individual neurons were made using pipettes
	(impedance, 5-8MΩ) prepared from borosilicate glass capillaries (G150-4; Warner
	Instruments, Hamden, CT, USA) with a micropipette puller (P-97; Sutter Instruments, Novato,
	CA, USA). The patch pipette solution contained (in mM): 135 K-gluconate, 3.8 NaCl, 1
	MgCl 2.6H2O, 10 HEPES, 0.1 EGTA, 0.4 Na2GTP, 2 Mg1.5ATP, 5 QX-314 and 5.4 biocytin

Light intensity was set at 1 mW at the tip of the recording electrode. A stimulating electrode (concentric electrode, 250 µm in diameter overall; 100 Brains were then quickly removed from the skull, blocked in the coronal plane, glued to the stage of a vibratome (VT1200S; Leica Microsystems, Germany) and sectioned into 300 μmthick parasagittal slices. Slices containing the BLA were then left to equilibrate for ∼1 h (at ∼35°C) in ACSF of the following composition (in mM): 126 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 2 MgSO4, 10 glucose, 1 sodium pyruvate and 4.9 L-gluthathione reduced (gassed with 95% O2-5%). Then, slices were kept at room temperature (22-26°C) in oxygenated ACSF until transferred to the recording chamber. Electrophysiological recordings. Single slices were transferred to a recording chamber, perfused continuously with a recording solution of the following composition (in mM): 126 NaCl,

26 NaHCO3, 1.25 NaH2PO4, 3 KCl, 1.5 MgSO4, and 1.6 

CaCl2 and 10 glucose, then visualized using infrared gradient contrast video microscopy (AxioExaminer Z1; Zeiss) and a water-immersion objective (63X, APO-CHROMAT; Zeiss). The microscope was also equipped with epifluorescence (HXP120; Kubler) that allowed us to perform selective patch-clamp targeting of BLA-DMS or BLA-DLS neurons in real time. Recordings were obtained using a (pH=7.2, ~292 mOsm). The pH and osmolarity of the pipette solution were adjusted at 7.2 and 290 mOsm l -1 , respectively.

  High trait anxiety performed better than low when no stressor. The presence of a stressor had opposite effects on group performance.

		Anxiety	Motor task	Conclusions			ref
	a. Humans -Acute & chronic (4w)	Balance/Coordination:					
	Students (M, n=200) Rats (M, n=142)	-Trait anxiety -State anxiety: Presence of evaluators stress: Forced swimming -Antidepressants: Trazodone	Simple repetitive Rotarod Strength: Traction Test motor task Locomotion	Inverted U-hypothesis: 9
	Students (M, n=90)	-Trait anxiety (MAS) -State anxiety: Threat of a shock	Hand skilled movement	Inverted U-hypothesis: Low and high trait and trait and state anxiety. state anxiety performed worse than moderate	10
	Students (NA, n=640)	-Trait anxiety (MAS)	Pursuit-rotor test: coordination Hand and eye	performance at all time points. Trait anxiety was negatively correlated with	6
				U-inverted hypothesis for fine motor task:	
	Adults (M/W, n=40)	-Trait anxiety (STAI) evaluation -State anxiety: Public	Gross arm & fine movement hand movements	High anxiety profiles performed better in non-in stressful condition. Low anxiety profiles stress than the low anxiety profiles and worse	11
				had opposite results.			
				Basal anxiety states were positively	
	Adults	-State and Trait anxiety	Postural sway:	correlated with changes in postural body	7
	(M/W, n=20)	(Japanese STAI)	Balance control.	sway causing instability. This effect was	
				abolished if eyes were closed.		
	Adults (M, n=24)	-Competitive state anxiety (MRF): Ego threat	Driving task: hand, coordination feet and eye	coordination, performance. State anxiety impaired	eye-steering	8
	Pianist (M/W, n=18)	-State anxiety: Professional judges and large audience	Solo piano piece: Fine coordination finger movements and	State anxiety impaired performance (tempo, shoulder. persistent low-level muscle tension arm and dexterity) and was associated with a	236
	Trained	-Trait anxiety (STAI)		Soldiers improved their performance post-	
	soldiers	-State anxiety-	Loading bullet in gun:	simulation.	However,	the	simulation	237
	(M, n=32)	Arousal: Urban combat	Fine motor skill	increased their arousal but not their state	
		simulation		anxiety. Possible U-inverted hypothesis.	
	b. Rodents						
	Rats (M, n=8)	-Acute stress: RS	Locomotion	horizontal activity with no change in speed. Acute stress, increased vertical and	238
			Balance/Coordination:					
	Rats (M, n=16)	-Acute & chronic (13d) swimming, L/D box stress: Forced	Ladder beam Skilled Walking: Strength: Grip test	Acute and chronic stress induced deficits in duration and skilled walking. ladder beam (foot falls), increased grip	15
			Sticky paper					
	Mice (M/F, n=54)	-Anxiety (L/D box, EPM, Inescapable swim test) -Stress: CRH overexpression -Conditioned fear	Spontaneous behavior: Open field Balance/Coordination: Rotarod	Decreased decreased time spent on the rotarod, with spontaneous locomotion, little or no improvements over time. Anxiety-like behavior in some but not all tests.	

  ). Significant association between the presence of anxiety disorders and PD, whether they started 5,10 or 20 years before the motor symptoms. Men with the highest levels of anxiety had significantly increased risk(1.5) to develop PD than men with the lowest anxiety in a 12 year follow up study.

			Balance/Coordination:	Stress impaired fine motor movement
	Mice, (M, n=54)	-Chronic stress: CSDS	Fine motor skills: Rotarod	rotarod motor learning in "resilient" and acquisition in all groups. Stress improved	247
			Skill reaching test	impaired performance in "susceptible" mice.
	c. Pathological conditions		
				Practicians	reported	strong	motor
	PD, (M/W, n=6)	-Stress, anxiety, tension reports embarrassment,	Walking, Voluntary movement Grip strength	improvements or impairments following a treatment. These effects could be long strong emotional event with no change in	248
				lasting.	
	PD, (M/W, n=392)	-Presence of psychiatric disorder: Medical records, DSM-	Diagnosis of PD	Retrospective study: 22
		5, physician diagnosis			
	PD (M/W, n=79)	-Anxiety disorders (MINI)	Hoehn and Yahr UPDRS Staging of PD	Severity of motor symptoms and treatment disorder. associated with the presence of an anxiety complications (on/off fluctuation) were	27
	PD (M/W, n= 30)	-Trait anxiety (STAI) -State anxiety: Postural (PANAS) -Affective state threat,	UPDRS Posture	Anxiety state and fear scores were correlated across groups. static balance. These changes were similar with changes in postural control, affecting	249
				High trait anxiety parkinsonians walked with
	PD (M/W, n=70)	-Trait anxiety (STAI)	UPDRS Walking gait	increased variability in comparison to both slower gait, reduced step length and	26
				the control and low anxiety PD group.
						243
	Mice PD-like (MPTP) (M/F, N=40)	-Chronic stress: RS	Balance/Coordination: Rotarod	Chronic RS + MPTP worsened rotarod compared to MPTP only. performance and motor skill learning	31
				Chronic administration of glucocorticoid
	Mice, (M/F, n=18) Rats PD-like (6-OHDA) (F, n= 24)	-Acute & chronic (15d) stress: Glucocorticoids -Chronic stress: RS or CORT	Balance/Coordination: Rotarod Fine motor skills: Skill reaching test	impaired rotarod performance while acute administration had bi-directional effects on performance, following a U-inverted hypothesis. RS and CORT impaired skilled reaching OHDA lesion success pre-6-OHDA lesions and post-6-	244 250
	Mice, (M/F, n=27) Rats PD-like (6-OHDA) (M, n= 30)	-Acute & chronic (8w) stress: RS -Chronic stress: CVS	Balance/Coordination: Rotarod Locomotion Cylinder test Forelimb asymmetry:	Restrain stress improved performance on rotarod and induced hyperlocomotion in males but not females. OHDA condition CVS increased forelimb asymmetry in 6-	245 251
	Mice, (M, n=30) Essential tremors, (M/W, n= 74)	-Acute stress: CORT -Severity of anxiety: HAM-A	Balance/Coordination: -Beam test -Coat hanger test -Rotarod Tremor disability questionnaire & video Performance test examination	CORT impaired performances on rotarod and coat hanger test. Anxiety (and depression) were associated greater difficulty in performance-based test. with greater self-reported disability and with	246 252
	Mice, (M, n=21) professionals, (M, n=35 815) Health	-Chronic stress: CSDS phobic anxiety (CCEI) -Personality traits and	Locomotion Balance/Coordination: Rotarod Diagnosis of PD	impairments on rotarod or grip test. CSDS induced hypo-locomotion but no Prospective study:
			Strength: Grip test		

Table 2 : Review of the anatomical projections from emotion-related structures to the motor system. OFC A/R Tracer Rodent Transgenic line & References MO

 2 

	✓ R	Cre-dpt rabies Mouse	CRF-cre 256 , Thy1-cre, vGat-cre 257 , Rbp4-cre 258
	✓ A	PHA-L	Mouse	259
	✓ A	AAV	Mouse	260,261

  The prevalence of anxiety, phobic anxiety and psychoticism was higher in essential tremor patients. The severity, but not the duration of the disease was correlated with the severity of anxiety symptoms.Boys but not girls with an anxiety disorder had significantly greater motor skill impairments than the control group. More than 2/3 rd of the anxious boys had motor problems according to MABC score.

	Musicians with focal dystonia (M/W, n= 50) ✘ R -Presence and timing of anxiety symptoms: Self estimation test CTb LH A/R Tracer MO ✘ A/R 256-258,305,306	Presence of task-related dystonia Rat 214 Rodent Transgenic line Retrospective study: Social and specific phobias were higher in musicians with focal dystonia before and after its onset.	253
	Essential (M/W, n=162) Tremors	symptoms (SCL-90) -Psychological	five activities* Tremor scoring on	254
	Children with Anxiety disorders (M/W, n=54)	-Non-comorbid "pure" anxiety disorder (DSM-V, K-SADS PL)	Manual dexterity, Ball skill, Static and Dynamic balance (MABC)
						91 , Plxnd1-OG1-cre 91
		✓ R	Retrobeads	Mouse	264
		✓ R	FG, CTb	Mouse	87
		✓ A	AAV	Mouse	261,260, 87
		✓ A	PHA-L	Mouse	259, 87
		✓ R	Cre-dpt rabies Mouse	PV-cre 103
	GPe	✓ A ✘ R	AAV lentivirus Cre-expressing	Mouse Mouse	261 R26 LSL-tdTomato ,109
	STN	✘ A/R 259,261,265,266	
	SNr	✓ A ✓ A	AAV PHA-L	Mouse Mouse	261,260 259
	SNc	✓ R	Cre-dpt rabies Mouse	DAT-cre 267

Table 3 : Motor effects induced by activity changes in emotion-related structures

 3 Prey specific context: ↗ EMG Jaw-closing & Head-direction muscles, ↗ speed ↗ / ↘ locomotion and speed Open field: = locomotion

	Structure	Manipulation	Motor change

↗ / ↘ speed to aversive cue ↘ speed / = 342 CeL SST Acute light E / I ↘ / ↗ speed to aversive cue
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Data Analysis

All statistical analysis was made using the software GraphPad Prism (Version 10). Normality of distribution was tested using Kolmogorov-Smirnov tests. Comparison was made using twosided paired or unpaired student t-tests, or multiple comparisons using a one-way, two-way repeated-measures ANOVA. These were followed by post hoc two-sided t-tests with Bonferroni corrected for multiple comparisons t-test p values. Non-parametric analysis was done for data that did not pass the Kolmogorov-Smirnov normality tests, using the Mann-Whitney two-sided or Kruskal-Wallis test. Data are represented as the mean ± SEM and threshold for significance was set at p < 0.05, and p-values < 0.1 are shown or mentioned.

Quantification of retrograde labeling:

Quantification of CTb retrograde labeling was done using brightfield images at 20x magnification. For the mapping and total count retrograde labeling in the BLA, neurons were manually counted over three slices over the anterior-posterior axis of the BLA (at AP +/-100 µm at -1.3, -1.6, -1.9 mm). The LA and BLA were manually delimited and counted using the software Mercator. For CTb quantification of all amygdala and bed nucleus of the stria terminalis, nuclei were manually delimited of the QuPath software and quantified automatically.

The same method was used to quantify eYFP and tdTomato labeling for retro-AAV tracing experiments. Images were taken using widefield imaging, on a slide scanner (Nanozoomer 2.0HT) at 20x magnification.

Quantification of synaptophysin labeling

Four animals for which the viral expression was restricted to the BLA were used. 1/6 th of the brain was imaged using widefield imaging, on a slide scanner (Nanozoomer 2.0HT) and 5 representative coronal slices were chosen, based on known outputs of BLA neurons and on observation of the fluorescence, to avoid omission of any putative unreported output.

Confocal imaging over one focal place was done on the whole slice (with a map of Z planes across the slice to avoid confounds) at x30 magnification. Slices were then semi-automatically
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DISCUSSION

In this study, we provide an in-depth characterization of a neuronal subpopulation of the BLA, that received little attention in the past, and propose a role for DMS-projecting BLA neurons in driving olfactory-guided behaviors.

Our study confirms the BLA to DMS pathway that had been reported in the literature. We are the first, to our knowledge, to investigate the neuronal circuitry of this pathway. This BLA subpopulation appears to be a novel subpopulation, at the intersection with NAc-projecting BLA neurons and OT-projecting BLA neurons with their mixed connectivity pattern and neuromodulatory innervation. We further showed that BLA to DMS pathway connects limbic structures to the Basal Ganglia and could relay sensory, cognitive and interoceptive information to the motor system. We showed a link between odor-investigation and the activity of DMS-projecting BLA neurons, characterized by an inhibition, principally during social odor investigation. Manipulating the activity of these neurons would help us determine whether they drive orientation-and locomotor-related information to odor-driven approach or avoidance.

We first showed that the BLA, composed of the LA, BLA and BM, was, with the NLOT, the only amygdala projectors to the different DS sub-regions. We then confirmed that DMS-and DLS projecting BLA neurons appear to be two distinct neuronal populations of BLA neurons, both based on their anatomically localization and ex vivo electrophysiological properties. These results are in line with Hintiryan et al., 2021 362 , who showed DLS-and DLS-projecting BLA neurons have differential morphological.

To gather the functional organization of BLA inputs to the DS, we optogenetically dissected the circuit and demonstrated that BLA neurons preferentially excited medium spiny neurons MSNs and PV interneurons in the DS. As expected, these inputs were glutamatergic and monosynaptic. This suggests the BLA acts like a cortical input to the DMS.

Characterization of the input-output connectivity of DMS-projecting BLA neurons show that this subpopulation has extensive collaterals to olfactory and goal-directed circuits. Main outputs of these neurons were the olfactory tubercle and the nucleus of the lateral olfactory tract. The OT appears to be at the interplay between valence encoding and odor, multisensory processing 172,373 . The NLOT however is necessary for odor discrimination and investigation, as lesions produce severe olfactory deficits associated with inability to innate olfactory-driven behaviors such as sexual behaviors, preference or avoidance for respectively a female or predator and reduced chemosensory behaviors 374 We confirmed a functional pathway between both the AI and the vCA1, that can send indirect inputs to the DMS via the BLA. As BLA sub-populations are known to be valence-specific, we
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Abstract

The brain is a remarkably complex organ responsible for a wide range of functions, including the modulation of emotional states and movement. Neuronal circuits are believed to play a crucial role in integrating sensory, cognitive, and emotional information to ultimately guide motor behavior. Over the years, numerous studies employing diverse techniques such as electrophysiology, imaging, and optogenetics have unraveled a complex network of neural circuits involved in the regulation of emotional or motor processes. Emotions can exert a substantial influence on physical performance, encompassing both everyday activities and pathological conditions. The aim of this review is to explore how emotional states can shape movements by connecting the neural circuits for emotional processing to motor neural circuits.

We first provide a comprehensive overview of the impact of different emotional states on motor control, in humans and rodents. In line with those behavioral studies, we set out to identify emotion-related structures capable of modulating motor output, behaviorally and anatomically.

Neuronal circuits involved in emotional processing are extensively connected to the motor system. These circuits can drive emotional behavior, essential for survival, but can also continuously shape ongoing movement. In summary, the investigation of the intricate relationship between emotion and movement offers valuable insights into human behavior, presents opportunities to enhance performance, and holds promise for improving mental and physical health. This review integrates findings from various scientific approaches, including anatomical tracing, circuit-based dissection, and behavioral studies, conducted in both animal and human subjects. By incorporating these diverse methodologies, the review aims to present a comprehensive overview of the current understanding of the emotional modulation of movements in both physiological and pathological conditions.
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Abbreviations

DS

✓ R Cre-dpt rabies Mouse D1R-cre 90,274,262 , D2R-cre 90,274,262 , ChAT-cre 90,263 , PVcre 263 , Sepw1-NP67-cre 

DS

✓ R Cre-dpt rabies Mouse D1R-cre 90,274,262 , D2R-cre 90,274,262 , ChAT-cre 90,263 , PVcre 263 , Sepw1-NP67-cre 

DS

✓ R Cre-dpt rabies Mouse D1R-cre 90,274,262 , D2R-cre 90,274,262 90,262 , D2R-cre 90,262 , ChAT-cre 90,263 , PV-cre 263 , Sepw1-NP67-cre 

DS

✘ A/R 90,91,262,264,274,323 

GPe

✘ A/R 103,109, 323 STN ✓ R BDA, FG Rat