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Premotor Ramping of Thalamic Neuronal Activity Is
Modulated by Nigral Inputs and Contributes to Control the
Timing of Action Release
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The ventromedial (VM)/ventro-anterior-lateral (VAL) motor thalamus is a key junction within the brain circuits sustaining
normal and pathologic motor control functions and decision-making. In this area of thalamus, on one hand, the inhibitory
nigro-thalamic pathway provides a main output from the basal ganglia, and, on the other hand, motor thalamo-cortical loops
are involved in the maintenance of ramping preparatory activity before goal-directed movements. To better understand the
nigral impact on thalamic activity, we recorded electrophysiological responses from VM/VAL neurons while male and female
mice were performing a delayed right/left decision licking task. Analysis of correct (corr) and error trials revealed that tha-
lamic ramping activity was stronger for premature licks (impulsive action) and weaker for trials with no licks [omission
(omi)] compared with correct trials. Suppressing ramping activity through optogenetic activation of nigral terminals in the
motor thalamus during the delay epoch of the task led to a reduced probability of impulsive action and an increased amount
of omissions trials. We propose a parsimonious model explaining our data and conclude that a thalamic ramping mechanism
contributes to the control of proper timing of action release and that inhibitory nigral inputs are sufficient to interrupt this
mechanism and modulate the amount of motor impulsivity in this task.
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Significance Statement

Coordinated neural activity in motor circuits is essential for correct movement preparation and execution, and even slight
imbalances in neural processing can lead to failure in behavioral tasks or motor disorders. Here we focused on how failure to
regulate the control of activity balance in the motor thalamus can be implicated in impulsive action release or omissions to
act, through an activity ramping mechanism that is required for proper action release. Using optogenetic activation of inhibi-
tory basal ganglia terminals in motor thalamus we show that basal ganglia input is well positioned to control this ramping ac-
tivity and determine the timing of action initiation.

Introduction
The basal ganglia (BG) have been implicated in action selection
(Mink, 1996; Donahue and Kreitzer, 2015) and motor learning
(Graybiel, 2008), and in the control of movement vigor (Turner

and Desmurget, 2010). In addition, neuronal mechanisms that
control the timing of movement are critical for proper
behavior and may involve the basal ganglia (Buhusi and
Meck, 2005). The classic conceptual model of basal ganglia
circuitry posits that these functions are conveyed through
cortico-basal ganglia thalamocortical loops (Alexander and
Crutcher, 1990). Neural firing patterns in basal ganglia out-
put circuits during motor tasks often show complex associa-
tions with behavior, including rate changes linked to sensory
events as well as with movement preparation and execution
(Jaeger et al., 1993, 1995; Schmidt et al., 2013; Mirzaei et al.,
2017). Further, cortico-basal ganglia circuits have been
found to control interval timing through ramping activity
leading up to expected events (Emmons et al., 2017).

The motor thalamus provides a critical link between the BG
and the motor and premotor cortices (Theyel et al., 2010; Bosch-
Bouju et al., 2013; Guo et al., 2017). In rodents, the areas of
motor thalamus receiving direct input from basal ganglia, consist
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of the ventromedial (VM) and rostro-ventral portion of the ven-
tral anterior (VA)/ventral lateral (VL) nuclei [i.e., ventro-ante-
rior-lateral (VAL); Kuramoto et al., 2011]. We abbreviate this
area as VM/VAL in the following. In rodents, VM/VAL is
entirely made up of glutamatergic neurons projecting to cortex
(Bosch-Bouju et al., 2013) and receives an inhibitory projection
from the substantia nigra reticulata (SNr) and entopeduncular
nucleus, the two main output nuclei of the BG (Sakai et al., 1998;
Kuramoto et al., 2011; Guo et al., 2018). These GABAergic BG
output neurons have high tonic firing rates in vivo (Delong,
1971; Ruskin et al., 2002; Lobb and Jaeger, 2015), resulting in
tonic thalamic inhibition through powerful GABAA synapses
(Bodor et al., 2008).

Recent studies in mice show that the VM thalamic nucleus
forms a closed loop with anterolateral premotor cortex (ALM)
and that this loop is required for persistent activation of neural ac-
tivity related to movement preparation and decision-making dur-
ing the delay epoch of correct trials in a cued left/right lick task
(Guo et al., 2017). However, the processes by which the basal gan-
glia interact with this cortico-thalamic motor-planning loop may
influence specific aspects of this motor task, such as the errors
related to the proper timing of lick action release, remain unknown.

To better understand the specific role of the nigro-thalamo-
cortical pathway in motor control, we recorded thalamic single-
unit activity with 32-channel silicon probes and optogenetically
stimulated nigral terminals in VM/VAL during the delay epoch
of a cue-guided decision-making right/left lick task in mice, simi-
lar to the task used in the study by Guo et al. (2017) to explore
ALM–VM interactions. We confirm that VM/VAL spiking
showed a prominent ramping of activity during the delay epoch
in anticipation of the Go cue. Importantly, we found that this ac-
tivity was weaker in trials where the mice failed to initiate a lick
[omission (omi) trials], and stronger in trials where licking was
premature [impulsive (imp) licks]. Stimulating SNr terminals in
VM/VAL during the delay before the Go-cue lead to a decrease
in impulsive licks as well as an increase in the number of omis-
sions. Analysis of single-unit activity revealed that the optoge-
netic (opto) stimulation produced spike rate changes in VM
thalamus that were similar to the signature of spontaneously
occurring omission trials. Overall, our results indicate that pre-
motor ramping activity in the VM/VAL thalamus contributes to
controlling the proper timing of action release and that this pro-
cess is likely modulated by basal ganglia input.

Materials and Methods
Mice. All mice used were male and female 3- to 6-month-old trans-

genic Vgat-ires-Cre knock-in mice (Vong et al., 2011) expressing Cre-
recombinase under a vesicular GABA transporter (VGAT) promoter
specific to GABAergic neurons (stock #028862, The Jackson
Laboratory). Animals were maintained on a C57BL/6 background and
kept on a 12 h reverse light/dark cycle. During the behavioral training
periods, animals were water restricted to 85% of their body weight. Food
was available ad libitum.

Stereotaxic surgeries. The analgesic Buprenorphine SR-LAB (1mg/
kg, s.c.) was administered preoperatively. Mice were deeply anesthetized
with isoflurane. Mice were placed on stereotaxic apparatus (Kopf) on a
heat pad. Ophthalmic ointment was applied to the eyes. The level of an-
esthesia, temperature, and breathing were monitored. A scalp incision
revealed the skull, which was cleaned and dried. A pinhole craniotomy
was drilled above the SNr [anteroposterior (AP),�3.46 0.5 mm; medio-
lateral (ML), �1.46 0.5 mm, relative to bregma]. A viral vector contain-
ing the transgene (rAVV2-EF1a-DIO-hChR2(E123T/T159C)-EYFP)
was injected (200 nl) into the left SNr (AP, �3.406 0.25 mm; ML,
�1.406 0.25 mm; dorsoventral, �4.406 0.10 mm relative to bregma).

After the injection, a custom-machined aluminum head bar was
cemented onto the skull using dental adhesive resin (Metabond C&B,
Parkell Products). A pinhole craniotomy was made above the cerebellum
area for the ground wire (tungsten). The head bar was secured with more
dental cement, and the entire skull area was protected with a thin layer of
cement. Antibiotic ointment was applied around the cemented area. An
additional craniotomy above the VM/VAL thalamic area (AP, �1.25 6
0.50 mm; ML, �0.756 0.50 mm relative to bregma) was performed a few
days before acute electrophysiological data acquisition, and protected with
Kwik-Cast silicon sealant (WPI) outside of recording sessions.

Behavioral training. The task was computer controlled using a cus-
tom-made LabView (National Instruments) interface. Mice were
handled daily in the experimental room and progressively habituated to
the head-fixation procedure in a transparent plastic tube (pretraining
procedure adapted from the study by Guo et al., 2014a). The training
procedure was then continued daily for 6–8weeks and divided into three
segments. (1) Mice learned to respond to the Go-cue sound by licking,
within 1.5 s after the cue onset, on a single centered lick spout to obtain
a water droplet. (2) Mice learned the association between a mild air puff
(oriented pseudorandomly at each trial toward either the left or the right
whiskers) and the reward side (two lick spouts located at 2.5 mm left and
right of the snout and 5 mm below the snout). If the trial started by a left
air puff, a first lick to the left was rewarded. An algorithm automatically
changed the probability of left and right trials to balance the error proba-
bility on both sides. In this algorithm, the moving average of correct per-
formance was computed and trials to the side where the mouse
performed less reliably were increased in frequency. (3) Mice learned to
withhold their licking during a delay epoch (increasing by steps of 250
ms until a delay of 750 ms was reached).

The transition from one training segment to the next occurred when
a criterion of 70% was reached. In each segment, errors (licking to early
or wrong side) were signaled by an error sound and followed by a time
penalty (6 s). All training and recording sessions were performed in a
dark behavioral box isolated from light, sounds, and electrical noise.

Data acquisition. All raw signals from electrodes and task-related
data [events signaled by transistor–transistor logic (TTL) pulses] were
acquired at 20 kHz through an RHD2000 Recording System (Intan
Technologies). Electrophysiological data were notch filtered at 60Hz. A
lick sensor triggered a TTL pulse when the tongue contacted the left or
right lick spout. The measurement used a custom-made electronic cir-
cuit measuring a change in resistance between the mouse and the metal
lick tube. Trial start events were recorded on the Intan RHD2000
Recording System as TTL pulses to allow precise trial alignment during
analysis. The same TTL pulse also triggered the video acquisition for
each trial. Air-puff and Go-cue events issued by the LabVIEW program
were recorded through TTL pulses on the RHD2000 Recording System
board as well to allow precise event alignment with spiking activity.

Video data (Movies 1, 2, 3, 4) of the mouse licking and other orofa-
cial behaviors were acquired at 25Hz (ace1300 camera, Basler), under
infrared LED illumination. A recording of 100 frames was triggered at
each trial start (TTL rising edge). We used Python-based DeepLabCut
(Nath et al., 2019) in a following offline analysis to extract snout, tongue,
and whisker movements from videos (Movie 1).

Electrophysiological signals were obtained by acute insertion of sili-
con probes (optrodes) made of four shanks separated by 200mm with
eight channels per shank separated by 100mm (A4x8-7 mm-100–200-
177, NeuroNexus). A 200-mm-diameter optic fiber [0.22 numerical
aperture (NA)] was mounted 200mm above the first channel on the third
shank. An internal reference channel was located 200mm above the first
channel on the second shank. Neuronal activity was recorded from the
VM/VAL thalamus. Recordings were started 20min after probe inser-
tion to allow the electrode–brain interface to stabilize. Skull screws were
cemented above the cerebellum and used as ground and external refer-
ence in case the internal reference would fail.

Spike sorting. Each spike exceeding the detection threshold (4 SDs
away from the mean raw signal) was represented by 40 points centered
on the minimum value. Single-unit spikes were extracted and sorted in
MATLAB (MathWorks) using WaveClust, a method for spike detection
[pass band filter; minimum frequency (fmin)= 600, maximum frequency
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(fmax)= 8000, minimum SD=4, maximum SD=30, filter order = 4]
and sorting (fmin = 300, fmax= 4000, filter order = 2) with wavelets and
superparamagnetic clustering (Quiroga et al., 2004; Quiroga, 2012).
After the automatized clustering procedure, each cluster was manually
reinspected to eliminate poorly defined or noisy clusters. Following the
study by Sukiban et al. (2019), the spike-sorting quality metric used was
the percentage of spikes violating a 3ms refractory period (i.e., spikes
occurring ,3ms following the previous spike). The vast majority of
units showed,1% refractory period violations (see Fig. 2C,D).

Optogenetic stimulation. For all photostimulation experiments, we
used a blue laser (473nm; 106 2 mW at fiber end; Dream Laser). An
optical fiber patch cord (diameter, 200mm; 0.22NA; Doric Lenses) was
directly attached to the optrode with a ceramic sleeve. Aluminum foil
was carefully wrapped around the sleeve to further prevent light from
spreading. In-task optogenetic stimulation (see Fig. 7) consisted of 1-s-
long continuous pulses delivered randomly in 20% of the trials and start-
ing 500ms before the onset of the Go cue.

To confirm localization of the optrode in the area responsive to nig-
ral optogenetic stimulation, a train of ;50 laser stimulations (1.5 s laser
ON, 1.5 s laser OFF) was given outside of the task and examined online
for changes in multiunit spiking. These stimuli were later also used post
hoc to analyze 89 isolated single units to determine spike rate changes
for laser ON versus laser OFF periods (statistical significance was deter-
mined with a Wilcoxon test).

Histology.Mice were killed by an overdose of ketamine/xylazine mix
(administered intraperitoneally), then perfused intracardially with 4%
paraformaldehyde (PFA) in PBS for tissue fixation. The brain was
extracted and stored overnight in 4% PFA and then transferred to a 30%
sucrose solution for storage at 4°C. Brains were sliced (40mm) using a
microtome and stained by two different methods: Nissl (cresyl violet)
and immunohistologically using anti-GFP (peroxidase). We used con-
focal imaging to observe GFP fluorescence on unstained slices.
Electrode tracks were reconstructed post hoc based on histologic
results. The silicon probe shanks had a 50 mm thickness, which
makes them relatively stiff and unlikely to bend compared with
commonly used 15-mm-wide silicon probes. The depth of insertion
was controlled through a Sutter MP 285 micromanipulator with a
micrometer-precise electronic readout during the experiment and
confirmed by histologic track reconstruction. After histologic
reconstruction, we used the Allen Brain Atlas to register the position
of each channel as described by Shamash et al. (2018) using land-
marks such as the midline, the mammillothalamic tract (mt) fiber
bundle, and the hippocampus.

Experimental design and statistical analyses. Numerical values
obtained by averaging are denoted as follows: mean 6 SD. Statistical
tests were conducted with an a of 5%, two sample and two tailed, except
when specified otherwise. Statistical test results are described as signifi-
cant in the text where p, 0.05 (p ,0.05, pp,0.005, ppp,0.0005). We
used a t test for parametric tests and the Wilcoxon rank-sum test for
nonparametric tests. A Bonferroni correction was applied when multiple
comparisons were performed. Shaded areas in plots indicate 1 SEM,
except when specified otherwise. Specifics on the statistical methodolo-
gies and software used for various analyses are described in the corre-
sponding sections in Results, Materials and Methods, and figure legends.

Data come from a total of five mice in this study. Our study was not
designed to compare across sexes, so we randomly picked one male and
four female mice.

Guo et al. (2017) have shown that VM thalamic nuclei are function-
ally interconnected with ALM cortex during a left/right lick task with a
delay. We decided to use the same task design to build on prior results
and study the effect of nigral input on the VM activity. Note that in this
study we decided not to analyze the error side (eSi) trials that had very
low numbers. We also decided not to separate trials into left and right
choice because this analysis has been already done by Guo et al. (2017).
Instead, here we decided to focus our attention on the error trials related
to timing, impulsivity, and omissions. Further dividing these error trials
into left and right trials would result in in numbers too low for statistical
analysis. Our dataset contains 15 recording sessions (five mice). Among
them, 11 sessions were recorded with optogenetic stimulation (four

mice, all female). Because optogenetic stimulation further decreased the
already low probability of impulsive trials, in some specific analyses
requiring impulsive trials during optogenetic stimulation we had to
select five sessions (three mice) with at least three trials of each type (see
Fig. 7E).

All subsequent data analysis was performed using custom MATLAB
(MathWorks) scripts. Raster plots and perievent time histograms
(PSTHs) were centered on the onset of task events [either the Go cue or
the decision lick (the first lick detected by the lick sensor)]. A spike rate
function (SRF) was obtained by converting the values from the 1ms
binned PSTHs to a spike rate function in spikes per second (Hertz) and
smoothing the instantaneous rates with a 75ms Gaussian kernel, except
see Figures 4B, 5B, and 7D, where we used a 40ms Gaussian kernel to
match the 40ms video frame acquisition time. For each neuron, we com-
puted an average SRF across all trials (SRFalltr) and the corresponding
averaged SD (SDalltr), as well as a value of baseline (frBaseline) obtained
by averaging the firing rate during the intertrial interval (ITI) period (2 s
before each trial start without any licks) across trials.

The z scores were obtained by normalizing the mean firing rate to
the mean baseline value, as follows:

Zscore1 ¼ SRFalltr1� frBaseline
SDalltr1
ffiffiffiffiffiffiffiffiffiffiffi

ntrial
p

1

;

and z score differences (dZ) values were obtained by subtracting z scores
obtained from different trial types [e.g., dZ = z score for omission trials
(Zomi) – z score for correct trials (Zcor)], as follows:

dZ ¼ Zscore1 –Zscore2:

To assess the information contained in single-trial spike trains
regarding subsequent trial outcomes (see Fig. 6), we trained a binary, lin-
ear classification model using a logistic learner (fitclinear MATLAB
function). We computed the accuracy of the classification for different
sizes of cell ensembles (from 1 to 20 cells recorded simultaneously) by
running 100 iterations with a 10-fold cross-validation for each group
size. We ran the classifier for each session individually and then averaged
them across sessions. At each iteration, a random subgroup of cells was
selected from the available population of cells recorded simultaneously
in that session. A shuffle control was obtained by assigning spike trains
to a random trial outcome. The learning process was repeated for the
shuffled data using the same procedure. For this analysis, we used 12 ses-
sions (five mice) with at least 20 VM/VAL cells recorded simultaneously.

Data availability. Custom MATLAB scripts and data sets used in
this study can be accessed on reasonable request addressed to the corre-
sponding authors.

Results
Omissions and impulsive licking are naturally produced by
head-fixed mice engaged in a delayed lick decision task
To study the role of the nigro-thalamic pathway in motor con-
trol, we used a licking task in which mice had to make a binary
choice based on sensorial discrimination and with a delay sepa-
rating perception and action. Similar tasks have been used and
validated by previous studies in head-fixed mice (Guo et al.,
2014a,b, 2017; Li et al., 2015).

In our version of the task (Fig. 1A, Movie 1, Movie 2, Movie
3, Movie 4), the mice received a mild air puff (duration, 750ms)
on left or right whiskers and needed to withhold their licking
during the air puff and the following delay epoch (duration,
750ms). A sound Go cue indicated the end of the delay and the
start of the licking epoch (duration, 1500ms). During the licking
epoch, the mouse had to indicate that they remembered the side
of the previous air-puff stimulation by first licking into the lick
port located on the same side (decision lick). A water reward was
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obtained, only if the decision lick was to
the correct side and not later than 1.5 s af-
ter the Go cue. An ITI of a minimum of 3
s was given between trials, and the next
trial started only after the mice stopped
licking for 2 s (Fig. 1A). The mice could
succeed (cor trials) or commit the follow-
ing three types of errors (Fig. 1B): lick too
early (imp trials), lick too late or no lick
(omi trials), or lick to the wrong side
(eSi). Mice were trained for 6–8weeks for
an average of 256 3 sessions, until they
reached a 70% criterion performance for
licking to the correct side. After training,
five mice were successfully recorded dur-
ing the task across 2060 trials in 15 ses-
sions (1376 40 trials per session). In
trials that included a decision lick in the
licking epoch, mice were licking the cor-
rect side first in 87% of trials, while mak-
ing 13 6 10% of side errors (Fig. 1C).
Importantly, omission and impulsive tri-
als did not vanish after training (Fig. 1C).

Omission and impulsive trials were
present throughout the entire behavioral
sessions. However, some shift in failure
types did occur between the beginning
and end of sessions (Fig. 1D). Specifically,
the occurrence of omission trials
increased toward the end of sessions,
whereas impulsive trials were slightly
more frequent earlier. These effects are
likely because of decreasing thirst and,
hence, the urgency to perform during
each session as more and more water was
consumed. Across all sessions, we found
that the proportion of errors related to
timing of action (omi 1 imp; 43.2 6
14.7%) was significantly higher than the
proportion of errors because of touching
the lick spout on the wrong side first (eSi,
8.9 6 8.1%), two-sample t test (n=15;
pppp, 0.00005; Fig. 1C). The nonvanish-
ing proportion of these impulsive and
omissive trials gave us the opportunity to
study VM/VAL single-unit spiking respo-
nses during these two types of error trials,
both related to the timing of action release.

Video recordings (25Hz) were used to
complement the information provided by
our lick sensor and detect potential prelick
movements of the snout, whiskers, and
tongue itself. The trial average of movement
traces for correctly performed trials obtained
with DeepLabCut tracking (Movie 1)
revealed the infrequent but possible pres-
ence of tongue movement up to 200ms
before the Go cue, but did not reveal
snout or whisker preparatory move-
ment (Fig. 1E, Movie 1, Movie 2, Movie
3). We also compared the lick sensor
readings to the tongue movement (Fig.
1F) and found that DeepLabCut

Air Puff (0.75s)
Go Cue 

Sound (0.05s)

Delay (0.75s)

Licking epoch (1.5s) 
Inter Trial Interval (3s without lick)

error impulse (imp) correct (cor) error side (eSi) error omission (omi)

PRE Go Cue POST Go CuePRE Go Cue POST Go Cue

Correct eSi
10
30
50
70
90

%
 tr

ia
ls

 

10
30
50
70

eSi imp omi

%
 tr

ia
ls

 (a
ll)

***

10 20 30 40 50 60 70 80 90 100
percentage of total session lenght (%)

0

20

40

60

80

100

%
  t

ria
ls

 ty
pe

s

cor
imp
omi

A

B

C D

FE

***

0 0.8 1.6 2.4 3.2 4.0

0

10

20
Go Cue

time in a trial (s)

Av
er

ag
e 

m
ov

em
en

t (
pi

xe
l) 

 

1

1.51.3
200ms

1.1

Tongue 
Whisker
Snout

cor

imp

omi

Go Cue

0.4 0.8 1.2 1.6 2.0 2.4 2.8
time in a trial (s)

2.6mm

Figure 1. Mouse behavior in tactile cued choice delayed the response task. A, Schematic time course of a task trial. At the
start of each trial, a mild puff of air (air-puff epoch) was delivered pseudorandomly on the left or on the right whiskers of
the head-fixed mouse for 75 s. Once the air puff stopped, the mouse had to continue to withhold licking during the delay
epoch (750ms). The end of the delay was indicated by a Go signal (sound) after which the mouse could initiate the decision
lick denoting the choice of side (licking epoch). If the decision lick was for the correct side spout during the licking epoch, a
water reward was delivered. Trials were separated by a 3 s minimum ITI. Any licks during the ITI led to a restart of the coun-
ter and to starting the next trial at 2 s, ensuring that at the onset of each trial the mice had completely stopped licking from
the previous trial. B, Schematic of the four possible trial outcomes: (1) error impulsive lick (before Go cue); (2) correct lick;
(3) error lick on the wrong side; and (4) error because of no licking during the licking epoch (omission). C, Bar graph (mean
and SEM) of the behavioral results (n= 15 sessions, five mice, 2060 trials) obtained after training periods, during electrophys-
iological recording. Top, Percentage over the total amount of correct and eSi trials. We found significantly more correct trials
(cor = 87.4 6 10.4%; mean 6 SD) Two-sample t test (n= 15; pppp, 0.0001). Bottom, Percentage among all trials.
Errors because of choice of side (eSi) were less frequent than errors related to timing (imp1omi). D, Distribution of trial out-
comes across sessions. Averaged across 15 sessions, five mice. eSi trials were not included. E, Average DeepLabCut tracks
from the video analysis of tongue, snout, and whisker movements during correct trials (six sessions from four mice). Data are
shown as absolute values of changes in tracked position in pixels relative to baseline along the y-axis (top-to-bottom move-
ment in Movies 1, 2, 3, 4) for tongue and snout movement and along the x-axis (right-to-left movement in Movies 1, 2, 3,
4) for whisker motion. For each trial, 100 frames were taken at 25 Hz. The inset shows that tongue movement can be
detected up to 200 ms before the Go cue in some trials. F, Examples of DeepLabCut tongue tracking (raw data) for cor, imp,
and omi single trials. Note that a typical correct lick sequence starts by one decision lick followed by a bout of several re-
trieval licks (black trace). The lick sensor TTL activation is represented by vertical red lines. Scale bar (vertical blue), 2.6 mm
(the distance between the spout and the mouth). Note that when the lick did not reach or miss the spout, the lick sensor
did not activate, as shown by the first tongue movement in the impulsive trial. Note that our 25 Hz (40 ms/frame) video ac-
quisition was not fast enough to determine the exact onset of tongue protrusion with respect to lick sensor detection, but
that the approximate timing of the tongue trajectory is fully consistent with the timing of tongue protrusion starting 33ms
before spout contact for cue-evoked licks seen with videos taken at 1 kHz (Bollu et al., 2019).
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tracking revealed predecision partial tongue protrusion
movement in 46% of 450 analyzed correct trials from four
mice. This tongue movement started on average 1606 60
ms before the TTL lick sensor touch detection. Only in 7%

of the trials a lick was observed before the Go cue (at 68
6 34 ms). These results indicate that preparatory move-
ments (including partial licks) were generally confined to a
200 ms period before the decision lick detected by our elec-
tronic lick sensor (Fig. 1E,F).

Movie 1. Example video with deeplabcut labels, tracking the snout (dark blue), mouth
(light blue), tongue (green), and whiskers (orange and red). View from bottom of the mouse
head during the task. The video is display at real speed (25 frame per second). [View online]

Movie 2. Video corresponding to trials shown in Figure 5A from mouse #3. View from bottom
of the mouse head during the task. Colored dynamic text display (top left corner) indicates the trial
number and trial type (red), the time from trial start (in green), the type of task event currently
occurring (violet). The video is display at slower speed (10 frame per second). [View online]

Movie 3. Video corresponding to trials shown in Figure 5B from mouse #5. Legend similar
to Movie 2. [View online]

Movie 4. Video of examples trials with optogenetic stimulation from mouse #5 to com-
plement results from Figure 7. The Laser stimulation are indicated by the apparition of a light
blue text (middle left). Legend similar to Movie 2. [View online]
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Dynamic changes in thalamic neuronal activity during
correct trials of the task include a delay-specific ramping in
firing rate preceding action release
To determine the relation of VM/VAL activity with our delayed
response task, we recorded the activity of 462 VM/VAL thalamic
neurons during the task. Extracellular recordings were performed
using four shank silicon probes (Fig. 2). After the completion of
recording sessions, electrode tracks were revealed through histo-
logic sectioning (40mm) and both Nissl staining (Fig. 2A) and
immunohistochemistry (Fig. 2B) for all mice. Once electrode
placement was assessed by locating tracks with respect to anatomic
landmarks, we used the Allen Brain Atlas to register the results
with stereotactic coordinates (Fig. 2C). Only cells registered with
VM or VAL coordinates by the Allen Brain Atlas were used for
further analysis. We then plotted the interspike interval (ISI) dis-
tribution (Fig. 2D) for VM/VAL units isolated with WaveClust
(see Materials and Methods) and quantified their spike-sorting
quality by computing the percentage of spikes with a 3ms refrac-
tory period violation (percentage rpv; Fig. 2D,E). We found that
with the exception of 5 of 462 units our unit separation showed
,1% rpv (Fig. 2E), which is less than the 2.5% deemed acceptable
to represent isolated single units (Sukiban et al., 2019).

First, we analyzed spike rates for the correct trials of the task
(Fig. 3). We found that.80% of VM/VAL neurons responded by
significantly increasing their spike rate relative to baseline (z score,
.3) during the time course of a correct trial. The remaining neu-
rons presented either no significant change during the task or pre-
sented a significant decrease of activity (Fig. 3A). Fifty-four
neurons presented a complex dynamic of changes of activity
including both a significant increase and a decrease in spike rate
(Fig. 3A, intersection of the Venn diagram).

We categorized neural responses during the correct trials of
the task. Consistent with previous results (Guo et al., 2018), we
found a great diversity of responses at the single-unit level (Fig.
3B) including a clear delay-specific ramping pattern of activity
preceding movement. We categorized three main response types
(type I, air puff; type II, delay; type III, licking), and we found that
a large majority of neurons showed a significantly increased spike
rate during multiple task epochs (Fig. 3C). Type II neurons with
significantly increased spike rates during the delay in most cases
also showed increased spike rates during other task epochs, notably
a peak spike rate in the following licking epoch (Fig. 3B, cell #015).

We plotted the average z scored spike rate function over all
neurons recorded during the task, which revealed a peak during
the air puff stimulation epoch in addition to a clear ramp up dur-
ing the subsequent delay epoch with a peak in the following lick-
ing epoch (Fig. 3D, black curve). After eliminating units with
significant decreases or no change in spike rates during the task
from the average, these peaks remained similar in shape and
became more pronounced (Fig. 3D, red curve). The average in-
hibitory responses were also associated with sensory cue and
licking epoch onsets, but no inhibitory ramping during the delay
was observed (Fig. 3C, green curve). We decided to focus our
further analysis on the 338 neurons that exclusively showed exci-
tation in relation to behavior (Fig. 3A, red group, D, red curve).

By sorting the activity by first occurrence of a z scored threshold
during the delay we observed that most of the 338 neurons ramped
up in spike rate before the decision lick, indicating that they were
related to preparatory activity preceding the action release (Fig. 3E).
In addition to ramping, VM/VAL also tended to overrepresent the
start of the trial corresponding to the onset of the air-puff epoch as
shown by the distribution of peak activity rate (Fig. 3F), which
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Figure 2. Histologic reconstruction and single-unit quality metrics. A, Nissl stain from a representative coronal brain slice revealing the position of an electrode track within the VM thalamus (red
circle). Scale bar, 2 mm. B, Immunohistochemical image from a representative coronal brain slice using anti-GFP antibody revealed GFP expression because of AAV vector injection into SNr (see
Materials and Methods) with horseradish peroxidase (darker area). The location of GFP confirms the presence of GABAergic SNr terminals in VM thalamus (red circle) where the electrode track is
located. C, Example of electrode track reconstruction, and registration to the Allen Brain Atlas. Sagittal schematic representation of a mouse brain with each brain area delimited by black lines. The
VM and VAL thalamus (colored red and blue, respectively) contained three electrode shanks (green lines) and their channels (green circles). Channels were spaced by 100mm. Shanks were spaced
by 200mm. D, ISI distribution for six VM/VAL single units. For each unit, a % rpv of 3 ms is indicated. The average spike wave is also depicted (red traces). Each spike trace is 2 ms. Calibration: 100
mV. E, Distribution of % rpv for all 462 VM/VAL thalamic neurons recorded. The inset shows only 3 units with.2.5% rpv, which should not be considered as an isolated single unit.
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could be related to sensory signal processing and/or to a potential
trial time estimation mechanism (see Discussion).

Together, these results indicate that VM/VAL spike rates
showed a prominent ramping of population activity during the
delay of correct trials, which preceded the early partial licks
observed in a subset of trials (Fig. 1E,F).

VM/VAL delay-specific ramping activity best relates to the
timing of the decision lick and not to the go-cue signal onset
Ramping activity during the delay could reflect an anticipation
of the Go-cue signal or the timing of the decision lick. To disam-
biguate between these two possibilities, we centered the spike ras-
ter and spike rate plots on the decision lick (Fig. 4A,B). We found
that the ramping showed its peak shortly before the decision lick
even in imp trials where the lick preceded the Go cue (Fig. 4A).
The ramping of the population average for correct trials started (z
score,.1; Fig. 4A) at 648ms before the lick onset and had its peak
160ms (n=60 neurons) before the lick onset (lick onset defined
by the lick sensor touch; Fig. 1F). These results were obtained dur-
ing correct trials both at the population level (n=60 neurons; Fig.
4A, black curve) and at the single-unit level (Fig. 4B). Importantly,

we obtained a similar time course in both impulsive and correct
trials (Fig. 4A), indicating that the ramping activity anticipated the
release of the lick action and not the Go-cue signal.

VM/VAL delay-specific ramping activity is altered in
impulsive and omission trials
To further confirm the finding that ramping relates specifically
to the timing of motor action release in the context of our licking
task, we wondered whether the ramping found in correct trials
occurred early in impulsive trials and was reduced or absent in
omission trials. To address this question, we analyzed changes in
spike rates during the delay of error trials and compared the
results to correct trials for 234 VM/VAL neurons (Fig. 4).

To define neurons with activity changes selective for impulsive
and omission trials, we computed differences in the z scored spike
rate (referenced to baseline; see Materials and Methods) during
the delay period between error and correct trial outcomes, as fol-
lows: dZomi = Zomi – Zcor and dZimp = Zimp – Zcor. Neurons
were categorized as omission selective if dZomi, �3 and impul-
sive selective if dZimp. 3. The results of this classification indi-
cate that 188 of the VM/VAL neurons could be classified as

23

fr 
(H

z)
fr 

(H
z)

fr 
(H

z)
338 (+)

Task Excited

47 (-)

54

VM/VAL 
cells

time from Go Cue (s)
-1.50 -0.75   0  0.75

-4
-2
0
2
4
6

Zs
co

re
 (a

ve
ra

ge
)

time from Go Cue (s)
-1.50 -0.75   0  0.75

32
30

8

26

21
42

179

delaysample 

response

50

100

150

200

250

300# 
ne

ur
on

s 
(p

ea
k 

so
rte

d)
 

0

1

Pe
ak

 n
or

m
al

iz
ed

 fi
rin

g 
ra

te

50
100

150

200

250

300# 
ne

ur
on

s 
(d

el
ay

 s
or

te
d)

0

3

6

9

Fi
rin

g 
ra

te
 (Z

-s
co

re
)

all 
excit 

inhib 
nosig 
cmplx 

time from Go Cue (s)
0-1.5 0.75-0.75

cell #015

cell #156

cell #278

cell #039

cell #398

cell #109

Baseline

10

30

50 #1

5

15

25 #

5

15

25

5

15

10

20

2

6

10

B

D

E

F

CA

 euC oG euC oG

time from Go Cue (s)
0-1.5 0.75-0.75

yaledyaled

delay

ffupAffupA

ApuffLicking

Licking

Licking

Licking
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omission selective, impulsive selective, or both, with a larger popu-
lation of omission selectivity (Fig. 4C,E,F).

To compare the difference in the dynamic changes in neuro-
nal responses between correct and error trials at the population
level, we z scored the error trial spike rate function of each
neuron with respect to correct trials (Fig. 4C). This analysis
revealed a clearly reduced activity in omission-selective neu-
rons during the delay epoch of omission trials. In contrast,
impulsive trial-selective neurons showed a steep increase in
ramping during the second half of the delay epoch during
impulsive trials compared with correct trials. These results
obtained at the population level were confirmed at the sin-
gle-unit level (Fig. 4D). Indeed, raster and spike rate function
plots clearly indicated different ramping patterns among the
three types of trials (cor, imp, omi), with an early ramping
during the impulsive trials and an absence of ramping during
the omission trials (Fig. 4D).

Finally, to resolve the timing of imp and omi selectivity at
both the single-neuron and population levels; we plotted the z
scored rate difference for each neuron as a heat map (Fig. 4F).
For imp-selective neurons during imp trials, a consistent strong
increase in spike rate was present during the second half of the
delay epoch, while omi-selective neurons during omi trials
showed a reduction in activity that could start at varying
time points beginning with the stimulus onset, and generally
lasted beyond Go-cue presentation. Interestingly, a subpopu-
lation of both omi- and imp-selective neurons showed signif-
icantly less activation during the air puff epoch for both
types of error trials (Fig. 4C,D,F), suggesting that task-related
thalamic neural processing is already altered early in the task
when errors occur later.

Overall, these results clearly indicate that the VM/VAL ramping
activity is altered during error trials compare with correct trials.
Specifically, we provide evidence that the ramping was lacking
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during omission trials, whereas it peaked too early during the delay
of impulsive trials. These results are in support of the hypothesis
that ramping is related to the preparation of action release.

Single-trial analysis confirms increased spike rates before
lick initiation
Our analysis so far revealed prominent ramping activity of trial-
averaged data for both single neurons and population averages
(Figs. 3, 4). However, behavior is controlled on the level of single
trials, so the question arises of whether ramping can be observed
at a single-trial level for single neurons or for groups of neurons
recorded simultaneously. In addition, it is possible that anticipa-
tory neural activity preceding go cues might be highly correlated

with ongoing uninstructed movements (Musall et al., 2019).
Indeed, if single-trial activity changes were discrete and related
to uninstructed movements with progressive likelihood during
the delay epoch, this could result in apparent population ramp-
ing in trial-averaged results.

To address these questions, we analyzed video recordings of
our mice performing the task using DeepLabCut (Nath et al.,
2019) to track movements of the tongue, snout, and whiskers for
each trial (Fig. 5, Movie 1). For a given trial, we aligned the results
of the movement traces with single-unit spiking activity [Fig. 5A,
Movies 2, 3 (corresponding to first and second column, respec-
tively, in Fig. 5A)]. We observed that in all cases (10 cells analyzed
from three mice) the spike rate increases seen at the single-trial
level were in advance of any detected uninstructed movements

omi

imp

cor

trial 33

trial 45

trial 103

trial 145

trial 2

trial 36

trial 111

trial 119

trial 53

0-600 600

2
6

fr 
(H

z)

1 Cell (#198) 
(Mouse#3) 

65 trials 

trial 65

trial 117

trial 147

trial 196

trial 4

trial 145

trial 91

trial 44

time from GoCue (ms)

1 Cell (#489) 
(Mouse#5) 

8
12
16

0-600 600

74 trials 

trial 15

time from GoCue (ms)

A

time from GoCue (ms)

trial 65

trial 117

trial 147

5tr Average 
7 cells

trial 4

7 Cells 
(Mouse#5) 

74 trials 

6

10

14

0-600 600

trial 15

trial 145

trial 91

trial 44

B
whisker

snout

Tongue

PSTH

A.P.

Figure 5. Single-trial analysis of motor thalamic neuronal activity in relation to body movements. A, Examples of single-trial firing rate changes for two representative VM/VAL neurons (one
neuron per column). Spike rate functions (smoothed with a 40 ms Gaussian kernel) and the corresponding DeepLabCut traces are aligned to the Go cue. The first row shows the average for all
correctly executed trials (black trace). The other rows display representative single trials (corresponding to Movies 2, 3), with five cor, two imp, and two omi trials per neuron. Red ticks repre-
sent single spikes. Colored traces represent spike rate functions (smoothed with a 40ms Gaussian kernel) and the corresponding DeepLabCut traces (video frames were obtained every 40 ms).
B, Same as A, but for a group of seven neurons recorded simultaneously (including cell #489 from A). Note that the ramping pattern tends to be clearer at the single-trial level for a group of
cells compared with a single cell (e.g., trials #117 and #147, in A and B). Vertical ticks denoting spikes emitted by different neurons are identified by color. The sixth row represents the trial av-
erage (red) over the five correct trials shown above (trials #4, #65, #117, #147, and #196). The seven neurons were recorded simultaneously from seven different channels (#474, #476, #479,
#480, #489, #492, and #494; %rpv: 0.5%, 1%, 0.9%, 0.9%, 0.7%, 0.9%, and 0.4%, respectively).

1886 • J. Neurosci., March 3, 2021 • 41(9):1878–1891 Catanese and Jaeger · Motor Thalamic Ramping Activity and Action Timing

https://doi.org/10.1523/JNEUROSCI.1204-20.2020.video.1
https://doi.org/10.1523/JNEUROSCI.1204-20.2020.video.2
https://doi.org/10.1523/JNEUROSCI.1204-20.2020.video.3
https://doi.org/10.1523/JNEUROSCI.1204-20.2020.video.2
https://doi.org/10.1523/JNEUROSCI.1204-20.2020.video.3


(often .400ms; e.g., cell #189/trial #145 and cell#489/trial #147,
both from different mice; Fig. 5A). However, these spike trains did
not have a clear ramping pattern at the single-unit level for single
trials, even when the ramping pattern was observed at the level of
the trial average (Fig. 5A, top trace).

These results suggest that the time of spike rate change varies
from trial to trial and is more discrete than would be expected
from a steadily increasing spike rate (i.e., ramp) at the single-trial
level. While not all body parts could be tracked with our frontally
mounted camera, we note that the single-unit spike rate increases
occurred at approximately the same time before lick onset for tri-
als with impulsive early licking (Fig. 5A, imp trials) and was mark-
edly reduced in omission trials (Fig. 5A, omi trials). These results
are fully congruent with the population average in showing a dis-
tinct relation to the preparation of lick onset (Fig. 4A).

To address the question of whether populations of neurons
recorded simultaneously show ramping or correlated discrete
range changes, we performed a single-trial analysis for a group of
seven neurons as an example (Fig. 5B). We observe in our
recorded set of neurons that, even at the single-trial level, a ramp-
ing pattern becomes discernible as different units start spike rate
increases at different times (Fig. 5B). This observation supports
the notion that population ramping is a product of variable times
of spike rate increase onsets between neurons and constitutes
a population-level phenomenon at the single-trial level (see
Discussion). To more systematically quantify how much neuron
ensemble activity predicts the trial outcome, we use a classifier in
the next section.

Thalamic ensemble activity receiving nigral input can be
used to accurately predict the behavioral outcome at a
single-trial level
Our preceding analysis of VM/VAL neural activity revealed neu-
ronal preparatory activity before lick onset. We hypothesized that
the ramping activity produced at the neuronal population level
contained sufficient information to predict each single-trial out-
come. To test this hypothesis, we trained a logistic classifier to pre-
dict single-trial outcome (e.g., omi vs cor) based on the neuronal
activity of randomly chosen subpopulations from 1 to 20 neurons
recorded simultaneously (Fig. 6; 100 iterations for each group size
�10 cross-validation). We found that the classifier was able to
equally predict trial outcomes for omission versus correct trials
(Fig. 6A), impulsive versus correct trials (Fig. 6B), and impulsive
versus omission trials (Fig. 6C). To control for the possibility that
the classifier picked up on the lick activity in imp trials to make its
discrimination, we made an additional classification with using
spike times only in a 750ms window before the decision lick (Fig.
6B,C, dotted line). In all cases, we show that the classifier perform-
ance was better than chance (dashed line) and improved as a func-
tion of the number of neurons used to train it. These results
confirm our hypothesis that single-trial outcomes can be predicted
by the combined activity of a population of VM/VAL neurons,
which tend to produce a ramping pattern, as shown above (Figs.
3-5). The more neurons included in the subpopulation, the more
accurate was the classifier prediction of single-trial outcome.

Optogenetically suppressing the ramping activity in
VM/VAL via the nigro-thalamic pathway reduced impulsive
trials and increased omission trials
The results from the previous sections show that impulsive
and omissions trials were associated with a distinct firing
pattern in the VM/VAL thalamus during the delay preceding
Go cue and presented in trial averages a clear alteration of
ramping activity relative to correctly executed trials (Figs. 4,

5). Using a classifier, these different spike patterns could be
used to predict single-trial outcomes (Fig. 6). We next asked
whether inhibition from the SNr during the delay epoch
could affect behavioral outcomes through an alteration of
ramping activity in VM/VAL.

To optogenetically activate SNr terminals in VM/VAL,
the SNr of VGAT-Cre (slc32a) mice was injected with an
adeno-associated viral vector (rAAV2) containing a Cre-de-
pendent channelrhodopsin 2 (DIO-hChR2-EYFP). SNr ter-
minals expressing ChR2-EYFP (enhanced yellow fluorescent
protein) were activated using a blue laser (473 nm) passing
through an optic fiber mounted on a NeuroNexus optrode
inserted in VM/VAL thalamic nuclei (Fig. 7A). The SNr
injection site and GFP expression were verified by histology
and fluorescence microscopy (Fig. 7B).

During the task, in 20% of the trials, randomly selected, we
stimulated the SNr GABAergic terminals in VM/VAL during the
delay epoch (1 s laser pulse starting 250ms after the delay epoch
onset). We found a significant reduction in the number of impul-
sive errors during trials with optostimulation in the delay epoch
compared with nonopto trials as well as a significant increase in
omission error trials (optoON vs optoOFF, two-tailed paired
t test for 11 sessions, four mice; pcor = 0.056, peSi = 0.076,
ppimp= 0.030 ppomi= 0.025; Fig. 7C). In contrast, the SNr stim-
ulation had no effect on the capability of mice to correctly chose
left or right lick targets, which is indicated by the errors of licking
to the incorrect side remaining equally low (eSi; Fig. 7C). The
proportion of correct trials was not significantly changed, likely
because a decrease in impulsive trials was offset by an increase in
omission trials.
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Figure 6. Thalamic population activity during the delay predicts the type of lick timing-
related error trials. A, Average performance of logistic classifier on discriminating omission
versus correct trials based on the firing rate of VM/VAL neuronal assemblies of different sizes
during the 750 ms delay. One hundred iterations for each group size each with a 10-fold
cross-validation. Neurons were randomly selected at each iteration. For a shuffle control, trial
outcomes were randomly assigned to each trial spike train. The horizontal dashed lines at 50%
indicate the chance level for a binary classification. B, Same as A but comparing impulsive and
correct trials (solid trace). Because during impulsive trials the mouse licks during the delay, we
trained a second classifier that only used the neuronal activity of the 750ms before the first lick
(dotted trace) to exclude the idea that lick-related activity during the delay for imp trials deter-
mines the classification. C, Same as B but comparing impulsive and omission trials.
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Overall, as a consequence of SNr terminal stimulation during
the delay epoch, we observed a significant effect on behavioral
outcomes, with a specific effect on error trials related to the tim-
ing of action release.

We then asked the question of whether the behavioral effects
were mirrored by changes in ramping activity reflecting their dif-
ferences between correctly executed and impulsive or omission
trials. At the single-neuron level, we observed that the laser stim-
ulation tended to reduce the spiking of VM/VAL neurons, as
demonstrated in the raster plots and trial-averaged spike rates in
Figure 7D. It is possible that the optogenetic effect would only be
revealed when applied, while the firing rate is rising above the
baseline during the task. However, we found that 30% of 89
tested neurons were significantly inhibited by the laser

stimulation outside the task, by performing a statistical analysis
on the pretask and post-task optogenetic stimulation (Wilcoxon
test, nstim= 546 30 laser pulses/session). This control experi-
ment confirms that the optogenetic inhibition of VM/VAL neu-
rons is likely triggered by activating SNr terminals independently
from the task.

The grand average of all VM/VAL thalamic neurons tested
(n= 89 recorded with a number of impulsive and optostimula-
tion trials sufficient for statistical comparison; Fig. 7E) showed a
robust decrease in firing rate during the optogenetic stimulation
of nigral terminals, thus preventing the usual ramping from
occurring during the delay of the task for all three types of trials
(cor, imp, and omi; Fig. 7E). To assess whether laser stimulation
resulted in changes of observed movements, we performed a
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Figure 7. Optogenetically stimulating the nigro-thalamic pathway reduced impulsivity and increased omissions. A, Schematic of the experimental paradigm. Slc32a transgenic mice were
injected with AAV-DIO-ChR2-EYFP in the SNr to express ChR2. SNr terminals were optogenetically activated by blue light illumination through an optic fiber attached to the NeuroNexus silicon
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Note that there was no difference in tracked movements between opto trials and non-opto trials during the delay epoch.
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DeepLabCut analysis of movement trajectories for four sessions
from three different mice (Fig. 7F, Movie 4). No significant
changes in movement execution for the three trial outcomes
(cor, imp, omi) were observed.

The results of this section demonstrate that nigral terminal
stimulation during the delay epoch suppressed VM/VAL ramp-
ing, mimicking the diminished or absent ramping associated
with spontaneous omissions (Fig. 4). Together, these observa-
tions suggest that the VM/VAL pre-motor ramping activity is a
necessary part of the proper mechanism of action release and is
strongly influenced by nigral input.

Discussion
Main findings
In this study, we showed that delay-specific ramping in the VM/
VAL population activity started and peaked before the decision
lick in both correct and impulsive trials with similar time courses
relative to the lick action release, whereas omission lick trials
showed a weak or absent ramping activity. A linear classifier was
able to predict the behavioral outcome on a single-trial basis based
on the corresponding neuronal ensemble activity from VM/VAL,
with greater accuracy for larger neuronal populations. Optogenetic
activation of SNr GABAergic terminals in VM/VAL during the
delay suppressed ramping activity and resulted in an increase of
omissions and a decrease in impulsive licking, supporting a causal
impact of nigro-thalamic activity on the timing of action release.

Ramping in VM/VAL population anticipates action release
The population average of VM/VAL neurons in our data ramped
and peaked at ;650 and ;160ms, respectively, before the
tongue touched the spout. Given that ;33ms of tongue protru-
sion for a mouse cue elicited licks before touching the lick tube
(Bollu et al., 2019), the peak in ramping clearly preceded move-
ment initiation, and in most trials we found no other preceding
tongue, nose, or whisker movement. Given previous findings
that VM/VAL neurons project directly to ALM premotor cortex
(Guo et al., 2018), it is plausible that thalamocortical neurons

reaching a specific firing rate threshold could be an important
link in a sequence of neuronal cortical activations that will ulti-
mately lead to lick action release.

In primates, a similar relationship to saccadic movement
release has previously been observed in VA/VL motor thalamus,
where ramping activity was found before cued delayed or self-
initiated saccades, and such ramping was hypothesized to derive
from basal ganglia signals (Tanaka, 2007). Interestingly, in pre-
motor cortex of primates, the peak in ramping activity was
observed ;280ms before action initiation (Thura and Cisek,
2014), similar to the timing observed in our study. In addition,
ramping in frontal cortical circuits before movement has been
linked to an interval timing mechanism (Narayanan, 2016).

A threshold model for timing of movement initiation
Together, our electrophysiological and optogenetic results sup-
port a parsimonious model of how the nigro-thalamic pathway
might be involved in the neuronal processes related to action
release (Fig. 8). In this model, movement will be initiated only if
a threshold in the ramping of VM/VAL population activity is
reached (Fig. 8, correct trials). If this ramping reaches the thresh-
old too early, it will trigger a premature action (Fig. 8, impulsive
trials). In contrast, if it never reaches the threshold, the prepared
action will not occur (Fig. 8, omission trials).

In the context of the proposed threshold model, we posit that
by default the level of activity in the motor thalamus would be
maintained at subthreshold level by tonic GABAergic input from
the SNr (Delong, 1971; Ruskin et al., 2002; Lobb and Jaeger,
2015). Reduction of tonic SNr inhibition may provide a signal
for VM/VAL activity to ramp up toward the action threshold.
This hypothesis is similar to the classic function of SNr inhibi-
tion to trigger saccades in primates (Wurtz and Hikosaka, 1986)
and the urgency function ascribed to GPi downramping before
delayed reaching movement onset (Thura and Cisek, 2017). In
case of a sudden action stop signal (countermanding), the SNr
can suddenly reincrease its activity and prevent the action to be
released (Schmidt et al., 2013). Our optogenetic results fully
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Figure 8. A threshold model for the timing of action release. During correct trials (left column), proper ramping in VM/VAL activity is initiated during the delay and peaks after the Go cue.
When a threshold is reached (red), action release within a proper timing window (;400 ms after the Go cue) will be triggered. If the ramping is optogenetically silenced (cyan), the threshold
is not reached and the action is not released, resulting in omission trials. During impulsive trials (middle column), the thalamic activity ramps too early and reaches the threshold before the Go
cue, leading to an early action release. If the ramping is optogenetically silenced (cyan), the threshold is not reached and the action could be either released post-Go cue, as in a correct trial, or
not released at all, as in an omission trial. During omission trials (right column), the thalamic activity will not reach threshold and the action will not be released.
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support this stopping function for basal ganglia output, as opto-
genetic activation in the delay epoch leads to a decrease in impul-
sive and increase in omission error trials.

The basal ganglia output is in a key position to influence
ramping
While our optogenetic manipulation focused on the final output
of the basal ganglia to motor thalamus, previous work has shown
similar ramping activity in relation to movement initiation in
preceding stages of basal ganglia processing. In striatum, ramp-
ing has been seen during cued preparatory delays (Jaeger et al.,
1993; Mello et al., 2015; Emmons et al., 2017) and before self-ini-
tiated movements (Lee and Assad, 2003). In GPe and GPi in pri-
mates, ramping was ascribed to a “motor-readiness” (Jaeger et
al., 1993), functionally identical to an “urgency” function (Thura
and Cisek, 2017). Neurons with downramps of activity were
described in primate GPi before delayed reaching movement
onset (Thura and Cisek, 2017), which supported the proposition
in our model that the basal ganglia control upramping in VM/
VAL. In contrast, subthalamic excitation of the nigra may favor
the stopping of movement initiation (Schmidt et al., 2013). In
agreement with this notion, optogenetic inhibition of the direct
pathway (disinhibiting SNr) leads to a delay in the time of motor
execution (Tecuapetla et al., 2016). While the original source for
such ramping is hard to pinpoint, it may well be related to ramp-
ing activity in dopamine neurons that project to the striatum
(BG input nucleus) before rewarded actions (Howe et al., 2013;
Lloyd and Dayan, 2015).

VM/VAL pre-motor ramping relates to vigor, urgency, or
timing of action release
The hypothesis that cortical ramping activity represents increas-
ing urgency for commitment to the action was proposed by
Cisek et al. (2009) in a sequence of studies in primates (Thura et
al., 2012, 2014).

The vigor hypothesis posits that BG output controls move-
ment vigor as measured by the impact of basal ganglia output on
movement speed (Desmurget and Turner, 2008; Turner and
Desmurget, 2010). This effect has also been referred to as a con-
trol of “movement gain” (Anderson and Horak, 1985), which
may be related to motivation (Catanese and van der Meer, 2013;
McGinty et al., 2013) and cost of action (Shadmehr and
Krakauer, 2008; Turner and Desmurget, 2010). Clinically, move-
ment gain is diminished in hypometric basal ganglia disorders
including Parkinson’s disease, often leading to bradykinesia and
hypometria (Desmurget et al., 2004).

In the frame of the threshold hypothesis model presented in
Figure 8, the activity level in VM/VAL could be a function of the
gain (vigor, urgency) for a given action: undervigorous (omission)
and overvigorous (impulsive) actions. This gain function com-
bined with an adjustable threshold value could serve as a timer for
action release, as well as a system for selection based on activity level
originating in the direct and indirect pathways of striatum (Klaus et
al., 2019). Indeed, it is possible that other actions compete (Leblois
et al., 2006; Boraud et al., 2018) for the highest urgency value, and
that a winner-take-all mechanism is implemented. Such a possibility
is also compatible with our proposed mechanism, in which the first
action to reach the threshold would be released.

Single-trial activity points to population coding of ramping
activity
Our single-trial analysis (Fig. 6) suggests that individual neurons
show relatively discrete rate increases during the delay epoch,

but that different neurons within the same trial have different
change points in firing rate, leading to the population-averaged
spiking activity to ramp even for a single trial. A population code
for ramping in the prediction of movement timing is further sup-
ported by the ability of our linear decoder to correctly decipher
trial outcomes with incremental quality for increasing population
size. Overall, our data suggest that a basal ganglia urgency output
may provide a moving set point of a discrete attractor model
(Inagaki et al., 2019). VM/VAL thalamic neurons have been
found to be in an excitatory feedback loop with ALM premotor
cortex for mouse lick decision-making (Guo et al., 2017). A com-
peting attractor for right and left decisions is likely presented by
different neural populations both at the level of VM/VAL thala-
mus and ALM cortex, but both populations may be driven by
the basal ganglia urgency downramp for delayed behavioral exe-
cution with an expected time of action release. Future work is
still needed, however, to clearly delineate whether basal ganglia
output to motor thalamus also multiplexes action-specific signals
with such an urgency ramp, as would be expected from the fre-
quently hypothesized function of basal ganglia in action selection
(Humphries and Gurney, 2002; Bogacz and Larsen, 2011).

An interpretation of complex VM/VAL task-specific
responses
In addition to ramping during the delay, VM/VAL tended to be
strongly activated shortly after the onset of the air-puff epoch
(Fig. 3F). Such activity could be associated with stimulus encod-
ing, but also with higher-order cognitive components of task
processing such as time estimation (Emmons et al., 2017) or
reward prediction mechanisms (Sato and Hikosaka, 2002).
Complex responses are also well known for both of the major
input structures to VM/VAL, namely premotor cortex and the
SNr. Indeed, early work byWurtz and Hikosaka (1986) discrimi-
nated 10 response types in primate SNr neurons that appeared to
be both cognitive and sensory in nature. Such constant modula-
tion of nigral inhibition therefore is likely to sculpt an equally
complex time course in strongly connected structures, such as
VM/VAL in mice. Again, additional studies are needed to disen-
tangle the function of each neural response type with respect to
task execution in mouse decision-making.
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