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Abstract

Behavior is readily classified into patterns of movements with inferred
common goals—actions. Goals may be discrete; movements are continuous.
Through the careful study of isolated movements in laboratory settings,
or via introspection, it has become clear that animals can exhibit exquisite
graded specification to their movements. Moreover, graded control can
be as fundamental to success as the selection of which action to perform
under many naturalistic scenarios: a predator adjusting its speed to inter-
cept moving prey, or a tool-user exerting the perfect amount of force to
complete a delicate task. The basal ganglia are a collection of nuclei in
vertebrates that extend from the forebrain (telencephalon) to the midbrain
(mesencephalon), constituting a major descending extrapyramidal pathway
for control over midbrain and brainstem premotor structures. Here we
discuss how this pathway contributes to the continuous specification of
movements that endows our voluntary actions with vigor and grace.
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INTRODUCTION

Consider an engineered systemwithmultiple components that provides continuousmodulation of
a highly variable input—a stereo.This is a system in which the specification of the audio waveform
comes from a source that converts a physical (or digital) representation of music to an analog
waveform. The analog waveform is then amplified as it is routed to speakers. If one wants a stereo
that works in diverse rooms or with speakers of variable characteristics, one might also include a
graphic equalizer (Bohn 1986) (schematized in Figure 1a). A (neuro)scientist trying to understand
the equalizer component of a stereo would have access to recordings of internal voltages while
monitoring output, the ability to perform various functional perturbations, and so on (Yazebnik
2012). Internal voltages would be observed to correlate with the sound measured in front of the
speakers; perturbation of equalizer function could produce graded, systematic changes in volume;
and some perturbations yield no sound at all. If we change themusic being played at its source, then
voltages in a particular channel of the equalizer will show a different pattern that is now correlated
with the identity of the source music and not fully explained by volume of the output. In the case
of a stereo, it is obvious that these observations are all consistent with an interpretation that there
is a dedicated component allowing continuous control over distinct frequency components of
the output (an equalizer). How would one distinguish between changes in an unknown source
or changes in the amplification of a subset of frequency bands? Or how would one determine
whether a perturbation that produced no output resulted from reducing gain to zero or change
in the analog input? It is clear that without an appreciation of the system, these observations
are easily misinterpreted ( Jonas & Kording 2017), be it the element of an engineered system like
a graphic equalizer or a biological component (circuit) of the descending system for control over
voluntary movements like the basal ganglia (BG).

The BG are a collection of nuclei found in all vertebrates that extend from a major forebrain
nucleus to a set of output nuclei in the ventral midbrain that project to premotor structures in the
brainstem, midbrain, and forebrain (anatomical organization of BG is summarized in Figure 1).
We begin by reviewing observations of BG modulation during the execution of voluntary ac-
tions, from early physiological recordings to recent large-scale imaging and electrophysiological
recordings of ensembles of BG neurons.We then delve into howBG activity duringmovement ex-
ecution is consistent with a role in the continuous parameterization of movement execution for the
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Figure 1

Intrinsic circuitry of an engineered gain circuit and the mouse basal ganglia (BG). (a) Upper image is of a RANE graphic equalizer.
Lower images show the schematic circuit diagram of five channels of the graphic equalizer circuit. Inputs are filtered into largely
nonoverlapping frequency bands through bandpass filters (colored bars, fx). An adjustable resistor determines whether the output from
that frequency band should be added to the output (boost amplifier, blue) or removed from the output (cut amplifier, red). Image of
RANE equalizer labelled for reuse. (b) Upper image shows a sagittal section through the mouse brain, with topography of cortico-BG
circuits schematized with colored arrows. The BG integrate input from superficial and deep-layer projection neurons across much of
the cortical mantle, multiple thalamic nuclei, and limbic structures (Alexander et al. 1986, Dudman & Gerfen 2015, Haber 2003,
Hunnicutt et al. 2016, Pan et al. 2010). The primary input structure is the striatum (bottom). Corticofugal neurons also convey direct
inputs to intrinsic BG nuclei, the globus pallidus externus and subthalamic nucleus. Although an approximate topographic organization
is present, it is also important to note that in vertebrates as diverse as rodents and primates, substantial integration of input can also be
observed (Averbeck et al. 2014, Pan et al. 2010). BG output is carried by GABAergic projection neurons in the substantia nigra pars
reticulata (SNr), internal globus pallidus (GPi), and ventral tegmental area (VTA). Output projections both descend to target premotor
areas that directly influence the spinal cord and ascend, feeding back to the forebrain via the thalamus. The midbrain dopamine nuclei
[VTA and substantia nigra pars compacta (SNc)] integrate extensive action- and sensory-related input (Coddington & Dudman 2019)
and provide modulatory feedback most strongly at the striatal input layer. GABAergic projection neurons in striatum, the medium spiny
neurons (MSNs), can be separated according to whether they influence BG output through direct projections to the SNr/GPi (dMSNs)
or indirectly (iMSNs) via projections to the internal BG nuclei (Gerfen & Surmeier 2010). Core nuclei of BG intrinsic circuitry are
indicated with colored boxes in the upper image and correspond to the circuit schematic shown below. (Bottom) Intrinsic circuitry of
BG is depicted, including major internal circuit organization of striatal cell types. Local inhibition is depicted as a single major class of
fast-spiking interneurons (FSIs) but is composed of multiple cell types, as reviewed elsewhere (Assous & Tepper 2019). Direct (blue) and
indirect (red) pathways are suggested to relate to the cut and boost components of the equalizer circuit in panel a, analogous to the
ability of dMSNs and iMSNs to continuously increase and decrease movement speed, respectively (Yttri & Dudman 2016).
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presumed purpose of refining action performance. As BG inputs are collaterals of pathways that
have their own key functional contributions to forebrain activity, we attempt to clarify the position
of BG circuits within the larger functional organization of descending motor pathways, high-
lighting their complementary and interdependent control of subcortical and spinal motor nuclei.

ENCODING OF CONTINUOUS MOVEMENT PARAMETERS
IN BASAL GANGLIA

Striatal neurons of the BG display gross directional selectivity as revealed by studies using animals
trained to make cue-guided leftward or rightward actions (Alexander &Crutcher 1990a, Brown&
Robbins 1989,Gage et al. 2010,Packard&McGaugh 1996) or animals that freely navigate an open
space (Kravitz et al. 2010, Markowitz et al. 2018, Schwarting & Huston 1996). Unilateral striatal
perturbations by lesion (Brown & Robbins 1989), inactivation (Packard & McGaugh 1996), or
dopamine depletion (Parker et al. 2018, Schwarting & Huston 1996) bias animals’ actions toward
the perturbed side. Unilateral optogenetic stimulation of direct-pathway medium spiny neurons
(dMSNs) and indirect-pathway medium spiny neurons (iMSNs) in the dorsomedial striatum re-
sults in lateralized turning (Kravitz et al. 2010, Tai et al. 2012), corroborating that the interplay
between the two striatal opponent pathways modulates movement direction (Klaus et al. 2017,
Markowitz et al. 2018,Meng et al. 2018). Recent studies have used unsupervised machine learning
algorithms to discretize mouse behavioral repertoires, e.g., left/right turns, rear, grooming, walk,
and lunge (Wiltschko et al. 2015). Simultaneous calcium imaging of striatal dMSN and iMSN
neural populations has revealed spatiotemporal properties of the striatal tuning for the machine-
discretized behavioral clusters (Klaus et al. 2017, Markowitz et al. 2018). Medium spiny neurons
(MSNs) active during a particular behavior appeared to be more correlated and spatially clustered
(Klaus et al. 2017). Activity of dMSNs measured with fiber photometry displayed a significant
correlation with three-dimensional (3D) velocity of movement, while the activity of iMSNs was
anticorrelated, thus the difference in activity between the pathways was a better predictor of 3D ve-
locity than either pathway alone (Markowitz et al. 2018,Meng et al. 2018, Yttri & Dudman 2016).
This observation, that distinct striatal ensembles are recruited as a function of movement direc-
tion or specific behavioral repertoire, has often been considered to provide evidence that the BG
implement a discrete, switchboard-like selection of action (Alexander & Crutcher 1990b, Frank
2011, Graybiel 1998, Humphries et al. 2006, Klaus et al. 2019, Markowitz et al. 2018, Surmeier
et al. 2009).

Action selection models have successfully explained abstractions of behavior such as the choice
between two levers to press (e.g., see discussion in Collins & Frank 2014). However, the presence
of action-specific ensembles of activity in BG does not necessarily imply a switchboard-like se-
lection function. To illustrate this point, let us first consider that early studies of BG physiology
in behaving animals also observed movement-specific activity and yet arrived at the conclusion
that BG were critical for online control of movement execution. DeLong et al. (1984), for exam-
ple, concluded “that basal ganglia output plays a role in controlling the direction and amplitude
of movement but is not primarily involved in the initiation of limb movement or selection of
specific muscles” (p. 235). Indeed, these conclusions were often reached despite a bias toward a
selection/initiation interpretation (Buchwald et al. 1979). As an example, Aldridge et al. (1980,
p. 3) wrote that,

The experiments were designed to examine the relationship between activity of single neurons in
[globus pallidus] and movement initiation. . .neurons were activated after the onset of muscle activ-
ity and subsequent movement. It is thus unlikely that these cells were involved in movement initiation.
However a role in movement execution is not excluded. . .

488 Park • Coddington • Dudman
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An interpretation that BG were primarily involved in controlling movement execution was in-
formed by the fact that inactivation or lesion experiments done around this period failed to pro-
duce any effect on initiation of an action (putatively selection) and generally only resulted in
execution deficits (Horak & Anderson 1984a,b; Mink & Thach 1991a). For Kornhuber (1971),
observations of Parkinsonian patients informed his conclusion that BG were primarily involved
in the continuous control of movement speed (ramps)—a perspective we have previously argued
was largely sound and prescient (Dudman & Krakauer 2016). One additional persuasive observa-
tion at that time appears to have been the fact that a substantial majority of BG output neurons are
modulated primarily or only during movement execution (Alexander 1987, Alexander & Crutcher
1990c, Anderson &Horak 1985,Hikosaka &Wurtz 1985, Liles 1985,Neafsey et al. 1978, Turner
& Anderson 1997), especially when contrasted with cortical areas (Alexander & Crutcher 1990a).

However, in subsequent decades many authors turned to an interest in BG activity modulated
by expected outcome (Kawagoe et al. 1998), inspired by observations of the strong subjective mod-
ulation of activity in midbrain dopamine neurons (Schultz & Romo 1990, Schultz et al. 1997) and
the increasing use of tasks that incorporated reinforcement (Hikosaka et al. 2000). [See Supple-
mental Appendix 1, Section 1, for discussion of additional details.] This change in focus seems
to have led to a substantial conceptual shift in what was meant by “selection” in earlier influential
reviews (e.g., Mink 1996) versus more recently (e.g., Frank 2011, Klaus et al. 2019). For example,
Mink (1996) articulated a model of selection to address observations that transient inactivation
of BG output nuclei produced deficits in execution of actions—primarily movement slowing—
with no effect on initiation or the correct choice of action (e.g., Mink & Thach 1991a,b,c). Elec-
tromyographic recordings revealed that this slowing could be accompanied by cocontraction of
agonist/antagonist muscles. As a result, Mink proposed that BG select appropriate sets of muscles
during movement execution and are primarily involved in relaxing muscle groups. This is quite
a distinct conception from selecting an action prior to execution. However, many authors have
tended to view initiation deficits in Parkinson’s disease as primary and deficits in continuous con-
trol of movement kinematics as secondary (Albin et al. 1989, Redgrave et al. 2010), while others
have argued the converse (Desmurget & Turner 2010, Dudman & Krakauer 2016, Kornhuber
1971). The observation that BG lesions tend to primarily alter continuous properties of move-
ment execution has only been strengthened in more recent studies (Desmurget & Turner 2010),
as has the observation that themajority of BG activity modulation occurs duringmovement execu-
tion.Moreover, while kinematic deficits have frequently been observed in the absence of initiation
deficits, the converse dissociation has not, to our knowledge (Yttri & Dudman 2018), ever been
demonstrated. For such reasons, here we focus on the role of BG in shaping voluntary action
through their role in the continuous specification of movement execution.

Recently, BG activity has begun to be observed in the context of increasingly diverse actions
with highly variable execution of movements (movement of a lever or joystick, free locomotion,
running on a treadmill, approach toward a location in the environment, grooming, and rearing).
This diversity and variability provide regressors to distinguish the aspects of behavior with which
BG activity covaries. In addition, recent work has begun to make cell type–specific recordings, no-
tably in striatum, that provide further insight into the coordinated activity in the major opponent
pathways. These experiments have utilized bulk estimates of activity in axons and somata (Cui
et al. 2013, 2014; Kupferschmidt et al. 2017; Markowitz et al. 2018; Meng et al. 2018) as well as
measurements resolved to individual cells or even subcellular compartments (Barbera et al. 2016,
Bocarsly et al. 2015, Kim et al. 2019, Klaus et al. 2017,Meng et al. 2019, Owen et al. 2018, Parker
et al. 2018, Roberts et al. 2019). These studies have revealed that both principal neurons (MSNs)
and interneurons can have clear correlates to movement speed, often allowing accurate decoding
of speed from imaging data (Barbera et al. 2016, Fobbs et al. 2020, Kim et al. 2019, Roberts et al.
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2019). Simultaneous multicolor imaging of both dMSNs and iMSNs has revealed that the ratio
with which these two pathways are recruited is best correlated with the speed of a given action
(Markowitz et al. 2018,Meng et al. 2018). On the other hand, some imaging studies have failed to
observe clear correlates to movement kinematics (Klaus et al. 2017, 2019). One possibility is that
neither calcium imaging nor gross movement clusters have sufficient resolution to detect continu-
ous modulation during movement (see discussion in Fobbs et al. 2020,Kim et al. 2019), and events
detected in imaging are substantially lower frequency than equivalent electrophysiological record-
ings in striatum (Owen et al. 2018).We thus turn our attention to correlates of continuous parame-
ters of movement observed with increased temporal resolution in electrophysiological recordings.

As a representative sample, recordings in striatum reveal individual neurons that tend to be
specifically activated by a circumscribed range of actions such as locomotion (Costa et al. 2004,
Jin et al. 2014, Rueda-Orozco & Robbe 2015, Sales-Carbonell et al. 2018), discrete limb move-
ments (DeLong et al. 1984, Panigrahi et al. 2015, Turner & Anderson 1997, Yttri & Dudman
2016), rearing (Markowitz et al. 2018), approach behavior (McGinty et al. 2013), licking (Rossi
et al. 2016), or movements of the head and body (Barter et al. 2015, Kim et al. 2014). In a subset of
studies, the dynamics of changes in activity (largely of individual cells) have revealed partially dis-
sociable temporal components of activity that correlate with movement kinematics. For discrete
movement of a limb inmice, it was observed that some striatal cell activity mirrors the acceleration
and deceleration of the limb with transient activity at the early phase of movement initiation or
at the time of peak amplitude (Panigrahi et al. 2015) [as expected from control models (Baraduc
et al. 2013)]. Similarly, subsets of cells in dorsal striatum also preferentially reflect the accelera-
tion and deceleration phases of locomotion in mice running on a treadmill (Sales-Carbonell et al.
2018). Other subsets of neurons appear to encode other aspects of kinematics, reflecting more
delayed components corresponding to amplitude or possibly sensory-mediated feedback during
movement (Coffey et al. 2016, Panigrahi et al. 2015, Sales-Carbonell et al. 2018,West et al. 1990).

ACTION-SPECIFIC ENCODING IS CONSISTENT
WITH GAIN MODULATION

A generalized, action-independent representation of speed in BG would not be appropriate for
continuous specification of movement kinematics across multiple, distinct actions (distinguished
by themuscle effectors used).The earliest ideas of BG determining ramps (continuous variation in
movement) (Kornhuber 1971) through ideas on the regulation of movement speed (DeLong et al.
1984) and to more recent formulations of BG regulating movement vigor (Dudman & Krakauer
2016, Turner & Desmurget 2010) all demand action-specific representations of movement kine-
matics. There are a few key features of these formulations that span some four decades. First,
activity in BG is related to kinematics without reflecting the involved muscle forces (kinetics) per
se. Second, the representation must be action specific in the sense that at least partially distinct
ensembles of BG neurons represent kinematics of actions implemented with distinct muscle effec-
tors. As reviewed above, there are now substantial experimental data from diverse measurement
techniques to support both of these key features in multiple vertebrate species.

We tend to use terms like motivation or arousal to refer to generalized changes in behavior
that are not necessarily specific to a given action. There is ample evidence that BG can exert more
specific changes in an action without such effects generalizing across all of behavior (e.g., Yttri &
Dudman 2016). To see why this implies a continuous encoding of kinematics that is action spe-
cific, consider a simple model constructed to provide continuous, independent control over the
amplitude of distinct actions (as in Brown et al. 2016, Yttri & Dudman 2016) (Figure 2a). This
model is characterized by two distinct, action-specific ensembles of active neurons (schematized
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as actions A and B). An increase in the net output of either population can produce an increase
in the output of one or the other action, respectively. Activity in this constructed model of mul-
tiple neurons can be viewed in terms of its low-dimensional population dynamics obtained by
projecting the population data onto their principal components (Shenoy et al. 2013). This reveals
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Figure 2 (Figure appears on preceding page)

Encoding of action in a neural network constructed for continuous modulation and in the mouse striatum.
(a, top) Schematic of simulated behavioral paradigm in which a network executes two actions (action A, blue;
action B, red) in a nonoverlapping sequence; this is analogous to paradigms in which mice are trained to
move a two-dimensional joystick followed by consumption of a delayed water reward (panel b) (as in Brown
et al. 2016, Panigrahi et al. 2015, Park et al. 2019, Yttri & Dudman 2016). (b, top) Normalized mean joystick
velocity (blue) and lick rate (red) are shown for an example session of data from Park et al. (2019). (a,middle)
Simulated activity of individual network units modeled to approximately match distribution of observed
responses plotted as a heat map (max., red; min., blue; zero, white). Data from Brown et al. (2016), Panigrahi
et al. (2015), Park et al. (2019), and Yttri & Dudman (2016). (a, bottom) Cross-correlation of the population
vector (set of active units) as a function of time illustrating that ensembles of active units during actions A
and B are negatively correlated. (b; middle, bottom) Individual unit activity correlated with task performance is
plotted for an example recording that spans ∼2.5 mm of dorsoventral axis of mouse striatum. Individual
units are sorted according to latency of peak firing to illustrate two largely distinct active populations during
joystick movement and reward collection. Data from Park et al. (2019). (c) To illustrate expected changes in
population activity, the N (number of units)-dimensional activity is plotted along its first two principal
components. Neural populations are scaled according to the prediction of the model in Yttri & Dudman
(2016) to obtain the high gain (purple) and low gain (gray) trajectories. Of note is that the trajectory
corresponding to action A (target of gain change) is lengthened, with more modest changes in trajectory
corresponding to action B. Trajectories evolve over time in a counterclockwise manner. (d) Plotting is the
same as in panel c but for data from an example session described in Park et al. (2019). Average trajectories
are given for neural activity recorded during the fastest (purple) and slowest (gray) tercile of movements in the
example session. A model in which basal ganglia adjust the gain of descending motor commands (e.g.,
movement amplitude) for specific actions implies both action-specific ensembles of active units and scaling
of activity dynamics similar to what is observed in large-scale physiological recordings from striatum of
behaving mice; see main text for additional details.

two, roughly orthogonal, modes of activity. If the network modulates the kinematics of one action
(action A) by, for example, increasing activity in this population, then these changes are isolated
to the dimension of population activity for the corresponding action; the same will be true for
the other action. This leads to a pattern of activity in which both the action and the kinematics
are decodable. Thus, contrary to a recent proposal (Klaus et al. 2017, 2019), the observation of
action-specific ensembles of neurons does not foreclose that BG populations regulate continuous
kinematics of action; indeed, quite the opposite. As is clear from the analogy to a graphic equalizer
(Figure 1a), the fact that a given channel exhibits distinct waveforms does not imply that it is nec-
essarily selecting the particular music as opposed to, for instance, selectively amplifying distinct
components of the source signal.

We may compare this constructed gain circuit to the observation of neural activity in a pop-
ulation of neurons recorded in motor cortex and striatum during a task in which a mouse has to
move a joystick to varying amplitudes to elicit a delayed drop of water, which it then consumes
(by licking) a second later (adapted from Panigrahi et al. 2015, Yttri & Dudman 2016, Park et al.
2019). In these population recordings, it is clear that activity scales with the speed and amplitude
of forelimb movements (Figure 2). In comparing this to the model, we can examine the encoding
of two distinct actions—movement of the limb and reward consumption, respectively—in striatal
activity. It is clear that there are action-specific ensembles of neurons recruited during these two
behavior components (Figure 2b). If we again look at the low-dimensional dynamics of activity,
modulation of activity is nearly orthogonal for the two distinct actions. Moreover, if we separate
out activity according to whether a fast or slow movement of the joystick was made, the limb
movement–related dimension of population activity is scaled in magnitude, with little change in
the dimension related to licking. These experimental data illustrate that the encoding of action in
striatum is, at a minimum, consistent with the expected pattern of activity in a circuit constructed
to selectively apply gain to multiple actions (Brown et al. 2016, Yttri & Dudman 2018). However,
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the construction of circuits (Bohn 1986) to selectively apply gain to diverse and dynamic inputs
is complex. Indeed, this depends very much on the details of how actions are represented in de-
scending circuits for the control of voluntary movement.We now turn to a consideration of more
detailed features of the intrinsic circuitry of BG that may be critical to such implementation.

CIRCUIT-LEVEL COMPUTATIONS BY INHIBITION
IN THE BASAL GANGLIA

MSNs receive excitatory input from a broad distribution of cortical areas that often appear to be
correlated in their activity, especially during movement (Musall et al. 2019, Stringer et al. 2019),
making decoding of cortical sensory ormotor signals challenging in downstream targets (Averbeck
et al. 2006). In principle, there could be cortical states that drive spiking in multiple MSN ensem-
bles and require competition for disambiguation. The inhibitory circuitry of BG has often been
proposed to support competition between overlapping ensembles as a mechanism for action se-
lection (DeLong 1990) or refinement of execution (Mink 1996), analogous to the way that lateral
inhibition produces center-surround suppression in other systems (Adesnik & Scanziani 2010,
Hartline et al. 1956). However, gain computations are also common at the neuronal level, appear-
ing as a change in the slope of input-output curves (Salinas & Thier 2000) and often involving
interactions between inhibition and excitation, active dendritic integration, or neuromodulation
(Gabbiani et al. 2002, Larkum et al. 2004, Mitchell & Silver 2003, Polack et al. 2013, Rothman
et al. 2009, Royer et al. 2012).

Local inhibition in the BG is mediated by axon collaterals between projection neurons in
STR, external globus pallidus, and substantia nigra pars reticulata (SNr) (Brown et al. 2014, Koós
& Tepper 1999, Silberberg & Bolam 2015, Tepper et al. 2004) and by local interneurons in STR
(Burke et al. 2017). In the striatum, anatomical studies confirmed that both dMSNs and iMSNs
elaborate axon collaterals that synapse on neighboring MSNs (Kawaguchi et al. 1990, Preston
et al. 1980, Somogyi et al. 1981, Tepper et al. 2004). Several studies have found evidence for
monosynaptic connections between MSNs, albeit sparse (less than 20% of pairs) and with high
failure rates of evoked synaptic responses (Czubayko & Plenz 2002,Koos et al. 2004,Taverna et al.
2004, Tunstall et al. 2002). These sparse, weak connections seem unlikely to enforce lateral com-
petition (Koos et al. 2004), though their integrity is essential to normal striatal function (Dobbs
et al. 2016). In comparison to collateral inhibition, fast-spiking interneurons (FSIs) provide strong
inhibitory synapses on somas of MSNs in vitro (Gittis et al. 2010, Koós & Tepper 1999, Planert
et al. 2010), and FSIs respond to cortical stimulation with shorter latency and lower thresholds
(Mallet et al. 2005). However, ablation or acute inhibition of FSI activity does not affect baseline
motor performance (Lee et al. 2018, Owen et al. 2018, Xu et al. 2016). Rather, FSIs seem to pri-
marily affect learning (Lee et al. 2018, Owen et al. 2018) by regulating the amplitude and timing
of MSN responses to input (Owen et al. 2018). In mice performing a target pursuit task, FSI
activity contributed to BG-dependent adjustments of pursuit velocity (Kim et al. 2019), consistent
with a role for striatal feedforward inhibition in the continuous modulation of gain of BG output.

In BG output nuclei, local microcircuitry is formed by collaterals of projection neurons, and
there are no known interneurons (Deniau et al. 2007). To date, there is little evidence for compe-
tition being mediated by these collateral synapses; rather, the microcircuit appears to implement
a potent divisive gain control of BG output (Brown et al. 2014). In addition, in other regimes of
activation, collateral connectivity can regulate spike timing (Higgs & Wilson 2016). Population
recordings in vivo are consistent with feedback gain control (Brown et al. 2014), and reducing
intranigral feedback via chemogenetic perturbation significantly increased variance of movement
kinematics without alteration of the mean (Brown et al. 2016), consistent with a role in regulating
the gain of BG output rather than action selection.
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In summary, the evidence reviewed here indicates that inhibitory connectivity within the BG
does not enforce switchboard-like competition between action-specific ensembles. Instead, action
specificity of striatal ensembles is predominantly inherited from afferents rather than first emerg-
ing through local computations in the BG (Figure 2). This is consistent with (a) observations that
BG action encoding follows, rather than leads, cortical (Park et al. 2019, Seo et al. 2012) and tha-
lamic (Schwab et al. 2019) encoding of movement kinematics; (b) the preferential disruptions to
movement kinematics following BG perturbation (Dudman &Krakauer 2016); and (c) conceptual
points about selective modulation of kinematics reviewed above (Figures 1 and 2).

In comparison to categorical selection, continuous modulation can seem overly subtle: Can it
really account for proposed BG roles in action control and adaptation? We first note that in our
initial sound system analogy (Figure 1), large gain modulations can have the practical effect of
turning a given equalizer channel on or off. This may be similar to the consequences of exogenous
manipulations or pathological perturbations of striatal ensembles (Yttri & Dudman 2018) that
can create seemingly categorical effects on action. Furthermore, multiplicative gain models have
been invoked to explain key aspects of sensorimotor transforms in other circuits previously (see
also Supplemental Appendix 1, Section 2, and Supplemental Figure 1). To further address the
plausibility of this account of BG function, we next turn to consider the downstream targets of
BG output and putative roles for gain in the continuous specification of movement parameters.

BASAL GANGLIA OUTPUT: RELATION TO MAJOR DESCENDING
MOTOR PATHWAYS

Activity in BG is consistent with models of selective gain control of descending motor control
signals (Figures 1 and 2). However, to further understand the role of BG in the specification of
actions, it is critical to understand how BG output integrates with other major descending motor
pathways. The structure and function of BG output have received relatively little attention com-
pared to the theory and experiments dealing with its internal circuitry (e.g., Frank 2011, Graybiel
1998, Klaus et al. 2019, Nelson & Kreitzer 2014), and thus we summarize work on the BG output
pathways below.

Motor information is conveyed to the BG directly frommotor-associated cortical areas, as well
as via the thalamus, which conveys information from the cortex, SC, and cerebellum (Smith et al.
2014). Signals related to action initiation may also arise from limbic structures such as the amyg-
dala (Ambroggi et al. 2008, Pan et al. 2010). Meanwhile, most BG output projects via descending
pathways to midbrain and brainstem premotor areas, which also receive corticofugal input from
deep-layer cortical neurons (Dudman & Gerfen 2015). Thus, the descending projection forms a
convergent, feedforward pathway that targets premotor nuclei of the extrapyramidal motor system
(tectum, red nucleus, pontine reticular areas) and integrates with descending corticofugal output
that targets these same nuclei (Dudman & Krakauer 2016, Yttri & Dudman 2018). A smaller but
substantial projection from BG output nuclei targets higher-order thalamic nuclei (Phillips et al.
2019), including the ventroanterior and ventromedial aspects of motor thalamus, as well as in-
tralaminar nuclei (Alexander et al. 1986). These pathways provide indirect feedback to neocortex
and are thought to modulate cortical output (and thus also BG inputs) (Figure 3).

FEEDFORWARD CONTROL OVER MIDBRAIN BY BASAL GANGLIA

As noted above, the BG provide a major source of descending forebrain input to premotor nuclei
of the extrapyramidal motor system, e.g., the superior colliculus (SC), pontine reticular areas, and
red nucleus.The BGoutput targeting the SC has received by far themost attention of these nuclei,
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Figure 3

Connectivity enabling action control by basal ganglia (BG) output. (a) Schematic of some of the interactions of BG output with other
circuits for action control. In the feedback (ascending) pathway, BG output modulates the higher-order motor thalamus, which operates
within a loop driven by descending cortical excitation and projects to upper cortical layers. This is paralleled by a cerebellar pathway
through lower-order motor thalamus, which provides more direct feedforward excitation all the way through to motor-associated
cortex. In the feedforward (descending) pathway, BG output regulates activity in the deep superior colliculus (SC) as well as action-
related midbrain and brainstem nuclei, many of which also receive cerebellar or corticofugal projections. (b) Shapes of major regions
from panel a are copied onto their approximate positions on a parasagittal section from a mouse brain for illustration of anatomical
organization.

and as such, here we focus on articulating how action specification via regulation of gain might
function in the SC. Feedforward control over the SC from BG was initially thought to act as a
requisite gate on output activity (Chevalier et al. 1985, Hikosaka et al. 2000) but more recently
has been appreciated to exert a more complex, graded influence. The projection between SNr
to SC is inhibitory, as confirmed by electrical and pharmacological manipulation in anesthetized
rats (Chevalier et al. 1981, 1985; Deniau & Chevalier 1985). These manipulations resulted in
large unambiguous responses: For instance, when a group of SNr neurons were strongly activated,
recipient neurons in SC completely paused their activity. Meanwhile, studies in alert monkeys
found decreases in SC-projecting SNr neuron activity during saccadic eye movements (Hikosaka
& Wurtz 1983a) that rather precisely preceded increases in activity in simultaneously recorded
SC neurons (Hikosaka & Wurtz 1983b), though this could partially depend on whether saccades
were visually guided or memory guided. These observations led to proposals that SNr activity
switched between basal high firing rates and complete silence to function as a categorical gate
for movement (Chevalier & Deniau 1990; but see Basso & Sommer 2011, Bayer et al. 2004).
However, subsequent work has found high variability in individual SNr neuron responses to even
similarly targeted saccades, including some excitation (Handel &Glimcher 1999, Sato&Hikosaka
2002, Shin & Sommer 2010). Even in subpopulations of SNr neurons inhibited around saccades,
average responses appear as graded decreases in activity rather than pauses (Basso &Wurtz 2002).
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Thus, several lines of evidence suggest that SNr to SC circuitry does not act as a categorical gate
under normal physiological function.What role might the continuous regulation of SC via graded
changes in SNr activity play in its premotor functions?

The mammalian SC and its nonmammalian homolog, the optic tectum, transform multimodal
sensory inputs into spatially targeted movement commands thought to be critical for orienting
the upper body (Wolf et al. 2015). Superficial SC neurons respond nearly exclusively to visual
stimuli appearing at specific locations in the contralateral hemifield, forming a retinotopically
ordered map (Gandhi & Katnani 2011, Hikosaka et al. 2000, Wallace et al. 1996). SC neurons
in the intermediate and deep layers subserve motor functions—perhaps the most well studied
are saccadic eye movements (see also Supplemental Appendix 1, Section 3, and Supplemental
Figure 2) (Gandhi & Katnani 2011, Hikosaka et al. 2000, Sparks 1986)—but the SC is also a key
premotor structure for upper-body movements in general, including limbs (Philipp & Hoffmann
2014, Rubelowski et al. 2013, Werner et al. 1997), whisker movements (Hemelt & Keller 2008),
and more complicated orienting behaviors involved in prey capture (Hoy et al. 2019) or targeted
escape (Evans et al. 2018).

The location of the active population of collicular neurons within the map of movement fields
determines saccadic direction, whereas gain modulation of SC firing rate appears to determine
saccade speed (Supplemental Figure 2). A positive correlation between the average firing rate of
SC cells and saccadic velocity was observed in monkeys (Sparks &Mays 1990) and cats (Munoz &
Guitton 1986). Peak eye velocity is correlated with frequency and intensity of electrical microstim-
ulation (Katnani & Gandhi 2012, Stanford et al. 1996) and attenuated by reversible inactivation
of the SC (Hikosaka & Wurtz 1986, Lee et al. 1988). Instantaneous SC activity and eye velocity
are correlated within and across trials throughout the duration of a saccade, and this correlation is
apparent even within amplitude-matched saccades (Smalianchuk et al. 2018). This modulation of
gain of SC output is thought to explain multiple key functions. For example, gain field modulation
aligned to a preferred saccadic direction may act to compensate for inhomogeneous muscle prop-
erties as a function of initial eye position (Van Opstal et al. 1995). In addition, gain modulation
appears to explain the enhanced sensitivity of behavior to multimodal sensory input (Hughes et al.
1994, Perrott et al. 1990, Wallace et al. 1996, Zahn et al. 1978).

Thus, an input pathway from BG, predominantly via the SNr, could be used to modulate SC
output continuously to specify the execution of actions such as fine-tuning saccade velocity or
limb kinematics (Gandhi & Katnani 2011, Sparks & Mays 1990). This is consistent with the clas-
sic results that muscimol inactivation of the SNr speeds up saccades (Hikosaka & Wurtz 1985).
More recently, strong activation of SNr output was shown to decrease the rate of SC-dependent
licking (Rossi et al. 2016), and activation of striatal MSNs could modulate SC-dependent atten-
tion processes associated with orienting responses (Wang et al. 2018). Continuous modulation of
SC activity appears even more appropriate as the full range of SC participation in movement and
choice behavior is considered (Evans et al. 2018,Wolf et al. 2015).Moreover, for limbmovements,
modulation of the majority of individual BG output neurons increases activity during movement
(Turner & Anderson 1997), and SNr output projections also target intrinsic GABAergic neurons
of SC (Kaneda et al. 2008), underscoring the fact that the BG provide only some portion of the
inhibitory control of SC premotor neurons (Appell & Behan 1990).

Interestingly, the deep SC also appears to be a substrate for the direct interaction of BG and
cerebellar output, as in the rat at least some of the same neurons receive both cerebellar excitation
and BG inhibition (Westby et al. 1994) (Figure 3). Thus, the likely continuous specification of
SC activity modulated by BG output may serve as a useful template for exploring BG integration
with output from other subcortical components of descending motor pathways (Grillner et al.
2013, Roseberry et al. 2016). We propose that BG output may thus regulate relatively open-loop
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components of motor control (e.g., movement vigor), whereas cerebellar output may regulate
closed-loop components of motor control (e.g., end point accuracy) that are unaffected by
disruption of BG function (Dudman & Krakauer 2016).

BASAL GANGLIA FEEDBACK THROUGH THALAMOCORTICAL
CIRCUITS

The major BG-recipient thalamic nuclei include the intralaminar nucleus, which feeds back on to
the striatum, and the motor thalamus (Bosch-Bouju et al. 2013, Dudman & Gerfen 2015). The
motor thalamus integrates cortical, BG, and cerebellar afferents and projects to distinct layers
within motor-related cortical areas to constitute a feedback pathway for the regulation of cortical
control of action (Ohno et al. 2012, Winnubst et al. 2019). Whereas large driver glutamatergic
synapses predominate in cerebellar-recipient motor thalamus and many other thalamic nuclei,
BG-recipient regions exhibit smaller glutamatergic afferent terminals and large GABAergic in-
hibitory terminals (Bodor et al. 2008, Rovó et al. 2012). Pharmacological disruption of BG output
has strong effects on thalamocortical (TC) neuron activity (Deniau & Chevalier 1985), while ex-
ogenous stimulation of BG output results in disinhibitory burst firing in the thalamus (Kim et al.
2017, Person & Perkel 2005). Disinhibitory bursting-like activity was observed infrequently in
rats performing a skilled reaching task (Bosch-Bouju et al. 2014), suggesting that such a firing
mode results from a specific, and rare, circuit state rather than as a consistent result of BG output
(Edgerton & Jaeger 2014).While brief (5 ms) optogenetic activation of the mouse internal globus
pallidus (GPi) resulted in motor thalamus inhibition with no muscular responses, longer inhibi-
tions induced significant motor thalamus rebound excitation and abnormal muscle movements
(Kim et al. 2017). Endogenous occurrence of such rebound excitation was significantly higher and
associated with motor symptoms in a mouse model of Parkinson’s disease (Kim et al. 2017). In
seizure and dopamine depletion models, aberrant synchronous oscillations in the BG appear to
drive BG-recipient TC activity (Brazhnik et al. 2016, Parr-Brownlie et al. 2009, Paz et al. 2007).

Thus, exogenous or aberrant synchronization of BG output can entrain corticothalamic neu-
rons. However, physiological function may not involve such overt control. Rather, neurons in the
BG output nuclei and BG-recipient motor thalamus respond as though they receive common,
partially temporally overlapping inputs (Nakamura et al. 2012). Over separate recordings of the
same monkeys making controlled reaches, movement-related activity appeared earlier with re-
spect to movement in the motor thalamus than it did in BG output neurons in the GPi (Anderson
& Turner 1991a,b). Furthermore, pharmacological inactivation of BG output had no effect on
phasic movement-related activity in the motor thalamus (Inase et al. 1996). Experiments in avian
(Goldberg & Fee 2012) and rodent (Guo et al. 2017) models have indicated that corticothalamic
inputs in fact drive the majority of movement-related activity in BG-recipient motor thalamus.
Inhibitory afferents from the BG may play more of a modulatory role, shaping responses to ex-
citation rather than gating them or driving disinhibitory bursting (Goldberg et al. 2012, 2013). A
recent study performing simultaneous recordings in monkey GPi and motor thalamus found lit-
tle (and positive) covariation between the two nuclei and that movement-related activity in motor
thalamus emerges before GPi (Schwab et al. 2019). Finally, many BG-recipient thalamic neurons
send collaterals into the striatum (Hunnicutt et al. 2016, Pan et al. 2010), placing motor thalamus
both up- and downstream of BG output and providing a substrate for precise temporal coordina-
tion. Thus, contrary to some predictions from anatomy (Alexander et al. 1986) and exogeneous
manipulations, physiological BG output may not gate motor thalamus activity, which helps to
explain some perplexing observations from lesion studies (DeLong &Wichmann 2010). The de-
tailed timing of integration will likely be critical to understand the modulation of thalamic nuclei
by BG output.
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Motor thalamus can be divided into BG-recipient and cerebellar-recipient zones distinguished
by differences in molecularly defined cell types in recipient areas (Kuramoto et al. 2011, Phillips
et al. 2019), and this division is clearly reflected in the structure of ascending projections in single-
cell reconstruction studies (Kuramoto et al. 2009, 2015; Phillips et al. 2019). Cerebellum is an
interesting complement to BG (Bostan&Strick 2010,Kornhuber 1971), sending excitatory output
projections to many of the same regions that are inhibited by BG output, including the motor
thalamus (Anderson&Turner 1991a,Phillips et al. 2019), SC (May 2006), andmidbrain locomotor
region (Semba & Fibiger 1992). Within multiple motor-associated areas of cortex, a majority of
BG-recipient TC axons terminate in layer 1 [>50% from the ventral anterior and ventral lateral
nuclei (Kuramoto et al. 2009),>70% from the ventromedial nucleus (Kuramoto et al. 2015)],while
cerebellar-recipient TC axons terminate in deeper layers (Phillips et al. 2019). Motor thalamus
may thus be separated into first-order, cerebellar-recipient neurons that strongly drive cortical
activity and are modulated by layer 6 corticothalamic feedback, and higher-order, BG-recipient
neurons that are strongly driven by layer 5 cortical input and return modulatory feedback to the
cortex (Phillips et al. 2019, Sherman 2016). In considering how these superficial BG-recipient
TC axons might influence motor-related activity in layer 5 neurons, it is notable that distal inputs
onto such neurons have been shown to modulate the gain of their responses to somatic current
injection (Larkum et al. 2004) and synaptic plasticity (Williams &Holtmaat 2019). A recent study
imaging mouse superficial TC axons during a lever-pulling task found that putative BG-recipient
TC axons encoded the vigor of lever pulls, and their activity was important for motor adaptations
that occurred across training (Tanaka et al. 2018). Together, these observations are consistent
with a model in which BG output activity can modulate synaptic plasticity or burst activity within
corticofugal projection neurons to shape action specification upstream of BG, contingent upon
feedback from BG output.

SUMMARY

Activity in BG continuously encodes the kinematics of movement during the execution of diverse
purposive actions. Perturbations of BG function, from chronic manipulations and disease states
to rapid acute manipulations at the timescale of individual movements, produce reliable changes
in movement kinematics while often preserving the initiation (and selection) of action. More-
over, properties of BG intrinsic circuitry appear consistent with functions such as the modulation
of temporal dynamics of activity, feedback gain control, and plasticity. Finally, the anatomy of BG
circuits from feedforward convergence onto midbrain and brainstem premotor areas to their feed-
back through high-order thalamic nuclei suggests that BG function must be understood in terms
of its integration with and modulation of descending control signals that shape movement execu-
tion. One major function of BG is to specify continuous parameters of movement execution such
as movement vigor—a function that could be implemented via gain modulation. To exemplify the
importance of gain modulation, we summarized its role in shaping sensorimotor transforms both
in a separate cortical region (Supplemental Appendix 1) and in the major downstream target of
BG output (SC). In both cases, smooth changes in the gain of activity play critical roles in affording
stable performance despite inherent variability in sensory-guided actions.

Adaptive behavior requires continuous specification of the movements that constitute action.
BG plays a critical role in the implicit specification of continuous movement parameters that
allow for stable and robust actions directed toward explicit goals.Why use BG circuits for contin-
uous modulation of movement? We return to the analogy of an engineered system—the graphic
equalizer—in which instantaneous response and broad bandwidth are critical to amplifier per-
formance. Recurrent excitatory connectivity, which gives rise to the robust and slow timescale
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dynamics that are critical to many aspects of behavior, presents significant challenges for gain
modulation [although they are surmountable with clever engineering of networks (Stroud et al.
2018)]. We suggest that the lack of recurrent excitation and the feedforward, convergent organi-
zation of BG circuits provide an ideal circuit motif for systems-level gain modulation.

There are significant open questions that remain to be addressed. First, we currently lack
an understanding of how the topography of BG output is related to the topography of other
descending input pathways, for example, corticofugal projections. The SC would seem to be an
ideal place to examine how these projection maps relate to each other; however, it will require
synapse-level resolution mapping of connectivity at mesoscale—a daunting technical challenge.
Second, it is unclear whether rate models that consider average modulation of output or slow
dynamics of activity are sufficient to describe the activity underlying movement execution, and
there is substantial evidence that BG output may play an even more critical role in modulating
precise timing of activity. Spike-timing codes are known to be important at the periphery (Sober
et al. 2018), and a deeper appreciation of the importance of precise spike timing in premotor
areas like SC or feedback pathways through thalamus is necessary. Third, it will be critical that
reinforcement learning algorithms that have largely described behavior at the level of action se-
lection begin to incorporate the critical role for continuous specification of movement execution.
There has been some progress on such models, which highlights important differences (Yttri &
Dudman 2016), but much work remains to be done.
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