

[image: image1]
Striatal Neuropeptides Enhance Selection and Rejection of Sequential Actions









	
	ORIGINAL RESEARCH
published: 27 July 2017
doi: 10.3389/fncom.2017.00062





[image: image2]

Striatal Neuropeptides Enhance Selection and Rejection of Sequential Actions


David Buxton*, Enrico Bracci, Paul G. Overton and Kevin Gurney


Adaptive Behaviour Research Group, Department of Psychology, The University of Sheffield, Sheffield, United Kingdom

Edited by:
James Kozloski, IBM Thomas J. Watson Research Center, United States

Reviewed by:
Pragathi Priyadharsini Balasubramani, University of Rochester, United States
 Alekhya Mandali, Indian Institute of Technology Madras, India

* Correspondence: David Buxton, d.r.buxton@sheffield.ac.uk

Received: 31 March 2017
 Accepted: 27 June 2017
 Published: 27 July 2017

Citation: Buxton D, Bracci E, Overton PG and Gurney K (2017) Striatal Neuropeptides Enhance Selection and Rejection of Sequential Actions. Front. Comput. Neurosci. 11:62. doi: 10.3389/fncom.2017.00062



The striatum is the primary input nucleus for the basal ganglia, and receives glutamatergic afferents from the cortex. Under the hypothesis that basal ganglia perform action selection, these cortical afferents encode potential “action requests.” Previous studies have suggested the striatum may utilize a mutually inhibitory network of medium spiny neurons (MSNs) to filter these requests so that only those of high salience are selected. However, the mechanisms enabling the striatum to perform clean, rapid switching between distinct actions that form part of a learned action sequence are still poorly understood. Substance P (SP) and enkephalin are neuropeptides co-released with GABA in MSNs preferentially expressing D1 or D2 dopamine receptors respectively. SP has a facilitatory effect on subsequent glutamatergic inputs to target MSNs, while enkephalin has an inhibitory effect. Blocking the action of SP in the striatum is also known to affect behavioral transitions. We constructed phenomenological models of the effects of SP and enkephalin, and integrated these into a hybrid model of basal ganglia comprising a spiking striatal microcircuit and rate–coded populations representing other major structures. We demonstrated that diffuse neuropeptide connectivity enhanced the selection of unordered action requests, and that for true action sequences, where action semantics define a fixed structure, a patterning of the SP connectivity reflecting this ordering enhanced selection of actions presented in the correct sequential order and suppressed incorrect ordering. We also showed that selective pruning of SP connections allowed context–sensitive inhibition of specific undesirable requests that otherwise interfered with selection of an action group. Our model suggests that the interaction of SP and enkephalin enhances the contrast between selection and rejection of action requests, and that patterned SP connectivity in the striatum allows the “chunking” of actions and improves selection of sequences. Efficient execution of action sequences may therefore result from a combination of ordered cortical inputs and patterned neuropeptide connectivity within striatum.
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1. INTRODUCTION

The problem of action selection is common to all animal life: how best to utilize the body's limited resources when faced with almost limitless behavioral possibilities in a complex and changing environment? A mechanism for deciding on the optimal action in every situation is necessary, and a growing consensus supports the hypothesis that the basal ganglia are the neural structures primarily responsible for action selection in vertebrates (Doya, 1999; Redgrave et al., 1999; Prescott, 2007). Under this hypothesis the cortex, thalamus and other afferent regions generate “requests for action” that are filtered by the basal ganglia before being granted access to the motor plant, ensuring that only one request for any muscle group or body part is acted upon at a time and avoiding problematic conflicts.

The striatum is the primary input nucleus to the basal ganglia. Its neuronal population consists of at least 90% GABAergic medium spiny neurons (MSNs) (Rymar et al., 2004) with the remainder one of several types of interneuron. The striatum has a broadly homogeneous appearance and no clear structural organization (Kreitzer, 2009), though histological staining reveals a somatotopic layout in regions receiving sensorimotor afferents (Yelnik, 2002; Nambu, 2011). This topographic organization extends throughout the basal ganglia, with multiple parallel loops processing sensorimotor, associative, and limbic information preserved in all basal ganglia structures (Nakano et al., 2000; Yelnik, 2002; McHaffie et al., 2005), suggesting that the selection process is not limited to motor functions but applies to a wide array of cognitive and motivational domains.

MSNs can be subdivided into one of two types based on the preferential expression of dopamine receptor subtypes and their projection targets; D1 (or striatonigral) MSNs preferentially express D1 dopamine receptors and project to internal regions of the globus pallidus and the SNr, and D2 (or striatopallidal) MSNs preferentially express D2 dopamine receptors and project to external regions of globus pallidus (Smith et al., 1998). These two pathways from cortical input to basal ganglia output have classically been referred to as “direct” and “indirect” respectively, though their roles in the process of action selection have been the subject of much debate (Donahue and Kreitzer, 2015; O'Hare et al., 2016; Yin, 2016).

The specifics of the striatum's function are not fully known, but the dense network of inhibitory intraconnections and the somatotopic organization of the structure allows for a broad hypothesis. Under the action selection hypothesis, cortical regions encoding complementary aspects of a “request for action” project to an MSN population that competes via mutual inhibition with separate populations receiving inputs encoding alternate requests. The common currency of input salience allows afferents from various cortical regions representing a range of contextual information to compete across domains, and this competition between multiple action requests allows the MSN population receiving the inputs of greatest salience to disinhibit their downstream targets and permit the execution of that action request.

The concatenation of individual actions into sequences is a trait seen in many different species, and the smooth execution of learned action sequences is fundamental to behaviors such as singing in birds, grooming in rats, and everyday activities such as tying shoelaces or buttoning a shirt in humans. Once initiated, action sequences can be executed smoothly and with an almost unconscious automaticity that allows other unrelated actions to be carried out simultaneously (Seger and Spiering, 2011). This “chunking” of multiple actions into a single unit is cognitively efficient (Ramkumar et al., 2016) and makes action sequences highly valuable; action sequences are part of so many routine behaviors that their impairment in conditions such as Huntington's disease or Parkinson's disease (Benecke et al., 1987; Agostino et al., 1992) is one of the primary symptoms of these conditions.

Sequences have importance beyond improving the efficiency of everyday motor actions. Sequences exist in a hierarchical organization that enables both goal–directed and habitual behavior (Dezfouli and Balleine, 2013), and this layered control allows for a wide range of higher cognitive processes (Graybiel and Grafton, 2015; Savalia et al., 2016). However, despite the crucial importance of action sequences there is currently limited understanding of their neurological basis; it is not clear what exactly is coded by cortical afferents to striatum, the level of description encapsulated by an action request, which aspects of sequence learning occur in the cortex or basal ganglia, or the neurological changes that underlie sequence learning. It is also unclear what allows for the rapid, smooth transitions between distinct actions, or how multiple actions are chunked together into a learned sequence. The striatum has been strongly implicated in the formation, concatenation, and execution of action chunks (Graybiel, 1998; Jog et al., 1999; Wymbs et al., 2012; Jin et al., 2014), so recent neurophysiological studies of neuropeptides in the striatum may provide insight into some of these problems.

Substance P (SP) and enkephalin are neuropeptides co-released with GABA from D1 or D2 MSNs respectively. These neuropeptides have been shown to have an effect on subsequent glutamatergic inputs to the MSNs they target; SP is facilitatory, acting on presynaptic NK1 receptors and causing up to an average 47% increase in glutamatergic EPSPs on timescales from 100 ms to ~1 s (Blomeley and Bracci, 2008). Enkephalin is inhibitory, acting on μ- and δ-opioid receptors and causing up to an average 30% reduction of glutamatergic EPSPs on timescales from 500 ms to ~2s (Blomeley and Bracci, 2011). The function of these neuropeptides in the context of the striatum and action selection has so far been unclear, though the effect of SP in particular is of interest as it strongly implies a co-operative role for what has previously been thought to be a purely competitive inhibitory network. Notably, blocking the action of SP has been shown to decrease amphetamine-induced behavior in rats (Gonzalez-Nicolini and McGinty, 2002) and mice lacking NK1 receptors exhibit behavioral traits comparable to ADHD (Yan et al., 2009; Porter et al., 2015).

We propose that the action and interaction of these neuropeptides plays a crucial role in enabling corticostriatal networks to encode action sequences, and that their combined effects allow successive actions in a sequence to be selected and executed with greater efficiency than a comparable non-sequence action. This would assist with rapid, smooth transitions between sequential actions while still allowing for sequences to be interrupted by the arrival of an exceptionally salient action request. We present a hybrid computational model of the basal ganglia consisting of both spiking and rate–coded components that tests this hypothesis using several different neuropeptide connectivity configurations.

2. MATERIALS AND METHODS

The hybrid model consists of two primary units:

1. A spiking striatal microcircuit model comprising MSNs, fast-spiking interneurons (FSIs), and associated neurotransmitters and neuropeptides

2. A rate–coded model of other basal ganglia structures, ventrolateral thalamus, and motor cortex

Embedding the striatal microcircuit model in a model of the basal ganglia–thalamocortical loop allows the results and implications of striatal computation to be explored at the level of motor cortex output, providing a closer correspondence to behavior than analysis of MSN activity. An overview of each model will be followed by an additional section detailing the metrics used to define selection. A full technical description of both models following the format proposed by Nordlie et al. (2009) can be found in the Supplementary Material.

2.1. Hybrid Model Construction

The striatal microcircuit model closely follows the descriptions in Humphries et al. (2009a,b), with updates to some parameters as described in Tomkins et al. (2014). An outline of the model following the structure in Table S1 will be given here but for greater explanatory detail we refer the reader to these sources. Unless explicitly stated otherwise all models described here were instantiated in the SpineCreator environment (Cope et al., 2017) and executed using the BRAHMS simulation engine (Mitchinson et al., 2010) with a forward Euler solver at a 0.1 ms timestep.

The basal ganglia–thalamocortical loop (or BG loop) model is mostly unchanged from the thalamocortical loop (TC) model described in Humphries and Gurney (2002). An overview of the model following the structure in Table S11 will be given here but for greater explanatory detail we refer the reader to that paper. The integration of the spiking striatal microcircuit with the rate–coded basal ganglia model is novel to the hybrid model and will be described in more detail.

2.1.1. Neuron Populations

The striatal microcircuit model is composed of 6,000 spiking MSNs divided into two equal groups of 3,000 D1 and D2–type MSNs. These are further subdivided into six “action channels” c1…c6 of 500 neurons each, representing the striatal targets of six distinct cortical action requests (Table S2). The MSN population is complemented by an additional 60 FSIs — 1% of the MSN population (Luk and Sadikot, 2001; Humphries et al., 2010) — that receive equal innervation from each action request.

The BG loop model is composed of five populations representing major structures within the basal ganglia–thalamocortical loop. Each population is composed of six separate leaky integrators representing a distinct “action channel” c1…c6 as in the striatal microcircuit model (Table S12).

2.1.2. Connectivity

For MSN → MSN, FSI → MSN, and FSI → FSI projections within the striatal microcircuit model, an exhaustive all–to–all list of connections between the two populations is probabilistically culled according to the expected number of afferent connections for each type (Table S3). Culling is entirely independent of the action channel represented by a given neuron. In this manner, each neuron receives approximately the correct number of inputs of each type, but the overall model lacks any topology and is similar to the random model from Tomkins et al. (2014). All 500 D1 or D2 MSNs in channel cn also project to the single neuron representing channel cn in GPi/SNr or GPe respectively via a spike–to–rate conversion.

Neuropeptide projections co-exist with MSN → MSN GABA connections targeting both D1 and D2 MSNs (Yung et al., 1996; Blomeley et al., 2009; Blomeley and Bracci, 2011) and never appear on their own; however, GABA connections without an associated neuropeptide projection are permitted. A distinction is also made between three neuropeptide projection configurations, described in Section 2.2.

With the exception of STN, all BG loop populations are connected with one–to–one links to preserve the channel–based architecture of the basal ganglia (Table S13). The combination of diffuse excitatory STN and focused inhibitory striatal projections to GPe and GPi/SNr models an off–center, on–surround pattern of activation (Mink and Thach, 1993; Nambu et al., 2002) that selectively disinhibits the MCtx action channel corresponding to the selected action request. This is consistent with research showing that SNr neurons gate the flow of information to motor output regions and that their inhibition predicts motor activity (Deniau et al., 2007; Freeze et al., 2013).

2.1.3. Neuron and Synapse Models

The striatal microcircuit model closely follows the descriptions in Humphries et al. (2009a,b), with updates to some parameters as described in Tomkins et al. (2014). The spiking MSN uses the canonical model of Izhikevich (2007) with updates from Humphries et al. (2009a) that capture the effects of dopamine modulation, and we reuse without modification the dopamine–modulated FSI model of Humphries et al. (2009b). Full descriptions of neuron models used in the striatal microcircuit are in Table S4.

The synaptic models of GABA and glutamate from Humphries et al. (2009b) are modified with the inclusion of a saturation effect from Tomkins et al. (2012), though for non-NMDA currents the saturation value is set high enough to have negligible effects in normal conditions. The glutamate models are further modified with the inclusion of phenomenological models of the effects of SP and enkephalin to provide a final input to striatal MSNs (Table S5).

Neural dynamics and connectivity for the BG loop model are unchanged from Humphries and Gurney (2002), with a few notable exceptions:

1. The connection weight wsc–mc from sensory cortex to motor cortex is reduced to 0.5 from 1 in order to emphasize the role of GPi/SNr in disinhibiting VLT and thereby promoting the selected action request.

2. The connection weight wvlt–mc from VLT to motor cortex is increased to 1.05 from 1 in order to allow for a stable MCtx–VLT feedback loop while GPi/SNr output remains below 0.05 (the GPi/SNr threshold in Humphries and Gurney, 2002).

3. Leaky integrator populations representing striatum are not used beyond model calibration and are replaced with the striatal microcircuit model.

Full details of leaky integrator dynamics and properties for the BG loop model are in Tables S14, S16.

2.1.4. Neuropeptide Models

We used available neurophysiological data to create phenomenological models of SP and enkephalin's effects on glutamatergic afferents to MSNs. Substance P is known to have both direct (Blomeley and Bracci, 2008) and indirect (Blomeley et al., 2009) effects on target MSNs; only the indirect effects are modeled here as it is unlikely that neuropeptides mediate direct communication between MSNs (Blomeley et al., 2009).

Neuropeptide action is simulated in two stages. The amount of neuropeptide released in response to a given level of MSN activity is calculated using a simple sum of exponentials, and this value is then converted into a facilitation or inhibition effect multiplier by means of a tuned response curve.

Thus, for a single spike-induced neuropeptide release event at time ti the amplitude [image: image] of neuropeptide p induced by this event is given by:

[image: image]

where p is either SP or enkephalin. τr and τf represent rise and fall time constants respectively, and Sp is the number of incoming spikes causing release of neuropeptide p. Multiple events over a period of time combine to form a net amplitude:

[image: image]

The net amplitude Ap(t) of neuropeptide release determines the resulting modulatory effect Np(t), which is normalized using the Weibull cumulative distribution function and an additional gain factor β:

[image: image]

This effect is appended to the synaptic input equation giving a final form for glutamate input to MSNs:

[image: image]

where z is either AMPA or NMDA. As the model is purely phenomenological, the delay between MSN activity and the onset of neuropeptide effects (Blomeley et al., 2009; Blomeley and Bracci, 2011) is captured using a fixed time offset τd.

2.1.5. Inputs

Both the striatal microcircuit model and the BG loop model receive external input from populations of Poisson spike generators representing action requests from sensory cortex. (We refer to inputs as originating from sensory cortex so that the model may represent a complete sensorimotor loop; however, inputs are entirely abstracted and could similarly originate from any non-motor cortical source that provides the striatum with patterned inputs.) Each spike source population comprises 500 separate Poisson spike generators, collectively defined as representing sensory cortex activity corresponding to a single action request. Each spike generator [image: image] has a one–to–one connection with a single D1 MSN and a single D2 MSN, and each motor cortex neuron mcc projects to D1 and D2 MSNs [image: image] (Table S6). In contrast, the first 60 spike generators in each channel have a one–to–one connection to a single FSI and each motor cortex neuron projects to all 60 FSIs. Each striatal neuron therefore receives the same number of afferent connections from sensory cortex as from motor cortex. All 500 spike generators in each action channel also project to the single neuron representing that channel in STN and MCtx within the BG loop model (Table S15).

All six action channels are therefore uniquely represented in the striatal model by a distinct population of 1,000 MSNs split evenly into D1 and D2 subtypes, while each FSI receives input from all channels. This corticostriatal connectivity reflects the convergence of cortical afferents from functionally related cortical regions on target MSNs (Flaherty and Graybiel, 1993; Takada et al., 1998) and widespread input to target FSIs (Ramanathan et al., 2002; Berke, 2008) that provide distributed inhibition of MSNs. This represents an on–centre, off–surround pattern of corticostriatal connectivity that could support selection via activation of specific MSN populations.

2.1.6. Integration of Model Components

The integration of rate–coded and spiking populations into a single model necessitates the creation of neural interconnects to translate activity rate to spiking output and vice–versa.

Rate–to–spike conversion

Activity rate output from motor cortex in the basal ganglia–thalamocortical loop model is converted to spike trains and projected to each MSN and FSI in the striatal model. Conversion is achieved by assigning a Poisson spike generator and a random number generator P to every striatal projection from motor cortex, and generating a spike every timestep on any connection where the activity rate ymc is greater than P up to a maximum possible firing rate rmax. The rate–to–spike conversion is thus achieved by:

[image: image]

where τbg is the timestep value for the overall simulation.

Spike–to–rate conversion

Converting ongoing spike train activity into a normalized activity rate is necessary for the connections between model input and motor cortex, and for projections from striatal MSNs to GPe and GPi/SNr. An instantaneous measurement of spiking output is insufficient to generate a continuous activity rate, so a sum of exponentials captures a dynamic rate r of sensory cortex or MSN spiking which is then converted to an activity rate y in the range 0–1. The running mean of spiking activity is thus captured by:

[image: image]

where s is sensory cortex, D1 MSN, or D2 MSN and Ss is the number of spikes arriving from population s. The activity rate y is then given by:

[image: image]

Figure 1 gives an overview of the entire hybrid model and baseline connectivity between populations.


[image: image]

FIGURE 1. Connectivity of the hybrid basal ganglia model. Colored inhibitory connections in striatum indicate co-release of either substance P (red) or enkephalin (blue) with GABA.



2.2. Action Groups and Selection Metrics

In order to explore the effects of striatal neuropeptides on selection within the basal ganglia, several different action selection scenarios are simulated. To maintain consistency with Humphries and Gurney (2002) all simulations are conducted with a six–channel model. Action channels c1…c4 represent specific actions within an action group, and channel c5 represents a generic action that marks the end of every action group. Channel c6 is a null channel that receives no external input, except for in Section 3.4 where it is utilized as an intrusive “distractor” action.

In assessing model performance, a distinction is made between three types of action groups. The term action series refers to any group of action requests that occur one after the other but have no preferred semantic order; for example, taking a sip of tea; putting on glasses; scratching the nose. The specific order in which these actions occur is not important, but it is important that selection of more than one does not occur simultaneously. For the purposes of what follows, the four actions 1…4 in any order comprise a valid action series.

An action sequence refers to a specific group of action requests that must occur in a predefined semantic order; for example, raising the foot from the accelerator, moving it across to the brake, and pressing it down on the brake. These actions must occur one after the other and in a specific order. For the purposes of what follows, only the four actions 1…4 in the order 1 → 2 → 3 → 4 comprise a valid action sequence.

An action clique refers to a group of action requests that may or may not occur in a predefined order but must exclude other specific actions from occurring along with actions within the clique. For example, putting a teabag in a mug, pouring milk into a mug, pouring water into a mug, but not putting instant coffee into a mug. The specific order in which tea is made is unimportant, but it is important to not make coffee at the same time. For the purposes of what follows, the four actions 1…4 in any order coupled with the exclusion of action 6 comprise a valid action clique.

Each action group thus consists of several distinct action requests, and each action request also consists of two phases of activity. The onset of each action request is marked by a transient burst of activity from Poisson generators representing an action channel in sensory cortex, followed by a quiet “gap” period during which the model receives no external stimulus but may sustain selection via feedback within the basal ganglia–thalamocortical loop (Chambers et al., 2005). The transient burst and the subsequent gap together comprise the “valid” period for selection of that action request, which ends at the onset of the next action request. This is comparable to the phasic activity in macaque prefrontal neurons corresponding to saccades during a learned sequence reported by Fujii and Graybiel (2003). Figure 2 illustrates these input features and shows example rate outputs from selected populations.


[image: image]

FIGURE 2. Activity rates of key populations in channels c1…c5 in response to a typical action group presentation. Input features and MCtx selection threshold θ = 0.95 are indicated; selection of channel n resulting in a positive selection score is highlighted as cn+.



To ensure consistent initial activation of a series, the first action request in a trial is always active from 100–400 ms at 2,000 spikes/s, and the post-transient gap is 200 ms for all action requests. The input duration and salience of the remaining three action requests in a group varies between trials, but each will use the same input salience and duration within a trial. Channel c5 is always active at 2,000 spikes/s following the gap period after the last action request in the group. Every action group is therefore initiated by an input of standard strength, and the remaining action requests within a group all have identical input duration, input salience, and valid length.

In the results that follow we use suprathreshold activity in motor cortex as a quantitative measure of selection. An action channel is determined to be selected when the motor cortex activity rate for that channel is above a threshold of 0.95. A score of 1 is assigned for every simulation timestep of channel cn validity where that channel is selected, and a score of −1 is assigned for every timestep outside of the valid period where the channel is selected. A score of −1 is also assigned for each timestep any channel is selected at the same time as another, even if this occurs during a valid period. Subthreshold activity in motor cortex at any time scores 0.

The total score is averaged across the duration of the entire action group to give a final overall selection score between −1 and 1. Channel c5 is not considered part of any action group and so selection of this channel is not scored.

Figure 2 shows a time series of activity rate outputs from key populations in response to presentation of a typical action series with input duration 300 ms and input salience 1,600 spikes/s; the selection score for this presentation is 0.4256. Selection scores from multiple such presentations are aggregated to provide a summary of the overall selection ability of four distinct model configurations: control, diffuse, unidirectional, and pruned.

The control configuration does not include any neuropeptides, while in the diffuse configuration all GABAergic connections formed by D1 MSNs release SP and all GABAergic connections formed by D2 MSNs release enkephalin. In the unidirectional configuration, SP is released only from connections formed by D1 MSNs in channel cn that target MSNs in channel cn+1 (for n < 4). All connections formed by D2 MSNs still release enkephalin. The pruned configuration is identical to the diffuse configuration except that MSN connections c1 → c6 do not release SP. There are no other differences between model configurations, and in all cases the sole effect of neuropeptide release is the facilitation or inhibition of subsequent glutamatergic inputs to the post-synaptic neuron.

3. RESULTS

3.1. Validation of Neuropeptide and Hybrid Basal Ganglia Models

3.1.1. Neuropeptides

Substance P

Neurophysiological recordings have shown that SP has a presynaptic facilitatory effect on subsequent glutamate inputs to MSNs it targets; in a pair of MSNs A and B where A projects to B, a burst of five spikes over 50 ms in MSN A elicited on average a 14% increase in glutamatergic EPSP amplitude in MSN B 100 ms after the first spike (Blomeley et al., 2009). No facilitation was seen at 50 ms after the first spike, and only residual facilitation was seen after 250 ms.

When antidromic spikes were evoked in MSNs, glutamatergic facilitation as a result of SP was ~40% after 250 ms and ~22% after 500 ms (Blomeley et al., 2009). Bath application of SP increased the amplitude of glutamatergic EPSPs by 47% on average (Blomeley and Bracci, 2008). These data formed the primary fitness criteria for the SP model; Figures 3A,B show a comparison of neurophysiological data and model performance for SP, confirming that the phenomenological model captures the facilitatory effect.


[image: image]

FIGURE 3. Validation of model neuropeptide performance against neurophysiological data. (A) Facilitation of glutamatergic EPSPs by SP after release induced by five spikes from a neighboring MSN in vitro (black) and in the model striatum (red). (B) Facilitation of glutamatergic EPSPs by SP after release induced by antidromic stimulation of MSNs in vitro (black) and in the model striatum (red). (C) Qualitative estimate of the timecourse of MSN interactions after a burst of spikes causing a release of GABA, SP (acting on NK1 receptors) or enkephalin ((acting on μ- and δ-opioid receptors) from Blomeley and Bracci (2011). (D) Inhibition of glutamatergic EPSPs by enkephalin after release induced by five spikes from a neighboring MSN in vitro (black) and in the model striatum (blue). (E) Inhibition of glutamatergic EPSPs by enkephalin after release induced by antidromic stimulation of MSNs in vitro (black) and in the model striatum (blue). (F) Timecourse of the effects of SP (red) and enkephalin (blue) on glutamatergic EPSPs after a burst of spikes from model MSNs.



Enkephalin

Enkephalin has a similar but inhibitory presynaptic effect on glutamatergic inputs to MSNs. In a similar paired–recording experiment, a burst of five spikes in MSN A elicited on average a 17.1% inhibition of glutamatergic EPSP amplitude in MSN B 500 ms after the first spike (Blomeley and Bracci, 2011). No inhibition was seen at 250 ms after the first spike, and minimal inhibition was seen at 1000 ms.

Evocation of antidromic spikes resulted in average inhibition of 29.6% seen after 500 ms, becoming undetectable after 2 s (Blomeley and Bracci, 2011). No data were available on inhibitory effects as the result of bath application. These data formed the primary fitness criteria for the enkephalin model; Figures 3D,E show a comparison of neurophysiological data and model performance for enkephalin, confirming that the phenomenological model captures the inhibitory effect.

Model calibration

Calibration of each neuropeptide model thus required the fixing of five variables; the neuropeptide release rise and fall time constants τr and τf, the λ and b-values for the tuned response curve, and an overall effect multiplier β. The β-value for each neuropeptide was fixed at the maximum observed effect for that neuropeptide and preliminary tuning established reasonable values for τr, leaving three free variables for each neuropeptide.

Two calibration experiments were constructed to mimic the setup used in Blomeley et al. (2009) and Blomeley and Bracci (2011); to recreate the paired–recording experiments a single model MSN was provided with five spikes from another model MSN over a 50 ms window, with the resulting effect on subsequent glutamatergic inputs compared to physiological data at 50, 100, and 200 ms after the first spike (for SP) and 250, 500, and 1000 ms after first spike (for enkephalin). To recreate the evocation of antidromic spikes a single model MSN was provided with five spikes from ten separate model MSNs over a 50 ms window. The effect on subsequent glutamatergic inputs was again compared with physiological data to inform model performance. Both calibration experiments were repeated for a wide range of τf, λ and b-values for each neuropeptide to obtain the best fit to neurophysiological data. Figure 3C shows a qualitative estimate of the timecourse of neuropeptide action from Blomeley and Bracci (2011), and Figure 3F shows the effect of the model neuropeptides after calibration.

3.1.2. Hybrid Basal Ganglia

In order to confirm that the hybrid model performs in line with the model from Humphries and Gurney (2002) we recreated an experiment from that paper exploring the model's response to a transient change in input strength. Figure 4 shows the activity rate of all neural populations in the purely rate–coded model compared to the hybrid model. Both models show similar activity rates and overall response to external input, suggesting that the conversion between spiking and rate output is suitably tuned and that the model is behaving in line with expectations. However, structural changes in the hybrid model give rise to some notable differences; MSN spiking dynamics cause a delay between the onset of input activity and striatal output in the hybrid model, and internal connectivity within the striatum that is not present in the TC model prevents simultaneous striatal activity in multiple channels. This also allows the sustained selection of a single action request during the transient event, a feature which required the inclusion of an additional population representing the thalamic reticular nucleus in Humphries and Gurney (2002).


[image: image]

FIGURE 4. Validation of hybrid model against the TC model. Comparison of activity rates for channels c1 (red), c2 (blue), and c3 (green) in response to a transient input event (Humphries and Gurney, 2002) confirm that population–level behavior of the hybrid model is similar to the rate–coded TC model.



3.2. Diffuse Neuropeptide Connectivity Enhances Selection of an Unordered Action Series

In order to explore the ability of the model neuropeptides to influence selection of an action series — see Section 2.2 — we presented both control and diffuse configurations of the model with a four–action series 1 → 2 → 3 → 4 of varying input duration and salience. Using a control configuration where the model striatum included no neuropeptide projections, the selection score for each trial remained close to zero until input salience rose to at least 1,350 spikes/s for a duration of 500 ms (Figure 5A). This rise in selection score corresponded to successful selection of the entire series, which occurred at lower durations as the input salience increased and shows that both input features have an impact on selection of an action request and implying that they are to some degree interchangeable. The mean selection score for all action series presentations using the control configuration was 0.3273.


[image: image]

FIGURE 5. Selection scores for control and diffuse configurations in response to presentation of a four–action series. Trials with fewer than four actions selected indicated with ▾. (A) Using the control configuration there is a clear delineation between trials where all action requests are selected and those where some are not. (B) The diffuse configuration facilitates selection but does not allow the entire action series to become selected at lower input values.



Using the diffuse configuration resulted in an increase of the mean selection score to 0.3788 (Figure 5B); however, this did not correspond to the series as a whole being reliably selected at lower input salience or duration values. Instead, action requests that were successfully selected using the control configuration were selected for a longer duration, and some action requests that were just below the threshold for selection in the control configuration were able to become selected.

Figure 6 illustrates this facilitation with a comparison of selected rate outputs following presentation of a single action series with input duration 200 ms and salience 1,700 spikes/s to both configurations. Under the control configuration the selection of channel c2 was intermittent, channel c3 was selected very briefly, and channel c4 was entirely unselected. The selection score for this trial was 0.2491. Using the diffuse configuration, the selection of channels c2 and c3 was stronger, and activity in channel c4 was raised above the threshold for selection. The extended selection of channel c1 also resulted in a brief period in which selection was sustained into the onset of channel c2, and the onset of enkephalin–based inhibition caused a brief dip in striatal activity during the transient burst of activity to channel c2. As a result of the improved selection under this configuration the score for this trial was 0.4953 and the entire series was successfully selected.


[image: image]

FIGURE 6. Diffuse neuropeptide connectivity facilitates selection of above– or near–threshold action requests. Activity rates of key populations in channels c1…c5 following presentation of an action series with input duration 200 ms and input salience 1,700 spikes/s. MCtx selection threshold θ = 0.95 is indicated; selection of channel n resulting in a positive selection score is highlighted as cn+. Selection of any channel resulting in a negative score is highlighted as cn−. D1 MSN activity is overlaid with neuropeptide glutamatergic effects Nsp and Nenk.



Because all D1 MSNs release SP irrespective of their targets in the diffuse configuration, facilitation of an action request using this configuration arises from both within– and between–channel effects. Once an action request is selected, SP released from that action channel feeds back into the same channel and encourages the sustained selection of that channel, as evidenced by the longer periods of selection for channels c1…c3. In addition, selection of any request releases SP that projects to every other channel and facilitates otherwise subthreshold action requests, shown by the successful selection of channel c4 and the more rapid selection of channel c2.

Thus, diffuse neuropeptide connectivity improved the quality of selection for action requests already above threshold and in some cases was able to raise previously subthreshold action requests to a suprathreshold level. With only a few exceptions, however, this did not allow for entire action series to be selected given inputs of lower strength.

3.3. Unidirectional Substance P and Diffuse Enkephalin Enhance Sequence–Specific Selection

The distributed SP projections in the diffuse configuration necessarily makes it unable to preferentially facilitate one action request over another, and therefore potentially unable to distinguish between ordered and disordered presentations of a semantically ordered action sequence. To investigate the performance of a unidirectional SP configuration in this regard we presented an action sequence in both ordered (1 → 2 → 3 → 4) and disordered (4 → 3 → 2 → 1) states to models using control, diffuse and unidirectional configurations. Because an action sequence is semantically ordered, a higher selection score corresponds to greater selection of the ordered presentation and greater inhibition of the disordered presentation.

Figure 7 shows selection scores for ordered and disordered sequence presentations to control, diffuse, and unidirectional configurations. Because the first two configurations are necessarily sequence–agnostic their response to both presentations is identical to an arbitrarily–ordered series as in Figure 5; the difference in selection scores between ordered and disordered presentations is thus due to scoring the disordered presentation according to the correct semantic order rather than a change in model performance.


[image: image]

FIGURE 7. Selection scores in response to ordered and disordered presentations of a four–action sequence. Ordered presentations with fewer than four actions selected indicated with ▾; disordered presentations shown with Z–axis inverted. Presentation of an ordered sequence to the diffuse configuration (B) results in facilitation of selection compared to control (A). However, because these configurations are sequence–agnostic, disordered presentations to control (D) and diffuse (E) configurations result in erroneous selection across a wide range of input values. Compared to control, the unidirectional configuration both facilitates selection of the ordered presentation (C) and inhibits selection of the disordered presentation (F).



The unidirectional configuration conferred a slight advantage to selection of an ordered sequence presentation over control, with a mean selection score of 0.3542 (Figure 7C) compared to 0.3273 for control (Figure 7A). This was lower than the mean selection score of 0.3788 for the diffuse configuration (Figure 7B), implying that the difference in neuropeptide projection architecture in these configurations impacted the facilitation of selection. In the unidirectional configuration, only SP projections of the form cn → cn+1 are permitted, with the result that facilitation of an action request can only occur if the previous request in the sequence is selected. Thus, within–channel feedback facilitation cannot occur in the unidirectional configuration, resulting in a lower mean selection score than the diffuse configuration in response to an ordered sequence presentation.

However, the distributed between–channel facilitation present in the diffuse configuration caused erroneous selection in response to a disordered presentation (Figure 7E). The inability to inhibit (or prevent facilitation of) undesired action requests resulted in a mean selection score of −0.5005 for the diffuse configuration compared to −0.3654 for control (Figure 7D). Conversely, the unidirectional configuration was able to actively inhibit the disordered requests, resulting in a higher mean selection score of −0.2913 (Figure 7F).

Figure 8 illustrates how between–channel SP and diffuse enkephalin interacted in the unidirectional configuration to facilitate selection and inhibition of ordered and disordered action requests respectively. In the control configuration, each individual action request was salient enough to become (erroneously) selected without additional facilitation. However, in the disordered presentation to the unidirectional configuration the selection of the first action request released sufficient enkephalin to inhibit selection of the remaining requests; enkephalin's long timecourse enabled the inhibition of multiple successive action requests in the absence of SP–based facilitation. The ordered presentation to the unidirectional configuration shows that the presence of between–channel SP was sufficient to counteract enkephalin–based inhibition and enabled ordered action requests to be selected normally or even more strongly than in the control configuration.
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FIGURE 8. Active inhibition of disordered action requests requires enkephalin and is counteracted by substance P. Activity rates of key populations in channels c1…c5 following presentation of an ordered or disordered action sequence with input duration 300 ms and input salience 1,600 spikes/s. Interpretation of graphical elements as in Figure 6, with the addition of channel–specific SP effects cnNsp.



The presence of distributed enkephalin projections therefore made the selection of subsequent action requests contingent on the presence of SP; inhibition of other requests became a default counteracted by SP influx. Not only was selection of an ordered sequence improved in response to the unidirectional facilitation of action requests, but the semantic ordering of the sequence was protected by the inhibition of disordered action requests.

3.4. Selectively Pruned Substance P Enhances Separation of Action Cliques

We have shown that the diffuse configuration confers the strongest advantage to selection of unordered action requests by utilizing both within– and between–channel SP projections to facilitate action requests, and that the unidirectional configuration allows active inhibition of disordered requests by limiting facilitation to ordered between–channel projections. We sought to explore if selective inhibition of undesired requests could also allow for useful structuring of action groups. We therefore presented all four model configurations with action requests in the order 1 → 6 → 2 → 3 → 4, where action channels c1…c4 formed an action clique and channel c6 represented an undesired distractor action.

In exploring the model's response to an action clique, the input duration and salience of each action request in the clique was fixed at 300 ms and 1,600 spikes/s respectively, and only the salience and duration of the non-clique distractor was varied. Figure 9 shows clique and non-clique selection scores for each model configuration.
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FIGURE 9. Selection scores for clique and non-clique actions for all model configurations. Non-clique scores shown with Z–axis inverted. The control configuration is moderately able to select clique action requests (A) but is unable to inhibit selection of the non-clique distractor (E). The unidirectional configuration is able to actively inhibit the distractor (F) but is less able to select clique action requests when distractor duration is high (B). The diffuse configuration facilitates selection of clique action requests (C) but also facilitates selection of the distractor (G). The pruned configuration is able to selectively inhibit the distractor (H) and facilitate selection of the clique across a wider range of distractor input values (D).



In line with results from the disordered sequence presentation (Figure 7F), the unidirectional configuration was able to inhibit the distractor request (Figure 9F) better than the control condition (Figures 9E) due to the presence of diffuse enkephalin that was not counteracted by a directed SP projection. Mean distractor selection score for the unidirectional configuration was −0.0986, compared to −0.2090 for control. However, the ability of the unidirectional configuration to facilitate clique action requests dropped off to levels below that of control as the duration of the distractor rose above ~250 ms (Figures 9A,B). Mean clique selection score for the unidirectional configuration was 0.1919, compared to 0.2943 for control. Closer examination of the neuropeptide dynamics revealed that the longer timecourse of enkephalin coupled with the lack of within–channel feedback facilitation resulted in the facilitatory effect of between–channel SP falling off before the onset of channel c2, resulting in effective inhibition of the remaining clique action requests.

Also in line with results from the action series presentation (Figure 5B), the diffuse configuration was able to select clique action requests better than control (Figure 9C) due to the combination of within– and between–channel facilitation, resulting in a mean selection score of 0.3415. However, the diffuse SP projections caused equivalent facilitation of the distractor request (Figure 9G) resulting in a mean distractor selection score of −0.3112 and thus no effective separation of clique from non-clique requests.

The pruned configuration was the only neuropeptide projection scheme that performed better than control at both selection of the clique (Figure 9D) and inhibition of the distractor (Figure 9H). Mean clique selection score for the pruned configuration was 0.3718, and mean distractor selection score was −0.1314. The removal of SP projections from channel c1 → c6 inhibited the non-clique action request and allowed within–channel SP feedback in channel c1 to sustain selection of that channel until the delayed onset of channel c2, resulting in strong selection of the clique even with a high duration distractor. The inclusion of feedback SP projections within channel c6 also allowed for strong selection of the distractor request when it was salient enough to overcome the diffuse inhibition, and therefore resulted in a greater contrast between inhibition and selection of non-clique action requests.

Selective removal of channel–specific SP projections therefore allowed for inhibition of individual action requests that enhanced both the separation of distinct action cliques and facilitation of selection within a given clique. Furthermore, because this was dependent on the removal of specific SP projections, the resulting inhibition is context–sensitive and potentially allows for the suppression of distinct distractors in different situations with only minimal changes to the SP network.

4. DISCUSSION

We have created novel phenomenological models of the effects of two striatal neuropeptides based on neurophysiological data (Blomeley et al., 2009; Blomeley and Bracci, 2011) and integrated these into a hybrid model of the basal ganglia based on previous work (Humphries and Gurney, 2002; Humphries et al., 2010). By exploring several neuropeptide connectivity configurations and presenting the model with groups of action requests we have shown that inclusion of these neuropeptides improves the model's ability to both select and reject action requests, and that pruning the SP network improves the model's ability to selectively inhibit actions that are disordered or undesired. In addition, we have shown that the interaction of SP and enkephalin is of key importance to the effective inhibition of undesired action requests.

4.1. Action and Interaction of Neuropeptides

Presenting the model with multiple groups of action requests allowed us to examine the effects of SP and enkephalin within and between MSN populations representing each channel. Presentation of an action series with no preferred semantic order revealed that SP facilitates action requests in two distinct ways. Firstly, SP acts within an action channel to promote its continued selection by facilitating glutamatergic inputs from MCtx regions representing the currently active channel. This leads to sustained inhibition of GPi/SNr activity and thereby permits continued activity in the region of the MCtx–VLT loop representing the current channel, closing the loop. Secondly, SP acts between action channels by facilitating glutamatergic inputs from cortical regions representing other action requests, raising their effective salience and potentially enabling the selection of otherwise subthreshold requests (Figure 6). The combination of these two effects allows the diffuse release of striatal neuropeptides to facilitate selection of action requests within an unordered series.

The presentation of a disordered action sequence showed that this generalized facilitation can be a detriment to the inhibition of undesired action requests (Figure 7E). When SP release is restricted to MSN connections targeting MSNs representing the next sequential action, enkephalin can actively inhibit disordered requests and prevent the erroneous selection of a disordered sequence (Figure 7F). This enhanced inhibitory ability is not present in the absence of enkephalin (Figure 7D).

We also showed that the between–channel effects of SP are sufficient to counteract this inhibition and allow the selection of a correctly–ordered sequence with greater strength than if no neuropeptides were present (Figure 8). Therefore, a transition between two actions A and B within the active timecourse of enkephalin is contingent on either the presence of an SP projection A → B or an extremely salient request for action B.

Presentation of an action clique with an additional distractor request showed that by selectively pruning SP connections, the ability of the model to both select an action clique and inhibit distractions is improved with minimal changes to the SP network (Figure 9). Although diffusely–connected SP and enkephalin facilitate action requests and raise their effective salience above control levels (Figure 6), the more compelling result may be the inhibition of otherwise salient action requests that occurs when SP projections between MSN populations are removed (Figure 8).

Thus, the overall picture is of diffuse enkephalin release causing broad inhibition of incoming action requests, counteracted by targeted SP release that facilitates the initial and sustained selection of specific requests. This agrees with results from serial selection tasks in rats showing that increased activation of D1 receptors reduced selection accuracy, while increased activation of D2 receptors increased perseverative responses (Domenger and Schwarting, 2006; Agnoli et al., 2013). Adjusting the strength of SP projections between MSN populations may give rise to striatal connectivity supporting ordered action sequences or distinct action cliques that also enhances the contrast between selected and inhibited requests, similar to the “unsharp mask” model of striatal processing proposed by Stocco and Lebiere (2013) arising from the enhancement of lateral inhibition combined with localized facilitation.

4.2. Substance P and Learning

The ability of the unidirectional and pruned configurations to selectively inhibit an otherwise salient action request in favor of an alternative suggests that learning of action sequences or cliques may involve plasticity of striatal SP connections. Plasticity need not directly promote the selection of related action requests but could raise their relative salience by reducing the level of SP connections targeting MSNs representing potential distractions, thereby inhibiting undesired requests.

We are as yet unaware of any direct evidence for SP plasticity within the striatum, though SP has been previously implicated in the facilitation of learning (Huston and Hasenöhrl, 1995; Hasenöhrl et al., 2000) and in affecting motivational aspects of reward (Murtra et al., 2000). Skill learning has also been shown to result in a relative increase in D2 MSN activity (Yin et al., 2009) that could plausibly correlate with refinement of SP connectivity. Furthermore, a pattern of preferentially within–channel and within–sequence SP projections combined with diffuse enkephalin projections is consistent with closed– and open–loop reverberations resulting from stimulation of D1 or D2–type receptors respectively as reported by Carrillo-Reid et al. (2011).

We have explored only a basic example of selective inhibition; as it is context–sensitive and channel–specific, more complex modifications could allow for groups of MSNs to represent multiple overlapping cliques simultaneously. Patterned SP connectivity may allow the striatum to incorporate probabilistic links between component actions that could represent a neurological basis for “chunking” (Graybiel, 1998) and higher–order hierarchical groups (Balleine et al., 2015).

MSN populations thus delineated by patterned SP connections may act as “local controllers” (Graybiel and Grafton, 2015) of sequence chunks that facilitate the efficient selection of ordered cortical inputs; indeed, striatal activity during motor chunking has been shown to correspond to the concatenation of sequence elements while cortical activity correlates with their segmentation (Wymbs et al., 2012). It would therefore not be correct to say that sequences are “stored” within the striatum. While the striatum is heavily involved in the chunking of cortical inputs (Graybiel, 2008; Jin et al., 2014), it also relies on cortical inputs to provide additional information about the order, timing, duration and salience of individual actions. Sequence execution is therefore a result of the coordinated interaction of both structures.

We may postulate a role for SP as a modulator of dopamine in the formation of sequence chunks. It has recently been reported that SP may modulate dopamine transmission differently according to neuronal location within the striosomal–matrix axis (Brimblecombe and Cragg, 2015) and movement chunking itself has been shown to be dependent on dopamine (Tremblay et al., 2010). The question of whether SP projections in striatum are plastic as part of sequence learning — and if so, how this plasticity is mediated — should prove enlightening.

4.3. Clinical Implications

The impact of striatal neuropeptides on action selection has some potential clinical implications. Huntington's disease causes the degeneration of both D1 and D2 MSNs (Turjanski et al., 1995; Weeks et al., 1996) but preferentially impacts D2–expressing neurons (Richfield et al., 1995; Mitchell et al., 1999). It has been shown that Huntington's disease specifically impairs the learning of motor sequences (Willingham and Koroshetz, 1993); one plausible explanation is that a deficit in enkephalin release resulting from the degeneration of D2 MSNs leads to an inability to selectively facilitate sequential action requests and thus to integrate semantic relationships into the structure of striatum.

Huntington's disease also has well–established impacts on cognitive function that often manifest long before the first indications of motor problems (Paulsen et al., 2001; Duff et al., 2010). Because the basal ganglia also process signals from limbic and associative functional territories, we may plausibly speculate that striatal neuropeptides play a similar role in action selection across these cognitive domains. Enkephalinergic degeneration causing an inability to inhibit undesired action requests could therefore also potentially explain the increase in impulsivity and risk–taking behaviors seen in Huntington's disease (Kalkhoven et al., 2014; El Massioui et al., 2016).

Conversely, the increased apathy seen in Huntington's disease seems contrary to expectations from a loss of inhibitory signaling. Heightened apathy is correlated to decline in both cognitive and motor function (Thompson et al., 2002; Baudic et al., 2006; Naarding et al., 2009), and it has been suggested that this apathy is a manifestation of an overall reduction in “drive and motivation” (Hamilton et al., 2003) resulting from these problems. Some preliminary success in slowing cognitive decline in Huntington's disease has been seen following cholinergic interventions (de Tommaso et al., 2004; Morton et al., 2005), suggesting that the role of striatal interneurons and neurotransmitters absent from the current model may be important for a fuller understanding of this condition.

The ADHD–like symptoms of mice lacking functional NK1 receptors (Yan et al., 2009; Porter et al., 2015) may also be partially explained by a lack of within–channel feedback facilitation to sustain selection of a given action. An inability to sustain selection without external stimuli could cause changes in corticostriatal activity that may reflect “an increased need for or reliance on vigilance or sustained visual attention” reported in children with ADHD (Durston et al., 2003). Definitive conclusions about the mechanisms underlying specific pathologies is beyond the scope of this study, however.

4.4. Concluding Remarks

Several issues remain unaddressed. To avoid “edge effects” and maintain a consistent density of connections the striatal model used here ignores topological relationships between neurons and resembles the random model from Tomkins et al. (2014). Any potential effects resulting from the physical organization of MSNs representing specific action channels, or from second–order organizational features are therefore beyond the capabilities of the current model. We also do not attempt to model the complex connectivity and interactions of the patch and matrix components of the striatum. Furthermore, as the rate–coded basal ganglia–thalamocortical loop model is taken directly from Humphries and Gurney (2002) it necessarily inherits the lack of thalamic burst firing and interneurons from that model.

However, it is apparent that the interaction of neuropeptides allows for an additional layer of computational complexity within the striatum. The facilitatory effects of SP imply an unexplored co-operative role for MSNs that warrants further investigation, especially in regards to the development of patterned SP connectivity. Exploration of the computational role of striatal interneurons not modeled here should also prove illuminating; SP has been found to modulate the activity of cholinergic interneurons (Govindaiah et al., 2010), and the responses of tonically active interneurons are strongly correlated with the likelihood of a behavioral response to a stimulus (Blazquez et al., 2002). Future additions to models of neuropeptide interactions will doubtless reveal new striatal functions.

AUTHOR CONTRIBUTIONS

Each author contributed to the submission of this report. DB performed neural modeling, results analysis, and write-up of drafts. KG provided assistance and guidance with modeling and results analysis and gave suggestions on report structure as well as editing suggestions and portions of the text. PO and EB provided feedback, suggestions and guidance during modeling as well as suggestions regarding text content and input regarding editing. All authors have approved the final version of the text.

Funding

This work was supported by MRC grant MR/K022512/1 (“How do nitrergic interneurons control corticostriatal communication?”) awarded to EB. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fncom.2017.00062/full#supplementary-material

REFERENCES

 Agnoli, L., Mainolfi, P., Invernizzi, R. W., and Carli, M. (2013). Dopamine D1-like and D2-like receptors in the dorsal striatum control different aspects of attentional performance in the five- choice serial reaction time task under a condition of increased activity of corticostriatal inputs. Neuropsychopharmacology 38, 701–714. doi: 10.1038/npp.2012.236

 Agostino, R., Berardelli, A., Formica, A., Accornero, N., and Manfredi, M. (1992). Sequential arm movements in patients with Parkinson's disease, Huntington's disease and dystonia. Brain 115, 1481–1495. doi: 10.1093/brain/115.5.1481

 Balleine, B. W., Dezfouli, A., Ito, M., and Doya, K. (2015). Hierarchical control of goal-directed action in the cortical–basal ganglia network. Curr. Opin. Behav. Sci. 5, 1–7. doi: 10.1016/j.cobeha.2015.06.001

 Baudic, S., Maison, P., Dolbeau, G., Boissé, M.-F., Bartolomeo, P., Dalla Barba, G., et al. (2006). Cognitive impairment related to apathy in early Huntington's disease. Dement. Geriatr. Cogn. Disord. 21, 316–321. doi: 10.1159/000091523

 Benecke, R., Rothwell, J. C., Dick, J. P. R., Day, B. L., and Marsden, C. D. (1987). Disturbance of sequential movements in patients with Parkinson's disease. Brain 110, 361–379. doi: 10.1093/brain/110.2.361

 Berke, J. D. (2008). Uncoordinated firing rate changes of striatal fast-spiking interneurons during behavioral task performance. J. Neurosci. 28, 10075–10080. doi: 10.1523/JNEUROSCI.2192-08.2008

 Blazquez, P. M., Fujii, N., Kojima, J., and Graybiel, A. M. (2002). A network representation of response probability in the striatum. Neuron 33, 973–982. doi: 10.1016/S0896-6273(02)00627-X

 Blomeley, C., and Bracci, E. (2008). Substance P depolarizes striatal projection neurons and facilitates their glutamatergic inputs. J. Physiol. 586, 2143–2155. doi: 10.1113/jphysiol.2007.148965

 Blomeley, C. P., and Bracci, E. (2011). Opioidergic interactions between striatal projection neurons. J. Neurosci. 31, 13346–13356. doi: 10.1523/JNEUROSCI.1775-11.2011

 Blomeley, C. P., Kehoe, L. A., and Bracci, E. (2009). Substance P mediates excitatory interactions between striatal projection neurons. J. Neurosci. 29, 4953–4963. doi: 10.1523/JNEUROSCI.6020-08.2009

 Brimblecombe, K. R., and Cragg, S. J. (2015). Substance P weights striatal dopamine transmission differently within the striosome-matrix axis. J. Neurosci. 35, 9017–9023. doi: 10.1523/JNEUROSCI.0870-15.2015

 Carrillo-Reid, L., Hernández-López, S., Tapia, D., Galarraga, E., and Bargas, J. (2011). Dopaminergic modulation of the striatal microcircuit: receptor-specific configuration of cell assemblies. J. Neurosci. 31, 14972–14983. doi: 10.1523/JNEUROSCI.3226-11.2011

 Chambers, J. M., Gurney, K., Humphries, M., and Prescott, A. (2005). “Mechanisms of choice in the primate brain: a quick look at positive feedback,” in Modelling Natural Action Selection: Proceedings of an International Workshop (Edinburgh, UK: Citeseer), 45–52.

 Cope, A. J., Richmond, P., James, S. S., Gurney, K., and Allerton, D. J. (2017). SpineCreator: a graphical user interface for the creation of layered neural models. Neuroinformatics 15, 25-40. doi: 10.1007/s12021-016-9311-z

 de Tommaso, M., Specchio, N., Sciruicchio, V., Difruscolo, O., and Specchio, L. M. (2004). Effects of rivastigmine on motor and cognitive impairment in Huntington's disease. Mov. Disord. 19, 1516–1518. doi: 10.1002/mds.20235

 Deniau, J. M., Mailly, P., Maurice, N., and Charpier, S. (2007). The pars reticulata of the substantia nigra: a window to basal ganglia output. Prog. Brain Res. 160, 151–172. doi: 10.1016/S0079-6123(06)60009-5

 Dezfouli, A., and Balleine, B. W. (2013). Actions, action sequences and habits: evidence that goal- directed and habitual action control are hierarchically organized. PLoS Comput. Biol. 9:e1003364. doi: 10.1371/journal.pcbi.1003364

 Domenger, D., and Schwarting, R. K. W. (2006). The serial reaction time task in the rat: effects of D1 and D2 dopamine-receptor antagonists. Behav. Brain Res. 175, 212–222. doi: 10.1016/j.bbr.2006.08.027

 Donahue, C. H., and Kreitzer, A. C. (2015). A direct path to action initiation. Neuron 88, 240–241. doi: 10.1016/j.neuron.2015.10.013

 Doya, K. (1999). What are the computations of the cerebellum, the basal ganglia and the cerebral cortex? Neural Netw. 12, 961–974.

 Duff, K., Paulsen, J. S., Beglinger, L. J., Langbehn, D. R., Wang, C., Stout, J. C., et al. (2010). “Frontal” behaviors before the diagnosis of Huntington's disease and their relationship to markers of disease progression: evidence of early lack of awareness. J. Neuropsychiatr. clin. Neurosci. 22, 196–207. doi: 10.1176/jnp.2010.22.2.196

 Durston, S., Tottenham, N. T., Thomas, K. M., Davidson, M. C., Eigsti, I. -M., Yang, Y., et al. (2003). Differential patterns of striatal activation in young children with and without ADHD. Biol. Psychiatr. 53, 871–878. doi: 10.1016/S0006-3223(02)01904-2

 El Massioui, N., Lamirault, C., Yagüe, S., Adjeroud, N., Garces, D., Maillard, A., et al. (2016). Impaired decision making and loss of inhibitory-control in a rat model of huntington disease. Front. Behav. Neurosci. 10:204. doi: 10.3389/fnbeh.2016.00204

 Flaherty, A. W., and Graybiel, A. M. (1993). Output architecture of the primate putamen. J. Neurosci. 13, 3222–3237.

 Freeze, B. S., Kravitz, A. V., Hammack, N., Berke, J. D., and Kreitzer, A. C. (2013). Control of basal ganglia output by direct and indirect pathway projection neurons. J. Neurosci. 33, 18531–18539. doi: 10.1523/JNEUROSCI.1278-13.2013

 Fujii, N., and Graybiel, A. M. (2003). Representation of action sequence boundaries by macaque prefrontal cortical neurons. Science 301, 1246–1249. doi: 10.1126/science.1086872

 Gonzalez-Nicolini, V., and McGinty, J. F. (2002). NK-1 receptor blockade decreases amphetamine-induced behavior and neuropeptide mRNA expression in the striatum. Brain Res. 931, 41–49. doi: 10.1016/S0006-8993(02)02250-3

 Govindaiah, G., Wang, Y., and Cox, C. L. (2010). Substance P selectively modulates GABAA receptor-mediated synaptic transmission in striatal cholinergic interneurons. Neuropharmacology 58, 413–422. doi: 10.1016/j.neuropharm.2009.09.011

 Graybiel, A. M. (1998). The basal ganglia and chunking of action repertoires. Neurobiol. Learn. Mem. 70, 119–136.

 Graybiel, A. M. (2008). Habits, rituals, and the evaluative brain. Ann. Rev. Neurosci. 31, 359–387. doi: 10.1146/annurev.neuro.29.051605.112851

 Graybiel, A. M., and Grafton, S. T. (2015). The striatum: where skills and habits meet. Cold Spring Harb. Perspect. Biol. 7:a021691. doi: 10.1101/cshperspect.a021691

 Hamilton, J. M., Salmon, D. P., Corey-Bloom, J., Gamst, A., Paulsen, J. S., Jerkins, S., et al. (2003). Behavioural abnormalities contribute to functional decline in Huntington's disease. J. Neurol. Neurosur. Psychiatr. 74, 120–122. doi: 10.1136/jnnp.74.1.120

 Hasenöhrl, R. U., Souza-Silva, M. A. D., Nikolaus, S., Tomaz, C., Brandao, M. L., Schwarting, R. K. W., et al. (2000). Substance P and its role in neural mechanisms governing learning, anxiety and functional recovery. Neuropeptides 34, 272–280. doi: 10.1054/npep.2000.0824

 Humphries, M., and Gurney, K. (2002). The role of intra-thalamic and thalamocortical circuits in action selection. Netw. Comput. Neural Syst. 13, 131–156. doi: 10.1080/net.13.1.131.156

 Humphries, M. D., Lepora, N., Wood, R., and Gurney, K. (2009a). Capturing dopaminergic modulation and bimodal membrane behaviour of striatal medium spiny neurons in accurate, reduced models. Fron. Comput. Neurosci. 3:26. doi: 10.3389/neuro.10.026.2009

 Humphries, M. D., Wood, R., and Gurney, K. (2009b). Dopamine-modulated dynamic cell assemblies generated by the GABAergic striatal microcircuit. Neural Netwo. 22, 1174–1188. doi: 10.1016/j.neunet.2009.07.018

 Humphries, M. D., Wood, R., and Gurney, K. (2010). Reconstructing the three-dimensional GABAergic microcircuit of the striatum. PLoS Comput. Biol. 6:e1001011. doi: 10.1371/journal.pcbi.1001011

 Huston, J. P., and Hasenöhrl, R. U. (1995). The role of neuropeptides in learning: focus on the neurokinin substance P. Behav. Brain Res. 66, 117–127.

 Izhikevich, E. M. (2007). Dynamical Systems in Neuroscience. Cambridge, MA: MIT Press.

 Jin, X., Tecuapetla, F., and Costa, R. M. (2014). Basal ganglia subcircuits distinctively encode the parsing and concatenation of action sequences. Nat. Neurosci. 17, 423–430. doi: 10.1038/nn.3632

 Jog, M. S., Kubota, Y., Connolly, C. I., Hillegaart, V., and Graybiel, A. M. (1999). Building neural representations of habits. Science 286, 1745–1749. doi: 10.1126/science.286.5445.1745

 Kalkhoven, C., Sennef, C., Peeters, A., and van den Bos, R. (2014). Risk-taking and pathological gambling behavior in Huntington's disease. Front. Behav. Neurosci. 8:103. doi: 10.3389/fnbeh.2014.00103

 Kreitzer, A. C. (2009). Physiology and pharmacology of striatal neurons. Annu. Rev. Neurosci. 32, 127–147. doi: 10.1146/annurev.neuro.051508.135422

 Luk, K. C., and Sadikot, A. F. (2001). GABA promotes survival but not proliferation of parvalbumin-immunoreactive interneurons in rodent neostriatum: an in vivo study with stereology. Neuroscience 104, 93–103. doi: 10.1016/S0306-4522(01)00038-0

 McHaffie, J. G., Stanford, T. R., Stein, B. E., Coizet, V., and Redgrave, P. (2005). Subcortical loops through the basal ganglia. Trends Neurosci. 28, 401–407. doi: 10.1016/j.tins.2005.06.006

 Mink, J. W., and Thach, W. T. (1993). Basal ganglia intrinsic circuits and their role in behavior. Curr. Opin. Neurobiol. 3, 950–957. doi: 10.1016/0959-4388(93)90167-W

 Mitchell, I. J., Cooper, A. J., and Griffiths, M. R. (1999). The selective vulnerability of striatopallidal neurons. Prog. Neurobiol. 59, 691–719. doi: 10.1016/S0301-0082(99)00019-2

 Mitchinson, B., Chan, T.-S., Chambers, J., Pearson, M., Humphries, M., Fox, C., et al. (2010). BRAHMS: Novel middleware for integrated systems computation. Adv. Eng. Inform. 24, 49–61. doi: 10.1016/j.aei.2009.08.002

 Morton, A. J., Hunt, M. J., Hodges, A. K., Lewis, P. D., Redfern, A. J., Dunnett, S. B., et al. (2005). A combination drug therapy improves cognition and reverses gene expression changes in a mouse model of Huntington's disease: a combination drug therapy improves cognition in HD mice. Eur. J. Neurosci. 21, 855–870. doi: 10.1111/j.1460-9568.2005.03895.x

 Murtra, P., Sheasby, A. M., Hunt, S. P., and De Felipe, C. (2000). Rewarding effects of opiates are absent in mice lacking the receptor for substance P. Nature 405, 180–183. doi: 10.1038/35012069

 Naarding, P., Janzing, J. G., Eling, P., van der Werf, S., and Kremer, B. (2009). Apathy is not depression in Huntington's disease. J. Neuropsychiatr. Clin. Neurosci. 21, 266–270. doi: 10.1176/jnp.2009.21.3.266

 Nakano, K., Kayahara, T., Tsutsumi, T., and Ushiro, H. (2000). Neural circuits and functional organization of the striatum. J. Neurol. 247, V1–V15. doi: 10.1007/PL00007778

 Nambu, A. (2011). Somatotopic organization of the primate basal ganglia. Front. Neuroanat. 5:26. doi: 10.3389/fnana.2011.00026

 Nambu, A., Tokuno, H., and Takada, M. (2002). Functional significance of the cortico–subthalamo–pallidal ‘hyperdirect’ pathway. Neurosci. Res. 43, 111–117. doi: 10.1016/S0168-0102(02)00027-5

 Nordlie, E., Gewaltig, M.-O., and Plesser, H. E. (2009). Towards reproducible descriptions of neuronal network models. PLoS Comput. Biol. 5:e1000456. doi: 10.1371/journal.pcbi.1000456

 O'Hare, J. K., Ade, K. K., Sukharnikova, T., Van Hooser, S. D., Palmeri, M. L., Yin, H. H., et al. (2016). Pathway-specific striatal substrates for habitual behavior. Neuron 89, 472–479. doi: 10.1016/j.neuron.2015.12.032

 Paulsen, J. S., Zhao, H., Stout, J. C., Brinkman, R. R., Guttman, M., Ross, C. A., et al. (2001). Clinical markers of early disease in persons near onset of Huntington's disease. Neurology 57, 658–662. doi: 10.1212/WNL.57.4.658

 Porter, A. J., Pillidge, K., Tsai, Y. C., Dudley, J. A., Hunt, S. P., Peirson, S. N., et al. (2015). A lack of functional NK1 receptors explains most, but not all, abnormal behaviours of NK1r−/− mice. Genes Brain Behav. 14, 189–199. doi: 10.1111/gbb.12195

 Prescott, T. J. (2007). Forced moves or good tricks in design space? Landmarks in the evolution of neural mechanisms for action selection. Adapt. Behav. 15, 9–31. doi: 10.1177/1059712306076252

 Ramanathan, S., Hanley, J. J., Deniau, J.-M., and Bolam, J. P. (2002). Synaptic convergence of motor and somatosensory cortical afferents onto GABAergic interneurons in the rat striatum. J. Neurosci. 22, 8158–8169.

 Ramkumar, P., Acuna, D. E., Berniker, M., Grafton, S. T., Turner, R. S., and Kording, K. P. (2016). Chunking as the result of an efficiency computation trade-off. Nat. Commun. 7:12176. doi: 10.1038/ncomms12176

 Redgrave, P., Prescott, T. J., and Gurney, K. (1999). The basal ganglia: a vertebrate solution to the selection problem? Neuroscience 89, 1009–1023.

 Richfield, E. K., Maguire-Zeiss, K. A., Vonkeman, H. E., and Voorn, P. (1995). Preferential loss of preproenkephalin versus preprotachykinin neurons from the striatum of Huntington's disease patients. Ann. Neurol. 38, 852–861. doi: 10.1002/ana.410380605

 Rymar, V. V., Sasseville, R., Luk, K. C., and Sadikot, A. F. (2004). Neurogenesis and stereological morphometry of calretinin-immunoreactive GABAergic interneurons of the neostriatum. J. Comp. Neurol. 469, 325–339. doi: 10.1002/cne.11008

 Savalia, T., Shukla, A., and Bapi, R. S. (2016). A unified theoretical framework for cognitive sequencing. Front. Psychol. 7:1821. doi: 10.3389/fpsyg.2016.01821

 Seger, C. A., and Spiering, B. J. (2011). A critical review of habit learning and the basal ganglia. Front. Syst. Neurosci. 5:66. doi: 10.3389/fnsys.2011.00066

 Smith, Y., Beyan, M. D., Shink, E., and Bolam, J. P. (1998). Microcircuitry of the direct and indirect pathways of the basal ganglia. Neuroscience 86, 353–388.

 Stocco, A., and Lebiere, C. (2013). Inhibitory synapses between striatal projection neurons support efficient enhancement of cortical signals: a computational model. J. Comput. Neurosci. 37, 65-80. doi: 10.1007/s10827-013-0490-4

 Takada, M., Tokuno, H., Nambu, A., and Inase, M. (1998). Corticostriatal projections from the somatic motor areas of the frontal cortex in the macaque monkey: segregation versus overlap of input zones from the primary motor cortex, the supplementary motor area, and the premotor cortex. Exp. Brain Res. 120, 114–128. doi: 10.1007/s002210050384

 Thompson, J. C., Snowden, J. S., Craufurd, D., and Neary, D. (2002). Behavior in Huntington's disease: dissociating cognition-based and mood-based changes. J. Neuropsychiatr. Clin. Neurosci. 14, 37–43. doi: 10.1176/jnp.14.1.37

 Tomkins, A., Humphries, M., Beste, C., Vasilaki, E., and Gurney, K. (2012). “How degrading networks can increase cognitive functions,” in Artificial Neural Networks and Machine Learning – ICANN 2012, number 7552 in Lecture Notes in Computer Science, eds A. E. P. Villa, W. Duch, P. Érdi, F. Masulli and G. Palm (Berlin; Heidelberg: Springer ), 185–192.

 Tomkins, A., Vasilaki, E., Beste, C., Gurney, K., and Humphries, M. D. (2014). Transient and steady-state selection in the striatal microcircuit. Front. Comput. Neurosci. 7:192. doi: 10.3389/fncom.2013.00192

 Tremblay, P. -L., Bedard, M.-A., Langlois, D., Blanchet, P. J., Lemay, M., and Parent, M. (2010). Movement chunking during sequence learning is a dopamine-dependant process: a study conducted in Parkinson's disease. Exp. Brain Res. 205, 375–385. doi: 10.1007/s00221-010-2372-6

 Turjanski, N., Weeks, R., Dolan, R., Harding, A. E., and Brooks, D. J. (1995). Striatal D1 and D2 receptor binding in patients with Huntington's disease and other choreas A PET study. Brain 118, 689–696. doi: 10.1093/brain/118.3.689

 Weeks, R. A., Piccini, P., Harding, A. E., and Brooks, D. J. (1996). Striatal D1 and D2 dopamine receptor loss in asymptomatic mutation carriers of Huntington's disease. Ann. Neurol. 40, 49–54. doi: 10.1002/ana.410400110

 Willingham, D. B., and Koroshetz, W. J. (1993). Evidence for dissociable motor skills in Huntington's disease patients. Psychobiology 21, 173–182.

 Wymbs, N. F., Bassett, D. S., Mucha, P. J., Porter, M. A., and Grafton, S. T. (2012). Differential recruitment of the sensorimotor putamen and frontoparietal cortex during motor chunking in humans. Neuron 74, 936–946. doi: 10.1016/j.neuron.2012.03.038

 Yan, T. C., Hunt, S. P., and Stanford, S. C. (2009). Behavioural and neurochemical abnormalities in mice lacking functional tachykinin-1 (NK1) receptors: a model of attention deficit hyperactivity disorder. Neuropharmacology 57, 627–635. doi: 10.1016/j.neuropharm.2009.08.021

 Yelnik, J. (2002). Functional anatomy of the basal ganglia. Mov. Disord. 17, S15–S21. doi: 10.1002/mds.10138

 Yin, H. H. (2016). The basal ganglia in action. Neuroscientist. 23, 299–313. doi: 10.1177/1073858416654115

 Yin, H. H., Mulcare, S. P., Hilário, M. R. F., Clouse, E., Holloway, T., Davis, M. I., et al. (2009). Dynamic reorganization of striatal circuits during the acquisition and consolidation of a skill. Nat. Neurosci. 12, 333–341. doi: 10.1038/nn.2261

 Yung, K. K. L., Smith, A. D., Levey, A. I., and Bolam, J. P. (1996). Synaptic connections between spiny neurons of the direct and indirect pathways in the neostriatum of the rat: evidence from dopamine receptor and neuropeptide immunostaining. Eur. J. Neurosci. 8, 861–869. doi: 10.1111/j.1460-9568.1996.tb01573.x

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Buxton, Bracci, Overton and Gurney. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/math_1.gif
G0 =5 |:nrp (’“T:”) —exp (#)} I8





OPS/images/inline_3.gif
mst,1<i <500





OPS/images/math_3.gif
Np(t) = By |:lferp(f »






OPS/images/math_2.gif
Aplt) =) a6 @





OPS/images/inline_2.gif
sct, 1<i <500





OPS/images/inline_1.gif
a ()





OPS/images/cover.jpg
, frontiers

in Computational Neuroscience

Striatal Neuropeptides Enhance
Selection and Rejection of
Sequential Actions









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Computational Neuroscience





OPS/images/fncom-11-00062-g005.gif





OPS/images/fncom-11-00062-g006.gif





OPS/images/fncom-11-00062-g003.gif
(Cone=y i)

i
Tona e s ()






OPS/images/fncom-11-00062-g004.gif





OPS/images/fncom-11-00062-g009.gif
(ot Ui - e e

i i H
-Ble
B S

; i i i
H i | i
T N Ut i R R






OPS/images/fncom-11-00062-g007.gif
A (Control s Diffuse € Unidirectional






OPS/images/fncom-11-00062-g008.gif





OPS/images/fncom-11-00062-g001.gif





OPS/images/fncom-11-00062-g002.gif





OPS/images/math_5.gif
Emit spike if yye maxThe

= P

(5)





OPS/images/math_4.gif
I = ghe(E. — \)[Hw,,(r w’f)][xfwmk(nﬂ;ﬂ)] [





OPS/images/math_7.gif
=1 “p( n(n)

e

@)





OPS/images/math_6.gif
(= —(t—1) ©
('v '/)) ( Avy )
,S(,),z s exp( - ep( = O






