
Journal Club

Editor’s Note: These short reviews of recent JNeurosci articles, written exclusively by students or postdoctoral fellows,
summarize the important findings of the paper and provide additional insight and commentary. If the authors of the
highlighted article have written a response to the Journal Club, the response can be found by viewing the Journal Club at www.
jneurosci.org. For more information on the format, review process, and purpose of Journal Club articles, please see http://
jneurosci.org/content/jneurosci-journal-club.

Dorsal Striatum Dynamically Incorporates Velocity
Adjustments during Locomotion

Brian S. Muntean
Department of Neuroscience, The Scripps Research Institute, Jupiter, Florida 33458
Review of Fobbs et al.

Decades of progress have established that
basal ganglia-thalamo-cortical loops are
essential for organizing locomotor proc-
esses. In this circuit, the striatum serves as
the main input nucleus of the basal ganglia
(Alexander and Crutcher, 1990), which
are involved in action selection, initiation,
and the learning required to perform
refined movements (Penhune and Steele,
2012). However, it remains unclear how
striatal neurons encode locomotor pro-
grams necessary to facilitate movement.

Recent findings have provided evidence
for two models of the role of striatal activ-
ity in the control of locomotion. Some
studies have shown that populations of
striatal neurons exhibit increased firing
rates precisely correlated with movement
epochs. For example, bursts of striatal ac-
tivity occur at the initiation and termina-
tion of specific action sequences during the
execution of learned movements (Jin and
Costa, 2010). These results are consistent
with the burst-firing model, in which com-
plex learned action sequences are per-
formed by stringing individual movements
into a single behavioral unit, generating
a streamlined representation of action
sequences, called “chunking” (Graybiel,
1998). In this burst-firing model, perform-
ing learned movements is simplified (e.g.,

performed habitually) because each indi-
vidual component of the learned move-
ment need not be separately encoded.
Striatal burst-firing at the start and end of
skilled tasks may therefore reflect activa-
tion of chunked behavioral units (Jin et al.,
2014; Martiros et al., 2018).

In addition to flanking specific action
sequences with discrete bursts of activity,
striatal neurons have been observed to fire
continuously during locomotor activity
(Sales-Carbonell et al., 2018). These recent
findings have inspired a second model
suggesting that graded changes in striatal
activity enable actions to be monitored and
regulated in an ongoing fashion (Robbe,
2018). Continuous encoding may be neces-
sary for adapting motor programs, such as
adjusting the speed, during skilled behav-
iors (Rueda-Orozco and Robbe, 2015). In
this way, striatal neurons could update
motor programs to meet the demands of
variable environmental conditions.

In a recent article in The Journal of
Neuroscience, Fobbs et al. (2020) further
investigated the connection between loco-
motion and activity of striatal neurons.
First, mice were allowed to freely move in
an open arena while the authors recorded
electrophysiological activity in the dorso-
medial striatum (DMS). Using this experi-
mental setup, Fobbs et al. (2020) were able
to investigate naturalistic movements that
did not require prior training sessions,
were not stimuli-dependent, and were not
based on reward. With the aid of a
machine learning-based behavioral classi-
fier, the authors linked neuronal activity

with distinct actions. To assess neuronal
firing patterns during locomotion, the
authors aligned electrophysiological data
from bins of high-speed movement (veloc-
ity exceeding 5 cm/s).

Consistent with previous work, the
authors found that some striatal neurons
marked the start and end of locomotion
sessions with high-frequency bursts of ac-
tivity. But a greater percentage of striatal
neurons fired continuously during bouts
of high-speed locomotion. These results
provide evidence for both the burst-firing
and the continuous-encoding models of
motor encoding. To evaluate this data fur-
ther, Fobbs et al. (2020) modeled the rela-
tionship between neuronal firing rates and
animal velocity. This analysis revealed that
striatal firing rate does not linearly scale
with animal velocity (i.e., mice do not nec-
essarily move faster during periods of high
striatal activity). Rather, the peak firing
rate of individual neurons and animal ve-
locity data fit to a quadratic curve where
the greatest percentage of peak firing rates
occurred at lower speeds. This could be
taken as evidence of firing that initiates
chunked motor programs, thus support-
ing the burst-firing model. However, the
observation that the remaining percentage
of peak firing rates of individual neurons
covered the entire velocity range demon-
strates that striatal neurons are active
throughout bouts of locomotion. This evi-
dence supports the continuous encoding
model in which activity in striatal neurons
reflects updates to ongoing locomotor
programs occurring on a moment-to-
moment basis.
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Fobbs et al. (2020) demonstrated con-
tinuous speed tuning of striatal neurons
during volitional movements in unre-
strained mice. However, others have dem-
onstrated that discrete striatal neuron
burst activity emerges most robustly when
mice are restricted to generating a specific
set of action sequences. Examples include
pressing a level or walking on a treadmill
(Jin and Costa, 2010; Rueda-Orozco and
Robbe, 2015; Martiros et al., 2018). This
raises the question of whether the continu-
ous encoding model is unique to the heter-
ogeneous, uncued actions of unrestrained
mice. To address this potential confound,
Fobbs et al. (2020) performed multiarray
in vivo electrophysiology in head-fixed
mice on a wheel, thus limiting the number
of available movement patterns. In this
setup, speed-tuning profiles were similar
to those in freely moving animals, thus
reinforcing the role of striatal activity in
encoding velocity during unrestrained
movements. In addition, overall striatal ac-
tivity was lower in head-fixed trials than
when the same mice were removed from
the wheel and placed in an open arena
where choice of potential movement pat-
terns was far greater. The higher activity of
striatal neurons during unrestrained move-
ments likely reflects additional nonvelocity
parameters, which could include decision-
making toward choice of motor program
or unmonitored actions, such as head
turns. Thus, by limiting movement choice,
the authors provide more evidence that the
neurons are indeed representing velocity
adjustments. While the authors compared
striatal activity with general locomotor ve-
locity, there are also reports of continuous
striatal activity during other motor tasks,
including head movement (Kim et al.,
2014), body turn angle (Klaus et al., 2017),
and forelimb reaching (Panigrahi et al.,
2015). Therefore, continuous encoding
may describe striatal activity controlling a
broad array of movements.

Striatal medium spiny neurons (MSNs)
participate in one of two pathways having
opposite effects on downstream structures.
Whereas MSNs in the direct, striatonigral
pathway (dMSNs) facilitate movement,
MSNs in the indirect, striatopallidal path-
way (iMSNs) have been proposed to sup-
press movement (Kravitz et al., 2010).
However, both MSN populations are acti-
vated during locomotion (Cui et al., 2013).
Because MSN subtypes cannot be distin-
guished by their firing characteristics
(Gertler et al., 2008), electrophysiological
recordings did not allow the authors to
distinguish dMSNs and iMSNs in the pre-
vious experiments. To study circuit-

specific striatal activity, Fobbs et al. (2020)
therefore used Cre driver lines to express
the GCaMP6s calcium indicator in either
dMSNs or iMSNs and then recorded cal-
cium fluctuations with fiber photometry
during locomotion. The results confirmed
that both MSN populations were active
during locomotion, and further revealed
that similar nonlinear speed-tuning pro-
files were observed in dMSNs and iMSNs.
This shows that striatal speed-tuning pop-
ulation codes are not driven by differences
between MSN subtypes. The need for
synchronized activity between MSN sub-
types may be because of their opponent
influence on behavior. Performing correct
action sequences may require facilitating
desired movements (dMSNs) with simul-
taneous restriction of competing motor
programs (iMSNs) (Tecuapetla et al.,
2016).

The electrophysiological recordings by
Fobbs et al. (2020) indicated that not all
dorsal striatal neurons exhibit speed tun-
ing. This should not be surprising given
the library of complex movements mice
can execute, as well as the regulation of
motor performance through the interplay
between two dorsal striatal regions: dorso-
lateral (DLS) and dorsomedial (DMS)
(Yin et al., 2009; Kawai et al., 2015; Rueda-
Orozco and Robbe, 2015). This raises a
question about whether spatially clustered
neuronal ensembles within the DMS, where
Fobbs et al. (2020) recorded, are differen-
tially tuned to locomotor velocity. Imaging-
based experiments have shown neuronal
clusters broadly distributed throughout the
dorsal striatum whose activity correlates
with immobility and lower-speed ambula-
tion (2 cm/s) (Barbera et al., 2016). Similar
organization of striatal ensembles has also
been reported in the DLS (Klaus et al.,
2017). However, ensemble analysis has not
been performed in the DMS during high-
speed run experiments. Future work in this
area may explain the diversity of speed tun-
ing curves identified by Fobbs et al. (2020)
to help further define the role of DMS dur-
ing locomotion.

From a broader perspective, the burst-
firing and continuous-encoding models
might work together to guide movement.
The long-standing hypothesized role of
the dorsal striatal in action selection/initia-
tion may be explained by the burst-firing
model (Jin et al., 2014). Explicit evidence
for this comes from a demonstration of
striatal firing that brackets locomotion
during a lever press task (Martiros et al.,
2018). On the other hand, activity of stria-
tal neurons during ongoing movements
may be represented by the continuous-

encoding model. This is supported by evi-
dence of speed-tuning curves during loco-
motion (Sales-Carbonell et al., 2018;
Fobbs et al., 2020). Moreover, the dorsal
striatum receives inputs from cortical and
thalamic regions associated with motor
function that may provide feedback, ena-
bling striatal neurons to continuously
adapt motor programs (Hintiryan et al.,
2016; Hunnicutt et al., 2016; Robbe, 2018).
Thus, burst-firing activity may play a role
in action selection and initiation, whereas
continuous firing could be involved in the
mechanics of monitoring and adjusting
ongoing locomotion.

In conclusion, the study by Fobbs et al.
(2020) highlights speed tuning of striatal
neurons during naturalistic movements.
The findings provide evidence that the
burst-firing and the continuous-firing mod-
els work in tandem, suggesting that encod-
ing locomotor programs is more nuanced
than previously recognized. Future experi-
ments will continue to provide a more
refined understanding of locomotor mecha-
nisms and thus provide insight into the de-
velopment of motor pathologies.
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