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Abstract

In rodents and primates, interval estimation
has been associated with a complex network
of cortical and subcortical structures where
the dorsal striatum plays a paramount role.
Diverse evidence ranging from individual
neurons to population activity has demon-
strated that this area hosts temporal-related
neural representations that may be instrumen-
tal for the perception and production of time
intervals. However, little is known about how
temporal representations interact with other
well-known striatal representations, such as
kinematic parameters of movements or
somatosensory representations. An attractive
hypothesis suggests that somatosensory repre-
sentations may serve as the scaffold for com-
plex representations such as elapsed time.
Alternatively, these representations may coex-
ist as independent streams of information that
could be integrated into downstream nuclei,
such as the substantia nigra or the globus palli-
dus. In this review, we will revise the available
information suggesting an instrumental role of
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sensory representations in the construction of
temporal representations at population and
single-neuron levels throughout the basal
ganglia.
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Introduction

The basal ganglia (BG) are a group of subcortical
nuclei implicated in motor function. While their
specific function is still debated, multiple streams
of evidence in human and nonhuman primates,
felines, and rodents indicate their involvement in
action selection, postural control, and modulation
of movement parameters, such as vigor, timing,
and kinematics (Graybiel, 2008; Redgrave et al.,
2010; Turner & Desmurget, 2010; Dudman &
Krakauer, 2016; Yin, 2017; Robbe, 2018). In
rodents, the main nucleus of the BG is the stria-
tum, which in turn can be subdivided into three
functional regions: the ventral striatum, receiving
information mainly from limbic regions includ-
ing the medial and orbital prefrontal cortex; the
dorsomedial striatum, receiving information
mainly from dorsolateral prefrontal and premotor
cortices; and the dorsolateral striatum (DLS),
receiving information mainly from sensorimotor
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regions of the cortex and thalamus (Redgrave
et al., 2010). The DLS, also known as sensorimo-
tor striatum, has been more commonly impli-
cated in motor control and time-related processes
(Buhusi & Meck, 2005; Redgrave et al., 2010;
Merchant et al., 2013). In humans, BG lesions
produce chronometric dysfunctions; for example,
patients with bilateral striatal lesions present
problems with interval production and, to a lesser
extent, with interval perception (Coslett et al.,
2010; Schwartze et al., 2015; Nozaradan et al.,
2017). Similar results have been found in patients
with Parkinson’s disease and Huntington’s dis-
ease who were tested in different interval timing
protocols. Both types of patients tended to pres-
ent strong impairments not only in interval per-
ception but also in interval production (Rowe
et al., 2010; Beudel et al., 2013; Honma et al.,
2016, 2018). In rodents, bilateral striatal lesions
completely abolished timing behavior in a peak-
interval timing procedure (Meck, 2006). In a pro-
tocol where rats were trained to execute a timed
sequence of movements while running on a
motorized treadmill, bilateral striatal lesions
affected speed control and behavioral timing
(Jurado-Parras et al., 2020). While the BG have
been associated with various behaviors, little is
known about the potential interactions between
the well-characterized sensorimotor functions
and other relevant functions, such as the percep-
tion or production of time intervals. With the
objective of creating a conceptual bridge between
these apparently different functions, in the fol-
lowing sections, we will analyze the available
literature where, in our opinion, timing and sen-
sorimotor functions intersect and arise from the
neural dynamics of the same neural populations.

The Dorsolateral Striatum:

A Sensorimotor Hub Implicated
in Interval Perception

and Production

Cortical activity has been typically associated
with temporal processing from ramping spiking
patterns at the single-cell level in the medial pre-
motor cortex (MPC) (Merchant et al., 2011) to

whole cortical regions containing temporal infor-
mation embedded in the population activity,
commonly known as “population clocks”
(Buonomano & Laje, 2010). In these population
dynamics, temporal information can be extracted
from the sequential activation of neurons within
the population (Zhou et al., 2020), that is, from
the “temporal position” of each cell within an
activation sequence triggered by a particular
stimulus or behavioral transition (Jin et al., 2009).
Furthermore, temporal information can also be
extracted from the geometrical characteristics of
the cortical population’s neural trajectories
(Gamez et al., 2019). Altogether, various lines of
evidence in primate literature suggest that the
MPC carries time-related information at the
single-cell and population level. The evidence
also supports the notion that in primates, this
region is implicated in the perception and pro-
duction of time intervals. However, sensorimotor
cortices massively innervate the striatum, where
single-neuron and population temporal-related
dynamics have also been reported, making it dif-
ficult to understand if the temporal representa-
tions in the striatum are partially or completely
inherited from cortical regions, or whether par-
tially or completely produced locally (Wang
et al., 2018). For example, in primates, striatal
spiking activity has been associated with timing
perception. In an interval discrimination proce-
dure, the striatal bursting activity of individual
neurons was associated with the presentation of
different stimulus durations, delay periods, and
final choices, suggesting a potential involvement
in interval categorization (Chiba et al., 2015).
Conversely, when animals were required to pro-
duce a particular time interval, individual striatal
neurons tracked the passage of time in an adjust-
able ramping fashion during three different
instructed intervals (Kunimatsu et al., 2018).
Moreover, important examples of the role of the
corticostriatal networks at the single-cell and
population levels have recently emerged from the
rodent literature. At the single-cell level, rodent
cortical dynamics have been shown to present
both ramping activity and sequential activation in
relation to specific time intervals (Kim et al.,
2013; Xu et al., 2014; Henke et al., 2021).
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Likewise, subpopulations of DLS neurons have
been described to discharge at specific time inter-
vals associated with rewards, suggesting that this
brain region could represent behaviorally rele-
vant intervals (Matell et al., 2003). Similar to
what has been found in primates, Gouvéau et al.
(2015) demonstrated that in rats trained to dis-
criminate between long- and short-time intervals
on the scale of a few hundreds of milliseconds,
striatal neural population dynamics are organized
in sequences of activation, and population trajec-
tories drawn from dimensionally reduced dynam-
ics from the same activity adjust their speed
depending on the duration of the interval (Gouvéa
et al., 2015). Along the same line, in rats trained
to lever press at different fixed-interval ratios
ranging from 12 to 60 s, striatal population
dynamics covered the interval to be estimated
and the sequential activation order of the cells
scaled with the target interval (Mello et al., 2015).
In another example, Bakhurin and colleagues
(Bakhurin et al., 2017) trained mice to lick from
a water spout starting 2.5 s after the presentation
of a particular odorant. In this work, striatal and
cortical population dynamics were analyzed and
compared, demonstrating that striatal activity
was significantly more useful to decode the pas-
sage of time in the 2.5-s interval between the
odor presentation and motor response.

The previous examples illustrate the striatal
involvement in the perception of time intervals in
rodents, but a few other examples have also
addressed its participation in time interval pro-
duction. Rueda-Orozco and Robbe trained rats to
execute a timed sequence of accelerations and
deaccelerations while running on a motorized
treadmill at a fixed speed (Rueda-Orozco &
Robbe, 2015). The authors found robust DLS
speed and spatial representations of the sequence
of movements, but interestingly and in contrast
with the previous examples, they only found a
few individual cells that presented correlations
with elapsed time, suggesting that this variable
may be better represented in the ensemble activ-
ity. In the same work, the authors were able to
compare the sequential activation of neurons
associated with execution sequences of move-
ments in expert and naive animals. While the

kinematic representations were specific to the
expert rats, the sequential activation elicited by
movement execution was present in both groups.
This observation suggested a strong learning-
independent sequential organization evolving in
time and triggered by relevant behavioral events,
as a potential temporal structure to contextualize
motor commands (Paton & Lau, 2015; Rueda-
Orozco & Robbe, 2015). Recently, a similar idea
was proposed and tested by Toso et al. (2021). In
this work, rats were trained to estimate the dura-
tion of patterns of somatosensory stimulation
applied to the animal’s whiskers. These patterns
changed in duration, frequency, and amplitude.
As in all the previous examples, the authors
found clear DLS sequential activations that
spanned for the duration of trials, but inherently,
these were decoupled from the animals’ judg-
ments of duration. The authors concluded that
trial-related temporal representations in the form
of sequential activation are inherent to the DLS
but have no impact on the judgment of specific
intervals presented during the same trial (Toso
etal., 2021).

The previous examples support the notion that
striatal sequential activations are a robust phe-
nomenon that can be triggered by specific behav-
ioral circumstances, such as odors or cutaneous
stimulations, or the beginning of trained (or
untrained) movement sequences. In fact, in a
recent article, it has been demonstrated that these
DLS sequences can also be evoked in anesthe-
tized conditions by applying specific patterns of
somatosensory stimulation (Hidalgo-Balbuena
et al., 2019). While it is difficult to question the
presence of this organized neural unfolding, its
specific contribution to timed behavior, if any, is
still yet to be fully determined. In this context,
two future lines of research may help to clarify
this point: first, determining the exact source of
these sequential activations and whether they are
linked to sensory feedback or can be self-
sustained after being triggered by sensory or
motor commands from cortical or thalamic inputs
to the striatum, and second, manipulating these
sequences during different behavioral contexts,
for example, during behavioral protocols specifi-
cally designed to produce or sense time intervals.
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In the following sections, we will address the lat-
est evidence in both directions.

Sensory Processing in the DLS:
Beyond Sensory Feedback
for Sensorimotor Transformations

The somatotopic sensory representation in the
striatum has been described for decades in pri-
mates and rodents (West et al., 1990; Carelli &
West, 1991; West, 1998; Reiner et al., 2003;
Coffey et al., 2016; Hintiryan et al., 2016). These
representations have been accepted as the intrin-
sic anatomical organization of corticostriatal
communication, and recently, it has been demon-
strated that cortical activity permeates the stria-
tum in a topographically organized fashion
(Peters et al., 2021). However, the exact role of
these representations is not entirely clear. In the
context of motor control, a straightforward pos-
sibility is that these representations may be nec-
essary to contextualize action maps and provide
sensory feedback for movement control. In
humans, somatosensory functions, such as
somatosensory discrimination or tactile object
shape recognition, have been reported to be
impaired in Parkinsonian patients (Weder et al.,
1999, 2000), and basic sensory processing and
integration appear to be disrupted in rodent mod-
els of Parkinson’s disease (Ketzef et al., 2017,
Pefia-Rangel et al., 2021).

How sensory information is processed in the
striatum? In this section, we will focus on
somatosensory processing, mostly from the
whisker and forelimb systems. First, in the
rodent, different streams of sensory information
reach the DLS from the primary somatosensory
cortex (Hoover et al., 2003) and sensory regions
of the thalamus (Erro et al., 2001, 2002; Diaz-
Hernandez et al., 2018; Hidalgo-Balbuena et al.,
2019). Second, it has been demonstrated that
striatal medium spiny neurons (MSNs) from
both direct (AMSNs) and indirect (iMSNs) path-
ways are able to integrate information from dif-
ferent sensory modalities, such as somatosensory
and visual modalities (Reig & Silberberg, 2014;
Coffey et al., 2017), and from ipsilateral and

contralateral sensorimotor cortices (Reig &
Silberberg, 2016). Third, it has been suggested
that information is greatly “filtered” in its tran-
sition from the cortex to the striatum. In a rodent
study, cortical layer 5 neurons from the barrel
field projecting to the DLS were antidromically
identified by stimulating the DLS. While most
of the cortical neurons were responsive to whis-
ker stimulation, only about a third of the neu-
rons recorded in the DLS responded to the same
stimulation (Pidoux et al., 2011). Fourth, striatal
sensory representations are used to guide learn-
ing and reward associations. In an elegant work
on the barrel system of mice, whisker stimula-
tion was associated with water rewards, and
conditioned responses were defined as “licks” to
a waterspout. Whisker-related depolarizations
associated with rewards (but not when animals
made mistakes) were detected in the membrane
potential of MSNs from the DLS (Sippy et al.,
2015). In the same work, it was demonstrated
that both dMSNs and iMSNs exhibited signifi-
cant membrane potential depolarizations, but
dMSNs presented the shortest response laten-
cies and associated action potentials, while the
iMSNs’ depolarizations were not sufficient to
trigger action potentials. The authors also
reported that substituting whisker stimulation
(in catch trials) with optogenetic activation of
dMSNs, but not iMSNs, efficiently evoked the
conditioned response (Sippy et al., 2015). These
results are consistent with the role of the BG in
sensorimotor transformation, which can either
bias the behavior toward a reward or simply ini-
tiate a sensory-guided action, in this case “lick-
ing.” Additional work has shown that the
primary motor (M1) and sensory (S1) cortex
provide differential inputs to the subpopulations
of neurons in the DLS. Lee et al. have proposed
that S1 (but not M1) provides stronger inputs to
parvalbumin interneurons, typically known as
fast-spiking interneurons, than to MSNs (Lee
et al., 2019; Johansson & Silberberg, 2020).
Interestingly, optogenetic S1-DLS terminal acti-
vation during a sensory discrimination protocol
induced a response inhibition, while M1-DLS
terminal activation induced a facilitated behav-
ioral outcome.
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Until recently, striatal sensory information has
been studied in the context of stimulus-reward
associations, providing a potential basis for
movement timing; that is, the moment when
movements may be initiated or repressed.
However, movement initiation constitutes only a
piece of the puzzle. Sensory information through-
out the cortico-BG-thalamic circuits is a constant
flow that accompanies motor execution, for
example, when rodents freely explore the world
with whiskers and forelimbs, usually in a rhyth-
mic fashion (West et al., 1990; Shi et al., 2005;
Rueda-Orozco & Robbe, 2015; Hidalgo-
Balbuena et al., 2019). Hence, the study of senso-
rimotor processing in the BG has recently
benefitted from sensory information analyses in
the context of continuous motor execution or
stimulation patterns that mimic motor execution.
In this context, repetitive sensory stimulation of
the whiskers or forelimbs induces different pat-
terns of response adaptation in cortical and DLS
neurons (Smith et al., 2012; Pefia-Rangel et al.,
2021). It has been proposed that different pat-
terns of adaptation (short-term facilitation or
inhibition) are related to the propensity of recur-
rent networks, such as the cortex or striatum, to
generate sequential patterns of activation
(Carrillo-Reid et al., 2015b; Goel & Buonomano,
2016). These striatal sequential patterns that can
be observed in isolated brain slices (Carrillo-
Reid et al., 2008) or in rodent behavior (Barbera
et al., 2016) may be a mechanism through which
a constant sensory flow to the BG helps to sense
or to produce time intervals.

Sensory Information in the DLS:
A Dynamic Pacemaker
to Contextualize Motor Timing

One intrinsic characteristic of sensory systems is
that, under particular circumstances, they are
entrained to behavioral dynamics. For example,
in the case of the olfactory system, the sensation
is rhythmically organized and tightly linked to
the respiratory rhythm (Cury & Uchida, 2010;
Junek et al., 2010). The encoding consequences
of this imposed rhythm are still under debate, but

one possibility is that breathing may act as an
oscillatory pacemaker creating windows for the
integration of information at brain-wide scales
that may be important for cognitive functions,
such as memory consolidation (Karalis & Sirota,
2022). Similarly, rhythmic auditory and visual
information have been probed to serve as external
pacemakers that entrain cortical and subcortical
activity into circular population dynamics to
encode beats or complex rhythms which may
ultimately guide rhythmic behavior (Cadena-
Valencia et al., 2018; Gamez et al.,, 2019).
Another important characteristic is that sensory-
evoked responses at the single-cell and popula-
tion levels appear to share temporal dynamics
independently of the sensory modality, suggest-
ing a common scaffold for information process-
ing that can be used for cognitive and motor
functions (Luczak et al., 2015). In the somatosen-
sory system, at the single-cell level, these
responses can be observed as complex patterns
consisting of short-latency activations frequently
followed by a transient inactivation and a rebound
(Fig. 1a) (Chapin et al., 1981; Hidalgo-Balbuena
etal., 2019; Pefia-Rangel et al., 2021). These pat-
terns present a variety of response latencies
across the population, giving the impression of
sequential activation covering hundreds of milli-
seconds following the stimulation onset (Fig. 1b,
c¢). Furthermore, the temporal architecture of
these population dynamics (Fig. 1c) appears to be
spontaneous and recruited by the corresponding
sensory stream (Luczak et al., 2007, 2009;
Carrillo-Reid et al., 2015a). In this context, DLS
activity is strongly permeated by topographically
organized somatosensory representations (West
et al.,, 1990; West, 1998; Reiner et al., 2003;
Hintiryan et al., 2016). From these, forelimb,
hindlimb, mouth, and whisker representations
would be naturally prone to be rhythmically
entrained during locomotion, mastication, or
exploration. The whisking cycle, for example,
oscillates at around 10 Hz (Deschénes et al.,
2016; Sreenivasan & Petersen, 2016). These sig-
nals can be recorded in the DLS of unrestrained
or anesthetized rodents (Alloway et al., 2009;
Smith et al., 2012, 2014). The relevance of these
rhythmic signals in the striatum has not been



146

P. E. Rueda-Orozco et al.

A

Rate
(Hz)

N

Trials

sulindtle Ll o M K

Firing rate (norm.) @

11

w

M

=

Q
<
@
u
o
=
g
o]
[
Time (s)

Fig. 1 Sensory-evoked responses organized in sequences
covering hundreds of milliseconds. (a) Somatosensory-
evoked activity in six representative neurons recorded in
the dorsolateral striatum (color-coded). Spike rasters and
peri-histograms are aligned to the onset of somatosensory
stimulation (red lines and arrowheads) of the contralateral
forepaw palm to the recording site. For each neuron, the
moment of the highest firing rate after stimulus onset is
indicated by a colored dot. (b) The average activity of

determined, but one possibility is that it may
serve as a pacemaker to facilitate inter-region or
interstructure communication. Along the same
line of thinking, in rats, the forelimb cycle during
locomotion typically oscillates between 2 and
3 Hz depending on movement speed (West et al.,
1990; Carelli & West, 1991; Shi et al., 2004). In
this case, in previous work from our group, we
explored the relevance of these striatal rhythmic
signals (Hidalgo-Balbuena et al., 2019). First, by
using an anesthetized model where sensory sig-
nals can be reliably recorded in sensory regions
of cortical, striatal, and nigral regions (Mochol
et al., 2015; Pefia-Rangel et al., 2021), we

Time (Csi)

1.0

neurons displayed in A was normalized to the highest
peak, revealing a variety of latencies spanning hundreds
of milliseconds. (¢) Average firing rate (z-scored) for
more than 400 neurons recorded in the striatum, sorted by
the time of the highest activity after stimulus onset (red
arrowhead). Cells displayed in this figure were collected
in experiments reported in (Hidalgo-Balbuena et al.,
2019; Pefia-Rangel et al., 2021)

induced striatal population sensory responses
evoked by 3.3 Hz trains of cutaneous stimuli
mimicking the forelimb cycle when animals are
running at speeds of ~30 cm/s. This stimulation
protocol evoked cortical and striatal population
dynamics organized in neural sequences that cov-
ered the 300-ms interval between stimuli
(Hidalgo-Balbuena et al., 2019; Pefia-Rangel
et al., 2021). Interestingly, when activity was
analyzed throughout the train of 5 stimuli,
sensory-evoked striatal population dynamics
were more useful to decode elapsed time as com-
pared to the decoding from cortical activity
(Hidalgo-Balbuena et al., 2019). These observa-
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tions suggest a prewired striatal network configu-
ration that can be recalled by sensory stimulation
even in artificial experimental conditions and that
is independent of motor commands. Such net-
work dynamics have been observed in in vitro
conditions in cortical culture cells (Goel &
Buonomano, 2016) and similar dynamics have
been reported in striatal slices (Carrillo-Reid
et al., 2008), supporting the idea that an intrinsic
functional property of neural networks is the
organization in sequential dynamics from which
time can be decoded (Goel & Buonomano, 2014).
While this is an attractive alternative, there are
still some important questions to answer. For
example, what type of timing would these dynam-
ics represent? Would these signals be useful to
exclusively perceive time, or would they also be
useful to guide timed actions? To address these
possibilities, in a previous report, we optogeneti-
cally activated/inactivated sensory pathways to
the DLS in rats performing a stereotyped
sequence of movements in a temporal interval of
7 s. Inhibiting and exciting sensory pathways to
the DLS induced the execution of shorter and
longer sequences of movements, respectively.
Further behavioral analysis revealed that changes
in sequence duration were independent of move-
ment speed or motor confounds, confirming that
these changes were related to under and overesti-
mation of the temporal interval, respectively
(Hidalgo-Balbuena et al., 2019). These data indi-
cate that rhythmic sensory inputs to the DLS may
constitute a temporal reference for movement
production. In this study, striatal neural dynamics
were not assessed during movement execution;
hence, it was not possible to determine if the sen-
sory manipulations that induced behavioral
changes also impacted DLS population dynam-
ics. In this sense, a more recent work suggests
that striatal neural sequences can guide temporal
judgments (Monteiro et al., 2023). By manipulat-
ing striatal temperature in rodents, authors were
able to speed up or slow down both striatal
sequential dynamics and temporal judgments,
strongly suggesting that scaling striatal temporal
population dynamics is the mechanism used to
estimate elapsed time (Monteiro et al., 2021).
Further experiments would be necessary to eluci-

date the exact neural mechanism underlying the
production of temporal intervals, but in our opin-
ion, the previous evidence strongly suggests that
rhythmic entrainment induced by different sen-
sory streams to the BG may play a central role in
this function.

Sensory- and Time-Related Signals
Throughout Cortico-Basal Ganglia-
Thalamic Circuits

The striatum belongs to a macrocircuit that
includes BG and extra-BG structures; hence, an
important question arises about the diversity of
the temporal representations that reach the cir-
cuits of the BG. Are striatal sensory and sequen-
tial representations distributed homogeneously
throughout the different subpopulations of stria-
tal neurons and downstream BG nuclei? MSNss,
the main striatal population, are further divided
into two subpopulations expressing distinct sub-
classes: dopaminergic metabotropic receptors
D1 and D2 (Albin et al., 1989; Gerfen et al.,
1990). MSNs expressing the D1 receptor are the
origin of the direct pathway (dMSNs), project-
ing directly to the output nuclei of the BG, the
globus pallidus internal segment (GPi) and the
substantia nigra pars reticulata (SNr). MSNs
expressing the D2 receptor are the origin of the
indirect pathway (iMSNs), projecting to the
external segment of the globus pallidus (GPe).
Both pathways exert opposing effects over
movement control, with dMSNs and iMSNs
facilitating and inhibiting movement, respec-
tively (Albin et al., 1989; Gerfen et al., 1990;
Kravitz et al., 2010; Cruz et al., 2022). The main
source of dopamine to all BG nuclei is the sub-
stantia nigra pars compacta (SNc), and it has
been reported that SNc neurons encode interval
duration and that its activation or inactivation is
sufficient to slow down or speed up time interval
perception, respectively (Soares et al., 2016).
These data suggest that both pathways are per-
meated by time-related signals, but whether each
pathway would represent time or not is still
unknown. In this context, a recent work in mice
demonstrated that both subpopulations of neu-
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rons develop strong and reliable sequential acti-
vations associated with forelimb movements
(Sheng et al., 2019). Importantly, the experimen-
tal design included fixed intertrial intervals, and
it was during this period when more iMSNs were
implicated in sequential organization. These data
suggest that interval representation may not be
homogeneously represented in the striatum.
Whether these iMSN/dMSN sequential activa-
tions are exclusively training-dependent or also
spontaneous or triggered by sensory streams is
yet to be defined. However, the latter possibility
would not be surprising since; for example, it
has been shown that whole-body somatosensory
representations (Coffey et al., 2017) and rhyth-
mic signals related to licking (Chen et al., 2021)
are present in both pathways, and both subpopu-
lations display different patterns of recurrent
connectivity with other elements of the striatal
microcircuit, such as neurons of the opposite
pathway or interneurons (Taverna et al., 2008;
Chuhma et al., 2011). In this context, systemic,
and intrastriatal administration of D2 but not D1
antagonist produced an overestimation of time
intervals in a “peak-interval” procedure (Drew
et al., 2003; De Corte et al., 2019; Kamada &
Hata, 2021). However, earlier studies suggest
that both D1 and D2 receptor agonists and antag-
onists may produce similar time overestimations
and underestimations, respectively (Frederick,
1996). However, Cheung et al. found that sys-
temic administration of quinpirole, a D2 recep-
tor agonist, caused an overestimation of time,
while the administration of a D2 antagonist pro-
duced no impact on timing (Cheung et al., 2007).
More recently, it has been reported that the stria-
tal optogenetic manipulation of the BG’s direct
pathway produced a temporal representation
reset of a fixed interval (Bakhurin et al., 2020).
Indirect pathway activation induced a pause on
the interval that proportionally recovered as
optogenetic stimulation ceased (Bakhurin et al.,
2020). There are still many questions on whether
the activity of a single pathway would be better
to encode elapsed time; however, the available
evidence arising from pharmacological and
optogenetic research and experiments suggests
that this may be the case.

The External Segment of the Globus
Pallidus While there is a consensus on the par-
ticipation of the dopaminergic system in tempo-
ral processing, the specific anatomical and
functional mechanisms are far from being fully
understood. An alternative possibility to explore
the role of the different pathways in temporal
processing would be to focus on different ele-
ments of the BG beyond the striatum. Additionally,
time representation may be considered an emer-
gent property of neural networks (striatal or
extra-striatal), where the temporal dynamics
could be mediated by their connectivity and the
intrinsic properties of their elements (Goel &
Buonomano, 2014). In this context, the GPe and
the subthalamic nucleus (SthN) are anatomically
independent entities typically associated with the
indirect pathway. The GPe is a GABAergic
nucleus considered the first relay of the indirect
pathway. It targets the output nuclei of the BG
(the internal segment of the GP and the SNr) with
reciprocal connections with the striatum and
SthN (Kita & Jaeger, 2016). Given that the GPe is
centrally located within the BG, studying this
area may be an interesting approach to explore
the indirect pathway’s contribution to movement
control and other components of behavior,
including timing. In primates and rodents, GPe
neurons display firing rates between 30 and
80 Hz and adjust their activity patterns to passive
and active movements of the arm and orofacial
regions (DeLong, 1971; Alexander & DeLong,
1985). In addition, these neurons can also couple
their spiking activity to different temporal phases
of movement or movement sequences, firing
before, during, or at the end of the sequence
(Hegeman et al., 2016). Previous reports on non-
human primates also demonstrate somatotopic
representations of the different parts of the con-
tralateral hemibody, inheriting the topographical
organization from the sensorimotor cortices and
the DLS (Bevan, 2002; Jaeger & Kita, 2011;
Nambu, 2011; Iwamuro et al., 2017). In terms of
intrinsic properties, GPe shares important fea-
tures with time-related structures, such as the
cortex of the striatum. For example, cortical sen-
sory/motor stimulations or even task-relevant
events produce complex response patterns in the



The Interactions of Temporal and Sensory Representations in the Basal Ganglia

149

firing rate of individual GPe neurons, character-
ized by an initial high-frequency discharge fol-
lowed by a transient inhibition and a final burst
rebound (Alexander et al., 1985; Bevan, 2002;
Jaeger & Kita, 2011; Kita & Jaeger, 2016;
Iwamuro et al., 2017). These complex response
patterns have been described in cortical and stria-
tal regions (Chapin et al., 1981; Hidalgo-
Balbuena et al., 2019; Pena-Rangel et al., 2021)
and have been proposed as “building blocks” of
population spontaneous or evoked packets of
information from which temporal representations
can be extracted (Goel & Buonomano, 2014;
Luczak et al., 2015; Hidalgo-Balbuena et al.,
2019) (Fig. 1). In summary, while there are no
network analysis studies directly exploring the
contribution of the GPe to time interval estima-
tion, the basic network elements observed in
other brain regions would make this indirect
pathway structure a suitable candidate to explore
this possibility.

The Substantia Nigra Pars Reticulata The SNr
is one of the two major output nuclei of the BG,
receiving mostly inhibitory afferents from the
striatum (direct pathway) and excitatory afferents
from the SthN (indirect pathway) (Yoshida &
Precht, 1971; Dray et al., 1976; Parent et al.,
1984). SNr neurons synthesize and release
GABA tonically to its main targets, the motor
thalamus (ventral medial/lateral; VM/VL) and
the dorsal midbrain (Carpenter et al., 1976;
Parent et al., 1983; Hikosaka, 2007). In addition,
SNr neurons display multiple collateral contacts
with other SNr neurons, providing intrinsic feed-
back to regulate the output of the BG (Brown
et al., 2014). SNr neurons show complex associa-
tions with sensory events (Nagy et al., 2005;
Brown et al., 2014; Baez-Cordero et al., 2020)
and different phases of movement, such as prepa-
ration and execution (Hikosaka & Wurtz, 1983;
Turner & Desmurget, 2010; Schmidt et al., 2013).
An interesting feature of SNr neurons is that
changes in their firing rate are rarely related to a
single event. For example, the same cell might
have multisensory responses (Nagy et al., 2005)
and be modulated by saccades triggered by visual
stimulation. Regarding the potential contribution

to temporal processing, Shultz (1986) studied the
electrophysiological properties of SNr neurons
with extracellular recordings from single neurons
in monkeys performing a behavioral GO/NO-GO
paradigm, employing an initial preparatory tone,
visual stimuli, and forelimb reaching movements.
SNr neurons showed consistent changes in activ-
ity during performance, and these changes were
not simply related to sensory stimuli or forelimb
movements. Some neurons increase or decrease
their activity during the period between an initial
sensory stimulus and the availability to move for
reward. Similar complex responses have been
seen in SNr neurons in relation to oculomotor
mechanisms (Wurtz & Hikosaka, 1986). These
complex responses have been typically described
as neural mechanisms related to motor planning
or movement onset; however, some of their tem-
poral dynamics may also be related to temporal
processing. For example, in mice trained to lick a
waterspout for reward in a fixed-interval sched-
ule, stimulation of the SNr to the superior collic-
ulus pathway not only canceled licking (motor
effect) but also delayed the initiation of anticipa-
tory licking for the next interval, suggesting that
SNr may play a role in initiating actions and in
adjusting central timing mechanisms (Toda et al.,
2017). However, in a cue-guided decision-
making licking task in mice (Catanese & Jaeger,
2021), the authors recorded single-unit activity in
the VM/VL thalamus; these neurons showed a
prominent ramping of activity during a delay
epoch in anticipation of a Go cue signaling the
onset of movement, suggesting that ramping
activity was related to the timing of action initia-
tion. Next, the authors explored whether inhibi-
tion from the SNr during the delay epoch could
affect behavioral outcomes through an alteration
of ramping activity in VM/VL. To test this pos-
sibility, they optogenetically stimulated the SNr
GABAergic terminals in the VM/VL thalamus
during the delay epoch and found a decrease in
impulsive licks and an increase in movement
omissions. These behavioral changes were
accompanied by a decrease in the ramping activ-
ity of multiple VM/VL neurons, further support-
ing the notion that SNr contributes to the
appropriate timing of action initiation.
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The Motor Thalamus So far, we have revised
BG neural dynamics that can be linked to tempo-
ral processing. However, the concerted activity of
these motor nuclei would be meaningless without
a reader. The main target of the output of the BG
is the motor thalamus (MTh), a group of nuclei
linking subcortical and cortical areas. The MTh
can be divided into three regions: ventral anterior
(VA), VL, and VM. This complex receives the
main projections from the cerebral cortex, the
cerebellum, and the BG (Pare et al.,, 1987,
Sommer, 2003). Even when its participation in
behavioral outcomes is not completely under-
stood, the evidence suggests that this complex is
involved in motor functions such as timing, prep-
aration, initiation, and vigor of movements (Guo
et al., 2017; Gaidica et al., 2018; Catanese &
Jaeger, 2021; Inagaki et al., 2022). In this con-
text, imaging studies in humans suggest the MTh
is part of a network that activates during percep-
tual timing tasks (Rao et al., 1997; Stevens et al.,
2007; Teki et al., 2011). For example, in a
synchronization-continuation tapping task for
humans, functional magnetic resonance imaging
revealed that both conditions produced equiva-
lent activation on the sensorimotor cortex, cere-
bellum (dentate nucleus), and the right superior
temporal gyrus, but only the “continuation” con-
dition produced an activation of the premotor
medial system: supplementary motor area, puta-
men, and thalamus (VL nuclei), suggesting that
the internal generation of the motor interval also
implicates MTh (Rao et al., 1997). This has been
further confirmed in stroke patients whose MTh
is affected, producing more variable motor inter-
vals than healthy subjects or brain-injured con-
trols (stroke in another brain region) (Mole et al.,
2018). More specific studies from the group of
Masaki Tanaka indicate that the MTh may be
implicated in motor timing. For example, phar-
macological inactivation of the VL thalamus
delayed saccades in primates (Tanaka, 2006), and
many of the thalamic neurons displayed ramping
activity in anticipation of external stimuli that
trigger the saccade or self-timed saccades, sug-
gesting that MTh neurons carry preparatory sig-
nals that keep track of elapsed time until
movement onset (Tanaka, 2007). More recently,

the same group demonstrated that subpopulations
of MTh neurons can extract temporal predictions
from periodic sensory events (Matsuyama &
Tanaka, 2021). The mechanisms behind these
temporal computations are yet to be determined,
but the previous evidence suggests that, as in the
BG, time may be embedded as an emergent prop-
erty of thalamic network dynamics.

Conclusions

In this work, we summarized relevant observa-
tions linking sensory processing with timed
behavior throughout cortical, BG, and thalamic
circuits. The first important observation is that
sensory inputs to the sensorimotor striatum pro-
duce various robust complex patterns of activa-
tion at the single-cell level. These patterns are
characterized by brief periods of bursting activity
intermingled with silences with variable latencies
after stimulation onset. These sensory-evoked
responses can be observed under anesthetized
conditions, suggesting a prewired configuration,
and are not exclusive to the sensorimotor region
of the striatum but can also be observed through-
out the different relays of the BG, such as the
GPe or the SNr, and extra-BG regions such as the
MTh and the primary somatosensory and motor
cortices (Fig. 2). When these type of responses
are plotted together and sorted according to the
moment of highest activity, ensemble activity
appears to organize as neural sequences covering
hundreds of milliseconds after the presentation of
a triggering stimulus (even in anesthetized condi-
tions) or a relevant behavioral event (Luczak
et al.,, 2015; Rueda-Orozco & Robbe, 2015;
Hidalgo-Balbuena et al., 2019; Monteiro et al.,
2021; Pena-Rangel et al., 2021). This sequential
dynamic appears to be a robust organization from
which time can be decoded, but whose definitive
function is still debated. A possible explanation is
that these sequences can be a parallel and inde-
pendent organization to the typical sensorimotor
organization that includes visual, auditory, and
somatosensory representations, or the representa-
tion of task-relevant events or motor-related
parameters, such as rewards or kinematic
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Fig. 2 Sensory representations throughout cortico-basal
ganglia-thalamic circuits. Somatosensory-evoked activity
of example neurons recorded at different relays within the
cortico-BG-thalamic circuit (color-coded). Activity in
spike rasters and peri-stimulus histograms is aligned to the
first five consecutive stimuli delivered at 3.3 Hz to the fore-
paw contralateral to the recording sites (upper right cor-
ner). All recordings were performed in
urethane-anesthetized animals. Representative neurons
from primary motor (M1) and sensory (S1) cortices
(brown), dorsolateral striatum (blue), and substantia nigra

representations, respectively. In support of this
notion, researchers have recorded striatal sequen-
tial activation in behaving rats performing
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pars reticulata (SNr; golden) were extracted from experi-
ments performed in the following publications (Hidalgo-
Balbuena et al., 2019; Bdez-Cordero et al., 2020;
Pefia-Rangel et al., 2021; Pimentel-Farfan et al., 2022).
Representative neurons for the external segment of the glo-
bus pallidus (green) and the motor thalamus (MTh; purple)
were collected in unpublished experiments from our group
under identical conditions. No available data for the inter-
nal segment of the globus pallidus (GPi; orange) or the
subthalamic nucleus (SthN, red). Maximum firing rates are
indicated for each neuron on top of the histogram

sequences of movements (Rueda-Orozco &
Robbe, 2015) or sensory discriminations (Toso
etal., 2021) and have shown that this activation is
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independent of the learning stage, kinematic
encoding, or sensory discriminative properties of
the striatal network. These sequences may pro-
vide a general sense of the passage of time, which
might be useful to interval perception or to the
temporal constraint of motor commands during
interval production. These sequences may be
started or entrained by sensory events, such as the
rhythmic representation of the forelimb during
locomotion (Hidalgo-Balbuena et al., 2019) or
the clicking sound during lever pressing tasks
(Cook et al., 2022).

The fact that the ensemble dynamics recruited
by sensory inputs throughout the different relays
of the cortico-BG-thalamic circuits share impor-
tant features (e.g., sequential activation) suggests
that to fully understand the role of sensory-
evoked activity in perception and movement tim-
ing, it is necessary to determine the relationship
between the sequential activation observed in dif-
ferent structures, for example, in the striatum and
its anatomical targets—the GPe, GPi, and SNr.
To this aim, a key challenge is developing experi-
mental approaches to manipulate sequential acti-
vation at different stages of these circuits and
then evaluating the impact of these manipulations
on time perception and time production. This has
been partially achieved by specifically manipu-
lating somatosensory pathways to the DLS in
animals  performing behavioral protocols
designed to produce time intervals (Hidalgo-
Balbuena et al., 2019). However, it is still neces-
sary to combine this manipulative approach with
simultaneous high-density neural recording
methods and more complete behavioral protocols
where production and perception of time inter-
vals can be compared.
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