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ARTICLE INFO ABSTRACT

Keywords: The brain is a remarkably complex organ responsible for a wide range of functions, including the modulation of
Brain emotional states and movement. Neuronal circuits are believed to play a crucial role in integrating sensory,
Neuronal circuits cognitive, and emotional information to ultimately guide motor behavior. Over the years, numerous studies
i/[mononal states employing diverse techniques such as electrophysiology, imaging, and optogenetics have revealed a complex
Li;::i?:;;tem network of neural circuits involved in the regulation of emotional or motor processes. Emotions can exert a
Basal ganglia substantial influence on motor performance, encompassing both everyday activities and pathological conditions.
Motor system The aim of this review is to explore how emotional states can shape movements by connecting the neural circuits
Motor behavior for emotional processing to motor neural circuits. We first provide a comprehensive overview of the impact of
Neuromodulators different emotional states on motor control in humans and rodents. In line with behavioral studies, we set out to
Sensory-motor control 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, including opportunities to enhance performance, and holds promise for improving mental
and physical health. This review integrates findings from multiple scientific approaches, including anatomical
tracing, circuit-based dissection, and behavioral studies, conducted in both animal and human subjects. By
incorporating these different methodologies, we aim to present a comprehensive overview of the current un-
derstanding of the emotional modulation of movement in both physiological and pathological conditions.

Okun, 2020).

1. Introduction

Human beings are constantly in motion. Our capacity to generate
adaptative and efficient movements in a continuous manner is crucial
for everyday tasks (i.e., being able to move to one place or grab a cup of
water) and is also a major mode of communication (Pezzulo et al., 2019;
Schwartz, 2016). A large body of the Neuroscientific literature has
focused on the challenging question of how the brain controls movement
(Schwartz, 2016; Kandel et al., 2021). The significant advances in the
motor field cover a multitude of discoveries such as pinpointing relevant
activity patterns, neurotransmitters, brain structure and circuits (Arber
and Costa, 2022) involved in the control of movement. These discoveries
are not only important for academic research but also necessary for the
development of clinical treatments for patients with brain-derived
motor dysfunctions (Tanner and Ostrem, 2020). Nonetheless, we are
still far from a complete and detailed picture of how the brain controls
and refines voluntary movements, nor can we be satisfied with the
current available treatments (Dayalu and Albin, 2015; Armstrong and

* Corresponding author.
E-mail address: francois.georges@bordeaux.fr (F. Georges).

https://doi.org/10.1016/j.neubiorev.2023.105475

Our movements are far from being an independent process and are
modulated by different factors (Proske and Gandevia, 2012; Glickstein,
2000; Berlot et al., 2021), including our emotions. It is widely accepted
that emotions can drive strong and fast whole-body motor responses (e.
g., run or freeze), and have control over facial and bodily expressions.
However, the influence of emotions on motor actions encompasses what
can be referred to as “survival responses” or emotional expression. What
about when our primary intent is to grab a cup, drive or just walk
somewhere and we just had a very bad day or very exciting news?
Chances are that you might drop the cup or hit it on your teeth, stall once
or twice, or trip. Even on learnt skilled movements, such as dance
choreographies, it is not uncommon that performers enhance or
decrease their performance on the day of the representation.

This area of study is of clinical importance as there is a strong rela-
tionship between motor disorders and psychiatric disorders (Cummins
et al., 2015). For most movement disorders, while the most prominent
features are related to motor dysfunction, there has been an emerging
consensus that many motor pathologies have very debilitating
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Abbreviations

Brain structures

M1 Motor Cortex

DS Dorsal Striatum

DMS Dorsomedial Striatum

DLS Dorsolateral Striatum

GPe Globus Pallidus, pars externa
GPi Globus Pallidus, pars interna
SN Substantia Nigra

SNr Substantia Nigra, pars reticulata
SNc Substantia nigra, pars compacta
BLA Basolateral Amygdala

Cg Cingulate Cortex

IC Insular Cortex

OFC Orbitofrontal Cortex

mPFC medial Prefrontal Cortex
IL Infralimbic Cortex

PL Prelimbic Cortex

VP Ventral Pallidum

LS Lateral Septum

CeA Central Amygdala

BNST Bed Nucleus of the stria terminalis
NAc Nucleus Accumbens

DRN Dorsal Raphe Nucleus

VTA Ventral Tegmental Area

LC Locus Coeruleus

STN Subthalamic Nucleus

LH Lateral Hypothalamus

PVN Paraventricular Hypothalamic Nucleus
vHPC ventral Hippocampus

PVT Paraventricular Thalamus

GRN Gigantocellular reticular nucleus

LGRN  Lateral Gigantocellular reticular nucleus

Neurotransmission-related

CRF/CRH Corticotropin Releasing Factor/Hormone
ChAT choline acetyltransferase

CaMKII Calcium-calmodulin-dependent 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

NA Noradrenaline

5-HT 5-hydroxytryptamine
DA Dopamine

TH Tyrosine Hydroxylase
CORT  Corticosterone
Tracers

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

Human & rodent behavioral tests

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

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

non-motor symptoms, which include neuropsychiatric symptoms such
as anxiety (Chaudhuri et al., 2006; Roos, 2010; Hirschtritt et al., 2015)
or deficiencies in recognizing emotions (Henley et al., 2012; Argaud
et al., 2018). More importantly, these neuropsychiatric symptoms may
aggravate (Ehgoetz Martens et al., 2018; Dissanayaka et al., 2010) or be
a part of the pathophysiology (Martinez-Martin and Damian, 2010) of
motor disorders.

The existence of psychogenic movement disorders further highlights
the connection between psychic state and motor disorders as they are
defined (Peckham and Hallett, 2009) as “movement disorders caused by
an abnormal psychiatric state, rather than an organic disorder of the
nervous system”. This is further illustrated by the frequent motor dys-
functions in psychiatric disorders, discussed in (Perju-Dumbrava and
Kempster, 2020), which closely resemble those of movement disorders

such as Parkinson’s Disease (PD). One striking example of this would be
catatonia, which has raised much debate on its motor or affective
prominent origin (Hirjak et al., 2022). It is currently classified as a
neuropsychiatric disorder and often occurs in affective disorders
(Abrams and Taylor, 1976), but its primary diagnosis is based on the
observation of motor symptoms (Perju-Dumbrava and Kempster, 2020).
Authors have raised the similarities of those symptoms such as postural
abnormalities to those observed in basal ganglia motor disorders (Per-

ju-Dumbrava and Kempster, 2020; Hirjak et al., 2022).

Previous reviews on the subject have highlighted the role of stress on
motor control and elegantly described the different ways through which
the hormonal response to stress could impact motor circuits and func-
tion (Metz, 2007). The goal of this review is to provide an overview of
the current state of knowledge in this rapidly evolving field. To better
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define the impact of emotional control on motor output, we conducted a
comprehensive narrative review of behavioral evidence assessing the
effect of emotional state on motor performance. We report a variety of
factors including walking speed, postural stability, hand-eye coordina-
tion, manual dexterity, fine motor skills and balance during different
emotional states in humans and rodents, in normal and pathological
conditions.

To comprehend how these two systems interact, previous studies
have investigated the neural basis of emotion to motor interaction.
Neuronal circuits are thought to play a crucial role in integrating sen-
sory, cognitive, and emotional information to ultimately guide behavior.
Neural circuits underlying the emotion-motor interface have classically
been assigned to the Nucleus Accumbens (NAc), based on its capacity to
generate locomotor and oral motor responses and its connectivity, with
inputs from various emotion-related areas such as the Amygdala, and
outputs to the structures of the motor system (Mogenson et al., 1980).
However, this view has been challenged over the years with many re-
ports of other direct emotion-to-motor anatomical connections (Hunt
et al., 2018a; Smith et al., 2016; Cregg et al., 2020). In line with this
idea, functional neuroimaging studies in humans during self-generated
emotions could display significant activity changes in motor-related
structures (Damasio et al., 2000). Importantly, both structural (Husain
et al., 1991; Groenewold et al., 2023) and functional (Klumpp et al.,
2012, 2010; Stuhrmann et al., 2011; Xia et al., 2022; Zhang et al., 2023;
Heitmann et al., 2016) alterations of motor-related structures or
sensorimotor networks have been reported in pathologies with
dysfunctional emotional processing such as major depressive disorder or
anxiety disorders. The goal of this review is to expand the neural basis of
emotion to motor connectivity. We provide a comprehensive connec-
tivity map of the direct anatomical emotion to motor reported pro-
jections and we shed light on neural circuits to explore or that require
further clarification. We hope this will encourage researchers of the
emotion- and motor- field to provide additional anatomical details on
specific circuits with respectively their collaterals and their inputs.
Furthermore, this should encourage the exploration of these circuits and
associated function, both in physiological and pathological conditions.

For this purpose, we first compiled an exhaustive list of emotion- and
motion-related structures. Over the years, 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 (Tovote et al., 2015; Xia and Kheirbek, 2020;
Berridge and Kringelbach, 2015) and motor processes (Arber and Costa,
2022). Research has also highlighted the role of neuromodulatory sys-
tems, such as serotonin, dopamine (DA), and noradrenaline (NA), in
modulating the activity of these circuits and influencing motor or
emotional processes (Likhtik and Johansen, 2019; Conio et al., 2020;
Speranza et al., 2021; Bacqué-Cazenave et al., 2020; Delaville et al.,
2011).

To gain insight on the capacity of an emotion-related structure to
drive or modulate motor behavior, we searched for evidence of motor-
related effects following manipulation of the activity of emotion-
related structures. Most studies manipulating emotion-related struc-
ture do not consistently provide basic reports of locomotor activity or
gross motor-coordination, though many exceptions exist.

Though not the subject of this review, there is a growing body of
evidence suggesting that many brain structures traditionally associated
with motor functions also play a role in mediating emotional behaviors
(Sztainberg et al., 2011; Révy et al., 2014). Thus, it would not be sur-
prising if some of the emotion-to-motor connections we describe might
be more closely associated with emotional aspects of behavior rather
than purely motor ones. We thus hope that future research investigating
those circuits will pay attention to both components, as there is a strong
need to clarify the contribution of these circuits and structures in both
the motor and emotional fields.

More importantly, examination of these circuits should help the
comprehension of the neural basis for the pathophysiology of non-motor
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symptoms in motor disorders, as well as the emergence of motor
symptoms in psychiatric conditions. Such exploration could also
contribute to a clearer distinction regarding the impacts of treatments on
motor and non-motor symptoms within various disorders. For example,
the role of the serotonergic Dorsal Raphe Nucleus (DRN) projections to
the substantia nigra, pars compacta (SNc) have been mentioned as a
possible explanatory mechanism for motor symptoms of catatonia
(Hirjak et al., 2022), and the general understanding of DRN projections
and circuits have been heavily used to understand the role of serotonin
and selective serotonin reuptake inhibitor (SSRIs) in PD (Fox et al.,
2009).

In conclusion, this narrative review on the emotional modulation of
movement is separated into two main parts. The first is focused on the
behavioral evidence for the emotional modulation of movement in
humans and rodents and its implication in pathologies. The second part
is aimed at exploring the neural basis for emotion-to motor modulation
using a neural circuit approach in murine. We conducted a narrative but
exhaustive search for anatomical evidence of direct projections, or lack
of direct projections between 16 relevant emotion-related to 9 motor-
related brain structures. We further searched for behavioral evidence
for these emotion-related structures to drive or modulate movement,
though much remains to be done in that regard. We highlighted the
anatomical connections that would require further anatomical grounds
and discussed the putative functions of some main emotion-to-motor
pathways. This review aims to shed light on brain structures and neu-
ral networks involved in the emotional modulation of movement, and to
provide a strong foundation for further research on this topic.

2. 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, Opto-
genetics, Rabies, Chemogenetics, Lesions, Manipulation. All the struc-
tures have been individually searched with all those terms. We also
searched for all individual projections, creating emotion-motor pairs of
the 16 emotion-related structures with the 13 motor-related structures.
A large number of articles have been further included using references in
articles or when investigating the organization and motor function of
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 on
mice and rats. We included only monosynaptic tracing studies. All
available studies until July 2023 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, between atlases, within versions, abbreviations and the fine-
to-coarse hierarchy in the naming of structures. Finding a common
framework for anatomical labeling and coordinates of murine brain
atlases is the subject of many recent articles (Chon et al., 2019) and
reviews (Kleven et al., 2023; Azimi et al., 2017). Nonetheless, most of
the brain structures investigated here have similar location and naming
between the two most commonly used 2D atlases of the murine brain,
namely the Franklin-Paxinos Atlas and the Allen Reference Atlas. The
main discrepancy found was between the ventral pallidum (VP), which,
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Table 1
Impact of emotional states on motor performances.
Subjects Anxiety Motor task Conclusions ref
a. Humans
Students - Trait anxiety Simple repetitive motor Inverted U-hypothesis: High trait anxiety performed better (Cox, 1968)
(M, n = 200) - State anxiety: Presence of task than low when no stressor. The presence of a stressor had
evaluators opposite effects on group performance.
Students - Trait anxiety (MAS) Hand skilled movement Inverted U-hypothesis: Low and high trait and state anxiety (Martens and
M, n = 90) - State anxiety: Threat of a shock performed worse than moderate trait and state anxiety. Landers, 1970)
Students - Trait anxiety (MAS) Pursuit-rotor test: Hand Trait anxiety was negatively correlated with performance at  (Jones and Tallarico,
(NA, n = 640) and eye coordination all time points. 1971)
Adults - Trait anxiety (STAI) Gross arm & fine hand U-inverted hypothesis for fine motor task: High anxiety (Calvo and Alamo,
(M/W, n = 40) - State anxiety: Public evaluation = movements movement profiles performed better in non-stress than the low anxiety 1987)
profiles and worse in stressful condition. Low anxiety profiles
had opposite results.
Adults - State and Trait anxiety Postural sway: Balance Basal anxiety states were positively correlated with changes ~ (Ohno et al., 2004)
(M/W, n = 20) (Japanese STAI) control. in postural body sway causing instability. This effect was
abolished if eyes were closed.
Adults - Competitive state anxiety Driving task: hand, feetand  State anxiety impaired eye-steering coordination, (Wilson et al., 2008)
(M, n =24) (MRF): Ego threat eye coordination performance.
Pianist - State anxiety: Professional Solo piano piece: Fine State anxiety impaired performance (tempo, dexterity) and (Yoshie et al., 2009)
(M/W, n =18) judges and large audience finger movements and was associated with a persistent low-level muscle tension arm

Trained soldiers

M, n = 32)
b. Rodents
Rats

M, n=28)
Rats

M, n =16)
Mice

(M/F, n = 54)
Rats

(M, n = 142)
Mice,

M, n =103)
Rats,

(F,n=176)

Rats, 6-OHDA lesion,

(F,n=16)
Rats,

(M/F, n = 20)
Rats,

(M, n =78)
Mice,

(M, n = 21)
Mice,

(M/F, n =18)
Mice,

(M/F, n = 27)
Mice,

M, n = 30)
Mice,

M, n=21)

- Trait anxiety (STAI)
- State anxiety- Arousal: Urban
combat simulation

- Acute stress: RS

- Acute & chronic (13d) stress:
Forced swimming, L/D box

- Anxiety (L/D box, EPM,
Inescapable swim test)

- Stress: CRH overexpression
- Conditioned fear

- Acute & chronic (4w) stress:
Forced swimming

- Antidepressants: Trazodone

- Differences in strain basal
anxiety levels

- Anxiolytic/Anxiogenic:
Diazepam / b-CCM

- Acute & chronic (15d) stress:
CORT, Forced swimming, RS

- Anxiolytic: Diazepam

- Anxiolytic: Enriched
environment housing (EE)

- Acute & chronic (15d) stress: RS

- Acute & chronic (15d) stress: RS
- Chronic (7d) stress: RS

- Acute & chronic (15d) stress:
Glucocorticoids

- Acute & chronic (8w) stress: RS

- Acute stress: CORT

- Chronic stress: CSDS

coordination
Loading bullet in gun: Fine
motor skill

Locomotion

Balance/Coordination:
Ladder beam

Strength: Grip test

Skilled Walking: Sticky
paper

Spontaneous behavior:
Open field
Balance/Coordination:
Rotarod
Balance/Coordination:
Rotarod

Strength:

Traction Test

Locomotion
Balance/Coordination: -
Holeboard test

- Rotating beam

Strength: Grip test

Fine motor skills:

- Skilled forelimb reaching
task

- Skilled walking task
Fine motor skills:

- Skilled forelimb reaching
task

- Skilled walking task
Fine motor skills:

- Skilled forelimb reaching
task

- Skilled walking task
Fine motor skills:

Skilled forelimb reaching
task

Locomotion

Balance/Coordination:
Rotarod

Balance/Coordination:
Rotarod

Locomotion
Balance/Coordination: -
Beam test

- Coat hanger test

- Rotarod
Balance/Coordination:
Rotarod

and shoulder.

Soldiers improved their performance post-simulation.
However, the simulation increased their arousal but not their
state anxiety. Possible U-inverted hypothesis.

Acute stress, increased vertical and horizontal activity with
no change in speed.

Acute and chronic stress induced deficits in ladder beam (foot
falls), increased grip duration and skilled walking.

Decreased spontaneous locomotion, decreased time spent on
the rotarod, with little or no improvements over time.
Anxiety-like behavior in some but not all tests.

Rotarod performance was impaired in in chronically stressed
rats, even following a 10-day recovery period. High doses of
antidepressants reversed this effect. Strength and locomotion
did not differ in chronic stress conditions.

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.

Both acute and chronic stress impaired
skilled movements. Diazepam improved skilled movement
with a dose-response following a U-inverted curve.

Pre-lesion, EE improved skilled limb movement accuracy.
Post-lesion (with delay): EE improved recovery in skilled
limb movement accuracy and limb placement accuracy

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.

Acute and chronic stress impaired

the skilled forelimb reaching task. No correlation with CORT
levels.

Chronic stress induced hyper-locomotion (increased distance
travelled).

Chronic administration of glucocorticoid impaired rotarod
performance while acute administration had bi-directional
effects on performance, following a U-inverted hypothesis.
Restrain stress improved performance on rotarod and
induced hyperlocomotion in males but not females.

CORT impaired performances on rotarod and coat hanger

test.

CSDS induced hypo-locomotion but no impairments on
rotarod or grip test.

(Sanchez-Molina
et al., 2018)

(Casada and Dafny,
1991)
(Metz et al., 2001)

(Van Gaalen et al.,

2002)

(Mizoguchi et al.,
2002)

(Lepicard et al.,
2003)

(Metz et al., 2005)

(Jadaviji et al., 2006)

(Jadavji and Metz,
2008)

(Kirkland et al.,
2008)
(Ito et al., 2010)

(Liston et al., 2013)

(Mo et al., 2014)

(Harlé et al., 2017)

(He et al., 2021)

(continued on next page)
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Table 1 (continued)
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Subjects Anxiety Motor task Conclusions ref
Locomotion
Strength: Grip test
Mice, - Chronic stress: CSDS Balance/Coordination: Stress impaired fine motor movement acquisition in all (Gellner et al., 2022)
(M, n =54) Rotarod groups. Stress improved rotarod motor learning in “resilient”

c. Pathological conditions

PD,
(M/W, n = 6)

PD,
(M/W, n = 392)

PD

(M/W, n =79)
PD

(M/W, n = 30)
PD

(M/W, n = 70)

Mice PD-like (MPTP)
(M/F, N = 40)

Rats PD-like (6-
OHDA)
(F,n=24)

Rats PD-like (6-
OHDA)
(M, n = 30)

Essential tremors,
(M/W, n = 74)

Health professionals,
(M, n = 35 815)

Musicians with focal

dystonia (M/W, n =

50)
Essential Tremors
(M/W, n = 162)

Children with Anxiety

disorders (M/W, n
=54)

- Stress, anxiety, embarrassment,
tension reports

- Presence of psychiatric disorder:
Medical records, DSM-5,

physician diagnosis
- Anxiety disorders (MINI)

- Trait anxiety (STAI)

- State anxiety: Postural threat,
- Affective state (PANAS)

- Trait anxiety (STAI)

- Chronic stress: RS

- Chronic stress: RS or CORT

- Chronic stress: CVS

- Severity of anxiety: HAM-A

- Personality traits and phobic
anxiety (CCEID)

- Presence and timing of anxiety
symptoms: Self estimation test

- Psychological symptoms (SCL-
90)

- Non-comorbid “pure” anxiety
disorder (DSM-V, K-SADS PL)

Fine motor skills:
Skill reaching test

Walking,

Grip strength
Voluntary movement
Diagnosis of PD

Hoehn and Yahr Staging of
PD

UPDRS

Posture

UPDRS

Walking gait
UPDRS

Balance/Coordination:
Rotarod

Fine motor skills:

Skill reaching test

Forelimb asymmetry:
Cylinder test

Tremor disability
questionnaire & video
examination
Performance test
Diagnosis of PD

Presence of task-related
dystonia

Tremor scoring on five
activities*

Manual dexterity, Ball skill,
Static and Dynamic balance
(MABC)

and impaired performance in “susceptible” mice.

Practicians reported strong motor improvements or
impairments following a strong emotional event with no
change in treatment. These effects could be long lasting.
Retrospective study: Significant association between the
presence of anxiety disorders and PD, whether they started
5,10 or 20 years before the motor symptoms.

Severity of motor symptoms and treatment complications
(on/off fluctuation) were associated with the presence of an
anxiety disorder.

Anxiety state and fear scores were correlated with changes in
postural control, affecting static balance. These changes were
similar across groups.

High trait anxiety parkinsonians walked with slower gait,
reduced step length and increased variability in comparison
to both the control and low anxiety PD group.

Chronic RS + MPTP worsened rotarod performance and
motor skill learning compared to MPTP only.

RS and CORT impaired skilled reaching success pre-6-OHDA
lesions and post-6-OHDA lesion

CVS increased forelimb asymmetry in 6-OHDA condition

Anxiety (and depression) were associated with greater self-
reported disability and with greater difficulty in
performance-based test.

Prospective study: 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.
Retrospective study: Social and specific phobias were higher
in musicians with focal dystonia before and after its onset.

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 2/3rd of the anxious boys had motor problems
according to MABC score.

(Schwab and Zieper,
1965)

(Shiba et al., 2000)
(Dissanayaka et al.,
2010)

(Pasman et al.,
2011)

(Ehgoetz Martens
et al., 2018)

(Lauretti et al.,

2016)
(Smith et al., 2008)

(Hemmerle et al.,
2014)

(Louis et al., 2001)

(Weisskopf et al.,
2003)

(Jabusch and
Altenmdiller, 2014)

(Tan et al., 2005)

(Ekornaés et al.,
2010)

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; CCEL: 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-1,2,3,6-tetrahydropyridine; 6-OHDA: 6-hydroxydop-
amine; b-CCM: methyl p-carboline-3-carboxylate; EE: Enriched environment; DSM-5: Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition; M:
Males/Man; F: Females; W: Woman.

in the Franklin-Paxinos atlas is separated from the substantia innomi-
nata, while in the Allen Reference Atlas, the ventral region of the Pal-
lidum is composed of the substantia innominata and the magnocellular
nucleus. In this review, the VP is related to the nomenclature used by the
Franklin-Paxinos Atlas and excluded the substantia innominata and the
magnocellular nucleus.

Furthermore, though it is becoming increasingly common to
automatize the mapping and labeling of brain sections, the delimitation
and naming of structures is, for the most part, determined manually by
the experimenter (Bjerke et al., 2018). Thus, even articles using the same
atlas may not define similar boundaries for a given structure. Thus, we
did not differentiate structure naming in relation to the year, version or
atlas used in the different articles. To be comprehensive but avoid
structure naming confounds, when we had a doubt in the terminology of
the structures (Fig. 4, names followed by an asterisk *), we assessed the

localization of the labeling or injection when possible. For example, the
ventral striatum (VS) includes the NAc and the olfactory tubercle.
Nonetheless, authors often use the VS as a synonym for the NAc. Simi-
larly, the “Amygdala” often refers to the Basolateral (BLA) or Central
Amygdala (CeA), though not always. If the naming was too ambiguous,
and images could not provide convincing details on the subregions
labeled, we did not include the article for the given structure. However,
if the labeling observed on provided images were considered sufficient
to clarify the ambiguity, it was included in Table 2.

In addition, some of the structures we investigated have functional
relevance but unclear anatomical boundaries or naming in the literature.
This was the case for the ventral hippocampus (vHPC) and medial pre-
frontal cortex (mPFC). The hippocampus has been functionally sub-
divided into its most dorsal and ventral regions (Fanselow and Dong,
2010; Floriou-Servou et al., 2018), though these differentiations do not
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Review of the anatomical projections from emotion-related structures to the motor system.

OFC A/R  Tracer Rodent  Transgenic line & References
M1 \/ R Cre-dpt rabies Mouse CRF-cre (Zhao et al., 2020), Thyl-cre, vGat-cre (Luo et al., 2019), Rbp4-cre (Geng
et al., 2022)
\/ A PHA-L Mouse (Hoover and Vertes, 2011)
\/ A AAV Mouse (Gao et al., 2022; Wang et al., 2021)
DS \/ R Cre-dpt rabies Mouse D1R-cre (Guo et al., 2015; Wall et al., 2013), D2R-cre (Guo et al., 2015; Wall et al.,
2013), ChAT-cre (Guo et al., 2015), PV-cre (Klug et al., 2018), Sepw1-NP67-cre (
Smith et al., 2016), Plxnd1-OG1-cre (Smith et al., 2016)
\/ R Retrobeads Mouse (Pan et al., 2010)
\/ R FG, CTb Mouse (Hintiryan et al., 2016)
\/ A AAV Mouse (Gao et al., 2022;Wang et al., 2021), (Hintiryan et al., 2016)
\/ A PHA-L Mouse Hoover and Vertes, 201 1> (Hintiryan et al., 2016)
GPe \/ R Cre-dpt rabies Mouse PV-cre (Lilascharoen et al., 2021)
\/ A AAV Mouse (Wang et al., 2021)
x R Cre-expressing lentivirus Mouse  R26MS-tdTomate, (cyj e al, 20217
STN X A/R (Hoover and Vertes, 2011; Wang et al., 2021; Cavdar
et al., 2018; Parolari et al., 2021)
SNr \/ A AAV Mouse (Gao et al., 2022; Wang et al., 2021)
\/ A PHA-L Mouse (Hoover and Vertes, 2011)
SNc \/ R Cre-dpt rabies Mouse DAT-cre (Watabe-Uchida et al., 2012)
\/ A PHA-L Mouse (Hoover and Vertes, 2011)
\/ A AAV Mouse (Gao et al., 2022)
SC \/ R Cre-dpt rabies Mouse vGlut2-cre (Doykos et al., 2020)
\/ R Ctb Mouse (Benavidez et al., 2021)
\/ A AAV Mouse (Wang etal., 2021 (Benavidez et al., 2021)
\/ A PHA-L Mouse (Benavidez et al., 2021)
x A AAV Mouse (Gao et al., 2022)
MLR J R Cre-dpt rabies Rat ChAT-cre (Huerta-Ocampo et al., 2021)
\/ R rAAV2 Mouse CaMKII-cre (Liu et al., 2022a)
J A PHA-L Mouse (Hoover and Vertes, 2011)
X R WGA-HRP Rat (Semba and Fibiger, 1992)
x R Cre-dpt rabies Mouse vGlut2-cre (Roseberry et al., 2016), vGat-cre (Roseberry et al., 2016)
GRN x R Cre-dpt rabies Mouse CHX10-cre (Cregg et al., 2020)
x A PHA-L Mouse (Hoover and Vertes, 2011)
LGRN X A/R  SSirieix et al., 2012" (Hoover and Vertes, 2011; Van
Bockstaele et al., 1989)
Cg A/R  Tracer Rodent  Transgenic line
M1 J R Cre-dpt rabies Mouse Thy1-cre (Luo et al., 2019), vGat-cre (Luo et al., 2019), Rbp4-cre (Geng et al., 2022)
\/ A AAV Mouse (Shi et al., 2022)
J A PHA-L Rat (Sesack et al., 1989)
DS \/ R Cre-dpt rabies Mouse D1R-cre (Guo et al., 2015; Wall et al., 2013; Lu et al., 2021), D2R-cre (Guo et al.,
2015; Wall et al., 2013; Lu et al., 2021), ChAT-cre (Guo et al., 2015; Klug et al.,
2018), PV-cre (Klug et al., 2018), Sepw1-NP67-cre (Smith et al., 2016),
Plxnd1-OG1-cre (Smith et al., 2016)
\/ R Retrobeads Mouse (Pan et al., 2010)
\/ R FG, CTb Mouse (Hintiryan et al., 2016)
\/ A AAV Mouse (Hintiryan et al., 2016; Gao et al., 2022; Shi et al., 2022)
\/ A PHA-L Rat (Hintiryan et al., 2016; Sesack et al., 1989)
GPe X A/R  (ilascharoen et al., 2021 (Cui et al., 2021) (Shi et al.,
2022)
STN \/ R BDA, FG Rat (Cavdar et al., 2018)
\/ R HRP Rat (Canteras et al., 1990)

(continued on next page)
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OFC A/R Tracer Rodent  Transgenic line & References
\/ R Cre-dpt rabies, rAAV2 Mouse (Li et al., 2020)
\/ A WGA-HRP Rat (Canteras et al., 1990)
\/ A AAV Mouse (Shi et al., 2022; Li et al., 2020)
X R Cre-dpt rabies Mouse Gabrr3-cre (Parolari et al., 2021)
SNr \/ AAV Mouse CaMKII-cre (Liu et al., 2022a)
SNc X R Cre-dpt rabies Mouse DAT-cre (Watabe-Uchida et al., 2012)
SC \/ R Cre-dpt rabies Mouse vGlut2-cre (Doykos et al., 2020y (Campagner et al., 2023), vGat-cre (Campagner
et al., 2023)
\/ Ctb Mouse (Benavidez et al., 2021)
\/ A PHA-L Mouse (Benavidez et al., 2021)
J A AAV Mouse  (Gao et al., 2022" (Benavidez et al., 2021; Shi et al., 2022), CaMKIIL-cre (Liu et al.,
2022a)
MLR \/ R Cre-dpt rabies Rat ChAT-cre (Huerta-Ocampo et al., 2021)
\/ R rAAV2, CTb Mouse CaMKII-cre (Liu et al., 2022a)
\/ A AAV Mouse CaMKII-cre (Liu et al., 2022a)
X R Cre-dpt rabies Mouse vGlut2-cre (Roseberry et al., 2016), vGat-cre (Roseberry et al., 2016)
X R WGA-HRP Rat (Semba and Fibiger, 1992)
GRN X R Cre-dpt rabies Mouse CHX10-cre (Cregg et al., 2020)
\/ AAV Mouse CaMKII-cre (Liu et al., 2022a)
LGRN X FG Rat (Normandin and Murphy, 2008)
X R CTb Rat (Sirieix et al., 2012)
X A AAV Mouse CaMKII-cre (Liu et al., 2022a)
mPFC A/R  Tracer Rodent  Transgenic line
M1 X R Cre-dpt rabies Mouse Thy1l-cre (Luo et al., 2019), CRF-cre (Zhao et al., 2020)
X A PHA-L Rat (Sesack et al., 1989)
DS \/ R Cre-dpt rabies Mouse D1R-cre (Guo et al., 2015; Wall et al., 2013; Lu et al., 2021), D2R-cre (Guo et al.,
2015; Wall et al., 2013; Lu et al., 2021), ChAT-cre (Guo et al., 2015) (Klug et al.,
2018), PV-cre (Klug et al., 2018), Sepw1-NP67-cre (Smith et al., 2016),
Plxnd1-OG1-cre (Smith et al., 2016)
\/ R Retrobeads Mouse (Pan et al., 2010)
\/ R FG, CTb Mouse (Hintiryan et al., 2016)
\/ A PHA-L Rat (Sesack et al., 1989;Takagishi and Chiba, 1991;Vertes, 2004)
\/ A AAV Mouse Gao et al., 2022 (Hintiryan et al., 2016)
GPe X A/R (Lilascharoen et al., 2021; Cui et al., 2021; Sesack et al.,
1989)
STN \/ R HRP Rat (Canteras et al., 1990)
\/ R BDA, FG Rat (Cavdar et al., 2018)
\/ A WGA-HRP Rat (Canteras et al., 1990)
X R Cre-dpt rabies Mouse Gabrr3-cre (Parolari et al., 2021)
X A PHA-L Rat (Sesack et al., 1989; Vertes, 2004)
SNr \/ A AAV Mouse CaMKII-cre (Liu et al., 2022a)
\/ A PHA-L Rat (Sesack et al., 1989)
SNc X R Cre-dpt rabies Mouse DAT-cre (Watabe-Uchida et al., 2012)
\/ A PHA-L Rat (Sesack et al., 1989; Vertes, 2004)
SC \/ R Cre-dpt rabies Mouse vGlut2-cre (Campagner et al., 2023), vGat-cre (Campagner et al., 2023)
\/ A AAV Mouse (Gao et al., 2022 (Benavidez et al., 2021)
\/ A PHA-L Mouse (Benavidez et al., 2021)
X R Cre-dpt rabies Mouse vGlut2-cre (Doykos et al., 2020)

(continued on next page)
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Table 2 (continued)

OFC A/R Tracer Rodent  Transgenic line & References
MLR \/ R WGA-HRP Rat (Semba and Fibiger, 1992)
\/ R rAAV2, CTb Mouse CaMKII-cre (Liu et al., 2022a)
\/ A AAV Mouse CaMKII-cre (Liu et al., 2022a)
\/ A PHA-L Rat (Sesack et al., 1989; Vertes, 2004)
X R Cre-dpt rabies Rat ChAT-cre (Huerta-Ocampo et al., 2021), vGlut2-cre (Roseberry et al., 2016),
vGat-cre (Roseberry et al., 2016)
GRN X R Cre-dpt rabies Mouse CHX10-cre (Cregg et al., 2020)
\/ CTb Rat (Hermann et al., 1997)
LGRN X R CTb Rat (Sirieix et al., 2012)
\/ R WGA-HRP, FG Rat (Van Bockstaele et al., 1989)
1C A/R  Tracer Rodent  Transgenic line
M1 \/ R Cre-dpt rabies Mouse Thy1-cre (Luo et al., 2019), vGat-cre (Luo et al., 2019), Rbp4-cre (Geng et al., 2022),
CRF-cre (Zhao et al., 2020)
\/ A AAV Mouse CaMKII-cre (Gehrlach et al., 2020, 2019
DS \/ Cre-dpt rabies Mouse D1R-cre (Wall et al., 2013; Lu et al., 2021), D2R-cre (Lu et al., 2021) (Wall et al.,
2013), ChAT-cre (Klug et al., 2018), PV-cre (Klug et al., 2018)
\/ Retrobeads Mouse (Pan et al., 2010)
\/ AAV Mouse CaMKII-cre (Gehrlach et al., 2020, 2019
X R Cre-dpt rabies Mouse D1R-cre (Guo et al., 2015), D2R-cre (Guo et al., 2015), ChAT-cre (Guo et al., 2015),
Sepw1-NP67-cre (Smith et al., 2016), Plxnd1-OG1-cre (Smith et al., 2016)
GPe N4 Cre-expressing lentivirus Mouse  R26-S-tdTomato, (cyi et al., 2021)
\/ A AAV Mouse (Gao et al., 2022), CaMKII-cre (Gehrlach et al., 2020, 2019
X R Cre-dpt rabies Mouse PV-cre (Lilascharoen et al., 2021)
STN \/ R HRP Rat (Canteras et al., 1990)
\/ R BDA, FG Rat (Cavdar et al., 2018)
\/ A WGA-HRP Rat (Canteras et al., 1990)
X R Cre-dpt rabies Mouse Gabrr3-cre (Parolari et al., 2021)
X A AAV Mouse CaMKII-cre (Gehrlach et al., 2020)
SNr \/ A AAV Mouse (Gao et al., 2022), CaMKII-cre (Gehrlach et al., 2020)
X Cre-dpt rabies Mouse Gad2-cre (Liu et al., 2020), PV-cre (Liu et al., 2020)
SN¢ \/ A AAV Mouse (Gao et al., 2022)
x Cre-dpt rabies Mouse DAT-cre (Watabe-Uchida et al., 2012)
SC \/ Cre-dpt rabies Mouse vGlut2-cre (Doykos et al., 2020), Gad2-cre (Doykos et al., 2020)
X A PHA-L, AAV Mouse (Benavidez et al., 2021)
X A AAV Mouse CaMKII-cre (Gehrlach et al., 2020)
MLR \/ R Cre-dpt rabies Rat ChAT-cre (Huerta-Ocampo et al., 2021)
\/ R rAAV2 Mouse CaMKII-cre (Liu et al., 2022a)
\/ A AAV Mouse CaMKII-cre (Gehrlach et al., 2020, 2019
X R WGA-HRP Rat (Semba and Fibiger, 1992)
GRN X R Cre-dpt rabies Mouse CHX10-cre (Cregg et al., 2020)
\/ R CTb Rat (Hermann et al., 1997)
LGRN \/ R CTb Rat (Sirieix et al., 2012)
X R FG Rat (Normandin and Murphy, 2008)
X R WGA-HRP, FG Rat (Van Bockstaele et al., 1989)
BLA A/R Tracer Rodent  Transgenic line
M1 \/ Cre-dpt rabies Mouse Thy1-cre (Luo et al., 2019), vGat-cre (Luo et al., 2019), Rbp4-cre (Geng et al., 2022)
\/ CTb, FG, rAAV2 Mouse (Hintiryan et al., 2021)
\/ A PHA-L, AAV Mouse (Hintiryan et al., 2021)

(continued on next page)
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OFC A/R Tracer Rodent  Transgenic line & References
DS \/ R Cre-dpt rabies Mouse D1R-cre (Guo et al., 2015; Wall et al., 2013; Lu et al., 2021), D2R-cre (Guo et al.,
2015; Wall et al., 2013; Lu et al., 2021), ChAT-cre (Guo et al., 2015)
\/ R Retrobeads Mouse (Pan et al., 2010)
\/ R CTb, FG, rAAV2 Mouse (Hintiryan et al., 2021)
\/ A PHA-L, AAV Mouse (Hintiryan et al., 2021)
X R Cre-dpt rabies Mouse Sepw1-NP67-cre (Smith et al., 2016), Plxnd1-OG1-cre (Smith et al., 2016)
GPe X A/R (Lilascharoen et al., 2021;Cui et al., 2021;Hintiryan et al.,
2021)
STN \/ R BDA, FG Rat (Cavdar et al., 2018)
X R Cre-dpt rabies Mouse Gabrr3-cre (Parolari et al., 2021)
X R HRP Rat (Canteras et al., 1990)
X R CTb, FG, rAAV2 Mouse (Hintiryan et al., 2021)
X A PHA-L, AAV Mouse (Hintiryan et al., 2021)
SNr \/ A PHA-L, AAV Mouse (Hintiryan et al., 2021)
X Cre-dpt rabies Mouse Gad2-cre (Liu et al., 2020), PV-cre (Liu et al., 2020)
SNc \/ A PHA-L, AAV Mouse (Hintiryan et al., 2021)
X R Cre-dpt rabies Mouse DAT-cre (Watabe-Uchida et al., 2012)
e X A/R  ‘Doykos et al., 2020” (Hintiryan et al., 2021)
MLR X A/R Roseberry et al., 2016;Huerta-Ocampo et al., 2021;Liu
et al., 2022a;Semba and Fibiger, 1992), (Hintiryan et al.,
2021)
GRN X R CTb Rat (Hermann et al., 1997)
\/ R Cre-dpt rabies Mouse CHX10-cre (Cregg et al., 2020)
LGRN X R FG Rat (Normandin and Murphy, 2008> (Van Bockstaele et al., 1989)
X R CTb Rat (Sirieix et al., 2012)
X R WGA-HRP Rat (Van Bockstaele et al., 1989)
CeA A/R  Tracer Rodent  Transgenic line
M1 X R Cre-dpt rabies Mouse Thy1-cre (Luo et al., 2019), vGat-cre (Luo et al., 2019), Rbp4-cre (Geng et al., 2022)
X A AAV Mouse Penk-cre (Viden et al., 2022)
DS \/ R Cre-dpt rabies Mouse D1R-cre (Wall et al., 2013; Lu et al., 2021), D2R-cre (Wall et al., 2013; Lu et al.,
2021), Sepw1-NP67-cre (Smith et al., 2016), Plxnd1-OG1-cre (Smith et al., 2016)
\/ R Retrobeads Mouse (Pan et al., 2010)
X R Cre-dpt rabies Mouse D1R-cre (Guo et al., 2015), D2R-cre (Guo et al., 2015), ChAT-cre (Guo et al., 2015) (
Klug et al., 2018), PV-cre (Klug et al., 2018)
X A AAV Mouse Penk-cre (Viden et al., 2022)
GPe \/ R Cre-dpt rabies, retrobeads Mouse CRFR1-cre (Hunt et al., 2018b; Chang et al., 2022), NPAS1-cre (Hunt et al., 2018b),
PV-cre (Lilascharoen et al., 2021)
J R Cre-expressing lentivirus Mouse  R26 Sk-tdTomato, (cyj e a1, 20217
\/ R CTb, rAAV2 Mouse (Giovanniello et al., 2020),SST-cre:Ail14 (Giovanniello et al., 2020),
Rosa26-stop”®*-H2B-GFP (Giovanniello et al., 2020)
\/ A AAV Mouse Penk-cre (Viden et al., 2022), SST-cre (Giovanniello et al., 2020)
STN \/ R Cre-dpt rabies Mouse Gabrr3-cre (Parolari et al., 2021)
\/ R BDA, FG Rat (Cavdar et al., 2018)
\/ R HRP Rat (Canteras et al., 1990)
\/ A AAV Mouse Penk-cre (Viden et al., 2022)
X A WGA-HRP Rat (Canteras et al., 1990)
SNr \/ R FG Rat (Zahm et al., 2011)
\/ R Cre-dpt rabies Mouse Gad2-cre (Liu et al., 2020), PV-cre (Liu et al., 2020; Chang et al., 2022)
\/ A AAV Mouse Penk-cre (Viden et al., 2022)
SNc \/ R FG Rat (Zahm et al., 2011)

(continued on next page)
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OFC A/R Tracer Rodent  Transgenic line & References
\/ R Cre-dpt rabies Mouse DAT-cre (Watabe-Uchida et al., 2012), TH-FlpO (Chang et al., 2022), CRHR1-cre (
Chang et al., 2022), vGat-FIpO (Chang et al., 2022)
\/ A AAV Mouse Penk-cre (Viden et al., 2022), CRH-cre (Chang et al., 2022)
\/ A PHA-L Rat (Wallace et al., 1992; Gonzales and Chesselet, 1990)
SC X A/R (Viden et al., 2022; Benavidez et al., 2021; Doykos et al.,
2020)
MLR \/ R Tritiated leucine Rat (Garcia-Rill et al., 1983)
\/ R WGA-HRP Rat (Semba and Fibiger, 1992; Steininger et al., 1992)
\/ R Cre-dpt rabies Rat ChAT-cre (Huerta-Ocampo et al., 2021)
\/ R Cre-dpt rabies Mouse vGlut2-cre (Roseberry et al., 2016), vGat-cre (Roseberry et al., 2016)
\/ R Cav Mouse vGat-cre (Roseberry et al., 2019)
\/ A AAV Mouse Penk-cre (Viden et al., 2022), vGat-cre (Roseberry et al., 2019)
GRN \/ R CTb Rat (Hermann et al., 1997)
\/ R Cre-dpt rabies Mouse CHX10-cre (Cregg et al., 2020)
\/ A AAV Mouse Penk-cre (Viden et al., 2022)
\/ A PHA-L Rat (Wallace et al., 1992)
LGRN \/ R FG Rat (Normandin and Murphy, 2008)
\/ R CTb Rat (Sirieix et al., 2012)
X R WGA-HRP, FG Rat (Van Bockstaele et al., 1989)
BNST A/R  Tracer Rodent  Transgenic line
M1 X R Cre-dpt rabies Mouse Thy1l-cre (Luo et al., 2019), vGat-cre (Luo et al., 2019), Rbp4-cre (Geng et al., 2022)
X A PHA-L Rat (Dong et al., 2001;Dong and Swanson, 2004a, 2006a, 2006a, 2006b, 2004b, 2003
DS \/ R Cre-dpt rabies Mouse D1R-cre (Lu et al., 2021), D2R-cre (Lu et al., 2021), ChAT -cre (Klug et al., 2018),
PV-cre (Klug et al., 2018), Sepw1-NP67-cre (Smith et al., 2016), Plxnd1-OG1-cre (
Smith et al., 2016)
\/ AAV Mouse Sepw1-NP67-cre (Smith et al., 2016), Plxnd1-OG1-cre (Smith et al., 2016)
\/ PHA-L Rat (Dong and Swanson, 2004a)
X Cre-dpt rabies Mouse D1R-cre (Guo et al., 2015; Wall et al., 2013), DR-cre (Guo et al., 2015; Wall et al.,
2013), ChAT-cre (Guo et al., 2015)
X R Retrobeads Mouse (Pan et al., 2010)
GPe \/ R Cre-dpt rabies, retrobeads Mouse CRFR1-cre (Hunt et al., 2018b; Chang et al., 2022), NPAS1-cre (Hunt et al., 2018b),
PV-cre (Lilascharoen et al., 2021)
v R Cre-expressing lentivirus Mouse  R26 Sk-tdTomato, (g e a1, 20217
\/ A PHA-L Rat (Dong et al., 2001)
STN \/ R Cre-dpt rabies Mouse Gabrr3-cre (Parolari et al., 2021)
\/ R BDA, FG Rat (Cavdar et al., 2018)
\/ A PHA-L Rat (Dong et al., 2001)
X R HRP Rat (Canteras et al., 1990)
X A PHA-L Rat (Dong and Swanson, 2004a, 2006a, 2006a, 2006b, 2004b, 2003
SNr \/ R Cre-dpt rabies Mouse PV-cre (Chang et al., 2022)
\/ A AAV Rat CRF-cre-GFP (Dabrowska et al., 2016)
X FG Rat (Zahm et al., 2011)
X A PHA-L Rat (Dong et al., 2001;Dong and Swanson, 2004a, 2006a, 2006a, 2006b, 2004b, 2003
SNc \/ R Cre-dpt rabies Mouse DAT-cre (Watabe-Uchida et al., 2012), TH-FlpO (Chang et al., 2022), CRHR1-cre (
Chang et al., 2022), vGat-FIpO (Chang et al., 2022)
\/ R FG Rat (Zahm et al., 2011)
\/ A AAV Rat CRF-cre-GFP (Dabrowska et al., 2016)
\/ A AAV Mouse Plxnd1-OG1-cre (Smith et al., 2016), CRF-cre (Chang et al., 2022)
\/ A PHA-L Rat (Dong and Swanson, 2004a)
SC X A/R (Benavidez et al., 2021;Doykos et al., 2020;Dong et al.,

2001;Dong and Swanson, 2004a, 2006a, 2006a, 2006b,

2004b, 2003

10

(continued on next page)



A. Braine and F. Georges Neuroscience and Biobehavioral Reviews 155 (2023) 105475

Table 2 (continued)

OFC A/R Tracer Rodent  Transgenic line & References
MLR \/ R SITS, True blue Rat (Swanson et al., 1984)
\/ R Cre-dpt rabies Mouse vGlut2-cre (Dautan et al., 2021; Roseberry et al., 2016), vGat-cre (Roseberry et al.,
2016)
\/ R rAAV2 Mouse CaMKII-cre (Liu et al., 2022a)
vV R WGA-HRP Rat (Semba and Fibiger, 1992” (Steininger et al., 1992)
\/ A PHA-L Rat (Dong and Swanson, 2003)
X R Cre-dpt rabies Rat ChAT-cre (Huerta-Ocampo et al., 2021)
X A PHA-L Rat (Dong et al., 2001;Dong and Swanson, 2006a, 2006a, 2006b, 2004b
GRN \/ R CTb Rat (Hermann et al., 1997)
\/ A PHA-L Rat (Dong and Swanson, 2003)
LGRN \/ R FG Rat (Normandin and Murphy, 2008)
\/ R CTb Rat (Sirieix et al., 2012)
\/ A PHA-L Rat (Dong and Swanson, 2003)
X R/A (Van Bockstaele et al., 1989;Dong et al., 2001;Dong and
Swanson, 2006a, 2006a, 2006b, 2004b
NAc A/R Tracer Rodent Transgenic line
M1 X R Cre-dpt rabies Mouse Thy1l-cre (Luo et al., 2019), vGat-cre (Luo et al., 2019), Rbp4-cre (Geng et al., 2022)
DS \/ Cre-dpt rabies Mouse D1R-cre (Lu et al., 2021), D2R-cre (Lu et al., 2021)
\/ A BDA Rat (Usuda et al., 1998)
X R (Smith et al., 2016; Guo et al., 2015; Wall et al., 2013;
Klug et al., 2018; Pan et al., 2010)
GPe \/ A H-proline Rat (Mogenson et al., 2023)
\/ A PHA-L Rat (Zahm and Heimer, 1993)
\/ A BDA Rat (Usuda et al., 1998)
X R Cre-expressing lentivirus Mouse  R26StdTomato, (cyi et g] 2021)
X R Cre-dpt rabies Mouse PV-cre (Lilascharoen et al., 2021) (Chang et al., 2022)
X R True blue Rat (Mogenson et al., 2023)
X A Tritiated proline-Leucine Rat (Nauta et al., 1978)
STN v FG Rat (Cavdar et al., 2018
\/ BDA Rat (Cavdar et al., 2018; Usuda et al., 1998)
X R Cre-dpt rabies Mouse Gabrr3-cre (Parolari et al., 2021)
X R HRP Rat (Canteras et al., 1990)
SNr \/ R FG Rat (Zahm et al., 2011)
\/ R Cre-dpt rabies Mouse Gad2-cre (Liu et al., 2020)
\/ R WGA-HRP Rat (Deniau et al., 1994)
\/ A WGA-HRP Rat (Deniau et al., 1994)
\/ A BDA Rat (Usuda et al., 1998)
\/ A Tritiated proline-Leucine Rat (Nauta et al., 1978)
SNc \/ R FG Rat (Zahm et al., 2011)
\/ R Cre-dpt rabies Mouse DAT-cre (Watabe-Uchida et al., 2012), TH-FlpO (Chang et al., 2022), CRHR1-cre (
Chang et al., 2022), vGat-FIpO (Chang et al., 2022)
\/ PHAL Rat (Heimer et al., 1991)
\/ A BDA Rat (Usuda et al., 1998)
SC X R (Benavidez et al., 2021; Doykos et al., 2020)
MLR \/ R Cre-dpt rabies Mouse vGlut2-cre (Caggiano et al., 2018)
\/ Cre-dpt rabies Rat ChAT-cre (Huerta-Ocampo et al., 2021)
X R WGA-HRP Rat (Semba and Fibiger, 1992; Steininger et al., 1992)
GRN X R CTb Rat (Hermann et al., 1997)

(continued on next page)
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Table 2 (continued)

OFC A/R Tracer Rodent  Transgenic line & References
X R Cre-dpt rabies Mouse CHX10-cre (Cregg et al., 2020)
LGRN X R FG Rat (Normandin and Murphy, 2008> (Van Bockstaele et al., 1989)
X R CTb Rat (Sirieix et al., 2012)
X R WGA-HRP Rat (Van Bockstaele et al., 1989)
VP A/R Tracer Rodent Transgenic line
M1 X A/R  (Rizzi and Tan, 2019; Hormigo et al., 2021; Villalobos
and Basso, 2022; Groenewegen et al., 1993)
DS \/ Cre-dpt rabies Mouse D1R-cre (Lu et al., 2021), D2R-cre (Lu et al., 2021)
\/ A AAV Mouse (Feng et al., 2021)
X (Guo et al., 2015; Wall et al., 2013; Klug et al., 2018; Pan
et al., 2010)
X A AAV Mouse vGlut2-cre (Faget et al., 2018), vGat-cre (Faget et al., 2018), ChAT-cre (Faget et al.,
2018)
GPe \/ A AAV Mouse (Feng et al., 2021)
X R Cre-dpt rabies Mouse PV-cre (Lilascharoen et al., 2021)
X R Cre-expressing lentivirus Mouse  R26SLtdTomato, (i ar g] 2021?
STN \/ R BDA, FG Rat (Cavdar et al., 2018)
\/ R HRP Rat (Canteras et al., 1990)
\/ A WGA-HRP Rat (Canteras et al., 1990)
\/ A AAV Mouse vGat-cre (Faget et al., 2018)
\/ A PHA-L Rat (Groenewegen et al., 1993 (Bevan et al., 1997)
\/ A BDA Rat (Bevan et al., 1997)
X R Cre-dpt rabies Mouse Gabrr3-cre (Parolari et al., 2021)
X A AAV Mouse vGlut2-cre (Faget et al., 2018), ChAT-cre (Faget et al., 2018)
SNr \/ R CTb Rat (Groenewegen et al., 1993)
\/ A PHA-L Rat (Grocncwcgcn et al., 1993 (Bevan et al., 1997)
X R Cre-dpt rabies Mouse Gad2-cre (Liu et al., 2020)
X R FG Rat (Conio et al., 2020)
X A AAV Mouse  vGlut2-cre (Faget et al., 2018), vGat-cre (Faget et al., 2018), ChAT-cre (Faget et al.,
2018)
SNc \/ R Cre-dpt rabies Mouse DAT-cre (Watabe-Uchida et al., 2012)
\/ R FG Rat (Zahm et al., 2011)
\/ R CTb Rat (Groenewegen et al., 1993)
\/ A AAV Mouse vGlut2-cre (Faget et al., 2018), vGat-cre (Faget et al., 2018)
\/ A PHA-L Rat (Groenewegen et al., 1993; Bevan et al., 1996)
X A AAV Mouse ChAT-cre (Faget et al., 2018)
SC \/ A AAV Mouse (Feng et al., 2021)
X R Cre-dpt rabies Mouse vGlut2-cre (Doykos et al., 2020)
X R CTb Mouse (Benavidez et al., 2021)
x A AAV, PHA-L Mouse (Benavidez et al., 2021)
MLR \/ R Cre-dpt rabies Rat ChAT-cre (Huerta-Ocampo et al., 2021)
\/ R WGA-HRP Rat (Semba and Fibiger, 1992)
\/ A AAV Mouse (Feng et al., 2021), vGlut2-cre (Faget et al., 2018), vGat-cre (Faget et al., 2018)
X R WGA-HRP Rat (Steininger et al., 1992)
X R TAAV2 Mouse CaMKII-cre (Liu et al., 2022a)
GRN X R CTb Rat (Hermann et al., 1997)
X R Cre-dpt rabies Mouse CHX10-cre (Cregg et al., 2020)

(continued on next page)
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Table 2 (continued)

OFC A/R Tracer Rodent  Transgenic line & References
LGRN X R FG Rat (Normandin and Murphy, 2008)
X R CTb Rat (Sirieix et al., 2012)
X R WGA-HRP, FG Rat (Van Bockstaele et al., 1989)
LS A/R  Tracer Rodent  Transgenic line
M1 X A/R (Deng et al., 2019; Zhao et al., 2020; Luo et al., 2019;
Geng et al., 2022)
DS \/ R Cre-dpt rabies Mouse ChAT-cre (Klug et al., 2018), PV-cre (Klug et al., 2018)
X A/R (Smith et al., 2016; Guo et al., 2015; Deng et al., 2019;
Wall et al., 2013; Pan et al., 2010)
GPe X A/R (Lilascharoen et al., 2021; Cui et al., 2021; Deng et al.,
2019)
STN X A/R  ‘Cavdar et al., 2018” (Parolari et al., 2021) (Deng et al.,
2019; Canteras et al., 1990)
SNr X A/R (Zahm et al., 2011; Liu et al., 2020; Deng et al., 2019)
SNc X A/R (Zahm et al., 2011; Watabe-Uchida et al., 2012; Deng
et al., 2019)
SC \/ R CTb Mouse (Benavidez et al., 2021)
\/ A PHA-L, AAV Mouse (Benavidez et al., 2021)
\/ A HSV-EGFP Mouse (Deng et al., 2019)
X R Cre-dpt rabies Mouse vGlut2-cre (Doykos et al., 2020), Gad2-cre (Doykos et al., 2020)
MLR X R (Deng et al., 2019; Huerta-Ocampo et al., 2021; Liu et al.,
2022a; Semba and Fibiger, 1992; Steininger et al., 1992)
GRN X R CTb Rat (Hermann et al., 1997)
X R Cre-dpt rabies Mouse CHX10-cre (Cregg et al., 2020)
LGRN X R FG Rat (Normandin and Murphy, 2008)
X R WGA-HRP, FG Rat (Van Bockstaele et al., 1989)
X R CTb Rat (Sirieix et al., 2012)
LH A/R  Tracer Rodent  Transgenic line
M1 X A/R (Zhao et al., 2020; Luo et al., 2019; Geng et al., 2022;
Berk and Finkelstein, 1982; Hahn and Swanson, 2010)
DS \/ R Cre-dpt rabies Mouse D1R-cre (Lu et al., 2021), D2R-cre (Lu et al., 2021)
X R/A (Guo et al., 2015; Wall et al., 2013; Pan et al., 2010; Berk
and Finkelstein, 1982; Hahn and Swanson, 2010)
GPe \/ Cre-dpt rabies Mouse PV-cre (Lilascharoen et al., 2021; Chang et al., 2022)
X R Cre-expressing lentivirus Mouse  R26Sk-tdTomato, (cyj e a1, 20217
X A PHA-L Rat (Hahn and Swanson, 2010)
X A H-Leucine Rat (Berk and Finkelstein, 1982)
STN \/ R BDA, FG Rat (Cavdar et al., 2018)
\/ R Cre-dpt rabies Mouse Gabrr3-cre (Parolari et al., 2021)
X R HRP Rat (Canteras et al., 1990)
X A H-Leucine Rat (Berk and Finkelstein, 1982)
X A PHA-L Rat (Hahn and Swanson, 2010)
SNr \/ R Cre-dpt rabies Mouse Gad2-cre (Liu et al., 2020)
\/ A WGA-HRP Rat (Celio et al., 2013) *
\/ A AAV Mouse Mc3R-T2A-cre (Pei et al., 2019)
X R FG Rat (Zahm et al., 2011)
X A H-Leucine Rat (Berk and Finkelstein, 1982)
X A PHA-L Rat (Hahn and Swanson, 2010)
SNc \/ R Cre-dpt rabies Mouse DAT-cre (Watabe-Uchida et al., 2012), TH-FlpO (Chang et al., 2022), CRHR1-cre (
Chang et al., 2022), vGat-FIpO (Chang et al., 2022)
\/ R FG Rat (Zahm et al., 2011)

(continued on next page)
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OFC A/R Tracer Rodent  Transgenic line & References
\/ R FG Mouse NTS-cre-GFP (Brown et al., 2019)
\/ A/R H-Leucine /HRP Rat (Wright et al., 1980)
X A H-Leucine Rat (Berk and Finkelstein, 1982)
X A PHA-L Rat (Hahn and Swanson, 2010)
SC \/ H-Leucine Rat (Berk and Finkelstein, 1982)
\/ A PHA-L Rat (Hahn and Swanson, 2010)
X CTb Mouse (Benavidez et al., 2021)
MLR \/ R rAAV2 Mouse CaMKII-cre (Liu et al., 2022a)
\/ R WGA-HRP Rat (Semba and Fibiger, 1992;Steininger et al., 1992)
\/ R Cre-dpt rabies Mouse vGlut2-cre (Caggiano et al., 2018)
\/ A WGA-HRP Rat (Celio et al., 2013)
\/ A PHA-L Rat (Hahn and Swanson, 2010;Celio et al., 2013)
\/ A BDA Rat (Papp and Palkovits, 2014)
GRN \/ R CTb Rat (Hermann et al., 1997)
\/ A PHA-L Rat (Hahn and Swanson, 2010)
\/ A BDA Rat (Papp and Palkovits, 2014)
X R Cre-dpt rabies Mouse CHX10-cre (Cregg et al., 2020)
LGRN \/ R FG Rat (Normandin and Murphy, 2008;Van Bockstaele et al., 1989)
\/ R WGA-HRP Rat (Van Bockstaele et al., 1989)
\/ R HRP Rat (Andrezik et al., 1981)
\/ R CTb Rat (Sirieix et al., 2012)
\/ A PHA-L Rat (Hahn and Swanson, 2010)
\/ A BDA Rat (Papp and Palkovits, 2014)
PVN A/R  Tracer Rodent  Transgenic line
M1 \/ A AAV Mouse AVP-cre (Freda et al., 2022)
X R Cre-dpt rabies Mouse CRF-cre (Zhao et al., 2020), Thyl-cre (Luo et al., 2019), vGat-cre (Luo et al., 2019),
Rbp4-cre (Geng et al., 2022),
DS \/ Cre-dpt rabies Mouse Sepw1-NP67-cre (Smith et al., 2016), Plxnd1-OG1-cre (Smith et al., 2016)
\/ A AAV Mouse AVP-cre (Freda et al., 2022), Oxt-cre (Freda et al., 2022)
X R (Guo et al., 2015; Wall et al., 2013; Klug et al., 2018; Pan
et al., 2010; Lu et al., 2021)
GPe \/ Cre-dpt rabies, retrobeads Mouse CRFR1-cre (Hunt et al., 2018b; Chang et al., 2022), NPAS1-cre (Hunt et al., 2018b)
\/ A AAV Mouse AVP-cre (Freda et al., 2022), Oxt-cre (Freda et al., 2022; Son et al., 2022)
X Cre-expressing lentivirus Mouse  R26 Sk-tdTomato, (cyj et a1, 20217
STN X A/R (Cavdar et al., 2018» (Freda et al., 2022; Parolari et al.,
2021; Canteras et al., 1990)
\/ AAV Mouse Oxt-cre (Son et al., 2022)
SNr \/ AAV Mouse AVP-cre (Freda et al., 2022), Oxt-cre (Freda et al., 2022)
X R FG Rat (Zahm et al., 2011)
SNc \/ R Cre-dpt rabies Mouse DAT-cre (Watabe-Uchida et al., 2012), TH-FlpO (Chang et al., 2022), CRHR1-cre (
Chang et al., 2022), vGat-FlIpO (Chang et al., 2022)
\/ R HRP Rat (Wright et al., 1980)
\/ R FG Rat (Zahm et al., 2011)
\/ A AAV Mouse AVP-cre (Freda et al., 2022), Oxt-cre (Freda et al., 2022; Son et al., 2022)
SC \/ A AAV Mouse AVP-cre (Freda et al., 2022), Oxt-cre (Freda et al., 2022; Son et al., 2022)
X R CTb Mouse (Benavidez et al., 2021)
MLR \/ TAAV2 Mouse CaMKII-cre (Liu et al., 2022a)
\/ R WGA-HRP Rat (Semba and Fibiger, 1992% (Steininger et al., 1992)
\/ A AAV Mouse Oxt-cre (Freda et al., 2022; Son et al., 2022)
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Table 2 (continued)

OFC A/R Tracer Rodent  Transgenic line & References
\/ A PHA-L Rat (Geerling et al., 2010)
GRN x R Cre-dpt rabies Mouse CHX10-cre (Cregg et al., 2020)
\/ R CTb Rat (Hermann et al., 1997)
\/ A AAV Mouse Oxt-cre (Son et al., 2022)
LGRN \/ R FG Rat (Normandin and Murphy, 2008” (Van Bockstaele et al., 1989)
\/ R CTb Rat (Sirieix et al., 2012)
\/ R WGA-HRP Rat (Van Bockstaele et al., 1989)
\/ R HRP Rat (Andrezik et al., 1981)
\/ A PHA-L Rat (Bancila et al., 2002)
\/ A AAV Mouse Oxt-cre (Son et al., 2022)
DRN A/R  Tracer Rodent  Transgenic line
M1 \/ R Rabies Mouse (Huang et al., 2019)
\/ R Cre-dpt rabies Mouse Thy1l-cre (Luo et al., 2019), vGat-cre (Luo et al., 2019), Rbp4-cre (Geng et al., 2022)
\/ A AAV Mouse SERT-cre (Muzerelle et al., 2016)
X R Cre-dpt rabies Mouse CRF-cre (Zhao et al., 2020)
X A PHA-L Rat (Sim and Joseph, 1993)
DS \/ R Rabies Mouse (Huang et al., 2019)
\/ R Cre-dpt rabies Mouse D1R-cre (Guo et al., 2015; Wall et al., 2013), D2R-cre (Guo et al., 2015; Wall et al.,
2013), ChAT-cre (Guo et al., 2015; Klug et al., 2018), PV-cre (Klug et al., 2018),
Sepw1-NP67-cre (Smith et al., 2016), Plxnd1-OG1-cre (Smith et al., 2016)
\/ R Retrobeads Mouse (Pan et al., 2010)
\/ A AAV Mouse SERT-cre (Muzerelle et al., 2016)
\/ A PHA-L Rat (Sim and Joseph, 1993)
x R Cre-dpt rabies Mouse D1R-cre (Lu et al., 2021), D2R-cre (Lu et al., 2021)
GPe v R Cre-expressing lentivirus Mouse  R26 SL-tdTomato, (cyj e a1, 20217
\/ R Rabies Mouse (Huang et al., 2019)
\/ A PHA-L Rat (Sim and Joseph, 1993)
X A AAV Mouse SERT-cre (Muzerelle et al., 2016)
STN \/ R Cre-dpt rabies Mouse Gabrr3-cre (Parolari et al., 2021)
\/ R BDA, FG Rat (Cavdar et al., 2018)
\/ R HRP Rat (Canteras et al., 1990)
\/ A WGA-HRP Rat (Canteras et al., 1990)
\/ A PHA-L Rat (Sim and Joseph, 1993)
X A AAV Mouse SERT-cre (Muzerelle et al., 2016)
SNr \/ R FG Rat (Zahm et al., 2011)
\/ R HRP Rat (Fibiger and Miller, 1977)
\/ A H-Leucine Rat (Fibiger and Miller, 1977)
\/ A AAV Mouse SERT-cre (Muzerelle et al., 2016)
\/ A PHA-L Rat (Sim and Joseph, 1993)
SNc \/ R Cre-dpt rabies Mouse DAT-cre (Watabe-Uchida et al., 2012)
\/ R FG Rat (Zahm et al., 2011)
\/ R HRP Rat (Fibiger and Miller, 1977)
\/ A H-Leucine Rat (Fibiger and Miller, 1977)
\/ A AAV Mouse SERT-cre (Muzerelle et al., 2016)
\/ A PHA-L Rat (Sim and Joseph, 1993)
SC \/ R CTb Mouse (Benavidez et al., 2021)
\/ A AAV Mouse (Benavidez et al., 2021), SERT-cre (Muzerelle et al., 2016)

(continued on next page)
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OFC A/R Tracer Rodent  Transgenic line & References
\/ PHA-L Mouse (Benavidez et al., 2021)
\/ PHA-L Rat (Sim and Joseph, 1993)
X Cre-dpt rabies Mouse vGlut2-cre (Doykos et al., 2020), Gad2-cre (Doykos et al., 2020)
MLR \/ R Cre-dpt rabies Rat ChAT-cre (Huerta-Ocampo et al., 2021)
\/ R rAAV2 Mouse CaMKII-cre (Liu et al., 2022a)
\/ R Cre-dpt rabies Mouse vGlut2-cre (Roseberry et al., 2016; Caggiano et al., 2018), vGat-cre (Roseberry et al.,
2016)
\/ R WGA-HRP Rat (Semba and Fibiger, 1992 (Steininger et al., 1992)
\/ A PHA-L Rat (Sim and Joseph, 1993)
GRN \/ R CTb Rat (Hermann et al., 1997)
\/ A PHA-L Rat (Sim and Joseph, 1993)
X R Cre-dpt rabies Mouse CHX10-cre (Cregg et al., 2020)
LGRN \/ R FG Rat (Normandin and Murphy, 2008” (Van Bockstaele et al., 1989)
\/ R WGA-HRP Rat (Van Bockstaele et al., 1989)
\/ R CTb Rat (Sirieix et al., 2012)
\/ A PHA-L Rat (Sim and Joseph, 1993)
X R HRP Rat (Andrezik et al., 1981)
VTA A/R  Tracer Rodent  Transgenic line
M1 \/ R Cre-dpt rabies Mouse Thy1l-cre (Luo et al., 2019), vGat-cre (Luo et al., 2019), Rbp4-cre (Geng et al., 2022)
\/ R Fast-Blue Rat (Hosp et al., 2011, 2015; Leemburg et al., 2018)
\/ A BDA Mouse (Aransay et al., 2015)
X R Cre-dpt rabies Mouse CRF-cre (Zhao et al., 2020)
X A AAV Mouse (He et al., 2021)
DS \/ R Cre-dpt rabies Mouse D1R-cre (Lu et al., 2021), D2R-cre (Lu et al., 2021)
\/ R Retrobeads Mouse (Pan et al., 2010)
\/ A AAV Mouse (He et al., 2021; Beier et al., 2015), Gad67-cre (Chowdhury et al., 2019)
\/ A BDA Mouse (Aransay et al., 2015)
X R Cre-dpt rabies Mouse D1R-cre (Wall et al., 2013), D2R-cre (Wall et al., 2013), Sepw1-NP67-cre (Smith
et al., 2016), Plxnd1-OG1-cre (Smith et al., 2016)
GPe \/ BDA Mouse (Aransay et al., 2015)
X R Cre-expressing lentivirus Mouse  R26'Sl-tdTomato, (cyj e a1, 20217
x R Cre-dpt rabies Mouse PV-cre (Lilascharoen et al., 2021)
X A AAV Mouse (He et al., 2021)
STN \/ R BDA, FG Rat (Cavdar et al., 2018)
\/ R Cre-dpt rabies Mouse Gabrr3-cre (Parolari et al., 2021)
\/ A BDA Mouse (Aransay et al., 2015)
X R HRP Rat (Canteras et al., 1990)
X A AAV Mouse (He et al., 2021)
SNr \/ R FG Rat (Zahm et al., 2011)
\/ AAV Mouse (He et al., 2021)
X BDA Mouse (Aransay et al., 2015)
SNc \/ FG Rat (Zahm et al., 2011)
\/ A BDA Mouse (Aransay et al., 2015)
X AAV Mouse (He et al., 2021)
SC X A/R (Aransay et al., 2015; He et al., 2021; Benavidez et al.,
2021; Doykos et al., 2020)
MLR \/ R Cre-dpt rabies Rat ChAT-cre (Huerta-Ocampo et al., 2021)
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OFC A/R Tracer Rodent  Transgenic line & References
\/ R WGA-HRP Rat (Semba and Fibiger, 1992; Steininger et al., 1992)
\/ R rAAV2 Mouse CaMKII-cre (Liu et al., 2022a)
\/ R Cre-dpt rabies Mouse vGlut2-cre (Dautan et al., 2021; Roseberry et al., 2016), vGat-cre (Roseberry et al.,
2016)
\/ AAV Mouse Gad67-cre (Chowdhury et al., 2019)
\/ A BDA Mouse (Aransay et al., 2015)
GRN X CTb Rat (Hermann et al., 1997)
X R Cre-dpt rabies Mouse CHX10-cre (Cregg et al., 2020)
LGRN X R WGA-HRP, FG Rat (Van Bockstaele et al., 1989)
X R CTb Rat (Sirieix et al., 2012)
X R HRP Rat (Andrezik et al., 1981)
\/ R FG Rat (Normandin and Murphy, 2008)
LC A/R  Tracer Rodent  Transgenic line
M1 \/ R Dextran, fluorescein, rhodamine conjugated Rat (Chandler et al., 2014)
\/ A-R Cav-cre Mouse En1P"x Dbh™°x RC::RFLTG (Plummer et al., 2020)
X R Cre-dpt rabies Mouse Thy1l-cre (Luo et al., 2019), vGat-cre (Luo et al., 2019), Rbp4-cre (Geng et al., 2022),
CRF-cre (Zhao et al., 2020)
DS X A/R (Smith et al., 2016; Guo et al., 2015; Wall et al., 2013; Pan et al., 2010; Lu et al.,
2021; Plummer et al., 2020)
GPe X A/R (Lilascharoen et al., 2021;Cui et al., 2021), (Plummer et al., 2020)
STN \/ R BDA, FG Rat (Cavdar et al., 2018)
\/ R HRP Rat (Canteras et al., 1990)
X R Cre-dpt rabies Mouse Gabrr3-cre (Parolari et al., 2021)
X A WGA-HRP Rat (Canteras et al., 1990)
X A Cav-cre (in M1 or mPFC) Mouse En1P"x Dbh™°x RC::RFLTG (Plummer et al., 2020)
SNr \/ A Cav-cre (in M1 or mPFC) Mouse En1Px Dbh™°x RC::RFLTG (Plummer et al., 2020)
X FG Rat (Zahm et al., 2011)
SNc X R Cre-dpt rabies Mouse DAT-cre (Watabe-Uchida et al., 2012)
X R FG Rat (Zahm et al., 2011)
SC \/ R CTb Mouse (Benavidez et al., 2021)
\/ A PHA-L, AAV Mouse (Benavidez et al., 2021)
\/ A Cav-cre (in M1 or mPFC) Mouse En1P"x Dbh™°x RC::RFLTG (Plummer et al., 2020)
X R Cre-dpt rabies Mouse vGlut2-cre (Doykos et al., 2020), Gad2-cre (Doykos et al., 2020)
MLR \/ R Cre-dpt rabies Rat ChAT-cre (Huerta-Ocampo et al., 2021)
\/ R WGA-HRP Rat (Semba and Fibiger, 1992)
X R Cre-dpt rabies Mouse vGlut2-cre (Dautan et al., 2021; Roseberry et al., 2016), vGat-cre (Roseberry et al.,
2016)
x R rAAV2 Mouse CaMKII-cre (Liu et al., 2022a)
GRN X R CTb Rat (Hermann et al., 1997)
x R Cre-dpt rabies Mouse CHX10-cre (Cregg et al., 2020)
LGRN X R HRP Rat (Andrezik et al., 1981
X R CTb Rat (Sirieix et al., 2012’
\/ R FG Rat (Normandin and Murphy, 2008” (Van Bockstaele et al., 1989)
\/ R WGA-HRP Rat an Bockstaele et al., 1989
vHPC A/R  Tracer Rodent  Transgenic line
M1 X A/R (Bienkowski et al., 2018;Zhao et al., 2020;Luo et al., 2019;Geng et al., 2022)
DS X A/R (Bienkowski et al., 2018; Lu et al., 2021)
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OFC A/R Tracer Rodent  Transgenic line & References

GPe x A/R (Bienkowski et al., 2018; Cui et al., 2021)

STN X A/R (Bienkowski et al., 2018;Cavdar et al., 2018), (Parolari et al., 2021) (Canteras et al.,
1990)

SNr X A/R (Bienkowski et al., 2018» (Zahm et al., 2011)

SNc X A/R (Bienkowski et al., 2018; Zahm et al., 2011; Watabe-Uchida et al., 2012)

SC X A/R (Bienkowski et al., 2018; Benavidez et al., 2021; Doykos et al., 2020)

MLR X A/R (Bienkowski et al., 2018; Huerta-Ocampo et al., 2021; Liu et al., 2022a; Semba and
Fibiger, 1992)

GRN X A/R (Cregg et al., 2020; Bienkowski et al., 2018) (Hermann et al., 1997)

LGRN X A/R (Bienkowski et al., 2018; Sirieix et al., 2012; Normandin and Murphy, 2008; Van

Bockstaele et al., 1989; Andrezik et al., 1981)

X: 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-calmodulin-dependent 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

appear in the two main murine atlases. Thus, in this case, the name of
the structure was not sufficient to determine the presence of labeling and
required visual feedback or written precisions on the localization of the
labeling to conclude (Fig. 4, names followed by an asterisk *). A similar
approach was used to differentiate the general name ‘Prefrontal Cortex’
for rodents, which can refer to the infralimbic (IL) and prelimbic (PL),
the cingulate cortex (Cg) and less commonly the orbitofrontal cortex
(OFC) (Laubach et al., 2018). However, as these brain regions are
anatomically close by and differences in their boundaries exist between
atlases, we cannot ensure that some of the anatomical reports do not
overlap and may have induced some confounds in our reports (Laubach
et al., 2018). The naming ‘anterior cingulate cortex’, referred to as ACC,
was considered specific to the Cg, though it may also refer to the PL in
some cases (Laubach et al., 2018).

The main challenge was thus to recognize the appropriate abbrevi-
ations, which could vary widely for a specific structure. For example, as
stated in the Franklin-Paxinos Atlas, more than 20 different abbrevia-
tions exist for the NAc. Abbreviations find their way into the literature
outside atlas nomenclature. For example, the insular cortex, is
commonly referred to as the IC, though this abbreviation does not exist
in the Franklin-Paxinos Atlas or Allen Reference atlas and refers to a
completely different structure: the inferior colliculus. Indeed, as stated
in (Gehrlach et al., 2020), targeting the subdivisions of the IC as
described in the atlases is technically challenging. In contrast, the IC is
often differentiated across anterior-posterior levels (Gehrlach et al.,
2020; Nicolas et al., 2023), though these differentiations are not present
in the atlases. To avoid errors induced by confusing or unusual abbre-
viations, when we had a doubt, we searched for the presence of the core
name in the manuscript or abbreviations.

For Fig. 2 and Fig. 3, 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. Fig. 2 highlights the projections that require further
investigation (Gray or with transparency). In Fig. 3, only projections
that were reported with both anterograde and retrograde tracing were
used to build a connectivity map.

For Table 3, we searched for studies that manipulated the activity of
our emotion-related structures (lesion studies, pharmacological modu-
lation, manipulation studies) that had projections to the motor system.
We thus excluded the ventral hippocampus and the lateral septum from
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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, non-aversive 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 pro-
tocols. For other motor behavior, such as coordination and balance, a
classic motor test had to be used (rotarod).

3. Behavioral evidence for the emotional modulation of
movement

Emotion and movement 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 (Elkjar et al., 2022; Shafir
et al., 2016). No perfect consensus has been reached on the definition of
emotion (Kleinginna and Kleinginna, 1981) or on models of emotions
(Borod, 2000) but many tools exist to study emotions in humans
(reviewed in (Mauss and Robinson, 2009)) and animals (reviewed in
(Lezak et al., 2017); Kuo et al., 2022; Calhoon and Tye, 2015; Scheggi
etal., 2018). Overall, it is clear that no individual tool perfectly captures
emotional states, and that increasing the number of measures (such as
autonomic and behavioral measures) provides a better picture of a given
emotional state. In this review, we do not attempt to define emotions
and will conceptually use the 2D Valence-Arousal model proposed by
Russel (Russell, 1980) 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 behavioral 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 could it be that emotional influence on
movements is merely an outcome of facial and postural alterations
triggered by the emotion? To what extent can emotional states impact
motor learning, decision making, and execution of gross and skilled
movements? While our review may not comprehensively address all
these inquiries, we anticipate that it will aid in bridging existing
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Fig. 1. Identification of neural structures involved in emotional processing
(top) and motor control (bottom).

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
(Tables 1a-1b). We included only human and 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 per-
formance 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
movement than low trait individuals (Jones and Tallarico, 1971).
Another study found a correlation between levels of state anxiety and
postural control (Ohno et al., 2004). The correlation disappeared when
movements were made with eyes closed, suggesting anxiety may
modulate oculomotor/orienting processes. State anxiety was found to
have a negative impact on driving, with an impaired eye-steering co-
ordination (Wilson et al., 2008). Overall, studies tend to suggest that
motor performance, in relation to stress and anxiety, follow an

- Glutamatergic - Monoamines
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inverted-U hypothesis, which stipulates that optimal performance oc-
curs at moderate levels of arousal, which varies between individuals
(Cox, 1968; Martens and Landers, 1970; Calvo and Alamo, 1987). In
these studies, no changes were found in motor tasks 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 is relevant for professions
demanding fine motor skills in stressful situations such as musicians,
athletes (Beilock and Gray, 2012), police officers (Anderson et al.,
2019), soldiers and surgeons (Arora et al., 2010).

Stress or anxiety-induced motor changes are reproducible in rodent
studies. Acute, sub-chronic, and chronic behavioral stress induced im-
pairments in skilled forelimb (skilled reaching task) and hindlimb
(skilled walking task) movements (Metz et al., 2001, 2005; Kirkland
et al.,, 2008), with an enhanced distance between the hindlimbs,
increased angle of foot rotation, decreased stride length and a disrupted
interlimb coordination. Diazepam administration, an anxiolytic phar-
macological compound, improved skilled reaching performance in an
inverted-U dose response (Metz et al., 2005). Even strain-related innate
differences in anxiety levels were shown to affect balance and posture in
mice (Lepicard et al., 2003). More importantly, administration of anxi-
olytic (diazepam) or anxiogenic (b-CCM) compound effectively reversed
the phenotype, demonstrating a key role for anxiety in mediating
postural-related 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 an inverted-U 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 recent years,
there has been a real effort in recognizing the relevance and presence of
non-motor symptoms in motor-dominant pathologies such as PD. Non-
motor symptoms such as anxiety and depression strongly impair the
quality of life of patients (Blundell et al., 2023) and are major non-motor
symptoms in PD (Chaudhuri et al., 2006; Chen and Marsh, 2014). They
occur before the onset of motor deficits (Shiba et al., 2000). The origin
and role of non-motor symptoms such as anxiety in motor pathologies
remains to be understood. Some studies point out anxiety as a risk factor
for PD (Weisskopf et al., 2003; Lin et al., 2015) or as part of the path-
ophysiology of the disease (Martinez-Martin and Damian, 2010). In most
cases, emotional disturbance has been determined to be an aggravating
factor for motor (Ehgoetz Martens et al., 2018; Dissanayaka et al., 2010),

I GABAergic I Diverse

IS o

CRF+

Fig. 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.
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Fig. 3. Circuits where emotion (colored) meets motion (gray). All projections
reported here had an anterograde and retrograde evidence of a projection.
Dotted lines indicate projections for which there were conflicting anatomical
results (less than 75% of the studies listed in Table 2 reporting this projection,
as in Fig. 2) Colors indicate the putative neurotransmitter used. Orange:
Glutamate, Blue: GABA, Green: Monoamines, Purple: Diverse peptides and
hormones. The LS and vCA1 were removed from this table for clarity.

gait, (Avanzino et al., 2018) and posture deficits (Jazaeri et al., 2018) in
PD. In Table 1¢, we review the relationship between emotional distur-
bance and motor deficits in pathological conditions. Evidence from an-
imal experimental models for motor pathologies indicate stress and
anxiety are not only the result of disease progression, even though an-
imal models can mimic some non-motor symptoms (Campos et al.,
2013), 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 (SN). Chronic stress in different animal models for
PD accelerates the neurodegeneration of DA neurons in the SN or DA
terminals in the striatum and worsens motor deficits (Lauretti et al.,
2016; Wu et al., 2016). Chronic corticosterone, a stress related hormone,
also increased alpha-synuclein induced Tyrosine Hydroxylase (TH) cell
loss in the SN (Burtscher et al., 2019). Imaging studies have confirmed
altered activity and connectivity between emotion-related and motor
structures in PD (Banwinkler et al., 2022). Thus, chronic emotional
states could display activity changes to motor structures that participate
in system vulnerability and motor dysfunctions. Understanding the
emotion-to-motor neural circuits will provide valuable insight into
human behavior and opportunities to enhance performance as well as
promise for improving mental and physical health.

To start linking emotion and motion, we explored the function and
connectivity of brain regions known to be involved in emotional pro-
cessing in relation to motor control.
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4. Exploring neuronal circuits that may underlie emotional
modulation of movement

Our movements are continuously adapting and re-adjusted to the
context and perception of different cues. As emotions affect multiple
brain and body processes including visual (Shackman et al., 2011),
auditory (Pérez et al., 2013), time (Droit-Volet and Meck, 2007) and
proprioceptive (Ackerley et al., 2017) processing, indirect emotional
modulation of sensory processing (emotion-sensory-motor) may mimic
emotional states in their effect on motor performance. However, given
the strong bi-directional relationship between emotion and motion, we
made the hypothesis that brain structures involved in emotional regu-
lation would have (1) direct projections with neural circuits of move-
ments and (2) activity-dependent motor-related effects.

Our first goal was to identify the 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 (Chen and Glover, 2015; Karnath et al.,
2018). 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, 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 these
structures in emotional processing and not for a specific emotion per se
(Lindquist et al., 2012). Functional imaging of patients with neuropsy-
chiatric 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 (Liberzon et al., 2015). 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 (Tovote et al., 2015), anxiety (Tovote et al.,
2015; Xia and Kheirbek, 2020), and reward (Berridge and Kringelbach,
2015) 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 mouse brain struc-
tures involved in emotional processing (Fig. 1a). We excluded thalamic
brain regions and the Parabrachial Nuclei from our analysis as their
main functions are to relay multimodal information to the brain. To
study how emotion-related structures affect motion, we looked for
motor-related changes following manipulation of the emotion-related
structures (Table 3). We predominantly report locomotor or
velocity-related effects. This over-representation of locomotor assess-
ment 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 investi-
gated the existence of direct monosynaptic anatomical connections be-
tween the emotion-related brain structures and neural circuits
responsible for movement. There have been extensive studies in the
neural circuits responsible for movement (Arber and Costa, 2022)
implicating cortical, subcortical, midbrain, brainstem, medullary and
cerebellar structures. We restricted our analysis to: the primary Motor
Cortex (M1), the Basal Ganglia and Brainstem structures involved in the
control of movement (Arber and Costa, 2022) (Fig. 1b). Inputs to
cerebellar structures were not investigated, as cerebrum-cerebellar in-
teractions are indirect. However, we believe that clarifying inputs to
motor cerebellar nuclei would be extremely relevant in understanding
the emotional control of fine motor movements, posture, and balance
(Bostan and Strick, 2018).

Table 2 is an exhaustive summary of all the emotion-related struc-
tures projections to motor-related 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
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Fig. 4. General localization and naming of the emotional-related and motor-related brain structures in mice. A & C) Schematic localization of emotional-related (A)
or motor-related (C) structures on atlas sections. A representative AP level for each structure was chosen for clarity but they all extend beyond this schematic
representation. For clarity, we show the Cg and IC at more posterior levels, though present in the top brain section. Only the Lateral Orbital (LO) and not medial
orbital (MO) is shown here, as part of the OFC. Sections are sorted across the anterior (top) - posterior (bottom) axis. B & D) Nomenclature or names that were
systematically admitted (black) or excluded (red) as part of the brain region. Names followed by a star required further investigation by the author (visual or written
description in the manuscript) to determine their inclusion. E) Main areas of confusion or overlap due to confusing nomenclature or close anatomical boundaries.
Overlapping circles are to illustrate the close proximity between structures (such as Cg - PL, and IC-LO at anterior levels of the mouse brain). Confusing nomenclature
such as Prefrontal Cortex were attributed to one of the following structures (red arrows) based on visual assessment or precisions in the manuscript. Close attention
has been made in those areas, but we cannot exclude some overlap or mismatch in reports made in Table 2 and Table 3. Color codes for structures are to represent the
predominant neurotransmission for their long-range projections, with in orange: mainly excitatory glutamatergic projections (cortical-like structures), in blue: mainly
inhibitory GABAergic neurotransmission (striatal, septal and pallidal structures), in green: monoaminergic neurotransmission (Dopamine for VTA and SNc, Serotonin
for DRN, Noradrenaline for LC), in black: no predominant type of neurotransmission (Both GABA and Glu) and known co-transmission with peptides (hypothalamic
zireas), monoamines (LGRN: presence of serotonergic neurons), or acetylcholine neuromodulation (PPN).

anatomical studies and included studies that yielded positive and expressed in M1 neurons, in a layer and/or projection-specific manner
negative anatomical results. We provide details on the line used, the (Munoz-Castaneda et al., 2021). This will provide invaluable help in the
type of tracer, and the consistency of the findings. In Fig. 2 and Fig. 3, we future to determine the dynamics and function of these neuronal sub-
summarize the emotion-to-motor projections. Colored squares indicate populations. M1 neurons projecting to the spinal cord have been shown
we found evidence for both anterograde and retrograde labeling. To to be necessary for precise but not simplified motor tasks (Serradj et al.,
report the consistency of the findings, colored squares were set in 2023). Light inhibition or activation of these neurons during dexterous
transparency for anatomical findings with less than 75% of positive motor tasks impaired performance. In both simplified and dexterous
results. Interestingly, all emotion-related structures except the vHPC motor tasks, activation of M1 corticospinal neurons reduced pull force
(Bienkowski et al., 2018) and Lateral Septum (LS), have extensive (Serradj et al., 2023).

monosynaptic connections to motor neural circuits (Fig. 2, Fig. 3). GABAergic interneurons are diverse and spatially distributed along

the different cortical layers (Zhang et al., 2021) of M1. Main GABAergic
cell types include somatostatin- and parvalbumin-expressing in-
terneurons, which are preferentially distributed within M1 deep layers
(Zhang et al., 2021). Light stimulation of VGaT-expressing neurons in
M1, used as a protocol for cortical inactivation, showed disruption in the
initiation and modulation of on-going movement (Galinanes et al.,
2018). However, mapping of the precise sites mediating the effects
revealed a role for the secondary motor cortex, with no reported effects
from M1 inactivation in this task (Galinanes et al., 2018).

Multiple anatomical tracing studies have investigated brain-wide
inputs to the M1, in a cell type or layer specific manner. We recom-
mend following this article (Munoz-Castaneda et al., 2021) for a com-
plete detailed anatomy of the inputs and outputs of layer-specific,
gene-specific and projection-defined M1 neurons (Munoz-Castaneda
et al., 2021). This article was not included in our Table 2 as determining
the mouse line and tracer used for a specific structure was difficult and
may have led to errors.

4.1. The motor cortex

4.1.1. The primary motor cortex (M1)

The role of the motor cortex in motor control was determined in
1870 after the discovery that electrical stimulations of specific regions in
the cerebral cortex were capable of eliciting contralateral movements,
with a somatotopic arrangement (i.e. specific regions of the motor cortex
represent different body parts) (Gross, 2007). Since then, there have
been many studies investigating the organization and specific role of the
motor cortex in movement. Neural activity in the motor cortex of
humans and primates has been shown to reliably predict upcoming
movement trajectory, enough so to open new avenues of motor cortical
neuroprosthetics (Georgopoulos and Carpenter, 2015). In humans,
emotional stimuli have been shown to enhance motor cortex cortico-
spinal excitability, for both stimuli of positive and negative valence
(Hajcak et al., 2007; Qiu et al., 2022; van Loon et al., 2010).

In rodents, light stimulation of M1 can also reliably drives muscle
activity (Ayling et al., 2009). However, the functional organization of
M1 has been refined over the years and suggests that discrete stimula-
tion of M1 evokes specific sets of movements rather than muscle-based
organization (Brown and Teskey, 2014; Hira et al., 2015). M1 is
necessary for the learning of skilled motor tasks (Kawai et al., 2015) and.
controversy remains on its contribution in modulating movement
execution parameters (Kawai et al., 2015; Teka et al., 2017).

Similarly to other cortices, M1 has a layered organization (Shipp,
2007), though the presence of a Layer 4 is debated (Barbas and Gar-
cia-Cabezas, 2015). It is mainly composed of pyramidal glutamatergic
projection neurons and GABAergic interneurons (Barbas and Garcia--
Cabezas, 2015). In rodents, M1 is known to have direct projections to the
spinal cord, dorsal striatum, thalamus and contralateral M1 which are
mainly located in the deep layers (layer 5/6) of M1 (Oswald et al., 2013;
Baker et al., 2018) although cortico-cortical projections are also present
in layers 2/3 (Oswald et al., 2013; Munoz-Castaneda et al., 2021).

In rodents, M1 projection neurons are often broadly separated into
two classes of neurons, the extratelencephalic neurons (also referred to
as pyramidal tract neurons and can include corticothalamic neurons)
and intratelencephalic neurons (Baker et al., 2018). Extratelencephalic
neurons populate the deep layers of M1 (layer 5/6) (Munoz-Castaneda
et al., 2021; Zhang et al., 2021) and intratelencephalic neurons are
spread across M1 layers 2-6 (Munoz-Castaneda et al., 2021; Zhang et al.,
2021). Importantly, specific marker genes have been shown to be

4.1.1.1. Excitatory inputs to MI1. All cortical structures involved in
emotional regulation send projections to the M1 except the medial
Prefrontal Cortex (mPFC) although a light projection from the PL has
been reported (Munoz-Castaneda et al., 2021).

The IC, OFC and Cg project to many different cell-types in 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 M1. 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 (Caruana et al., 2018) or third (Xue et al., 2023)
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 M1 could
facilitate the initiation of forelimb movements.

A role for the BLA to M1 in the consolidation of skilled motor
learning has been suggested as post-training stimulation of the BLA
accelerated motor skill learning (Bergado et al., 2006).

The BLA is known to enhance different forms of learning and mem-
ory consolidation (Chavez et al., 2012). BLA activity is also modulated
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Table 3

Motor effects induced by activity changes in emotion-related structures.
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Structure
OFC

OFC
Cg

Cg
mPFC

mPFC
IL

mPFC to STN
mPFC to STN

IL

PrL
pIC
IC

pIC

alC
Right aIC
Left aIC

1.AIC

r.AIC
1C

BLA

BLA

BLA

BLA

BLA

BLA to LH

Manipulation
Lesion

Lesion
Lesion

Chemogenetic I
Lesion

Lesion
Viral KO GR

Acute light I
Acute light E / I

Pharmacological M:
p-OR agonist

Electrical stimulation
Electrical stimulation
Chronic electrical stimulation

Acute light E

Chemogenetic E / 1
Acute light E / I
Acute light E / T

Pharmacological M:
Oxytocin

Pharmacological M:
Morphine
Pharmacological M:
u-OR agonist
Lesion

Lesion
Electrical stimulation
Pharmacological E: GABA A

antagonist

Acute light E / I

Acute light E

Motor change

action sequencing
= action selection
action selection

= locomotion

B
ocomotion, = coordination, balance, strength
= action sequencing

locomotion

= locomotion

/

Go/No go performance

|oc0m0tion

= locomotion
= locomotion
= locomotion
= locomotion,

Vi

ertical activity
Jaw movements, # locomotion (
escape

stopping)
= locomotion

>

coordination, balance

= coordination, balance, locomotion, general motor
behavior

= locomotion

ocomotion,

ref
(Turner et al., 2022)

(Rudebeck et al., 2008)
(Rudebeck et al., 2008)

(Koike et al., 2016)
(Deacon et al., 2003)

(Turner et al., 2022)
(McKlveen et al., 2013)

(Heikenfeld et al., 2020)
(Li et al., 2020)

(Giacomini et al., 2021)

(Alonso-Matielo et al., 2021)
(Dimov et al., 2018)
(Garcia et al., 2015)

(Gehrlach et al., 2019)

(Chen et al., 2022)
(Wu et al., 2020)

(Gamal-Eltrabily et al., 2020)

(Burkey et al., 1996)
(Giacomini et al., 2021)

(Ranjbar et al., 2017)

(Parent et al., 1995)

(Bergado et al., 2006)

(Sanders and Shekhar, 1991)

(Botta et al., 2020)

(Chen et al., 2020)

(continued on next page)
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Table 3 (continued)

speed,

vertical activity
CeA Lesion (Amorapanth et al., 2000)

Freezing

CeA CRF Acute light E / I (Fadok et al., 2017)

CeA SST Acute light E / I ~

speed to aversive cue

[]

speed / =

CeL SST Acute light E / I (Yu et al., 2016)
/
speed to aversive cue

CeA Acute light E (Ciocchi et al., 2010)
Freezing

CeL Pharmacological I: GABA A agonist
Freezing

CeA vGat Acute light E & Chemogenetic E / I Prey specific context: (Han et al., 2017)
EMG Jaw-closing & Head-direction muscles,
speed

CeA to PCRt Acute light E

CeA to PAG Acute light E

Chemogenetic I

speed
CeA-MLR Acute light E / I Neutral context: (Roseberry et al., 2019)

speed/ = speed
CeA to GPe Inhibition of NT release by TeLC N (Giovanniello et al., 2020)
Freezing to CS+ ,
Speed to shock, = locomotion
Acute light E / 1
Freezing /

Freezing to CS

CeA Chronic viral overexpression CRF (Flandreau et al., 2012)
ocomotion
CeA Pharmacological M: (Olsen et al., 2021)
Orexin A ocomotion,

(continued on next page)
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Table 3 (continued)
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BNST
BNST

BNST

BNST

BNST SST & CRH

BNST

BNST

NAc DIR
NAc D2R

NAc DIR
NAc D2R

NAc D2R
NAc

NAc

NAc

NAc.shell

NAc.shell

NAc.shell

NAc.shell

VP

VP

VP

Lesion
Lesion
Electrical stimulation
Electrical stimulation

Pharmacological I: GABA A agonist

Chemogenetic I

Pharmacological M:
CRH

Pharmacological M:
p-adrenoceptor agonist
DTR-Ablation

Chemogenetic E / 1
Chemogenetic E / 1

Acute light E / I
Pharmacological E:
AMPA or NMDA agonist

Pharmacological M:

DA reuptake inhibitor
Pharmacological M:

Ach agonist, D1R-D2R agonist

Pharmacological M:
Glucagon agonists

Pharmacological M:

DI1R antagonist
Pharmacological M:
GhrelinR antagonist
Chronic pharmacological M:
GhrelinR antagonist
Pharmacological M:

Orexin A

Pharmacological E:
GABA A antagonist

Pharmacological E:
GABA A antagonist

Pharmacological I:
GABA A agonist

Freezing in aversive context
= locomotion
= locomotion
= locomotion

g[>]
=}

motion, = speed,

[]

vertical activity

Freezing, = locomotion
In neutral context: = locomotion & = vertical activity

In predator odor context: # locomotion & # vertical activity

'
ocomotion (after 25 min)

= Coordination

coordination and balance

/]

skilled motor learning

/ = locomotion,

/ = wheel activity

Nt

=}
e

omotion,

Ninr

wheel activity
locomotion

N

ocomotion
coordination and balance

<)
o

=3

raversive turnings, # stepping & turning patterns
ordination and balance,

1) I a
2le] s 8N
2 o

ution skilled movement
coordination and balance

= coordination and balance, = skilled reaching

= coordination and balance, Xy skilled reaching

E
:
=]

ocomotion, = vertical activity,

N

abnormal pivots (only when bilateral)
= locomotion,

pivoting dyskinesia

ocomotion* ,

vertical activity* (*only when bilateral)
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(Schulz and Canbeyli, 2000)
(Luyck et al., 2017)

(Casada and Dafny, 1991)

(Fendt et al., 2003)

(Bruzsik et al., 2021)

(Nijsen et al., 2001)

(Naka et al., 2013)

(Le Merrer et al., 2022)

(Zhu et al., 2016)

(Soares-Cunha et al., 2016)
(Wu et al., 1993)

(Dias et al., 2015)

(Saigusa et al., 1995)

(Vestlund and Jerlhag, 2020)

(Albrechet-Souza et al., 2013)

(Vestlund et al., 2019)

(Thorpe and Kotz, 2005)

(Zahm et al., 2014)

(Reichard et al., 2019)

(Subramanian et al., 2018)

(continued on next page)
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Table 3 (continued)
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VP

LH

LH NTS

LH CART

LH Gal
LH GABA

LH SST

LH GABA
LH LepR

LH LepR

LH GAD65

LH NTS

LH & LH to PVN

LH orexin

LH

Pharmacological M:
D2R agonist

Chemogenetic E

Chemogenetic E

Chemogenetic E

Chemogenetic E
Chemogenetic E

Chemogenetic E

Chemogenetic E
Chemogenetic E

Chemogenetic E / 1
Acute light E

Chemogenetic E / 1

Depletion (AAV-DTA)

Acute & Chronic Chemogenetic I

Acute light E

Acute light E / T

Pharmacological E: GABA A
antagonist

(Peczely et al., 2022)

N

ocomotion (medium dose),

motion (high dose)
(Pei et al., 2019)

M l/]

motion

[}
e}
[=]

(Woodworth et al., 2017)

N

motion

o
[e)
=}

(Farzi et al., 2018)

N

ocomotion
(Qualls-Creekmore et al.,
. 2017)
ocomotion

N

[}
<}
[=]

motion,

N

=
o9

ging, gnawing
(Mickelsen et al., 2019)

N

=}
e
o

motion,

N

=

vertical activity,

]

=
%

ging, gnawing
(de Vrind et al., 2019)

/]

[}
<}
[=]

motion,

N

QQ
=3
o

wing,

N
[=]

motion, = gnawing
= locomotion (Schiffino et al., 2019)

/]

motion

[}
<}
[=]

(Kosse et al., 2017)

] >

motion

=}
e
o

(Brown et al., 2018)

/]

[}
e
[=]

motion,

<]

B
[}

el activity

/]

motion

[}
e
[=]

(Chen et al., 2020)

N

(%)

k=]
o
o
&

N

=}
e
o

motion,

N

=
3

ping* ,

[]

vertical activity
(Donegan et al., 2022)

/

Anticipatory skilled movement, = strength

(Di Scala et al., 1984)
ocomotion,

(continued on next page)
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Table 3 (continued)
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LH

LH

PVN

PVN
PVN to PVT

PVN

PVN

PVN

PVN

DRN

DRN 5-HT

DRN GABA
DRN 5-HT

VTA

VTA

VTA TH

VTA GABA

VTA & VTA to SNr

Pharmacological M:
Orexin A

Pharmacological M:
Ach antagonist
Lesion

Acute light E
Acute light E

Pharmacological M:
THC
Pharmacological M:
NPY
Pharmacological M:
CRH

Pharmacological M:
Orexin A

Acute light E

Acute light E

Chronic light E

Acute light E
Acute light E

DA lesion
Lesion + DA in M1

Pharmacological I:
Lidocaine

Chemogenetic E

Acute light E

Acute light E
Chemogenetic E

vertical activity

IOC

wheel activity
= locomotion, = coordination, balance

anticipatory locomotion
= locomotion

|ocom0tion

= locomotion

N

=}

motion,

N

= locomotion

ocomotion low dose,

motion high dose

M gl/]

motion

Q
o)
=}

/]

motion

=}
e
=]

/]

motion

Q
o)
o

N

motion

o
o)
=}

[>]

ed in aversive context

(2}
o
[0

<]

(%)

k=]
o
o
&

[>]

speed in high threat context

!\.
Skilled motor learning, = execution
= Skilled motor learning

Neutral conditions:
= locomotion
Stress-induced hypolocomotion:

ocomotion

[}
=}
2
=}
=3
=]
3

FAEN

o

|

-
Qo
=
o
=4
Q
=1

3

N
=}
2
=}
=3
=]
=

(Kotz et al., 2002)

(Bell and Brown, 1980)

(Mistlberger and Rusak, 1988)

(Liu et al., 2022b)

(Verty et al., 2005)
(van Dijk and Strubbe, 2003)

(Monnikes et al., 1992)

(Kiwaki et al., 2004)

(Ohmura et al., 2014)

(Correia et al., 2017)

(Seo et al., 2019)

(Hosp et al., 2011)

(Mortazaei et al., 2019)

(Boekhoudt et al., 2016)

(van Zessen et al., 2012)

(He et al., 2021)

VTA Viral CRHR1 expression (Dedic et al., 2018)

ocomotion
LC TH to SC Acute light E (Li et al., 2018)

Chemogenetic I reaction time, = speed

reaction time, = speed
LC Acute light E # locomotion, (Carter et al., 2010)

arrests
LC Acute light I = locomotion (Janitzky et al., 2015)

Abbreviations: E: Excitation; I: Inhibition; M: Modulation; , # : significant increase, decrease, difference; =: no significant change; \: trend towards a

decrease; THC: A9 -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; p-OR: mu-opioid receptors; NT: Neurotransmitter; TeLC: tetanus toxin light
chain; NTS: Neurotensin; PCRt: parvicellular reticular nucleus; PAG: periaqueduthll gray
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by stress (Sharp, 2017) and can mediate glucocorticoid effects (Roo-
zendaal et al., 1996; Wang et al., 2008). Altogether, it suggests a role for
the BLA in mediating the bidirectional effects of glucocorticoids and/or
stress in motor skill learning (Liston et al., 2013).

4.1.1.2. Inhibitory inputs to M1. Interestingly, we found no evidence for
an innervation by the GABAergic striatal (NAc, LS) and pallidal (VP)
nuclei to M1 (Table 2). Central Amygdala (CeA) projection to M1 re-
quires further investigation, as reported by (Munoz-Castaneda et al.,
2021) although the projection appeared tracer specific and was not re-
ported in other anatomical tracing studies (Table 2).

4.1.1.3. Neuromodulatory inputs to M1. The M1 is also innervated by the
three neuromodulatory regions investigated: serotonin from the DRN,
NA from the Locus Coeruleus (LC) and DA from the VTA. VTA DA pro-
jections to M1 are thought to be crucial for motor skill learning (Hosp
et al., 2011). NA signaling in M1 is involved in motor coordination, as
the blocking of noradrenergic receptors in M1 induced contralateral
mis-steps (Schiemann et al., 2015). For a review on the monoaminergic
modulation of motor cortex function, see (Vitrac and Benoit-Marand,
2017).

4.2. The motor Basal Ganglia

The Basal Ganglia is a set of subcortical nuclei responsible for
voluntary motor control (Lanciego et al., 2012). Movement disorders
and their motor symptoms are associated with basal ganglia dysfunction
(DeLong, 1990) such as PD and Huntington’s Disease. We will describe
for each basal ganglia nuclei a summary of their known motor function

Proposed function
——— Reported function
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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 re-
view (Figs. 2-3). 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 ac-
tivity (Di Matteo et al., 2008). In PD, serotonin signaling has been
implicated in L-DOPA-induced dyskinesia (Carta and Tronci, 2014) and
tremors (Loane et al., 2013; Pasquini et al., 2018). The DRN is a sero-
tonergic 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 (Parent et al., 2011). We
recommend the thorough reviews on the neuromodulation of serotonin
to basal ganglia circuits and their associated function in health and
disease (Di Matteo et al., 2008; Kawashima, 2018).

4.2.1. Dorsal Striatum (DS)

The DS is the gate of entry of the Basal Ganglia and receives dense
cortical inputs. The DS is not restricted to motor behavior and is
involved in a wide array of cognitive (Balleine et al., 2007) and
emotion-like (Stanley et al., 2021) processes. 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), which are the
output neurons of the striatum and express either the Dopamine Re-
ceptor 1 (D1R) or Dopamine Receptor 2 (D2R), and of interneurons
which modulate MSNs activity (Oldenburg and Ding, 2011; Lee et al.,
2017). The DS is anatomically and functionally subdivided into the
Dorsomedial (DMS) and Dorsolateral (DLS). The DMS is classically
associated with goal-directed behavior (Balleine et al., 2009) and is
considered the associative part of the striatum, while the DLS with

Fine motor coordination

VTA
Motor learning

BLA

Cg

Motor execution

Visuo-motor orientation

Cg ™\
DRN J

Reaction time

LC

Goal directed behaviors

L 5 DS |«
3 OFC BLA
-+ GPe
_,;f STN
...... TIsNr | NAc
\_: MLR
“.._ ?/GRN ? LH
"LGRN .. -

Locomotion speed

Fig. 5. 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.
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habitual behavior (Balleine et al., 2009) and sensory-motor processing.
Pure motor-related effects are usually attributed to the DLS but both
DMS and DLS have been shown to modulate locomotion and velocity
(Barbera et al., 2016; Fobbs et al., 2020), movement sequence (Vandaele
etal., 2023) and orientation (K¢nig et al., 2019). The mPFC, Cg, OFC and
BLA have dense projections to the DS (Table 2), and more specifically
the DMS. They project to both MSN subtypes and interneuron pop-
ulations (Table 2).

4.2.1.1. mPFC & Cgto DS. mPFC projections to the DMS drive both the
acquisition (Hart et al., 2018a) and learning (Fisher et al., 2020; Hart
et al., 2018b) of goal directed behavior but also behavioral inhibition
(de Kloet et al., 2021; Narayanan et al., 2006). The Cg is involved in
behavioral inhibition and action selection processes (Brockett et al.,
2020). Some of these effects are mediated via the DMS. The inhibition of
Cg projections (also referred to as dorsal mPFC) to the DMS resulted in
inhibition deficits with increased premature responses (Terra et al.,
2020) 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 (Brockett et al., 2020, 2022)
(Table 3). Both the mPFC and Cg are key structures in emotional pro-
cessing (Etkin et al., 2011) and their projections to the DMS could
impact the reaction time (Brockett et al., 2022), the type of movement,
or the coordination of a sequence of movements in relation to an af-
fective state.

4.2.2. OFC & BLA to DS

As goal directed behavior is guided by outcome value, the OFC and
BLA are well positioned to drive or inhibit goal-directed behavior as they
encode stimuli incentive value (Rolls et al., 2020; Gallagher et al., 1999;
O’Neill et al., 2018; Schoenbaum et al., 1998) and lesions of either OFC
or BLA impairs goal-directed response (Gremel and Costa, 2013; Cou-
tureau et al., 2009). The team of Balleine has investigated the function of
BLA to DMS pathway in goal-directed behaviors. In a first study, BLA
disconnection to the DMS impaired outcome-devaluation performance
(Corbit et al., 2013). However, with specific lesions using viral tools to
deplete the BLA to DMS pathway, animals were able to successfully
perform the tasks (Fisher et al., 2020). This implies that this pathway is
not necessary for goal-directed behaviors. However, stress and anxiety
impact goal-directed behavior (Schwabe and Wolf, 2011, 2010). The
BLA is a core component of these circuits (Tovote et al., 2015; Calhoon
and Tye, 2015; Sharp, 2017) and lead to a hyperexcitability of BLA
neurons. Altogether, we can expect that the activation of BLA neurons
will impact goal directed behavior, and that this pathway participates in
mediating the stress- and/or anxiety-induced impairments of
goal-directed behavior.

Furthermore, goal-directed behavior is usually studied using instru-
mental 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 this innate behavior because lesions of the BLA impair pup retrieval
behavior (Numan et al., 2010) which is considered as a goal directed
behavior by these authors, with little impact on nursing behavior.

The subregions of the DMS to which BLA, OFC, Cg and mPFC project
have also 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 (Hintiryan et al., 2016). In line
with this, a recent study showed that the OFC dynamically encodes a
spatial map of future navigational goals (Basu et al., 2021), 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 (Lichtenberg et al.,
2021), they could synergistically provide spatial and valence-salience
information to the DMS to drive behavior. Alterations of OFC and-or
BLA activity due to an affective state could thus affect head-body
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coordination or direction.

More studies are required to fully comprehend the motor function of
BLA and OFC projections to the DMS in execution, initiation, and
orientation of movement.

4.2.3. IC to DS

Surprisingly, emotion-related projections to the DLS are restricted to
IC and, to a lesser extent, BLA projections. It has dense projections to
ventrolateral subregions of the DS, which explains the lack of labeling in
some studies targeting the DMS (Table 2, (Smith et al., 2016); Guo et al.,
2015). Though a role for the IC and DS on punishment based-avoidance
learning (Palminteri et al., 2012) has been suggested, our interest con-
cerned another putative function of this pathway in orofacial control
(Hintiryan et al., 2016). The IC integrates visceral-, gustatory-,
emotion-related signals (Gehrlach et al., 2020; Livneh and Andermann,
2021), and projects to parts of the ventral DLS to which somatomotor
information related to the mouth project (Hintiryan et al., 2016).
Furthermore, light stimulation of D1R-expressing MSNs in this region
can induce strong contralateral licking in rodents (Lee et al., 2020). This
suggests that IC to ventral DS projections may drive orofacial response to
consumption or emotional states. Similarly, IC stimulation can trigger
jaw movements (Table 3) and IC neuronal activity has been correlated
with specific facial expressions (Dolensek et al., 2020).

4.2.4. 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 Locus Coeruleus (LC, Table 2). For a review of the
possible role for serotonin in DS function, see (Mathur and Lovinger,
2012). Interestingly, even if VTA DA projections to the DS are well
established with elegant tracing studies and functional mapping studies
(loanas et al., 2022), 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 (Palmiter, 2008;
Chuhma et al., 2023; Heuer et al., 2012).

4.2.5. Other projections to DS

While the cortical inputs to the striatum are dense and consistent
across studies, it is not the case for all inputs. Inputs from striatal-like
regions such as the NAc, the Bed Nucleus of Stria Terminalis (BNST),
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 (Figs. 2-3).

The 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).

4.2.6. 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 Huntington (Dong
et al., 2021). 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 (Jeljeli et al., 1999), locomotion
(Aristieta et al., 2021; Lilascharoen et al., 2021), fine motor control
(Schneider and Olazabal, 1984) and goal directed and habitual behavior
(Lilascharoen et al., 2021; Baker et al., 2023). Recent studies have
separated 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
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connectivity profiles (Abdi et al., 2015). Prototypic GPe neurons are
tonically active with regular high frequency firing, express PV and
provide the long-range inputs to the STN and SNr (Mallet et al., 2012).
Activation or inhibition of prototypic GPe neurons (PV-expressing) to
SNr respectively increases or decreases locomotion speed (Lilascharoen
et al., 2021). Prototypic neurons also provide local inhibition on arky-
pallidal neurons (FoxP2- or NPAS1- expressing neurons). Arkypallidal
neurons are thought to project only to the DS (Mallet et al., 2012) and
provide a “stop” signal to the striatum for action suppression (Mallet
et al., 2016). Activation of arkypallidal neurons through direct light
stimulation of FoxP2 neurons or via activation of D2 MSN (disynaptic
disinhibition) strongly inhibits locomotion (Aristieta et al., 2021).
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 (Baker
et al., 2023).

4.2.7. 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
(Lilascharoen et al., 2021). The GPe to parafascicular thalamus pathway
has been shown to play a role in reversal learning (Lilascharoen et al.,
2021), in line with the previously discussed role for the OFC in goal
directed-behavior. The non-cell type specific retrograde whole brain
mapping of presynaptic inputs to GPe did not mention OFC projection
(Cui et al., 2021). 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 (Ghaziri et al., 2018).

4.2.8. CeA-BNST-PVN to GPe

The CeA and BNST could be considered the main emotion-related
inputs to the GPe. Interestingly, both the CeA and BNST project to all
main neuronal cell types in the GPe, including NPAS1 (Hunt et al.,
2018a)- and PV (Lilascharoen et al., 2021)-expressing neurons, and do
not target projection-specific GPe neurons (Lilascharoen et al., 2021).
We will first discuss CeA inputs to the GPe; CeA-BNST-PVN CRF-specific
neurotransmission to the GPe will be discussed in the following section.

The CeA projection to the GPe is now well-defined, as multiple
anatomical and electrophysiological studies have found a monosynaptic
CeA to GP projection. The CeA is a GABAergic structure that co-
expresses a wide array of peptides. Different retrograde and antero-
grade studies have suggested Corticotropin Releasing Factor (CRF), so-
matostatin (SST) and Pro-enkephalin (Penk) CeA neurotransmission to
the GP. More specifically, GPe-projecting CeA neurons have been shown
to be highly co-expressed with SST (~90%) (Giovanniello et al., 2020),
and CRF (~50-80%) (Hunt et al., 2018a). Furthermore, both antero-
grade tracing of Penk (Viden et al., 2022) and SST (Giovanniello et al.,
2020) CeA neurons show GPe labeling. A study investigated the mo-
lecular organization of the CeA in relation to the type of emotional
stimuli they respond to (Kim et al., 2017). 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 (Kim
et al., 2017). 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 (Kim et al.,
2017; Li et al., 2013).

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 (Giovanniello et al.,
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2020). Light inhibition and light excitation of GPe-projecting CeA neu-
rons 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 GABAergic projections to arkypalli-
dal or prototypic GPe neurons could respectively provide “Go” or “Stop”
signals in response to appetitive and aversive stimuli (Aristieta et al.,
2021; Yu et al., 2016). 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 (Yu et al., 2016). However, chemogenetic activation of
CRF-expressing neurons in the CeA exacerbated hyponeaphasia but did
not alter general locomotor activity (Kreifeldt et al., 2022).

Furthermore, the CeA with the BNST and PVN constitute three
different sources of CRF neuromodulation to the GPe (Hunt et al.,
2018b). The GPe shows mRNA expression only for CRHR1 (Van Pett
et al., 2000), which are present in 60% of GPe cells and CRH increases
neuronal firing of GPe cells ex vivo via a CRFR1-mediated postsynaptic
action (Hunt et al., 2018b). This suggests a strong influential role for
CREF signaling in the GPe in mediating the 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.

4.2.9. 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 (Robledo and
Féger, 1990). Aberrant STN activity is a hallmark of PD (Tai, 2022) and
targeting the STN using Deep Brain Stimulation has been an effective
treatment for PD motor symptoms (Todt et al., 2022; Schor et al., 2022).
In patients with PD and animal models for it, the STN is overactivated
and switches from tonic to burst firing (for a review on STN (Tai, 2022)).
Preventing this aberrant activity in animal models for PD, using lesions
(Bergman et al., 1990), Deep Brain Stimulation (Valverde et al., 2020),
or optogenetics inhibition (Ji et al., 2023) has been found to signifi-
cantly improve motor symptoms. In physiological condition, the neural
activity of the STN is associated with Stop-related signals (Ji et al., 2023;
Aron and Poldrack, 2006; Nambu et al., 2002). In line with this, bilateral
activation or inhibition (Guillaumin et al., 2021; Xie et al., 2022) of STN
activity using optogenetics respectively decreased or increased loco-
motor activity and activation disrupted motor coordination (Guillaumin
et al., 1755). A recent study investigated the pathway-specific effects of
photo-stimulation and photoinhibition of STN to SNr and GPi circuits on
locomotion (Ji et al., 2023). Photo-stimulation of both pathways resul-
ted in a significant time-locked decrease in locomotor activity, consis-
tent with previous studies. However only photo-inhibition of STN to SNr
axons increased locomotion (Ji et al., 2023). This suggests a tonic
regulation of locomotor activity through a 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 (Guillaumin et al., 1755).

The STN, like the rest of the Basal Ganglia circuitry, has its functional
associative, motor, and limbic domains (Wallén-Mackenzie et al., 2020).
As it is a small structure and not many detailed whole-brain retrograde
tracing analyses 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 or the VP (Table 2, Figs. 2-3). The VTA has a light
projection to the STN, however evidence (Aransay et al., 2015) 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 these pathways, except
one study on mPFC projections to the STN. In this study, activation or
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inhibition of mPFC fibers in the STN did not alter anxiety-related
behavior nor locomotion, but action selection/decision making perfor-
mance (Heikenfeld et al., 2020). However, this study lacked specificity
in the projection target as there are many passing fibers near the STN, so
the results could have been confounded or blunted by aspecific modu-
lation of mPFC fibers.

It would be interesting to determine whether GABAergic projections
from the CeA, BNST, NAc and VP facilitate movement while gluta-
matergic inputs from cortical regions might inhibit movement. An
imbalance in these excitatory/inhibitory inputs in physiological condi-
tions would result in motor changes.

To gain insight into the neuromodulatory impact of serotonin on the
STN, we recommend consulting the following reference (Ugedo and De
Deurwaerdere, 2021).

4.2.10. 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)
(Granata and Kitai, 1991), and ascending projections to thalamic regions
(McElvain et al., 2021).

The SNr is known to control locomotor activity (Rizzi and Tan,
2019), rotations (Rizzi and Tan, 2019), orienting movements (Hormigo
et al., 2021; Villalobos and Basso, 2022), balance (Rizzi and Tan, 2019)
but also active avoidance (Hormigo et al., 2016). There have been major
recent advances on the motor driven effects of the SNr in a projection-
and cell type specific manner. Activation of PV-expressing and
vGat-expressing neurons in the SNr both reduce locomotor activity but
only activation of vGat-expressing cells affect fine motor coordination
(Rizzi and Tan, 2019). Interestingly, the emotion-related structures that
project to the SNr are mainly GABAergic (Figs. 2-3) and show loco-
motor effects when manipulated (summarized in Table 3).

4.2.11. NAc to SNr

The NAc is a striatal structure, with a similar organization to the DS.
It is known as the limbic-motor interface in the brain (Mogenson et al.,
1980), 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 into core and shell regions. As both subregions can drive
motor effects (Heidbreder and Feldon, 1998; Zahm, 1999), we did not
differentiate between NAc subregions in Table 2. The NAc is well known
to modulate cocaine-induced locomotor activity (Pulvirenti et al., 1991)
and can also drive robust rotational behavior (Koshikawa et al., 1996).
Indeed, unilateral injections of dopaminergic, cholinergic and AMPA
receptor agonist in the NAc drives contralateral rotations (Ikeda et al.,
2003; Saigusa et al.,, 1995) and have differential effects on stepping
pattern, implying a control of fine motor movements. The effects of the
manipulation of D1R- and D2R-expressing NAc neurons are unclear
(Table 3), with some studies reporting changes (Zhu et al., 2016) and
others no changes in locomotion (Soares-Cunha et al., 2016). 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 pathway has 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 (Zahm et al., 2011; Heimer et al., 1991). One recent
study tried to fill in the gap and found that unilateral excitation of
D1R-expressing NAc core terminals in the SNr induced contralateral
rotations while bilateral stimulation increased the speed and distance
travelled by the animal (Attachaipanich et al., 2023). This is in line with
expected effects on unilateral or bilateral inhibition of the SNr. Inhibi-
tion of this pathway had no effect on general locomotor activity, sug-
gesting it is not tonically active and not involved in on-going
locomotion. Given the role for the NAc in motivation (Salamone, 1994),
one could expect that inhibition of this pathway would affect
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motivation-induced hyperlocomotion. Furthermore, as pharmacological
manipulation of the NAc can induce alterations in stepping patterns
(Liberzon et al., 2015), 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
(Soares-Cunha et al., 2016) but their deletion has been reported to affect
skilled motor learning (Le Merrer et al., 2022).

4.2.12. 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 a high density of
opioid receptors (Galaj et al., 2020; Tempel and Zukin, 1987) and
pharmacological stimulation of these receptors in the SNr elicit rotations
and an increase in locomotor activity (Collins et al., 2000). CeA
GABAergic inputs to SNr neurons are expected to induce hyper-
locomotion (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.

4.2.13. 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
mentioned in earlier anterograde or retrograde studies (Table 2). Even
though these inputs may be similar to CeA, given the lack of insight into
BNST motor-related function and this anatomical pathway, further
studies are required to hypothesize its function.

4.2.14. LH to SNr

The LH projects to Gad2-expressing but not PV-expressing neurons in
the SNr (Liu et al., 2020). The LH has a diverse set of neuronal sub-
populations, mainly based on their molecular profile (Mickelsen et al.,
2019). Cell-type specific axonal tracing is still lacking and would help
understand the behavioral effects observed when manipulated. None-
theless, 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 (Pei et al., 2019). Interestingly, a ma-
jority of articles report increases (Pei et al., 2019; Di Scala et al., 1984;
Kosse et al., 2017; Qualls-Creekmore et al., 2017; Woodworth et al.,
2017; Chen et al., 2020) or decreases (Kosse et al., 2017; Bingul et al.,
2022; Brown et al., 2018) 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 ac-
tivity patterns correlated with voluntary locomotion (Kosse et al., 2017).
These LH GABAergic neurons receive glutamatergic inputs from
orexin-expressing LH neurons, which respond to stress (Kosse et al.,
2017). Altogether, as both the SNr and LH neurons can drive voluntary
locomotion, and anterograde (Pei et al., 2019) and retrograde (Liu et al.,
2020) studies report SNr-projecting LH neurons, it suggests a role for the
LH to SNr 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.

4.2.15. 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 (He et al.,
2021).

4.2.16. 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).
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4.2.17. 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 (Watabe-Uchida et al., 2012) 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
(Chen et al., 2023). 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 involve-
ment of SNc DA neurons in physiological conditions during movement.
Some studies found that the activity of SNc DA neurons precede move-
ment initiation and both its tonic and phasic activity is related to the
vigor of future movements (da Silva et al., 2018). 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 (da
Silva et al., 2018) but modified the kinematics and coordination of
movement during a skilled motor task (Bova et al., 2020). Some of the
discrepancies listed here may arise from the motor task tested, from
spontaneous movements to skilled learnt movements. Overall, it sug-
gests 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.,, (Watabe-Uchida et al., 2012) provided a
comprehensive mapping of mono-synaptic inputs to SNc DA neurons
and while they do report some retrogradely labeled cells from the OFC,
the main inputs arose from GABAergic (CeA, BNST, NAc, VP) and neu-
romodulatory structures (PVN, DRN, VTA), summarized in Figs. 2-3.

We found of interest the dense CRF innervation to the SNc origi-
nating from the CeA and BNST but not PVN (Dedic et al., 2018). In SNc
DA, urocortin, which is part of the CRF family, has been found to inhibit
somatodendritic DA release via CRF-1R (Kim et al., 2009), which could
result in a disinhibition of SNc DA activity as somatodendritic release of
dopamine in SNc DA neurons has been shown to inhibit SNc¢ DA neurons
(Hikima et al., 2021). However, in SNc and VTA DA cells, CRF appli-
cation has been shown to potentiate inhibitory currents via a CRFR1
dependent mechanism that increases GIRK conductance (Beckstead
et al., 2009). 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 modula-
tion 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 (Yao
et al., 2021) and overexpression of CRF reduces CRF1-expression in the
SNc (Korosi et al., 2006).

The PVN innervation to the SNc does not express CRH (Dedic et al.,
2018) but OXT (Xiao et al., 2017; Freda et al., 2022; Son et al., 2022) and
AVP (Freda et al., 2022). PVN OXT neurons inhibit SNc¢ DA activity via
OXT and AVP GPCR receptors (Xiao et al., 2017) but do not co-express
GABA (Xiao et al., 2017). Anterograde studies of the PVN using PHA-L
(Ranson et al., 1998; Luiten et al., 1985) 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. Nonethe-
less, as retrograde studies also report a PVN projection, with tracers that
are not uptaken by passing fibers, we believe that the reported coursing
fibers also provide synaptic input along the way.
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4.3. Motor brainstem nuclei

4.3.1. Superior colliculus (SC)

The SC is a midbrain structure involved in sensorimotor control of
eye and head movements for orienting behavior (Isa et al., 2021). 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 (Benavidez et al., 2021) involved in loco-
motion such as the PPN and head movements such as the Gigantocellular
reticular nucleus (GRN) (Usseglio et al., 2020). Furthermore, the topo-
graphic 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 (Benavidez et al, 2021), 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) (Benavidez et al., 2021) which
projects to locomotor (Usseglio et al., 2020; Moore et al., 2014), head
orienting (Usseglio et al., 2020; Moore et al., 2014) and orofacial centers
(Lauretti et al., 2016) such as the GRN and Paragigantocellular reticular
nucleus.

The Cg has ipsilateral projections to all the different SC subregions
(Benavidez et al., 2021). Cg to SC pathway has been investigated and has
been shown to facilitate ipsiversive orienting actions (Huda et al., 2020)
and involved in visually-guided behavior (Hu et al., 2019). 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.

The only putative GABAergic innervation is from the LS, however
these projections appear to be very sparse (Risold and Swanson, 1997;
Deng et al., 2019). SOM-expressing neurons in LS has been shown to
respond to aversive stimuli (An et al., 2022), but activation of these
neurons did not elicit locomotor or anxiety-related behavior (An et al.,
2022).

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 (Huang et al., 2017). DRN
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 (Mooney et al., 1996). 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 re-
sponses. 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 an-
imals, inhibition of LC TH+ to SC pathway or intra infusions of norad-
renergic receptor antagonist in the SC significantly decreased stress-
induced acceleration (Li et al., 2018).

4.3.2. Mecencephalic locomotor region (MLR)

The MLR is at the junction between the midbrain and hindbrain. It is
well known to control gait and locomotion (Josset et al., 2018; Dautan
et al., 2021) and includes the PPN and the Cuneiform nucleus (Cnf).

Discovery of these locomotor regions initially resulted from electrical
stimulations of different brainstem areas in cats (Shik et al., 1966) and
these results were later reproduced in rodents (Skinner and Garcia-Rill,
1984). The MLR is composed of glutamatergic and GABAergic neurons,
with also Cholinergic neurons specifically in the PPN (Wang and
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Morales, 2009). Cell-type specific activation of those neurons in mice
(Roseberry et al., 2016) 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 encode forelimb movements such as grooming
and handling (Ferreira-Pinto et al., 2021), MLR neurons projecting to SC
are recruited during rearing (Ferreira-Pinto et al., 2021) and cholinergic
neurons of the MLR have been involved in the control of gait (Lin et al.,
2023; Karachi et al., 2010).

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 syn-
chronized locomotor activity (Dautan et al., 2021; Caggiano et al., 2018;
van der Zouwen et al., 2021). The story is more complex nonetheless as
long photoinhibition of PPN glutamatergic neurons also slowed down
locomotion and induced arrests (Josset et al., 2018) and chemogenetic
excitation of bilateral caudal glutamatergic PPN increases locomotion
(Masini and Kiehn, 2022), Mapping the inputs-outputs of PPN and CnF
glutamatergic neurons showed differential connectivity. The PPN dis-
plays broader connectivity to motor Basal Ganglia (Dautan et al., 2021)
and receives broader afferences from emotion-related structures such as
the amygdala (Caggiano et al., 2018) and BNST (Dautan et al., 2021).
Hypothalamic regions seem to innervate both nuclei equally (Dautan
etal., 2021; Caggiano et al., 2018). Cortical projections to the MLR seem
to be restricted to cholinergic neurons of the PPN (Roseberry et al.,
2016; Huerta-Ocampo et al., 2021). However, as most anatomical
studies do not differentiate between the PPN and CnF, we did not pro-
vide those details in Table 2 or Fig. 2. Overall, The MLR receives inputs
from cortical, subcortical, pallidal, hypothalamic and neuromodulatory
regions involved in emotional processing (Figs. 2-3) with a differential
innervation of GABAergic and Glutamatergic-expressing cells (Hart
et al., 2018a). 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 gluta-
matergic 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 neu-
rons and stopped locomotor activity while its inhibition showed no ef-
fect on locomotion (Roseberry et al., 2019). 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 (Huerta-Ocampo et al., 2021), sug-
gesting CeA to MLR projections are not restricted to locomotor changes.

4.3.3. Medullary reticular nuclei (GRN — LGRN)

The GRN and LGRN are hindbrain nuclei located in the ventral me-
dulla. They project to the spinal cord cervical, thoracic, and lumbar
segments and receive MLR afference. Recent studies provide strong in-
sights 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 pro-
jection pattern and motor responses. GRN neurons predominantly
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innervates the ipsilateral spinal cord (Cregg et al., 2020; Lundfald et al.,
2007; Liang et al., 2016), and studies suggest they project to pre-motor
neurons in the different spinal segments (Cregg et al., 2020; Bouvier
et al., 2015). The integrity of the GRN is essential for MLR-induced
initiation of locomotion, stop-signals (Usseglio et al., 2020; Bouvier
et al., 2015) and ipsiversive spontaneous turning (Usseglio et al., 2020).
Studies on the GRN focused mainly on glutamatergic reticulo-spinal
neurons, shown to co-express vGlut2, CHX10 and V2a (Lundfald et al.,
2007; Bouvier et al., 2015) even though GRN inhibitory neurons also
project to the spinal cord (Valencia Garcia et al., 2018; Holstege and
Bongers, 1991; Martin et al., 2011) and participate to muscle tone atonia
during REM sleep (Dayalu and Albin, 2015). An elegant study identified
different spinal-projecting GRN CHX10 neurons that control orientation
(C2-projecting) or stop (L2-projecting) locomotor signals (Usseglio
et al., 2020). This is consistent with other studies reporting ipsiversive
turns (Capelli et al., 2017) and decreased speed following chemogenetic
or optogenetic unilateral stimulation of glutamatergic GRN neurons
(Cregg et al., 2020). Inhibition of these neurons had opposite effects,
with animals displaying contraversive orientation bias and increased
speed (Cregg et al.,, 2020; Bouvier et al., 2015). Furthermore, light
stimulation of glutamatergic GRN neurons displays EMG responses in
both resting and anesthetized mice and disrupts ipsilateral rhythmic
locomotor activity (Cregg et al., 2020; Lemieux and Bretzner, 2019). 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 retro-
gradely 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 (Hermann et al., 1997). Monosynaptic retrograde
tracing of glutamatergic GRN neurons also finds inputs from the ipsi-
lateral CeA but with no mention of hypothalamic or DRN inputs (Cregg
et al., 2020). We also had difficulties in finding anterograde studies
assessing caudal ventromedial medulla levels. Thus, we could not pro-
vide 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 (Wallace et al., 1992) but we could not find studies with a thor-
ough description of those CeA inputs. Given the strong changes in ve-
locity and stop-related effects by CeA or LH manipulations (Table 3), it is
likely that some of these motor-related changes are mediated via
GRN-projecting CeA or LH neurons. More importantly, as the GRN af-
fects 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 (Figs. 2-3), with
again retrograde labeling in IC, BNST, CeA, LH, PVN and DRN following
CTb injections (Sirieix et al., 2012). These results are consistent with
another study using fluorogold (Normandin and Murphy, 2008). The
LGRN has bilateral projections (Liang et al., 2016; Capelli et al., 2017) to
the spinal cord and unilateral activation of glutamatergic LGRN was
sufficient to initiate coordinated locomotion and fast EMG responses in
limb muscles (Capelli et al., 2017). Impressively, high intensity
light-stimulation of glutamatergic or inhibitory neurons respectively
induced high-speed locomotion (> 50 cm/s) or behavioral arrests
(<3 cm/s) (Capelli et al.,, 2017). Those behavioral responses are
impressive, as the stimulations were unilateral and evoked coordinated
full-body responses. These authors further showed that these gluta-
matergic LGRN neurons were necessary for high-speed locomotion
during treadmill running and MLR-evoked high-speed running. Those
emotion-related 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 in-
nervates cranial motor nuclei such as the hypoglossal nucleus (moto-
neurons innervating the tongue) and trigeminal nucleus (motoneurons
that innervate mastication) (Sirieix et al., 2012), manipulation of IC, LH,
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CeA can induce jaw-related movements (Table 3) and they are part of
neural circuits related to taste (Kayyal et al., 2019), food (Stanley et al.,
2011), and prey-hunting (Han et al., 2017).

5. Conclusions and future directions

We have provided 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 Fig. 5 we summarize the main emotion pro-
jections 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
(Figs. 2-3) and they are both core components of the extended amyg-
dala 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 (Figs. 2-3,
Table 3). The oxytocin and vasopressin PVN neurons share common
projections with the LH to brainstem motor-related nuclei (Fig. 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 (Dolensek et al., 2020; Pohl et al., 2013). It is
thought the Basal Ganglia is involved in the voluntary control of facial
expressions, as their they are impacted in PD (Bowers et al., 2006).
Facial expressions and postural changes are under-studied 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 (Dolensek et al., 2020).

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 (Jhou
et al., 2009; Vento et al., 2017), can drive motor behavior and controls
SNc activity (Bourdy et al., 2014). The claustrum is also another
multi-modal processing structure involved in emotional (Niu et al.,
2022) and motor (Chevée et al., 2022) processing. Interestingly, whole
brain mapping of claustrum outputs does not show any projections to
motor-related structures (B et al., 2018) 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 condi-
tions, are quite complex and could not be explained by individual pro-
jections. Scientists have reported that bilateral but not unilateral VP
manipulations can drive atypical abnormal movements (Zahm et al.,
2014). Cell type specific manipulation of VP neurons drive strong
opposite changes in velocity in response the valence of the conditioned
stimulus (Stephenson-Jones et al., 2020). In neutral or appetitive
context, activation or inhibition of VP GABAergic neurons respectively
increase or decrease speed and locomotion (Stephenson-Jones et al.,
2020; Li et al., 2021). 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 (Stephenson-Jones et al., 2020). Further projection and
cell-type specific studies are required to understand its context-specific
motor modulation. Nonetheless, given its connectivity with the STN,
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SN and PPN, it is anatomically well placed to shape locomotor activity,
turning and stop-related behavior. Interestingly, it does not provide any
cholinergic modulation to the motor circuits (Faget et al., 2018).

Our review emphasizes the strong behavioral and anatomical rela-
tionship between the emotional and motor system. As mentioned pre-
viously, 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 self-generated facial
expressions have been recognized to modulate both positive and nega-
tive affect (Kleinke et al., 1998) and a large-scale international study
confirmed that facial expressions could initiate and amplify feelings of
happiness (Coles et al., 2022). Similar emotional changes were observed
with postural changes (Duclos et al., 2023; Flack et al., 1999). 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
(Dautan et al., 2021) projections to amygdala, BNST, hypothalamus, VP,
VTA, DRN and LC, SNr projections to neuromodulatory regions such as
the VTA, DRN and LC (Liu et al., 2020) and GPe projections to BLA
(Saunders et al., 2015). This suggests that motor-induced emotional
changes could also be mediated by voluntary movements.

6. Limitations

Our review aimed to be comprehensive, though narrative. Our
keyword search and methodology may not have captured the full picture
and may have overlooked articles on the subject. A lot of caution has
been paid in summarizing the anatomical results in the literature.
However, the evolution of anatomical terms, numerous abbreviations
for a given structure and the close anatomical proximity of some of the
structures listed here may have led to confusion and confound.
Furthermore, we were very inclusive in our anatomical search and the
only restriction was on the use of monosynaptic anatomical tracers.
Thus, many of the anterograde approaches reported in Table 2 were not
specific for synaptic sites (such as AAVs under the synaptophysin pro-
moter) and some may represent passing fibers reported fluorescence.
Similarly, most of the retrograde tracers used in the studies can be
uptaken by damaged passing fibers or exhibit tropism for specific cell-
types. We thus encourage researchers to use this review as an area of
investigation, and encourage future research to fill in the gaps and to
supplement the anatomical reports with precise tools, whole-brain
mapping studies, and provide functional proof of the proposed
emotion-motor pathways.
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