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Abstract Thanks to the non-human primate (NHP), we

have shown that the pharmacological disturbance of the

anterior striatum or of external globus pallidus triggers a

set of motivation and movement disorders, depending on

the functional subterritory involved. One can, therefore,

assume that the aberrant activity of the different subterri-

tories of basal ganglia (BG) could lead to different

behavioral disorders in neuropsychiatric disorders as

Tourette’s syndrome and Parkinson’s disease. We are now

addressing in the NHP the impact of modulating dopamine

or serotonin within the BG on behavioral disorders. Indeed,

we have shown a prominent role of serotonergic degener-

ation within the ventral striatum and caudate nucleus in

neuropsychiatric symptoms in de novo PD patients. Of

note, the serotonergic modulation of these BG regions in

the NHP plays also a critical role in the induction or

treatment of behavioral disorders. Given that both dopa-

mine and serotonin are targeted to treat neuropsychiatric

disorders, we are studying the effects of modulating

dopamine and serotonin transporters in the different terri-

tories of the striatum, and more particularly within the

ventral striatum on decision-making processing at both

behavioral and neuronal levels. Finally, we evidence the

need to extend the pharmacological approach to the

receptors of these two neuromodulator systems as the use

of substances targeting receptor subtypes preferentially

localized in the associative and limbic territories of BG

could be very effective to specifically improve the

behavioral disorders in Parkinson’s disease, Gilles de la

Tourette syndrome but also in several psychiatric disorders

such as depression, anxiety, anorexia, or impulse control

disorders.
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disorders � Eating disorders � Anxiety � Dopamine �
Serotonin

The non-human primate anatomical investigation
and the functional basal ganglia circuits

The basal ganglia (BG) are subcortical structures including

the striatum (putamen, caudate nucleus, accumbens or

ventral striatum), globus pallidus (external (GPe) and

internal (GPi)), subthalamic nucleus (STN) and substantia

nigra (pars compacta (SNc) and reticulata (SNr)). The

anatomical investigations in the non-human primate (NHP)

were very important to demonstrate the functional organi-

zation of the BG in distinct parallel circuits connected

through the thalamus with different frontal cortical areas.

Alexander et al. (1986), were the first to propose a parti-

tioning into five parallel circuits: two sensorimotor loops

(motor and oculomotor) involved in the motor control of

movement execution, two associative loops (dorsolateral

prefrontal and lateral orbitofrontal) involved in the cogni-

tive processes preceding movement executions (prepara-

tion of movement) and one limbic loop (anterior cingulate

and orbitofrontal) involved in the motivational processes

(Alexander et al. 1986, 1990). The cortico-BG loop

involving the ventral striatum plays a central role in

behavior through the control of motivational processes

(Alexander et al. 1986; Graybiel 2005; Haber and Knutson

2010; Tremblay et al. 2015), whereas the cortico-BG loops
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involving the caudate and the putamen are involved in the

processes of selection and execution of the action

(Alexander et al. 1986; Middleton and Strick 2000;

Tremblay et al. 2009). This architecture in parallel circuits

does not exclude the existence of integration in BG cir-

cuits. For instance, striatal territories innervated by asso-

ciated cortical areas show large overlapping zones

(Flaherty and Graybiel 1991). The interface existing

between the different striatal territories and midbrain DA

neurons allows a feed-forward organization from the lim-

bic to the cognitive and motor circuits (Haber 2003). The

role of BG in reinforcement and adaptation to accommo-

date the past in predicting future outcomes is of particular

importance, and communication across functionally dis-

tinct circuits is required for this to occur. This communi-

cation is critical to continually evaluate and adjust to

stimuli throughout the development of behaviors.

Consequently, disturbances within particular regions of

such cortico-BG-thalamo-cortical loops may induce

movement (chorea, dystonia, hemiballism, simple motor

TIC) or behavioural (Hyperactivity, Attention deficit,

Apathy, depression, Panic) disorders (Tremblay et al.

2015).

First evidences in the non-human primate
of the causal link between dysfunctions of the non-
motor BG territories and behavioral disorders

Following the anatomical investigations, the neurophysio-

logical approach by neuronal recording in NHP trained to

perform delayed response tasks and neuro-imaging studies

in humans have largely contributed to delineate these

functional domains inside the striatum (see review by

Tremblay et al. 2009). Briefly, these studies have shown

that (1) the ventral striatum processes the motivational

information, the expected outcome and reward (Schultz

and Romo 1992; Knutson et al. 2001; O’Doherty et al.

2002; Ernst et al. 2004), (2) the cognitive aspects regarding

the selection of conditioned stimuli that guide action

towards the goal are treated in the caudate nucleus, with an

increasing proportion of neurons expressing anticipatory

activity for the conditioned stimuli in the most anterior

levels (Hollerman et al. 1998; Lehéricy et al. 2006), (3)

movement preparation and execution are processed in the

putamen (Alexander and Crutcher 1990; Romo et al. 1992;

Schultz et al. 1992; Gerardin et al. 2004).

By pharmacological disturbance in different species of

male NHP (African green monkeys (n = 5), cynomolgus

(n = 9) and rhesus (n = 2) monkeys aged between 3 and

5 years), we have shown that the motor, associative and

limbic territories of BG structures are implicated in the

expression of movement and behavioural disorders (Grabli

et al. 2004; Worbe et al. 2009, 2013; Sgambato-Faure et al.

2016). Indeed, by locally injecting 3 ll of bicuculline (a

GABAA antagonist at a concentration of 15 lg/ll) within

the anterior part of the striatum, we triggered a set of

motivation and movement disorders (Fig. 1). Within the

ventral striatum, which corresponds to the limbic territory,

we produced three different classes of abnormal behaviors

according to the striatal subterritory involved. A first

behavioral effect was obtained from the medial part of the

anterior striatum and was characterized by sexual mani-

festations (erection and ejaculation). This effect is associ-

ated with an anatomical circuit involving median prefrontal

cortex and median parts of BG (Sgambato-Faure et al.

2016). In a normal condition, this medial circuit could be

involved in sexual attraction (Bray and O’Doherty 2007)

and preference (Ponseti et al. 2006). In contrast, abnormal

activity of this medial cortico-striatal circuit could drive

hypersexuality, which has been observed in PD patients as

a result of DA treatment (Politis et al. 2013).

A second behavioral effect was obtained from the cen-

tral part of the anterior striatum and was characterized by

stereotyped behaviors, i.e. compulsive grooming and

repeated actions of licking and biting fingers or tail

(Fig. 2), probably reflecting an increase of aversive antic-

ipation and anxious state (Saga et al. 2016; Kalin et al.

2005; Grupe and Nitschke 2013). This effect is associated

with an anatomical circuit involving the orbitofrontal cor-

tex, the limbic parts of BG and an indirect cortical return to

the anterior insula and the amygdala, well known to be

involved in aversive encoding and anxiety disorders

(Sgambato-Faure et al. 2016; Galineau et al. 2016). In

humans, a meta-analysis has clearly shown dysfunctions

within this central region in anxiety disorders and partic-

ularly in obsessive compulsive disorders (Radua et al.

2010). Furthermore, the role of this central part of the

ventral striatum in the processing of anxious states has

been evidenced not only in animal studies (Schoenbaum

et al. 2003; Yanagimoto and Maeda 2003), but also in

human functional imaging studies (Becerra et al. 2001;

Jensen et al. 2003; Tom et al. 2007; Delgado et al. 2009.

Taken together, these results provide strong evidence that a

part of the ventral striatum is engaged in the emotional

anticipation of aversive events and their behavioral

avoidance. Abnormal activity of this medial cortico-striatal

circuit may underlie impulse control disorders observed in

PD patients under dopatherapy (Weintraub et al. 2015).

A third and last behavioral effect was obtained from

pharmacological disturbance within the lateral part of the

anterior striatum and was characterized by a hypoactive

state associated with a loss of food motivation (sometimes

even evoking vomiting) (Fig. 2). This effect is associated

with an anatomical circuit involving the orbital and medial

prefrontal cortex, the insula and limbic parts of BG
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(Sgambato-Faure et al. 2016). Numerous imaging studies

in humans have documented that the insula is involved in

the feeling of disgust (Wicker et al. 2003), nausea (Na-

padow et al. 2013) and vomiting (Catenoix et al. 2008). In

the monkey, stimulation of the anterior insula triggers food

disgust (Caruana et al. 2011; Jezzini et al. 2012). The

orbitofrontal has also been linked to the severity of appetite

loss in patients with Alzheimer’s disease (Ismail et al.

2004) and a feeling of satiety in healthy controls (Hinton

et al. 2004). Overall, our recent anatomical study, there-

fore, supports the implication of this lateral part of the

ventral striatum in a circuit engaged in food intake, as in

rodents (Jean et al. 2007, 2012). Dysfunction of this circuit

may be involved in eating disorders, such as binge eating,

obesity, anorexia or bulimia (Kaye et al. 2009; Tomasi and

Volkow 2013; Stefano et al. 2013).

By locally injecting bicuculline within the dorsal part of

the anterior striatum (Fig. 1), we also produced hyperactive

state with touching and simple motor tics, respectively,

associated with prefrontal dorsolateral cortex and associa-

tive territories of BG and sensorimotor cortical and BG

network (Worbe et al. 2013). These last NHP experiments

allowed a better understanding of pathophysiological

mechanisms potentially involved in Tourette syndrome

(see Tremblay et al. 2015).

The partition of the external pallidum
and modulations of non-motor functions

The pallidum is another BG structure from which both motor

and behavioral effects could be triggered following bicu-

culline microinjections according to the subterritory tar-

geted (Fig. 3). For instance, microinjections within the

posterior motor part of the GPe triggered dyskinetic move-

ments (Matsumura et al. 1995), while microinjections within

the anterior associative-limbic part of GPe induced abnor-

mal behavior (Grabli et al. 2004) (Fig. 3a). Attention deficit

with or without hyperactivity, could be obtained from the

associative territories (dorsal part) and stereotyped behavior

from the limbic territory (ventral part) of the GPe in normal

monkeys (Grabli et al. 2004; Fig. 3a). Here again, these
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Fig. 1 Schematic summary of

the cortico-striatal circuits

underlying motivation (i.e.

hypersexuality, anxiety and

eating disorders) and movement

(hyperactivity and abnormal

movements) disorders, induced

from pharmacological

perturbation of the ventral and

dorsal striatum, respectively.

Color code is as follows: sexual

disorders in green, anxiety in

blue, food disorders in orange,

hyperactivity state and simple

tic in yellow. Abbreviations: CD

caudate nucleus, PUT putamen,

VS ventral striatum, Ins insula,

Temp temporal. Adapted from

Worbe et al. (2013) and

Sgambato-Faure et al. (2016)
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results strengthen the idea that a same dysfunction within a

structure can impact movement or behavior depending on

the subterritory involved. Interestingly, the compulsive

behavior triggered within the limbic GPe could be coun-

teracted by deep brain stimulation (DBS) applied into the

limbic territory of the STN (Baup et al. 2008), in agreement

with the fact that the DBS therapeutic approach is now

applied to improve patients with obsessive–compulsive

disorders (Mallet et al. 2008; Blomstedt et al. 2013).

Besides the impacts of a GABAergic pallidal dysfunction,

we have recently shown interesting roles for both dopamine

(Ballanger et al. 2016) and serotonin (Beaudoin-Gobert et al.

2015) within the anterior GPe in the 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP) monkey model of

Parkinson’s disease (PD). First, we have evidenced an inverse

relationship between the pallidal dopamine and the severity of

parkinsonian motor symptoms: the lowest pallidal dopamine

level assessed using [18F]DOPA uptake, the more severe (the

longer recovery time) the animal (Fig. 3b), confirming a

strong compensatory role of this pallidal dopamine in the

pathophysiological mechanisms of PD, as already suspected

in de novo PD patients (Whone et al. 2003; Pavese et al.

2012). Second, we have highlighted a positive correlation

between the pallidal serotonin innervation and the severity of

repetitive grooming induced by levodopatherapy (Fig. 3c),

suggesting that serotonergic fibers within limbic regions can

sustain the expression of behavioral disorders via aberrant

processing of L-DOPA as it is the case in motor regions for L-

DOPA-induced dyskinesias (Politis et al. 2014).

The impact of serotonin lesion in motor and non-
motor symptoms of Parkinson’s disease

Idiopathic PD is characterized clinically by cardinal motor

symptoms (akinesia/bradykinesia, rigidity, resting tremor)

and response to dopamine replacement therapy (Obeso

et al. 2000). PD patients also display non-motor symptoms,

Food intake(A) Anxiety-related behaviors

(B) Apathetic state & loss of food motivation Food intake

Fig. 2 Histograms show the behavioral effects for bicuculline

microinjections within the ventral striatum producing anxiety-related

behaviors (a) and apathetic state with loss of food motivation (b) (data

from 3 monkeys are included for each behavioral effect). The control

condition corresponds to a condition without microinjection.

Histograms on the right side show the percentage of initiated choices

during execution of the simple food retrieval task for monkeys

exhibiting anxiety and apathetic-like state. Issued from Sgambato-

Faure et al. (2016)
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including frequent and disabling neuropsychiatric symp-

toms (depression, anxiety, apathy) (Chaudhuri and Scha-

pira 2009). The lesion of the dopaminergic system is

involved in the pathophysiology of bradykinesia and

rigidity, motor fluctuations, L-DOPA-induced dyskinesia,

apathy and depression in PD patients (Politis 2014; Tho-

bois et al. 2010). However, the dysfunction of the sero-

tonergic system has been involved in tremor (Huot et al.

2011a; Politis 2014; Politis and Niccolini 2015), dyskinesia

(Rylander et al. 2010; Politis et al. 2014), fatigue and

depression (Huot et al. 2011a; Politis 2014; Politis and

Niccolini 2015) as well as psychosis (Zahodne and Fer-

nandez 2008). Very recently, we have also brought out a

prominent role of serotonergic degeneration in apathy,

anxiety and depression in de novo PD patients (Maillet

et al. 2016). Specifically the apathetic patients mainly

displayed greater serotonergic alteration in the ventral

striatum (Fig. 4a), the anterior cingulate cortex, bilaterally,

as well as in the right-sided caudate nucleus and the right-

sided orbitofrontal cortex. The severity of apathy was,

moreover, mainly related to specific serotonergic lesions

within the right-sided anterior caudate nucleus and the
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Fig. 3 a Schematic representation of the functional territories within

the GPe (associative in green, limbic in blue and sensorimotor in

yellow) and of the effects resulting from dysfunctions of these

territories in the normal African green monkey. Issued from Grabli

et al. (2004). b Correlation analyses between [18F]DOPA uptake (Ki)

in GPe and motor score or recovery time in MPTP-treated cynomol-

gus monkeys. Issued from Ballanger et al. (2016). c Brain Macaca

fascicularis MRI template (in grey) and 11C-DASB PET images (in

color) on coronal plane before and after MDMA intoxication at the

level of GPe in MPTP-treated cynomolgus monkeys. Colors represent

the level of BPND using the cerebellum as the reference region (red

indicates high BPND whereas pink indicates low BPND on the scale).

Positive correlation found between the repetitive grooming score

induced by levodopatherapy (L-DOPA systemically administrated

twice daily at increasing doses during 2 months) and 11C-DASB

BPND before MDMA within the GPe. Issued from Beaudoin-Gobert

et al. 2015. Monkeys were male aged between 3 and 5 years and

dopamine-depleted by receiving MPTP injections (0.3–0.5 mg/kg,

i.m.) under light anaesthesia on consecutive days (acute protocol in

Beaudoin-Gobert et al. 2015) or every 4–5 days (progressive protocol

in both cited articles) until the emergence of parkinsonian symptoms.

The total MPTP dose given to each monkey varied between 1.1 and

2.2 mg/kg. Abbreviations: AC anterior commissure, BPND non-

displaceable binding potential, Cd caudate nucleus, GPe external

globus pallidus, GPi internal globus pallidus, HD/AD hyperactive

disorder and attention deficit, Pu Putamen
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orbitofrontal cortex, while the degree of both depression

and anxiety was primarily linked to serotonergic disruption

within the anterior cingulate cortex. These data clearly

show that the serotonergic lesion of such BG anterior ter-

ritories is involved in neuropsychiatric symptoms. Of note,

the serotonergic modulation of these BG territories in the

monkey also triggers such behavioral symptoms (hyper-

activity, stereotypies, apathetic-like state, and anxious-like

state) (Neumane et al. 2012; Beaudoin-Gobert et al. 2015,

and unpublished data).

To elucidate the causal role of the serotonergic system

in the wide range of parkinsonian motor and non-motor

symptoms, we developed a new monkey model of PD

(Fig. 4b), presenting a double dopamine/serotonin lesion as

the result of sequential use of MPTP and 3,4-methylene-

dioxy-methamphetamine (MDMA, better known as the

recreational drug ecstasy) (Beaudoin-Gobert et al. 2015).

Indeed, the MPTP monkey model is the gold standard for

toxin-based animal models as it reproduces most of the

clinical hallmarks of PD (Porras et al. 2012). And the

specific neurotoxic effects of MDMA towards the sero-

tonergic innervating system have been well characterized

in the normal monkey (Ricaurte et al. 2000). Despite the

limitations of this toxin-based animal model (MPTP being

not selective of dopamine neurons and MDMA injuring

only serotonergic fibers), the implication of the presynaptic

serotonergic system could be addressed for the first time in

parkinsonian monkeys, calling the dysfunction of raphe

neurons in parkinsonism to mind (Huot et al. 2011a; Del

Tredici and Braak 2012; Politis 2014; Politis and Niccolini

2015). In this work, we first established the efficiency of

MDMA in inducing a lesion of the serotonergic innervating

system in dopamine-depleted monkeys by positron emis-

sion tomography (PET) imaging with specific ligands

([11C]PE2I for the dopaminergic transporter (DAT) and

[11C]DASB for the SERT) (Fig. 4b) and immunohisto-

chemistry. We then addressed the causal link between the

serotonergic fibers alteration driven by MDMA and the

parkinsonian symptoms including cardinal motor symp-

toms (akinesia, rigidity and tremor) and responses to L-

DOPA therapy (dyskinesia and neuropsychiatric-like

behaviors). As already stated, among the cardinal motor

symptoms expressed by parkinsonian patients, only tremor

has been clearly linked to serotonergic dysfunction so far

(Huot et al. 2011a; Politis 2014; Politis and Niccolini

2015). PET imaging studies have shown that a diminished

availability of 5-HT1A receptors in the raphe or of the

serotonergic transporter SERT in the thalamus correlates

with the severity of resting tremor (Huot et al. 2011a;

Politis 2014; Politis and Niccolini 2015). A reduced

availability of SERT in the caudate, putamen and raphe

correlates with the severity of action and postural but not

resting tremor (Loane et al. 2013), suggesting that different

pathological mechanisms might be involved in the different

forms of tremor. Resting tremor was replaced by action

tremor in our MPTP-treated macaques (resting tremor is

the only symptom seldom reproduced except in the MPTP-

treated African green monkey) (Mounayar et al. 2007;

Porras et al. 2012) and not altered by the serotonergic

lesion. Bradykinesia was not induced or worsened after

MDMA in recovered or symptomatic monkeys, respec-

tively. The striatal blockade of the serotonergic transmis-

sion in recovered monkeys does not induce bradykinesia

either (Neumane et al. 2012). This is consistent with a

human study showing no SERT dysfunction in bradyki-

netic parkinsonian patients (Loane et al. 2013). The only

symptom for which we found an impact after MDMA

lesion was rigidity. The expression of rigidity was modified

by the serotonergic lesion and this effect strongly depended

on the previous serotonergic and dopaminergic innervation

state, especially in the posterior putamen and external

pallidum (transient appearance mostly in recovered

Before   After
MPTP MDMA

Before After 

[11C]PE2I [11C]DASB

BA
Apathy

[11C]DASB

Fig. 4 a Illustration of the relationships between the severity of

apathy (based on the LARS scores) and the reduced binding of

serotonin (SERT) tracer ([11C]DASB) within the right-sided orbito-

frontal cortex and the ventral part of the right-sided anterior caudate

nucleus in de novo parkinsonian patients. Issued from Maillet et al.

(2016). b MRI-fusioned PET images on coronal (top) and horizontal

(bottom) planes showing the cerebral distribution of 11C-PE2I (for the

dopaminergic transporter) on the left before and after MPTP

intoxication, and of 11C-DASB (for the serotonergic transporter) on

the right before and after MDMA intoxication to illustrate the

development of the new monkey model of Parkinson’s disease,

exhibiting a double dopaminergic and serotonergic lesion due to the

sequential use of MPTP and MDMA. Colors represent the level of

non-displaceable binding potential using the cerebellum as the

reference region. The time interval between MPTP and MDMA

was around 5 months. MPTP-treated monkeys received MDMA

injections twice daily for four consecutive days (5 mg/kg, subcuta-

neously). The extent of the MDMA lesion was assessed both by PET

imaging using the serotonergic transporter (SERT) ligand ([11C]-

DASB) as shown on this figure and by immunohistochemistry on

post-mortem tissue at the end of the protocol. Adapted from

Beaudoin-Gobert et al. (2015)
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monkeys that have greater compensatory mechanisms and

transient disappearance followed by reappearance in

symptomatic monkeys that can no longer compensate).

Would those preclinical results be strengthened by the

observation of a greater serotonergic denervation in the

putamen associated with a greater rigidity of parkinsonian

patients? This remains to be determined. In any case, such

a link, at the preclinical level, between serotonergic dys-

function and rigidity is novel and might have been hidden

or undervalued because the scoring of rigidity is seldom in

non-human primates (Imbert et al. 2000; Mounayar et al.

2007; Porras et al. 2012) and because akinesia and rigidity

are often associated in parkinsonian patients (akinetic-rigid

subtype) and related to the lesion of the dopamine system

(Jellinger 1999; Politis 2014).

Another major finding of our work was the causal

demonstration of serotonergic fibers mediating L-DOPA-

induced dyskinesias in symptomatic monkeys by demon-

strating the underlying and causal physiopathological

mechanism, i.e. the serotonergic hyperinnervation, abol-

ished by MDMA (Beaudoin-Gobert et al. 2015). This

strengthens the view that MDMA is effective in reducing L-

DOPA-induced dyskinesias in rats (Bishop et al. 2006),

monkeys (Iravani et al. 2003; Huot et al. 2011b) and early-

onset parkinsonian patients (BBC 2001). In the same vein,

the use of 5-HT1A or 5-HT1A/B agonists or antidepressants

has been shown to offer an interesting anti-dyskinetic

strategy (Carta and Tronci 2014; Politis et al. 2014; Conti

et al. 2014; Mazzucchi et al. 2015).

Last, but not least, we found that our L-DOPA treated

recovered monkeys (i.e. MPTP-monkeys that no longer

express motor symptoms as a function of time after MPTP)

did not develop dyskinesias but rather hyperactive and

neuropsychiatric-like behaviors (agitation, hallucinatory-

like responses, stereotypies and repetitive grooming),

which were both reduced or even abolished by subsequent

MDMA lesion (Beaudoin-Gobert et al. 2015). These find-

ings demonstrate that serotonergic fibers also play a sig-

nificant role in the pathophysiology of non-motor

symptoms driven by L-DOPA, maybe via aberrant pro-

cessing of exogenous L-DOPA and release of dopamine as

false neurotransmitter in non-motor regions as it is the case

in motor regions (putamen) for L-DOPA-induced dyskine-

sias (Politis et al. 2014). Interestingly, two BG regions

were highlighted in those behavioral effects: the posterior

ventral putamen, whose serotonergic innervation state

positively correlated with either the total neuropsychiatric-

like score or the hallucinatory-like score, and the external

pallidum, whose serotonergic innervation state positively

correlated with the severity of repetitive grooming

(Fig. 3c). Again, we have seen that the limbic part of GPe

is a region from which stereotyped behaviors (grooming

and licking/biting) can be pharmacologically evoked in the

monkey (Grabli et al. 2004; Sgambato-Faure et al. 2016;

Tremblay et al. 2015). As for the ventral posterior puta-

men, it is a structure connected to the inferotemporal cortex

involved in the visual recognition and discrimination of

objects (Baizer et al. 1993; Middleton and Strick 1996) and

serotonin dysfunction has already been involved in visual

hallucinations in PD (Ballanger et al. 2010; Huot et al.

2010). The slower degeneration of serotonergic (versus

dopaminergic) terminals as PD progresses could, therefore,

be a risk factor for occurrence of these L-DOPA-induced

non-motor symptoms.

The difference obtained between severely lesioned and

moderately lesioned monkeys in terms of L-DOPA

responses (dyskinesia for the former and hyperactivity with

neuropsychiatric-like symptoms for the later) calls the

impact of the heterogeneity of the MPTP-induced lesions

on symptoms to mind. Indeed, it is well known that at high

doses, MPTP is not only selective for dopamine neurons

and can affect serotonergic ones (Pifl et al. 1991). These

data clearly show that the extent and type of lesions differ

between these two groups of monkeys and, therefore, dif-

ferentially impact the L-DOPA responses. Given the

heterogeneity of lesions among PD patients (Kish et al.

1988; Scatton et al. 1983; Gaspar et al. 1991; Gilman et al.

2010; Paulus and Jellinger 1991; Remy et al. 2005), one

can assume that the dopamine and/or serotonin lesions in a

given subterritory differentially impact the motor and mon-

motor symptoms before or under medication. According to

the subterritory involved, the threshold of dopamine loss to

induce the specific symptoms is different. Indeed, in

monkeys with progressive MPTP treatment, the first

symptoms to appear are cognitive (Pessiglione et al. 2004)

and executive deficits (Pessiglione et al. 2003). Such a

deficit is also observed in PD patients during the early

stages of the disease before the motor deficit (Marinus et al.

2003; Verbaan et al. 2007). Thus, while the sensorimotor

territories are more strongly affected, compared to the

associative territories, it is only after stronger dopamine

depletion that the deficits in sensorimotor territories result

in motor symptoms expression. Another element to take

into consideration relates to the hypersensitivity of

dopaminergic receptors in response to the dopaminergic

lesion (Bezard and Gross 1998). It is likely that with

dopatherapy, this hypersensibility induces abnormal

movement (dyskinesia), non-adapted actions (punding), or

goals (impulsive compulsive behaviours), according to the

striatal sub-territory expressing this sensitization to dopa-

mine overstimulation (Voon et al. 2009, 2016). Given our

monkey data, dopamine preferential activation of one of

the sub-territories within the ventral striatum could result in

diverse impulse control disorders in PD patients. In par-

ticular, aberrant activity of a medial part of the ventral

striatum could lead to hypersexuality, while eating disorder
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could rather result from the lateral part. Moreover, dys-

function in the central part which is probably involved in

the evaluation of the negative cost of decisions, could

induce pathological gambling or compulsive shopping.

The non-human primate model allows to study
the BG involvement in the therapeutic effects
of pharmacological modulations
in neuropsychiatric disorders

We began to address the specific influence of dopamine and

serotonin in the BG and more specifically in the ventral

striatum on decision-making by using an approach and

avoidance behavioral task. Although the ventral striatum has

traditionally been associated with the approaching behavior

(reward seeking), it could also play a role in the avoidance of

aversive stimuli or act as an interaction site with regions

encoding aversive stimuli such as the amygdala, the insula, or

the lateral orbitofrontal cortex (Tremblay et al. 2009; Saga

and Tremblay 2016). An investigation of the role of the

ventral striatum in aversive processing would improve our

understanding of the physiopathology of neuropsychiatric

disorders (OCD, panic disorder, anorexia, depression), for

which decision-making processes are affected. The role of the

ventral striatum in processing reward value, motivation, and

decision making is now generally accepted, based on a broad

range of neuroimaging studies in humans and neuronal

recording or pharmacological perturbation studies in animals.

The recording of neuronal activity in monkeys engaged in

classic delayed response and reward tasks has been an

important approach in characterizing functional contributions

of the ventral striatum at the single neuron level (Tremblay

et al. 2009). The ventral striatum would be mainly involved in

tracking the motivational value of primary and conditioned

stimuli and in the expectation of this value during goal-di-

rected actions in different contexts. The ventral striatum is

one of the main targets of the dopaminergic and serotonergic

projections originating from the SNc and the raphe nuclei,

respectively (Lavoie and Parent 1990; Szabo et al. 2002;

Parent et al. 1983). By PET imaging using specific radioli-

gands targeting the DAT ([11C]PE2I) and the SERT ([11-

C]DASB) transporters, we have seen that the SERT has a

preferential distribution within the ventral part of the anterior

striatum while the DAT is uniformly distributed (Fig. 5).

Human neuroimaging and primate electrophysiology studies

have shown that activity of dopaminergic neurons reflect the

value of stimuli predicting both immediate and future rewards

(Schultz et al. 1997, 1998; Tobler et al. 2005; Gregorios-

Pippas et al. 2009). Furthermore, elevated dopamine levels

have been linked to changes in striatal activity and to

increases in impulsive-compulsive behavior and risk-taking

choices (St Onge and Floresco 2009; Pine et al. 2010;

O’Sullivan et al. 2011; Fineberg et al. 2010), suggesting more

specific involvement of dopamine in appetitive reward value

and in the learning of approach towards these appetitive

stimuli without taking possible aversive outcomes into

account. Serotonin signaling also seems to play an important

role in decision making (Bromberg-Martin et al. 2010;

McCabe et al. 2010; Tanaka et al. 2007), and the clinical

improvement of anxiety disorders (Buoli et al. 2013) and

depression (Stark and Hardison 1985) by selective serotonin

reuptake inhibitor (SSRI) treatment could be mediated in part

by the effects on the processing of appetitive and aversive

rewarding stimuli inside the ventral striatum (McCabe et al.

2010).

These two neuromodulators dopamine and serotonin are

targeted to treat neuropsychiatric disorders, for which antici-

pation, detection and avoidance of aversive events appear

affected. Neuroleptics and antidepressants are used in clinical

practice for example for schizophrenia (Leucht et al. 2013),

anxiety (Buoli et al. 2013) and depression (Cipriani et al. 2009).

The serotonergic therapeutic agents may have preferential

action on the limbic territory in the processing of emotions and

motivations, while the dopaminergic therapeutic agents may

act indifferently on all functional to process motivation,

attention, action and movement selection. Chronic fluoxetine

administration decreases stereotypies and self-biting behavior

in rhesus monkeys (Fontenot et al. 2009). Furthermore, a recent

ethological study (Camus et al. 2013a, b) identified cynomol-

gus macaques with anxiety-like symptoms, reminiscent of

generalized anxiety disorders, or depressive symptoms, remi-

niscent of depressive disorders but the effects of SSRIs on those

have not yet been addressed. It would, therefore, be very

interesting to study the effects of modulating dopamine (with

methylphenidate blocking the DAT) and serotonin (with flu-

oxetine, an SSRI blocking the SERT) in the different territories

of the striatum, and more particularly within the ventral stria-

tum on decision-making processing at both behavioral and

neuronal levels (Fig. 5). This would elucidate whether or not

the therapeutic effects of such drugs (methylphenidate better

known as Ritalin and fluoxetine better known as Prozac) are

mediated by BG and more specifically by the ventral striatum.

Furthermore, as serotonergic and dopaminergic neurons pro-

ject to the cerebral cortex, limbic cortical regions may also be

involved in mediating the beneficial effects of such pharma-

cological agents.

Research perspectives opened with the non-human
primate on the serotonin modulations inside BG
in neuropsychiatric disorders

There is a real challenge to extend the pharmacological

approach to the receptors of these two neuromodulator

systems. Indeed, the use of substances targeting receptor
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subtypes preferentially localized in the associative and

limbic territories of BG could be very effective to specif-

ically improve the behavioral disorders in PD, GTS or

psychiatric disorders. We know for example that

dopaminergic D3 receptor subtypes are primarily located

inside the pallidum and the ventral striatum (Graff-Guer-

rero et al. 2008; Morissette et al. 1998) and may be

involved in impulse control disorders in PD patients

(Moore et al. 2014; Boileau et al. 2013, 2014; Payer et al.

2015; Seeman 2015; Lee et al. 2009). The D3 receptor

subtypes would also explain the beneficial effects of

dopaminergic agonists on apathy in PD patients (Thobois

et al. 2013). The 5-HT1B serotonin receptor subtype, which

is also preferentially located inside the pallidum and the

ventral striatum (Varnäs et al. 2011), is downregulated in

those regions in major depressive disorder (Murrough et al.

2011) and may be a potential site of SSRI therapeutic

action in major depression (Heller et al. 2013). It is known

that the beneficial effect of SSRI takes several weeks to be

accomplished (Berton and Nestler 2006) for two major

reasons: first, because there is a desensitization of 5-HT1A

autoreceptors (Schatzberg and Nemeroff 2009), and second

because of the proposed de novo SERT expression in

noradrenergic neurons (Baudry et al. 2010). But the precise

cerebral sites from which SSRI could play their therapeutic

effects on anxiety disorders and depression should still be

determined. Given the dense serotonergic innervation of

BG structures and the diversity of serotonergic subtypes,

one can address whether the therapeutic action of sero-

tonergic drugs can take place in the non-motor territories of

SNc

SNr

STN

Thalamus

GPe

GPi

Striatum

Raphe 

(Execution)

(Selection)

Motivation
(Goal)

Micro-
injections

Fluoxetine ? 
(SERT reuptake inhibitor)

[11C]DASB (SERT) 
0.5

[11C]PE2I  (DAT)
2

2.5

9.5

Methylphenidate ? 
(DAT reuptake inhibitor) Action 

Movement

(B) Therapeutic targets(A) Cortico-BG circuits & Local perturbations

Behavioral task

Fig. 5 a Illustration of the anatomo-functional organization of the

cortico-BG circuits involved in goal-directed behavior (from motiva-

tion to action) and of the dopaminergic and serotonergic innervations

of BG issued from the substantia nigra pars compacta and the raphe,

respectively. BG appear divided into three large functional territories

in close relation to different territories of the frontal cortex:

sensorimotor (in yellow), associative (in green), and limbic (in blue),

which are respectively involved in the selection and execution of

movement, the selection of action, and the motivational processes

upstream of all these functions. The cortico-BG circuit illustrated

represents the circuit of motivation. Microinjections will be per-

formed within the ventral striatum to determine the impacts of

pharmacological perturbation of the subterritories involved in anxiety

(central part of VS) and food (lateral part of VS) disorders on decision

making while monkeys will be performing a delayed reward task. We

will study the modulatory effect of both dopamine (with methylphe-

nidate) and serotonin (with fluoxetine) on value-based decision

making. b MRI-fusioned PET images on coronal planes showing the

cerebral distribution of 11C-PE2I (top) and of 11C-DASB (bottom) at

baseline at the level of the anterior striatum in the normal monkey.

Colors represent the level of BPND using the cerebellum as the

reference region (red indicates high BPND whereas pink indicates low

BPND on the scale). Abbreviations: GPe external globus pallidus, GPi

internal globus pallidus, STN subthalamic nucleus, SNc substantia

nigra pars compacta, SNr substantia nigra pars reticulata, DAT

dopaminergic transporter, SERT serotonergic transporter
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the BG. By PET imaging, we have used and compared four

different serotonergic radioligands ([11C]DASB, [18-

F]MPPF, [11C]SB207145, [18F]2FNQ1P), respectively,

allowing to target the SERT and the 5-HT1A, 5-HT4 and

5-HT6 receptor subtypes (Fig. 6).

The [18F]2FNQ1P ligand is a recently developed tracer,

that binds with high affinity and specificity to 5-HT6Rs in

several species, including macaques (Colomb et al. 2014;

Becker et al. 2014). From these PET imaging data, it is

very interesting to note the complementarity of the binding

obtained with the radioligands [11C]DASB and [18F]MPPF,

and with the radioligands [18F]MPPF, [11C]SB207145 and

[18F]2FNQ1P. Indeed, while [18F]MPPF labels essentially

cortical areas, the other radioligands, except [18F]2FNQ1P

which also reveals some cortical binding, preferentially

label subcortical regions such as the striatum. Even at the

striatal level, we can notice some specificity of binding for

each tracer (more or less binding in the caudate, putamen

and ventral striatum). In any case, targeting those striatum-

enriched receptor subtypes, besides the SERT, would bring

new insights regarding their potential involvement in

mediating behavioral disorders. Evidence from human

studies suggests that the SERT is important in regulating

feeding behaviors. Administration of SSRIs is used clini-

cally to treat bulimia nervosa (Walsh et al. 2004) and to

prevent relapse in anorexia nervosa (Kaye et al. 2001).

However, minimal or no effect of SSRI medication has

been evidenced in adolescent suffering from anorexia

[18F]2FNQ1P[11C]SB207145[18F]MPPF[11C]DASB

MRI Template
BPNDBPNDBPND

0.56       0.64     0.72       0.81.5        1.8       2.1         2.4      1.0    1.2    1.4     1.6      1.80.4            0.6              0.8          1.0
BPND

Z=180

Y=120

Y=126

Y=133

CD
PUT

Thal

ACC

Hippo

STR

Amyg

PreMot

OFC

Mot

insula

VS

CD

PUT

GPe

5-HT65-HT45-HT1ASERT

Fig. 6 PET imaging of the serotonergic system using four radioli-

gands at baseline in monkeys (n = 4). The tracers are: [11C]DASB for

the SERT transporter, [18F]MPPF for 5-HT1A receptors,

[11C]SB207145 for 5-HT4 receptors and [18F]2FNQ1P for 5-HT6

receptors. The spatially normalized mean parametric images of each

radiotracer were collected at baseline and superimposed on our brain

Macaca fascicularis MRI template. The parametric images are shown

in color, whereas the MRIs are shown in grayscale. Colors represent

the level of BPND using the cerebellum as a nonspecific reference for

each radioligand. Red represents high BPND, whereas blue denotes

low BPND. For each radiotracer, three coronal (first three rows) and

one horizontal (fourth row) planes are shown. Abbreviations: BPND

non-displaceable binding potential, ACC anterior cingulate cortex,

CD caudate nucleus, PUT putamen, PreMot premotor cortex, VS

ventral striatum, GPe external globus pallidus, Amyg amygdala, Mot

motor cortex, Hippo hippocampus, OFC orbitofrontal cortex, STR

striatum, Thal thalamus
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nervosa (Holtkamp et al. 2005). Patients with anorexia

exhibit an increased 5-HT1A binding (notably in the pre-

frontal cortex and dorsal raphe nucleus) (Bailer et al.

2007), which can reduce the firing rate of serotonergic

neurons and decrease extracellular serotonin (Nichols and

Nichols 2008). This upregulation of 5-HT1A receptors may

be a compensatory mechanism as serotonin inhibits food

intake. Thus, mice models exhibiting a decreased extra-

cellular serotonin rate have been developed such as mice

overexpressing SERT. Surprisingly, food intake and satiety

are not impaired by SERT overexpression in mice (Pringle

et al. 2008), which suggest that adaptive mechanisms

install progressively to circumvent the absence of SERT to

modulate satiety.

The role of 5-HT4 receptors in the regulation of food

intake has been evidenced by Compan and collaborators.

Indeed, the 5-HT4 receptor knock-out mice displayed

attenuated feeding and locomotor behavior in response to

stress (Compan et al. 2004), suggesting that those receptors

are involved in stress-induced anorexia. Local microin-

jection of 5-HT4 agonist (BIMU8) in the nucleus accum-

bens of fed or food-deprived mice reduced food intake

while accumbal blockade of 5-HT4 receptors by an

antagonist (RS39604) or siRNA-mediated 5-HT4 knock-

down evoke a hyperphagia in fed mice (Jean et al. 2007).

Moreover, overexpression of 5-HT4 in the nucleus

accumbens triggers anorexia-like behavior characterized

by a decreased food intake and an increased motor activity

(Jean et al. 2012). Our preliminary data obtained in the

monkey confirm that 5-HT4, whose expression has been

well characterized in monkeys (Caillé et al. 2013; Tavares

et al. 2014), are involved in the regulation of food intake,

as a loss of food motivation (accompanied by a hypoactive

state) is induced following microinjection of BIMU8

within the lateral part of the ventral striatum (unpublished

data; V. Sgambato-Faure). In obese subjects, the body mass

index is positively correlated with the 5-HT4R density in

the reward circuit (Haahr et al. 2012, 2014), confirming an

involvement of 5-HT4 in eating disorders. Given that

anorexia nervosa often coexist with anxiety (Godart et al.

2000), depression (Casper 1998), motor hyperactivity

(Casper 2006; Davis 1997), it will be important in the near

future to investigate the impact of 5-HT4 modulation

within the different striatal subterritories on both move-

ment and behavioral disorders in NHPs. Regarding the

5-HT6 receptor subtype, its exclusive brain localization

(Woolley et al. 2004) and its presence in the pharmaco-

logical spectrums of several psychotropic drugs have led to

the suggestion that it may have therapeutic utility in the

treatment of various psychiatric disorders (Arnt and Olsen

2011). More recently, it appeared that the 5-HT6R is also

involved in memory (Meneses 2014) and cognitive pro-

cesses (Benhamú et al. 2014) and in the regulation of food

intake (Heal et al. 2011), reinforcing its status as an

emerging target in anti-dementia and anti-obesity thera-

peutic agents. Given that 5-HT6 are highly enriched in the

striatum, we will test their potential involvement in the

different domains of motivation (food, safety, sex) and for

their opposite values (appetitive and aversive).

Conclusion

The use of the non-human primate has been crucial to

improve our understanding of both movement and behav-

ioral disorders. There is still a need to address on the NHP

the impact of modulating neurotransmitter systems to dis-

sect the pathophysiological mechanisms involved in

Parkinson’s disease, Gilles de la Tourette syndrome or

neuropsychiatric disorders. Indeed, the medication used to

counteract the symptoms that are present in those

pathologies is quite limited and is not always efficient.

Finding and validating new potential therapeutic targets in

the NHP may open new avenues to improve quality of life

of these patients.
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Cenci MA (2010) Maladaptive plasticity of serotonin axon

terminals in levodopa-induced dyskinesia. Ann Neurol

68:619–628

Saga Y, Tremblay L (2016) Ventral Striatopallidal pathways involved

in appetitive and aversive motivational processes. In: Dreher JC,

Tremblay L (eds) Decision neuroscience. An integrative per-

spective, pp 47–58

Saga Y, Richard A, Sgambato-Faure V, Hoshi E, Tobler PN,

Tremblay L. (2016) Ventral pallidum encodes contextual

information and controls aversive behaviors. Cereb Cortex

[pii: bhw107]

Scatton B, Javoy-Agid F, Rouquier L, Dubois B, Agid Y (1983)

Reduction of cortical dopamine, noradrenaline, serotonin and

their metabolites in Parkinson’s disease. Brain Res

275(2):321–328

Schatzberg AF, Nemeroff CB (2009) The American Psychiatric

Publishing Textbook of Psychopharmacology, 4th edn. Ameri-

can Psychiatric Publishing Inc, Arlington

Schoenbaum G, Setlow B, Ramus SJ (2003) A systems approach to

orbitofrontal cortex function: recordings in rat orbitofrontal

cortex reveal interactions with different learning systems. Behav

Brain Res 146(1–2):19–29

Schultz W, Romo R (1992) Role of primate basal ganglia and frontal

cortex in the internal generation of movements. I. Preparatory

activity in the anterior striatum. Exp Brain Res 91(3):363–384

Schultz W, Apicella P, Scarnati E, Ljungberg T (1992) Neuronal

activity in monkey ventral striatum related to the expectation of

reward. J Neurosci 12(12):4595–4610

Schultz W, Dayan P, Montague PR (1997) A neural substrate of

prediction and reward. Science 275:1593–1599

Schultz W, Tremblay L, Hollerman JR (1998) Reward prediction in

primate basal ganglia and frontal cortex. Neuropharmacology

37:421–429

Seeman P (2015) Parkinson’s disease treatment may cause impulse-

control disorder via dopamine D3 receptors. Synapse

69(4):183–189

Sgambato-Faure V, Worbe Y, Epinat J, Féger J, Tremblay L (2016)
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