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Supplementary Material: Functional Anatomy of the 
Cortico-Basal Ganglia Behaviour Selection System 

This supplementary material provides readers with background knowledge to fully 

comprehend the Cortico-Striatal-Thalamo-Cortical (CSTC) Circuits Hypotheses and 

Basal Ganglia (BG) Pathways Hypotheses1. Here, we describe the ‘classical/canonical’ 

understanding of the cortico-basal ganglia behaviour selection system that has informed 

both sets of hypotheses. We also provide an updated neuroscientific perspective, 

outlining more complex and integrative functioning of this system. With this new 

perspective, we aim to inspire novel research questions and hypotheses that better 

align with the current state of knowledge and address the limitations of previous 

hypotheses about the neurobiology of environmentally induced stereotypic behaviour.  

  

 

1 In the main manuscript, CSTC Circuits Hypotheses are discussed prior to the BG Pathways Hypotheses 
as this reflects the hierarchical structure of these hypotheses (i.e. each of the BG Pathways Hypotheses 
may be applied to each of the CSTC Circuits Hypotheses). Here, the anatomy and function of the basal 
ganglia pathways are explained first, as this information is necessary to understating the discussion of 
how the anatomy and function of the CSTC circuits regulate behaviour selection.  



 

 

2 

 

1. Pathways Within the Basal Ganglia 

1.1. The ’classical/canonical‘ model of basal ganglia anatomy 

The striatum (STR) is the main input structure of the basal ganglia. It receives 

glutamatergic (excitatory) projections from nearly all regions of the cortex (Wickens & 

Arbuthnott, 2010; Gerfen & Bolam, 2017), and has dorsal and ventral regions. In some 

animals (e.g. primates, carnivores, ungulates) the dorsal striatum is structurally divided 

into the dorsomedial caudate (Cn) and dorsolateral putamen (Pt) by the internal 

capsule, while in other animals (e.g. rodents) there is no clear division between these 

two regions (Reiner, 2010a). The ventral striatum contains the nucleus accumbens 

(NAc), which is structurally and functionally divided into a medial ‘core’ and out outer 

‘shell’ (Meredith et al., 2008). The dorsal striatum receives dopaminergic projections 

from the substantia nigra pars compacta (SNc: the nigrostriatal pathway) while the 

ventral striatum receives dopaminergic projections from the ventral tegmental area2 

(VTA: the mesoaccumbens pathway) (Gerfen & Bolam, 2017). Importantly, these 

dopaminergic projections regulate the activity of the striatal projection neurons (for 

details see the Section 3.2. on dopamine). 

The striatum is mainly comprised of GABAergic medium spiny neurons (MSN: 

approximately 95% of the neuron population in the striatum) which are the primary 

target of cortical input and the major projection neurons of the striatum (Oorschot, 2010; 

Plenz & Wickens, 2010; Gerfen & Bolam, 2017). Cholinergic and GABAergic 

interneurons (i.e. neurons that do not project outside of the striatum) make up the rest of 

the striatum, synapsing on MSNs and modulating their activity (Goldberg & Wilson, 

2010; Tepper & Koós, 2010). Striatal cells are compartmentally organized by physical 

 

2 The VTA also sends dopaminergic projections to the frontal cortex (the mesocortical pathway), 
amygdala and hippocampus (the mesolimbic pathway) (Gerfen & Bolam, 2017). Along with the striatal 
dopaminergic projections, these too are important to consider when thinking about the hypotheses for 
environmentally induced stereotypic behaviours (SBs). 
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‘borders’ of interneurons (Gerfen, 1984; Walker et al., 1993; Kincaid & Wilson, 1996; 

Fujiyama et al., 2011) separating interconnected striosome ‘patches’3 (covering 

approximately 15% of the volume of the striatum: Johnston et al., 1990) embedded in 

an extra-striosomal matrix (Herkenham & Pert, 1981; Gerfen, 1984; Graybiel, 1990).  

The striatal projection neurons relay to the basal ganglia output nuclei, the 

internal segment of the globus pallidus (GPi) and the substantia nigra pars reticulata 

(SNr), via two GABAergic (inhibitory) pathways: the striatonigral ‘direct pathway’ and the 

striatopallidal ‘indirect pathway’. These neurons are intermingled in roughly equal 

numbers throughout the striatum (Gerfen & Bolam, 2017), and can be identified by their 

unique expression of neuropeptides and dopamine receptor types: striatonigral neurons 

selectively express the neuropeptide dynorphin, substance P, and D1-type dopamine 

receptors, while striatopallidal neurons selectively express the neuropeptide enkephalin 

and D2-type dopamine receptors (see also Sections 3.2. on dopamine and 3.3. on 

opioids). This reveals a slight predominance of striatonigral neurons in some striosome 

patches, and equal numbers of striatonigral and striatopallidal neurons in the matrix 

(Crittenden et al., 2011), but both striosome and matrix compartments project to the 

basal ganglia output nuclei (e.g. Gerfen & Young, 1988; Fujiyama et al., 2011). 

  

 

3 Canales and Graybiel (2000) and Saka and colleagues (2004) found that stereotypic responses to drugs 
of abuse are correlated with increased immediate early gene expression (used to index neuronal activity) 
in the striosome relative to matrix of the dorsolateral striatum. At first, this striosome-to-matrix activity 
imbalance was interpretated as being the cause of drug-induced stereotypic behaviours (SBs). However, 
the Graybiel lab has since reinterpreted based on studies that suggest increased striosome to matrix 
activity is not directly causal in drug induced SBs (for review see Crittenden et al., 2011). Rather, they 
now hypothesise that a striosome to matrix imbalance is related to hyper-responsivity to psychostimulants 
that predisposes individuals to drug-induced SBs (Crittenden et al., 2011). 
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Striatonigral neurons synapse directly on GPi/SNr neurons (some projecting to 

the GPi only, some to the SNr only, and some to both: Gerfen & Bolam, 2017) forming 

the direct pathway. Striatopallidal neurons project to the external segment of the globus 

pallidus (GPe) (Chang et al., 1981) and the GABAergic neurons in the GPe project to 

the subthalamic nucleus (STN), which provides glutamatergic input to the basal ganglia 

output nuclei completing the indirect pathway. The STN also receives glutamatergic 

cortical input, which forms the ‘hyperdirect pathway’ to the basal ganglia output nuclei. 

Each of these pathways are depicted in Figure S1. The GPi/SNr send GABAergic 

output to various brain regions (e.g. midbrain, hypothalamus, and cerebellum: Gerfen & 

Bolam, 2017), but of main interest to hypotheses pertaining to stereotypic behaviour are 

the glutamatergic cortical relay nuclei of the thalamus. 

 

Figure S1. The ‘classical/canonical’ model of the basal ganglia circuitry based on the description in 
Gerfen & Bolam, (2017). Note that this figure is not to scale, and the relative location of each nucleus in 
this figure does not necessarily represent its precise anatomical location. From top to bottom: the direct 
pathway consists of monosynaptic GABAergic projections from the striatum to the output nuclei 
(GPi/SNr). The indirect pathway is multisynaptic, consisting of GABAergic projections first from the STR 
to GPe then from the GPe to the STN, and finally glutamatergic projections from the STN to the output 
nuclei. The hyperdirect pathway is monosynaptic, with glutamatergic projections from the cortex (CTX) to 
the STN. Although not depicted here (for simplicity), the direct and indirect pathways also emerge from 
the ventral striatum/NAc. The output nuclei regulate thalamic (Th) activity, which sends glutamatergic 
projections back to the cortex. The ‘classical/canonical’ dopaminergic connections of the basal ganglia 
are also depicted. 
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1.2. The basal ganglia pathways and behaviour selection 

The ‘classical/canonical’ model of basal ganglia connectivity described above has 

informed much of our current understanding of basal ganglia function. It is thought that 

the basal ganglia pathways provide the circuitry (i.e. the means) for the cortex to ‘select’ 

behaviours (Mink, 1996; Redgrave et al., 1999; Gurney et al., 2001a, 2001b). 

Essentially, complex cortical information is integrated and filtered (see Section 2.3. on 

corticostriatal regulation of behaviour selection for more detail on this 

integration/filtration process) through the basal ganglia pathways where potential 

behaviours can either be ‘activated’ or ‘suppressed’. The classic and still widely 

accepted understanding is that activation of the direct and indirect pathways have 

opposing effects on behaviour selection: the direct pathway activates behaviours, while 

the indirect pathway suppresses them (Albin, et al., 1989; Delong, 1990). To do this, the 

direct pathway inhibits the basal ganglia output nuclei, while the indirect pathway 

disinhibits the basal ganglia output nuclei, which subsequently disinhibits and inhibits 

thalamo-cortical activity respectively (Lee et al., 2016; Bernal-Casas et al., 2017; 

Simonyan, 2019). Additionally, it is now understood that cortical activation of the 

hyperdirect pathway excites the output nuclei of the basal ganglia via the STN, which 

also increases inhibition on the thalamus, and is thought to serve as a ‘global stop 

signal’ that interrupts ongoing behaviour (Nambu et al., 2000; Nambu, et al., 2002; Aron 

& Poldrack, 2006). 

This model is supported by recent optogenetic experiments in which selective 

activation of striatopallidal neurons suppresses locomotion and selective activation of 

striatonigral neurons increases locomotion (Kravitz et al., 2010). Likewise, optogenetic 

stimulation of striatonigral neurons increases the likelihood that an instrumental 

behaviour will be ‘chosen’ and striatopallidal activation decreases the likelihood of 

‘choosing’ that behaviour (Kravitz et al., 2012). However, both the direct and indirect 

pathways are activated during behaviour initiation (e.g. Cui et al., 2013; Oldenburg et 

al., 2015) suggesting that their opposing effects on thalamic (and ultimately cortical) 

activity allow for selection/activation of certain ‘chosen’ behaviours via the direct 
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pathway while simultaneously suppressing competing/unwanted behaviours via the 

indirect pathway (Mink, 2003). Furthermore, optogenetic stimulation of striatonigral and 

striatopallidal MSNs may result in both excitation and inhibition of basal ganglia output 

for each pathway (Freeze et al., 2013). Still, striatonigral stimulation produces 

movement initiation which correlates selectively with inhibited SNr neurons, while 

striatopallidal stimulation and motor suppression is selectively related to excited SNr 

neurons (Freeze et al., 2013). In sum, it seems the functions of the direct and indirect 

pathways are generally understood, though the mechanisms behind them are much 

more complex than we originally thought. 

1.3. The ‘contemporary’ model of basal ganglia anatomy 

The ‘contemporary’ model of basal ganglia connectivity is more up-to-date and 

anatomically correct than the ‘classical/canonical’ model. Although this anatomy has not 

yet fully informed or fully modified our understanding of basal ganglia function, many 

authors are now highlighting these historically ignored more complex connections. Here 

we therefore briefly outline some of the major recent modifications to the classical 

model. For more comprehensive reviews and discussion of our changing understanding 

of basal ganglia anatomy, function, and involvement in pathology, please see: Calabresi 

et al., (2014); Nelson & Kreitzer (2014); Eisinger et al. (2018, 2019); Macpherson & 

Hikida (2019); and Simonyan (2019).  

The ‘contemporary’ model of the basal ganglia builds on and modifies the 

‘classical’ model with the addition of some extra pathways (and additional complexity, 

depicted in Figure S2). There are two “new” major pathways: the ‘direct indirect 

pathway’ (so named by Wilson, 2017) in which GPe axons (i.e. the same ones as in the 

indirect pathway) project directly to the GPi, and the ‘recursively indirect pathway’ which 

allows feedback from the STN to the GPe (e.g. Terman et al., 2002; Gittis et al., 2014). 

Precisely how these newly recognized pathways affect thalamic inhibition/disinhibition 

and consequently behaviour selection, is still not fully understood/integrated into our 

‘classical/canonical’ conception (Gerfen & Bolam, 2017). Nevertheless, they do indicate 
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that previous views were simplistic. Our current understanding of the separate and 

opposing functions of the direct and indirect pathways is further complicated by the fact 

that they are not entirely anatomically independent. For one, striatopallidal and 

striatonigral neurons are connected by their own local axon collaterals (additional 

axonal branches off the main projection axon: Wilson & Groves, 1980; Bishop et al., 

1982), which may competitively and/or cooperatively modulate the functional balance 

between the direct and indirect pathways (Plenz, 2003). Furthermore, striatonigral 

neurons in the dorsal striatum have axon collaterals projecting to the GPe (Kawaguchi 

et al., 1990), thereby ‘bridging’ the direct and indirect pathways (a.k.a. ‘bridging 

collaterals’: Gerfen & Bolam, 2017; Wilson, 2017) thus, most striatonigral neurons 

(about 60%: Cazorla et al., 2014) are not purely ‘direct pathway’ neurons. These 

collaterals mean there is potential for the direct pathway to modulate the indirect 

pathway at the level of the GPe (Calabresi et al., 2014; Cazorla et al., 2014). Likewise, 

in the ventral striatum, ‘direct pathway’ neurons project not only to the SNr, but also to 

the ventral pallidum (VP)4, the sole target of ‘indirect pathway’ neurons (Kupchik et al., 

2015).  

The contemporary model also recognizes other intra-basal ganglia connections 

long known of but previously largely ignored (Wilson, 2017). These include various 

feedback pathways likely important for regulating the pathways’ activity. GABAergic 

neurons in the GPe project back to the striatum where they target GABAergic 

interneurons and MSNs (Gerfen & Bolam, 2017; Kita & Jaeger, 2017; Wilson, 2017). 

The STN, and the midline and intralaminar nuclei of the thalamus, also project back to 

the striatum via glutamatergic afferents (Kita & Kitai, 1987; Mallet et al., 2012; Haber, 

2017). The STN also sends glutamatergic projections to the SNc (Smith & Grace, 

1992), putting the hyperdirect and indirect pathways in a potential position of control 

over nigrostriatal dopamine release. The striatum can also regulate its dopamine 

 

4 This has led some authors to suggest that the concepts of the ‘direct’ and ‘indirect’ pathways can 
not/should not be applied to the ventral striatum. However, by the same notion, this argument could also 
be applied to the dorsal striatum. 
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concentration through reciprocal connections with the SNc and VTA (Haber, 2017). 

Furthermore, dopaminergic neurons in the SNc can enhance GABAergic output of the 

SNr, in what has been deemed an ‘ultra-short pathway’ (Zhou et al., 2009). In sum, 

these two additional pathways, evidence of greater connectivity between the direct and 

indirect pathway, and feed-back rather than purely feed-forward processing, all show 

that the regulation of behaviour selection by balancing the excitation and inhibition of 

thalamic relay nuclei is likely much more complex than the ‘classical/canonical’ model 

suggests.  

 

Figure S2. The contemporary model of the basal ganglia circuitry based on descriptions by Gerfen & 
Bolam (2017) and Wilson (2017). Note the bridging collaterals between the striatonigral and striatopallidal 
neurons in the striatum, and the axon collaterals of the striatonigral neurons which bridge the direct 
pathway with the indirect pathway. Also, note the direct projections from the GPe to the GPi/SNr for the 
‘direct indirect pathway’ and the collaterals projecting to the STN, which project back to the GPe forming 
the ‘recursively indirect pathway’. 
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2. Cortico-Striatal-Thalamo-Cortical Circuits 

The basal ganglia are reciprocally connected to the frontal cortex through multiple 

cortico-striatal-thalamo-cortical circuits (CSTC): the ‘sensorimotor’, 

‘cognitive/associative’ and ‘emotion/motivation/limbic’ circuits named for the functionally 

related, though anatomically distinct, cortical regions they originate from and return to 

(Alexander et al., 1986; Parent & Hazrati, 1995; Strick et al., 1995; Haber et al., 2000). 

The CSTC circuits are topographically organized5, maintaining their spatial relationship 

from the cortex as they travel to the striatum and then (roughly in parallel) through the 

basal ganglia and to the thalamus (Groenewegen et al., 2017; Haber, 2017). This 

organization essentially creates different functional domains6 within the striatum and 

subsequent basal ganglia nuclei (e.g. the GP and STN also have sensorimotor, 

cognitive/associative, and emotion/motivation/limbic domains: Francois, 2004; Karachi 

et al., 2005; Winter et al., 2008). In addition to their topographic/functional organization, 

the CSTC circuits have extensive overlaps in projections that cross functional domains 

(Groenewegen et al., 2017; Haber, 2017). Here we describe the general cortical, 

striatal, and thalamic regions belonging to each functional circuit. We focus our 

description on frontal projections to the functional domains of the striatum and bring 

attention to the areas of convergence in the rodent cortico-striatal system, as this is 

most relevant to the research conducted on environmentally induced stereotypic 

behaviours so far. For a precise description of these circuits including their segregation, 

overlap, and integration with thalamo-striatal projections in primates see Haber (2017). 

 

5 The sensorimotor circuit is also somatotopically organized, with each body part having its own 
microcircuit. Thus, the sensorimotor circuit is sometimes further divided into a ‘skeletomotor’ circuit (for 
the head and body) and ‘oculomotor’ circuit (for the muscles of the eyes). 
6 Some functionally related areas of the cortex are highly interconnected, forming “edges” that likely send 
“mixed” signals to the striatum, thus blurring functional boundaries (Groenewegen et al., 2017; Haber, 
2017). Furthermore, as basal ganglia regions get progressively smaller (from input to output structures), 
there is thought to be a greater degree of convergent processing via overlap of functional domains 
(Haber, 2017). 
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In both primates and rodents, the cortico-striatal system is organized in a 

ventromedial-to-dorsolateral topography along the rostrocaudal axis: the most ventral 

regions of the cortex project ventromedially while progressively more dorsal cortical 

regions project dorsolaterally (Voorn et al., 2004). The ventral striatum (i.e. NAc) 

receives limbic (including hippocampus and amygdala), prefrontal, and orbitofrontal 

projections; the dorsomedial striatum (DMS) (also caudate nucleus, with some overlap 

to the putamen, in species with structural separation: Künzle, 1975) receives input from 

prefrontal, orbitofrontal, and parietal and temporal association cortices; the dorsolateral 

striatum (DLS) (or putamen in species with structural separation: Künzle, 1975) receives 

motor and somatosensory projections (Gerfen & Bolam, 2017; Groenewegen et al., 

2017; Haber, 2017). Accordingly, these striatal regions (and their subsequent basal 

ganglia regions) are simply referred to as the ‘emotion/motivation/limbic’, 

‘cognitive/associative’ and ‘sensorimotor’ functional domains respectively. The cortico-

striatal afferents have dense ‘focal’ projections, highly targeted to a specific striatal 

domain, and extended ‘diffuse’ projections that occupy a large proportion of striatal 

volume and reach beyond the focal domain overlapping with projections from other 

areas (Haber et al., 2006; Calzavara et al., 2007; Wickens & Arbuthnott, 2010; Mailly et 

al., 2013). The topography of projections from the striatum through the basal ganglia are 

maintained as they travel to the thalamo-cortical relay nuclei: the mediodorsal (MD), 

ventral anterior (VA) and MD, and ventrolateral (VL) nuclei of the thalamus for the 

emotional/motivational/limbic, cognitive/associative, and sensorimotor, circuits 

respectively (Gerfen & Bolam, 2017; Haber, 2017) (see Figure S3). This 

topographic/functional organization appears to follow the same general pattern in 

rodents and primates, though the cortical regions of origin (and return) are slightly 

different in rodents because they have a smaller and less complex cortex (Gerfen & 

Bolam, 2017).  

In rodents, the medial portion of the NAc (or VMS) receives dense focal 

projections from the infralimbic (IL) and prelimbic (PrL) cortices, and more diffuse 

projections from the dorsal anterior cingulate cortex (dACC), and medial orbital (MO) 

and ventral orbital (VO) cortices (Mailly et al., 2013). The dorsolateral orbital (DLO) 
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cortex, the dACC, and the PrL densely project to the lateral portion of the NAc (or VLS) 

which also receives diffuse projections from the MO and VO cortices (Mailly et al., 

2013). The DMS receives dense input from the ventrolateral orbital cortex (VLO), the 

ventral anterior cingulate cortex (vACC), PrL, MO, and VO cortices with a mix of diffuse 

and focal projections (which are more centralized in the dorsal striatum) from the dACC 

(Mailly et al., 2013). Lastly, the DLS primarily receives projections from the motor 

cortices (primary: M1, secondary: M2) (Mailly et al., 2013). See Figure S3 for the circuits 

described above. For a precise description of these circuits see Mailly et al., (2013) (on 

Norway rats [Rattus norvegicus]). Cortico-striatal mapping in mice (Mus musculus) 

demonstrates similarities to rat topography (Pan et al., 2010; Wall et al., 2013; Ullmann 

et al., 2014; Guo et al., 2015; Hintiryan et al., 2016; Hunnicutt et al., 2016). 

 

Figure S3. The cortico-striatal-thalamo-cortical circuits in rodents, based on descriptions by 
Groenewegen et al. (2017) and Haber (2017). Solid arrows from prefrontal regions indicate focal 
projections, while dashed arrows indicate diffuse projections. For a precise anatomical depiction of the 
prefrontal projections to the striatum see Mailly et al. (2013).  
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As illustrated above (in Figure S3), there is some degree of overlap in both focal 

and diffuse projections as they cross functional domains (Groenewegen et al., 2017; 

Haber, 2017). This overlap allows for the convergence of inputs, and integration of 

motor, cognitive, and emotional/motivational information from cortical, limbic and 

thalamic inputs (Groenewegen et al., 2017; Haber, 2017). Striatal areas of overlap are 

mostly made up of projections from adjacent, interconnected cortical areas that 

exchange cortico-cortical information and likely send ‘mixed’ signals to the striatum and 

STN (Calzavara et al., 2007; Haber & Calzavara, 2009; Mailly et al., 2013). Additionally, 

thalamic relay neurons also target cortical regions other than the source of input for a 

specific functional circuit, this also provides a cross-flow of information between cortical 

regions (Haber et al., 2000). Thus, while the basal ganglia maintain the specific 

functional aspects of each circuit through the largely parallel organization, 

organizational overlap also allows for cross-talk and integration between the CSTC 

circuits (Gerfen & Bolam, 2017; Haber, 2017). 

2.1. Anatomy of cortico-striatal projections 

Cortico-striatal input comes mainly from layer V (plus layer III and VI: Wickens & 

Arbuthnott, 2010) pyramidal glutamatergic neurons, of nearly all areas of the neocortex 

(Gerfen & Bolam, 2017), though GABAergic projections from the auditory and motor 

cortices have also been identified (Rock et al., 2016). There are two main types of 

cortico-striatal projection neuron: 1) intratelencephalic (IT) which have axon collaterals 

within the striatum and cortex (Reiner, 2010b; Wickens & Arbuthnott, 2010) and 2) 

corticofugal (i.e. projecting to the brainstem or spinal cord) pyramidal tract (PT) neurons 

located mainly in frontal cortex from which a striatal projection collateral arises from the 

descending axon (Wickens & Arbuthnott, 2010). PT neurons also project to striatum, 

thalamus, STN, GPi/SNr, as different populations of neurons projecting to different 

regions, and as individual neurons providing the same information to multiple regions 

(Reiner, 2010b; Kita & Kita, 2012; Gerfen & Bolam, 2017). All corticostriatal neurons 

have collaterals in other brain regions: none project exclusively from the cortex to the 

striatum (Wickens & Arbuthnott, 2010).  
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While individual MSNs receive projections from both IT and PT type neurons 

(Wickens & Arbuthnott, 2010) (and likewise, both the striosome and matrix receive both 

IT- and PT- type projections: Gerfen and Bolam, 2017), it is unclear whether 

striatonigral and striatopallidal neurons receive projections from both types equally (e.g. 

Kress et al., 2013), or whether instead they are differentially targeted (e.g. Lei et al., 

2004). Likewise, while cortical afferents to a single MSN arise from both functionally 

related and functionally different cortical areas (Cowan & Wilson, 1994; Ramanathan et 

al., 2002), it has also been suggested that striatonigral and striatopallidal MSNs are 

specifically targeted by different functional areas (e.g. limbic areas preferentially 

targeting striatonigral neurons, and motor areas preferentially targeting striatopallidal 

neurons) (Wall et al., 2013). Thus precisely how the cortex controls basal ganglia 

pathway activation (whether through one channel or multiple channels) remains to be 

determined. 

2.2. Anatomy of thalamo-cortical projections 

As mentioned earlier, projections from the thalamic relay nuclei (i.e. VL [sensorimotor 

circuit], MD [associative/cognitive circuit], and VA [limbic circuit]) terminating in layer V 

of their cortical area of origin, ‘end’ the cortico-striatal-thalamo-cortical reciprocal circuits 

and sustain functionally segregated processing through the cortico-basal ganglia 

processing system (Alexander et al., 1986; Parent & Hazrati, 1995). However, the 

thalamus is not just a simple relay station (see Sherman, 2016). Much like the striatum, 

the thalamus also serves as an integration center between functional circuits, doing so 

through non-reciprocal cortico-thalamic projections and thalamic projections to different 

cortical layers (Haber, 2017).  

The thalamic relay nuclei also receive extensive projections from the cortex, 

some from their own cortical targets (e.g. Colwell, 1975; White & Deamicis, 1977), 

creating reciprocal thalamo-cortico-thalamic circuits, and some from cortical areas not 

innervated by the receiving thalamic relay nucleus (e.g. Deschenes et al., 1998; Rouiller 

& Welker, 2001) creating non-reciprocal cortico-thalamic pathways (Haber, 2017). The 
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reciprocal cortico-thalamic connections potentially aid in goal-directed behaviour (e.g. 

Alcaraz et al., 2018) and are thought to “reinforce” the parallel function processing of the 

CSTC circuits (McFarland & Haber, 2002) and/or provide the means for “feedback” on 

CSTC processing7 (Haber, 2017). The non-reciprocal cortico-thalamic connections8, on 

the other hand, provide the means for “feed-forward” distribution of cortical information 

via the thalamus (Rouiller & Welker, 2001) and integration of cortical information across 

functional circuits (McFarland & Haber, 2002; Haber & Calzavara, 2009; Haber, 2017).  

Integrative processing in the cortico-basal ganglia system is further accomplished 

through thalamo-cortical projections to different layers of the cortex (Haber & Calzavara, 

2009; Haber, 2017). Projections from the thalamic relay nuclei also terminate in the 

superficial (layers I/II) and middle (layers III/IV) layers of the cortex (Harvey, 1980; 

Hersch & White, 1981; White & Hersch, 1982; McFarland & Haber, 2002). Projections to 

the superficial layers (where adjacent cortical regions are interconnected) can modulate 

cortico-cortical functional connectivity (e.g. Schmitt et al., 2017) and thus may facilitate 

cross communication between functional CSTC circuits (Haber & Calzavara, 2009; 

Haber, 2017). Furthermore, projections to superficial layers provide the means to “train” 

cortico-cortical associations via the basal ganglia as part of habit formation (Hélie et al., 

2015). 

  

 

7 In this sense, Haber (2017) emphasizes the importance of considering processing in the cortical-basal 
ganglia behaviour selection system as starting in the cortex through the striatum, basal ganglia nuclei, 
and back to the cortex via the thalamus, but not operating in reverse.  
8 In primates, the non-reciprocal cortico-thalamic projections are organized such that they would seem to 
support information flow from association areas of the cortex to primary motor areas, thus following a 
similar pattern of integration to that described for the striatum (McFarland & Haber, 2002; Haber, 2017). 
However, it is not clear to what extent this organization applies to other mammals. 
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2.3. Corticostriatal regulation of behaviour selection 

So how do the CSTC circuits affect basal ganglia pathway activation and behaviour 

selection? Behaviour selection is thought to depend on striatal integration of 

sensorimotor, cognitive/associative, and emotional/motivational information. For 

instance, the emotion/motivation/limbic ventral striatum and the cognitive/associative 

DMS affect sensorimotor information in the DLS through convergent terminal fields in a 

ventral-to-dorsal striatal organization (Haber, 2017): emotions and motivations 

determine the goal and drive the behaviour, cognition and associative information are 

used for planning the appropriate strategy to obtain that goal, and sensorimotor 

processing prepares and executes the correct movements (Haber, 2003). This ventral-

to-dorsal integration of striatal information is thought to be supported by an upwardly 

‘spiraling’, non-reciprocal striato-nigro-striatal dopamine pathway (Haber et al., 2000). 

There is also a striosomal limbic network (the striosome receiving mainly limbic 

projections: Jimenez-Castellanos & Graybiel, 1987; Gerfen, 1989; Eblen & Graybiel, 

1995; Kincaid & Wilson, 1996) embedded in the cognitive/associative and sensorimotor 

domains of the striatum (Graybiel, 2008). This network contains the only striatal neurons 

with direct projections to the SNc (e.g. Gerfen, 1984; Fujiyama et al., 2011). Both of 

these ventral-/limbic-originating striatal dopamine pathways are thus in a prime position 

to modulate basal ganglia pathway activity (see Section 3.2. on dopamine) of the 

dorsal/motor striatum (Crittenden et al., 2011), ultimately influencing behaviour 

selection. Thus, the cortico-basal ganglia system is thought to guide behaviour selection 

through both parallel and integrative processing of emotional cognitive, and 

sensorimotor information, all influencing a common output pathway (e.g. Redgrave et 

al., 1999).  

Although it is still largely unknown precisely how cortico-striatal inputs regulate 

behaviour selection via activation of the basal ganglia pathways, some hypotheses have 

been advanced. For one, striatal MSNs are thought to require convergent stimulation 

from multiple cortical inputs, carrying information about the external environment, 

reward prediction, and planned behaviours, to activate (Reiner, 2010b). This is because 
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thousands of excitatory glutamatergic cortical inputs converge (primarily on dendritic 

spines) on a single striatal MSN (Reiner, 2010b; Gerfen & Bolam, 2017). Few inputs 

come from a single cortical projection neuron; instead, inputs come from many different 

cortical neurons from both functionally related and functionally different cortical areas 

(Cowan & Wilson, 1994; Ramanathan et al., 2002). Accordingly, postsynaptic activation 

of striatal MSNs, which have low membrane excitability, is dependent on convergent 

cortical input resulting in the temporal summation of excitatory postsynaptic potentials 

(Wilson, 1995). Striatonigral neurons in particular, which are less excitable than 

striatopallidal neurons (Feltz & Albe-Fessard, 1972), may require substantial cortical 

input to overcome their thresholds for activation. This is thought to serve yet another 

integrative process, in that only the most appropriate behaviours (given current 

motivational state and learned associations between external stimuli, behaviour, and 

reward) are activated in the striatum (Reiner, 2010b). But how are behaviours 

represented in the striatum? 

In addition to the above hypothesis, only certain combinations of cortical inputs 

are thought able to excite striatal MSNs (Wickens & Arbuthnott, 2010), and the pattern 

of this convergent activation ‘encodes’ the type of cortical information being transmitted 

(Gerfen & Bolam, 2017). Essentially, because the set of inputs to each MSN is unique, 

with no two MSNs sharing the same cortical inputs (Gerfen & Bolam, 2017), striatal 

MSNs are thought to encode specific patterns of cortical activity, and whether an MSN 

is excited depends on the activity of its specific cortical connections (i.e. the set of 

inputs that fire one MSN could not activate another) (Wilson, 2000; Wickens & 

Arbuthnott, 2010). According to this model (the ‘combinatorial selection model’), striatal 

MSNs must be activated in groups, such that different ‘ensembles’ of MSNs encode a 

different situation and/or behaviour such that the output/behaviour selected reflects the 

combination of MSNs that are activated together (Wickens & Arbuthnott, 2010). Then, 

changing the strength of input to certain MSNs within an ensemble (e.g. by various 

plasticity mechanisms like long-term potentiation [LTP], long-term depression [LTD] and 

dendritic arborization), assuming a single MSN is part of multiple ensembles, should 

allow a different ensemble to be selected. Such changes have been hypothesized to 
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serve a ‘filtering’ effect in the behaviour selection process, such that only the strongest 

striatal inputs are relayed to the GPe and GPi/SNr, while weaker signals are ‘filtered out’ 

(e.g. Bamford et al., 2004). 

3. Important Neurochemicals in the Basal Ganglia 

3.1. Glutamate 

Glutamatergic input from the cortex and thalamus directly regulates striatal MSN 

activity, and thus basal ganglia pathway activation, through ionotropic and metabotropic 

glutamate receptors. Glutamate acts as an excitatory neurotransmitter at AMPA 

receptors where fast, depolarizing, excitatory post synaptic potentials (ESPS) are 

produced when the AMPA ion channel opens and K+ and Na+ flow into the cell (e.g. 

Calabresi et al., 1996). On the other hand, NMDA receptors contribute to depolarization 

and LTP via the opening of their Ca2+ channels when glutamatergic input is much 

stronger and produces sufficient depolarization to dislodge the Mg+ blocking the ion 

channel (Kerr & Plenz, 2002; Pomata et al., 2008). The striatum is also densely packed 

with all three groups of metabotropic glutamate receptors (mGLuR) (Martin & 

Blackstone, 1992; Shigemoto et al., 1993). Group I receptors (mGluRs 1 & 5) are 

coupled to Gq proteins which activate the phospholipase C → Ca2+ → PKC signaling 

cascade and increase NMDA-R activity (e.g. Skeberdis et al., 2001) group II (mGluRs 2 

& 3) and group III receptors (mGluRs 4-8) are coupled to Gi/o proteins, inhibiting the AC 

→ cAMP → PKA cascade and decrease NMDA-R activity (e.g. Ambrosini et al., 1995). 

While Group I mGluRs are mainly postsynaptic, Groups II and III are mainly presynaptic 

(e.g. Shigemoto et al., 1997). 

Striatal MSNs are biphasic, exhibiting either persistent stable depolarization 

(a.k.a. “up-state”) or negative resting membrane potentials (a.k.a. “down-state”) (Plenz 

& Wickens, 2010). These states regulate both acute activation of striatal MSNs by 

glutamate, and synaptic plasticity mechanisms. Regarding acute activation, MSN down-

states prevent action potentials from occurring, making striatal MSNs largely 
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unresponsive to low levels of glutamatergic input (Wickens & Wilson, 1998; Plenz & 

Wickens, 2010). A transition to the up-state is triggered and maintained by high levels of 

glutamatergic input (e.g. Wilson & Kawaguchi, 1996), likely from many corticostriatal 

neurons in close temporal proximity, making the MSN up-state tightly correlated with 

cortical activity (O’Donnell, 2010). It is in the up-state, but not the down-state, that action 

potentials can be produced. But up-states alone do not produce action potentials, 

further depolarization during the upstate is still required (Wickens & Wilson, 1998; Plenz 

& Wickens, 2010). Unlike the generation of action potentials, synaptic plasticity 

mechanisms can be activated during both down-states and up-states. Persistent, and 

sufficient, activation of corticostriatal synapses occurring during up-states causes LTP 

through NMDA-R activation, while the same level of stimulation occurring during down 

states will result in LTD through mGlu1/5-R activation (Di Filippo et al., 2010).  

In the striatum, NMDA receptors are required for spike-timing dependent 

plasticity (STDP: Hebbian plasticity) which provides a ‘temporal evaluation’ of 

corticostriatal input (Plenz & Wickens, 2010) by specifically enhancing (through LTP) 

cortical inputs that directly contribute to MSN firing (i.e. those that occur before post-

synaptic potentials: e.g. Sjöström & Nelson, 2002), and by down-regulating (through 

LTD) cortical inputs that do not directly cause depolarization (i.e. those that occur after 

the MSN action potential: e.g. Sjöström & Nelson, 2002). This applies to both 

striatonigral and striatopallidal MSNs (e.g. Shen et al., 2008). Importantly, dopamine 

can modulate the direction (i.e. LTP or LTD) of change during STDP (e.g. Pawlak & 

Kerr, 2008), but is not necessary for the induction of LTD or LTP (i.e. both can occur in 

the absence of dopamine: Surmeier et al., 2010).  
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3.2. Dopamine 

Striatal dopamine (DA) serves a neuromodulatory role, having both excitatory and 

inhibitory effects depending on the type of dopamine receptor it binds to. Striatonigral 

MSNs selectively express D1 type dopamine receptors (D1DR), and at high levels 

(Gerfen et al., 1990; Surmeier et al., 1996). These are coupled to stimulatory G-proteins 

and increase MSN excitability9 (Keefe & Horner, 2010; Surmeier et al., 2010; Plenz & 

Wickens, 2017). Striatopallidal MSNs instead selectively express D2 type dopamine 

receptors (D2DRs) (Gerfen et al., 1990; Surmeier et al., 1996), which are coupled to 

inhibitory G-proteins and decrease MSN excitability10 (Keefe & Horner, 2010; Surmeier 

et al., 2010; Plenz & Wickens, 2017). Accordingly, the classical/canonical model of 

basal ganglia function predicts that D1DR activation increases output of the direct 

pathway (thus increasing behavioural activation), while D2D2 activation decreases 

output of the indirect pathway (thus increasing behavioural activation) (Albin et al.,1989; 

Delong, 1990).  

However, the actual effects of dopamine on activity of the basal ganglia 

pathways/nuclei are not that straight forward, including changes in neuronal activity that 

are not predicted by the classical/canonical model (Walters & Bergstrom, 2010). First, 

independent activation of D2DRs only produces a small increase in GPe activity (i.e. 

disinhibition for the indirect pathway); instead, D1DR and D2DR co-activation is 

required to increase GPe activity (Walters & Bergstrom, 2010). Likewise, co-activation 

of D1DRs and D2DRs increases Fos expression (an immediate early gene commonly 

used as a marker for neuronal activity) in striatonigral neurons more than independent 

 

9 Dopamine binding at these receptors affects the conductance and trafficking of various ion channels 
(Plenz & Wickens, 2017), increases the expression of various genes (Keefe & Horner, 2010) and 
increases surface expression of AMPA and NMDA receptors (e.g. Snyder et al., 2000; Hallett et al., 
2006). 
10 Dopamine binding here also affects the conductance and trafficking of various ion channels (Plenz & 
Wickens, 2017), and decreases the expression of various genes (Keefe & Horner, 2010), as well as 
decreasing AMPA-R induced post-synaptic currents (Surmeier et al., 2010) and reducing cortico-striatal 
glutamate release (though whether by pre-synaptic and/or post-synaptic activation is yet unknown: 
Bamford et al., 2004; Yin & Lovinger, 2006). 
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activation of D1DRs (Keefe & Horner, 2010). Second, co-activation of D1DRs and 

D2DRs produces a mix of increased, decreased, and no change in SNr activity as 

opposed to the predicted decrease in activity (Walters & Bergstrom, 2010). Finally, 

D2DR agonists do not affect STN activity, though they should increase it according to 

the classical/canonical model; instead, D1DR agonists increase STN activity (Walters & 

Bergstrom, 2010). Thus, the effects of dopamine on the basal ganglia pathways are not 

completely understood. 

Nevertheless, dopamine is undoubtedly critical for many of the functions 

performed by the CSTC circuits, including behavioural selection/activation and switching 

(e.g. Redgrave et al., 1999), reward learning (e.g. Schultz, 1998) and the acquisition of 

new behavioural responses (e.g. Redgrave & Gurney, 2006). Dopamine exerts its 

modulatory role through its effects on neuroplasticity, paralleling its short-term effects on 

MSN excitability (Surmeier et al., 2010). Importantly, striatal dopamine plays a major 

modulatory role in corticostriatal plasticity, influencing the direction of change in synaptic 

strength (i.e. potentiation or depression). During peak dopamine signaling, the co-

occurrence of pre (cortical)- and post (striatal)- synaptic excitatory potentials thus cause 

LTP in D1DR-expressing striatonigral (direct) neurons and LTD in D2DR-expressing 

striatopallidal (indirect) neurons (Shen et al., 2008; Reiner, 2010b; Surmeier et al., 

2010; Wickens & Arbuthnott, 2010). This improves the efficacy of corticostriatal 

projections in activating the direct pathway and reduces their efficacy in activating the 

indirect pathway. During low levels of dopamine, in contrast, the opposite effect takes 

place: LTD occurs in striatonigral neurons and LTP occurs in striatopallidal neurons, 

making activation of the direct pathway more difficult and activation of the indirect 

pathway easier (Shen et al., 2008; Reiner, 2010b; Wickens & Arbuthnott, 2010). This 

effect of phasic dopamine release is thought to serve an important integrative function 

during convergence of sensory, contextual, and motor information in the striatum 

(Redgrave et al., 2010; cf. Section 2.3. on corticostriatal regulation of behaviour 

selection), by adjusting the relative sensitivities of MSNs. Essentially, these changes are 

thought to bias the behaviour selection system so that certain behaviours are more 

likely to be repeated than others (Redgrave et al., 2010; Surmeier et al., 2010). 
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3.2.1. Adenosine 

The effects of striatal dopamine are further modulated by striatal adenosine. 

Striatopallidal neurons specifically express A2A adenosine receptors (striatonigral 

neurons have negligible levels of A2A: Schiffmann et al., 1991), particularly on dendritic 

spines at asymmetric synapses, where they modulate excitatory input: Morelli et al., 

2010). A2A adenosine receptors activate Gs/Golf (stimulatory) proteins and antagonize 

the effects of D2DR stimulation (through opposite effects on the AC → cAMP → PKA 

cascade: Schulte & Fredholm, 2003), thus increasing neuron excitability11. A1 adenosine 

receptors (coupled to Gi/Golf [inhibitory] G-proteins) are located post-synaptically in 

both striatonigral and striatopallidal neurons, where they reduce neuronal response to 

glutamatergic and dopaminergic inputs (Morelli et al., 2010). They are also located in 

the nerve terminals (i.e. pre-synaptically) in striatal dopaminergic nerve terminals, where 

they directly inhibit dopamine release in the striatum (Borycz et al., 2007). A1 and A2A 

receptor heteromeres on corticostriatal nerve terminals (Hillion et al., 2002) modulate 

glutamate release. When adenosine concentrations are low, and primarily A1 receptors 

are stimulated, glutamate release is decreased; while adenosine concentrations are 

high and A2A receptors are also stimulated, glutamate release is increased. Ultimately, 

the effect of dopamine on the direct and indirect pathway is thus dependent on 

adenosine. 

  

 

11 Striatopallidal neurons can also express LTP during peak dopamine signaling when A2A receptors are 
also activated (Shen et al., 2008; Reiner, 2010; Surmeier et al., 2010; Wickens & Arbuthnott, 2010). 
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3.3. Opioids 

Endogenous opioids (neuropeptides) act as neuromodulators in the basal ganglia. 

Striatonigral neurons which give rise to the direct pathway produce the opioid-peptide 

substance P and dynorphins (Vincent et al., 1982; Gerfen et al., 1988; Gerfen & Bolam, 

2017). Furthermore, the striatopallidal neurons which begin the indirect pathway 

produce enkephalins and neurotensin (Voorn et al., 1999). All opioid receptors (κ-opioid 

receptors [KOR], µ-opioid receptors [MOR] and δ-opioid receptors [DOR]) are coupled 

to Gi or Go (inhibitory G-proteins) and inhibit the AC → cAMP → PKA intracellular 

signaling cascade (Emson et al., 2010). Dynorphins bind primarily to KORs, but they 

also bind to MORs and DORs albeit with less affinity (Le Merrer et al., 2009). 

Enkephalins primarily bind to DORs, and, with less affinity, to MORs (β-endorphin binds 

with the greatest affinity to MORs), but do not bind at all to KORs (Le Merrer et al., 

2009). All opioid receptors are widely expressed throughout the brain, but with elevated 

levels in the cortex, limbic system, and brainstem. Notably, within the basal ganglia, 

DORs and MORs are most abundant in the striatum, being found on both striatopallidal 

and striatonigral neurons (Emson et al., 2010). So how do these neuropeptides and 

their receptors modulate basal ganglia function and pathway activity? Here we 

summarize what is known about the effects of dynorphins on kappa-opioid receptors 

and enkephalins on mu, and delta-opioid receptors. 

Endogenous opioids are thought to serve a neuroadaptive response, maintaining 

‘system equilibrium’ of the direct and indirect pathways through modulation of the 

dopamine system (Steiner, 2010). For instance, chronic administration of dopamine 

agonists like cocaine, amphetamine and L-DOPA greatly increase the expression of 

dynorphin and substance P in striatonigral neurons, while enkephalin in striatopallidal 

neurons is greatly increased by chronic administration of D2DR antagonists and 

dopamine depletion (for review see Steiner & Gerfen, 1998). Thus, increased dynorphin 

transmission is thought to result from the chronic overactivation of striatonigral neurons 

caused by D1DR stimulation, while increased enkephalin transmission is thought to 

result from the chronic overactivation of striatopallidal neurons caused by decreased 
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D2DR mediated inhibition (Steiner & Gerfen, 1998). Essentially, the endogenous opioid 

system in the basal ganglia is thus thought to act as a counterbalance to the dopamine 

system, maintaining relative pathway activity through negative feedback when the 

dopamine system goes awry (Keefe & Horner, 2010; Steiner, 2010). Accordingly, any 

imbalance between the direct and indirect pathway activity will be reflected by altered 

striatal neuropeptide content (e.g. elevated enkephalin in Parkinson’s disease: Gerfen 

et al., 1990) 

Dynorphin release by striatonigral neurons, acting on KORs, can inhibit both 

dopamine (e.g. Di Chiara & Imperato, 1988) and glutamate (e.g. Gray et al., 1999) 

release in the striatum. Striatal dynorphin release can inhibit dopamine release by 

stimulating presynaptic KORs on dopamine nerve terminals (e.g. Mulder et al., 1984), or 

by acting on KORs on dopaminergic dendrites and cell bodies in the SNc (e.g. Reid et 

al., 1988). Likewise, dynorphin can inhibit glutamate release by activating KORs on 

corticostriatal nerve terminals (e.g. Gray et al., 1999). Additionally, dynorphin can 

reduce striatonigral responses to dopamine, through kappa-opioid auto-receptors that 

inhibit the post-synaptic effects of D1DR activation (e.g. Steiner & Gerfen, 1996). Thus, 

dynorphin acts as a negative feedback mechanism when striatonigral activity is 

elevated, working to reduce further activation caused by elevated dopamine so as to 

restore normal activity of the direct pathway. 

Enkephalin serves a similar negative feedback function, inhibiting striatopallidal 

activity when the indirect pathway is over-active. Activation of MORs and DORs in the 

striatum inhibits glutamate-induced immediate early gene expression, and D2DR 

antagonist induced gene expression (a way to simulate loss of dopamine activity; e.g. 

Steiner & Gerfen, 1999). In contrast, activation of DORs and MORs in the SNc 

increases dopamine release by hyperpolarizing GABAergic interneurons, thus reducing 

their inhibitory influence on dopaminergic neurons (e.g. Kalivas & Stewart, 1991; Schad 

et al., 1996). Additionally, enkephalin can inhibit corticostriatal glutamate release by 

increasing acetylcholine release in striatal interneurons (e.g. Mulder et al., 1984; Rawls 

& McGinty, 2000) and inhibit GABA release from striatopallidal terminals by acting on 
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auto-receptors (e.g. Maneuf et al., 1994). Thus, all these actions of enkephalin may help 

decrease indirect pathway activity, providing a compensatory mechanism for diminished 

dopaminergic activity. 

3.4.  Serotonin 

The basal ganglia receive serotonergic innervation mainly from the dorsal raphe 

nucleus (DRN) (Gerfen & Bolam, 2017). Cumulatively, the basal ganglia nuclei possess 

all seven types of serotonin (5-HT) receptors, with different receptor types being 

expressed in different nuclei and cells (Emson et al., 2010). All 5-HT receptors are G-

protein coupled receptors, except for 5-HT3 (e.g. found on striatonigral and 

striatopallidal projection neurons and cholinergic interneurons in the striatum: Emson et 

al., 2010) which is a ligand-gated cation channel, permeable to Na+ and K+. The 5-HT4 

receptor (on dopaminergic projection neurons in the SNc: Emson et al., 2010), 5-HT6 

receptor (e.g. on dendrites of striatopallidal and striatonigral projection neurons: Di 

Matteo et al., 2008), and 5-HT7 receptor (e.g. found in the NAc: Di Matteo et al., 2008), 

are all coupled to Gs, activating the AC → cAMP → PKA cascade. In contrast the 5HT1 

receptor (e.g. on striatonigral and striatopallidal projection neurons: Emson et al., 2010) 

and 5-HT5 receptor (e.g. found in the GPe/I, STR, STN and SNc/SNr: Miguelez et al., 

2014) are coupled to Gi/o proteins, inhibiting this cascade. Finally, 5-HT2 receptors (e.g. 

on STN projection neurons: Emson et al., 2010) are positively coupled to phospholipase 

C (Gq) activating the IP3/DAG → Ca2+ → PKC cascade. Serotonin’s effect on basal 

ganglia nuclei is thus complex, likely due to this heterogenous spread of different 5-HT 

receptor types and subtypes in different nuclei and cells, and interactions with other 

neurotransmitters. Here, we describe some ways in which serotonin might modulate 

basal ganglia activity. 

In the striatum, serotonin exerts a tonic inhibitory influence over striatal activity, 

but it can also increase the firing rate of MSNs (for review see Miguelez et al., 2014) 

suggesting highly complex functions for striatal serotonin. For instance, striatal release 

induced by DRN stimulation can increase the firing frequency of MSNs (e.g. Park et al., 
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1982), and stimulation of postsynaptic striatal 5-HT1A can increase locomotor activity 

(e.g. Mignon & William, 2002) through complex interactions with other neurotransmitter 

systems. In contrast, stimulation of 5-HT1A and 5-HT1B autoreceptors inhibits striatal 

serotonin release (e.g. Gerber et al., 1988; Knobelman et al., 2000), while postsynaptic 

activation of these receptors decreases corticostriatal glutamate release (e.g. 5-HT1A: 

Antonelli et al., 2005; Dupre et al., 2011, 2013) and increases striatal dopamine release 

(e.g. 5-HT1B, by inhibiting GABA release in the SNc: Gerber et al., 1988). The inhibitory 

effects of striatal serotonin seem to result from activation of 5-HT2 receptors (for review 

see Di Matteo et al., 2008). Both 5-HT2A and 5-HT2C agonists inhibit striatal MSN 

activity (e.g. El Mansari & Blier, 1997). This may be mediated through the inhibitory 

influence of striatal interneurons (e.g. serotonin strongly increases firing rates of 

cholinergic interneurons in vitro: Blomeley & Bracci, 2005). Here, serotonin binding to 

postsynaptic 5-HT2C receptors on cholinergic and fast-spiking interneurons, enhances 

both acetylcholine (Ach) and GABA release respectively (e.g. Blomeley & Bracci, 2009), 

which inhibits glutamatergic input to the striatum and inhibits spike-timing of MSNs 

respectively (Tepper & Koós, 2010). In sum, given that serotonin can both enhance and 

suppress striatal MSN activity, its role in regulating pathway activity is likely flexible, and 

sensitive to a number of different interactions between receptor types, cell types, and 

neurotransmitters within the striatum, as well as to different effects of serotonin in other 

brain regions. Below we describe some of those effects in the basal ganglia pathway 

nuclei. 

In the GPe, serotonin increases firing frequency and maintains firing regularity 

(e.g. Chen et al., 2008). This is likely due to activation of 5-HT4 or 5-HT7 postsynaptic 

receptors, (e.g. Chen et al., 2008; Hashimoto and Kita, 2008) which could ultimately 

support and maintain GPe output and thus indirect pathway activity. However, 5-HT in 

the GPe could also serve an inhibitory function via binding at presynaptic 5-HT1B 

receptors which decreases presynaptic glutamate (from the STN) and GABA (from the 

STR) release in the GPe (Querejeta et al., 2005). This could result in reduced 

stimulation or inhibition, potentially decreasing or increasing GPe activity respectively. 

Less is known about the function of serotonin in the GPi (Miguelez et al., 2014). 
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Serotonin in the STN also has complex effects (e.g. 5-HT1A receptors decrease 

excitability, while 5-HT2C and 5-HT4 receptors increase excitability: e.g. Stanford et al., 

2005; Xiang et al., 2005). In general serotonin limits STN firing frequency and burst 

activity (e.g. Liu et al., 2007; Aristieta et al., 2014), potentially decreasing indirect and 

hyperdirect pathway activity, and thence supporting behavioural activation. In the SNr, 

serotonin is mainly inhibitory by reducing burst-firing activity though presynaptic 5-HT1B 

receptors (e.g. Ding et al., 2013). This effect likely requires continuous availability of 

serotonin since its depletion can decrease SNr firing rate and in increase burst activity 

(Delaville et al., 2012). But serotonin can also increase SNr activity through selective 

stimulation of 5-HT2C receptors which excite SNr neurons, and 5-HT1B presynaptic 

receptors which inhibit GABA release from striatonigral neurons (e.g. Stanford & Lacey, 

1996), essentially disinhibiting the SNr. Thus, while serotonin seems to keep SNr output 

‘in check’, it may also cause it to ‘ramp up’ further inhibiting the thalamus and 

suppressing behaviour activation. In sum, while serotonin in the basal ganglia is mostly 

inhibitory, it can also be stimulatory, suggesting a complex regulatory function over 

basal ganglia activity. 

Serotonin also modulates striatal dopamine function, where both stimulatory (e.g. 

serotonin infused directly into the striatum in vivo, enhances basal dopamine release: 

Benloucif & Galloway, 1991) and inhibitory (e.g. inhibition of dopamine synthesis and 

release observed in vitro: Nurse et al., 1988) effects have been found (for review see 

Navailles & De Deurwaerdère, 2011). However, serotonin receptors do not seem to be 

present on dopaminergic terminals within the striatum, but both SNc and VTA 

dopaminergic neurons (where 5-HT receptor mRNA is detected) may express at least 

some 5-HT receptors, suggesting that serotonin may regulate dopamine release 

indirectly. The mechanisms which control this process (e.g. which 5HT receptors are 

directly responsible for the stimulatory effects) are still not completely understood 

(Navailles & De Deurwaerdère, 2011). The functional significance of serotonergic 

regulation of dopamine transmission is also elusive (Miguelez et al., 2014). For 

example, removal of serotonergic input to SNc does not majorly alter SNc activity (e.g. 

Kelland et al., 1990) nor does selective serotonin reuptake inhibitor (SSRI) 



 

 

27 

 

administration (e.g. Prisco & Esposito, 1995). In sum, serotonin exerts some regulatory 

control over dopaminergic transmission, but the mechanisms, degree, and functions of 

this control are not yet understood. 

4. Take Away Message 

The current hypotheses for the neurobiological basis of environmentally induced 

stereotypic behaviours (the ‘Basal Ganglia [BG] Pathways’ and ’Cortico-Striatal-

Thalamo-Cortical [CSTC] Circuits Hypotheses described in the main paper) are both 

largely based on an outdated understanding of how the cortico-basal ganglia system 

selects behaviours. As we have shown here, the underlying neurobiological 

mechanisms that control normal behaviour are very complex and currently are not fully 

understood. This updated view of cortico-basal ganglia anatomy and function has yet to 

be integrated into (or replace) our existing hypotheses on the neurobiology of 

stereotypic behaviours. However, it is clearly important. As we fail to find evidence 

supporting the existing, traditional hypotheses (reviewed in the main paper), it may well 

be necessary to consider these newly highlighted fundamental neuroscience findings in 

order to better understand how these mechanisms may be affected in stereotypic 

animals. This will require the refinement of old hypotheses, and the development of new 

hypotheses through more exploratory investigations into the functional anatomy of the 

cortico-basal ganglia system in stereotypic animals. 
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