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Neural basis of anticipation and premature 
impulsive action in the frontal cortex

Robertas Guzulaitis    1,2  , Luca Godenzini1 & Lucy Maree Palmer    1 

Planning motor actions can improve behavioral performance; however, 
it can also lead to premature actions. Although the anterior lateral motor 
cortex (ALM) is known to be important for correct motor planning, it is 
currently unknown how it contributes to premature impulsive motor 
output. This was addressed using whole-cell voltage recordings from layer 
2/3 pyramidal neurons within the ALM while mice performed a cued sensory 
association task. Here, a robust voltage response was evoked during the 
auditory cue, which was greater during incorrect premature behavior than 
during correct performance in the task. Optogenetically suppressing ALM 
during the cued sensory association task led to enhanced behavior, with 
fewer, and more delayed, premature responses and faster correct responses. 
Taken together, our findings extend the current known roles of the ALM, 
illustrating that ALM plays an important role in impulsive behavior by 
encoding and influencing premature motor output.

A primary function of the cortex is to process vast amounts of sensory 
information and execute appropriate motor programs. While some 
sensory inputs lead to direct actions, others serve as sensory cues that 
contribute to the planning of motor output. Sensory cues are thought 
to prime motor programming networks, changing neural activity in 
various brain circuits prior to behavioral output1–8. This priming of 
neural networks enhances behavior by improving performance and 
increasing behavioral speed9,10; however, sensory cues can also lead 
to anticipation and premature impulsive motor actions11–15. Since sen-
sory cues influence behavioral performance, cued behavior needs to 
be controlled and constrained to achieve correct motor actions and 
optimal performance.

Impulsive actions are a form of anticipatory behavior that results 
from the inability to suppress inappropriate behaviors12,15. Such behav-
ior can occur when greater importance is placed on immediate out-
comes (that is, when speed is favored rather than accuracy) or simply 
from failure to stop automatic behaviors12,15. Waiting impulsivity is 
a form of impulsive behavior where a subject fails to wait until the 
appropriate time of action16. This leads to premature motor action and 
is associated with various modulatory systems17 and brain regions16,18,19.

Among many other functions20, frontal cortex is involved in the 
acquisition and performance of skilled movements21,22 and the ALM 
is specifically involved in the planning of such motor outputs2–4,23. 

Although the ALM contributes to motor planning, it is not clear how it 
influences impulsive behavior and premature motor actions. This is a 
vital piece of the puzzle which is necessary to understand the micro-
circuitry underlying motor planning since it involves, to some extent, 
the anticipation of motor output and often results in premature impul-
sive action. Here, we addressed this by establishing a cued sensory 
association task where mice demonstrated impulsive behavior. Using 
whole-cell patch-clamp recordings from layer 2/3 (L2/3) pyramidal 
neurons within the ALM and primary motor cortex (M1), we recorded 
the neural correlates of cue-triggered anticipation and used optogenet-
ics to establish a causal link between the neural activity and premature 
impulsive behavior.

Results
Instructive cues shift the behavioral licking response
To investigate the neural basis of cued behavior, we trained mice 
to perform a cued sensory association task. Initially, mice were 
trained to receive a water reward if they licked a reward port within 
1 s of receiving a tactile stimulus (200 Hz, 100 ms) delivered to the 
forepaw. Mice rapidly learnt this tactile association task, reaching 
expert performance (>80% HIT rate, sensitivity index (d′) > 1) within 
2.94 ± 0.18 days (166 ± 4.64 Go trials daily, n = 32 mice; Extended Data 
Fig. 1). Once expert in the tactile association task, the tactile stimulus 
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was then preceded by an instructive auditory cue (7 kHz, 60 dB, 1 s). 
In this cued sensory association task, mice were still rewarded if they 
correctly responded by licking the reward port within 1 s after receiv-
ing the tactile stimulus; however, trials were aborted and mice did not 
receive the water reward if they responded during the auditory cue 
(early-lick (EL); Fig. 1a). Following the introduction of the instructive 
auditory cue to the sensory association task, mice were trained for a 
further 5.25 ± 0.21 d (256.07 ± 15.64 trials daily; n = 32 mice). Overall, 
training in the cued sensory association task led to further improve-
ment in task performance, including a significant increase in HIT rate 
from 88.97 ± 1.17% to 93.92 ± 1.04% (P < 0.0001, n = 32 mice; Fig. 1b and 
Extended Data Fig. 2a), decrease in false alarm rate from 23.49 ± 2.65% to 
7.94 ± 0.90% (P < 0.0001, n = 32 mice; Fig. 1b and Extended Data Fig. 2b)  
and increase in d′ from 2.11 ± 0.10 to 3.27 ± 0.10 (P < 0.0001, n = 32 
mice; Fig. 1c and Extended Data Fig. 2c). Despite these improvements, 
the EL rate was not altered during subsequent sessions in the cued 
sensory association task, with an average rate of 41.48 ± 4.02% in the 
first session and 41.76 ± 3.41% in the last session (P = 0.82, n = 32 mice; 
Fig. 1c and Extended Data Fig. 2d). Next, characteristics of the licking 
response were investigated during both rewarded (HIT) and aborted 
(EL) trials (Supplementary Fig. 1). Although the rate of trials aborted 
due to impulsive behavior did not change throughout the cued sen-
sory association task, the timing and pattern of these premature ELs 
did (Fig. 1d). Following training, the auditory cue shifted the onset 
of the average EL response closer to the presentation of the tactile 
stimulus (from −0.55 ± 0.02 s to −0.34 ± 0.02 s; P < 0.0001, n = 32 mice; 
Fig. 1e). Likewise, the average onset of the licking response during HIT 
trials was also shifted by the auditory cue, with significantly slower 
response times to the tactile stimulus in the first session (0.37 ± 0.03 s) 
compared with the last session (0.30 ± 0.02 s; P < 0.0001, n = 32 mice; 
Fig. 1f). This change in the onset of the licking response during the 
cued sensory association task is further illustrated by the change in 
the distribution of the licking onset during the auditory cue, which was 
positively skewed during the first session (0.36 ± 0.11) and negatively 
skewed during the last session (−0.65 ± 0.09; P < 0.0001, n = 32 mice; 
Fig. 1g). In contrast, the distribution of licking responses during HIT 
behavior was not significantly different throughout training in the 
cued sensory association task (first session, 1.03 ± 0.33; last session, 
0.45 ± 0.13; P = 0.14, n = 32; Fig. 1h).

To test whether the changed licking behavior during the cued 
sensory association task was indeed due to the introduction of the 
instructive cue and not the additional training, mice expert in the 
cued sensory association task were presented with the tactile stimulus 
either with (cued) or without (non-cued) the auditory cue (Extended 
Data Fig. 3). Here, the cued trials had a significantly faster response 
time compared with non-cued trials during HIT behavior (0.12 ± 0.01 s 
versus 0.16 ± 0.01 s; P = 0.03, n = 6 mice), illustrating that the auditory 
cue, and not additional training, leads to changes in licking behavior. To 
further investigate the influence of the instructive cue on behavior, we 
next investigated whether mice rely on the learnt duration of the cue to 
successfully perform the task. Here, varying cue duration altered both 
the rate and timing of the licking response in EL trials (Extended Data 
Fig. 4a–c) but not HIT trials (Extended Data Fig. 4d,e), suggesting that 
mice were, at least partially, relying on the timing of the instructive cue. 
Furthermore, omission of the tactile stimulus following the instructive 
cue led to a significant decrease in the task performance, decreasing 
HIT rate (94.98 ± 2.72% versus 64.13 ± 4.81%; P = 0.03, n = 6 mice) and 
increasing response time (0.12 ± 0.01 s versus 0.19 ± 0.03 s; P = 0.03, 
n = 6 mice; Extended Data Fig. 5), illustrating that the performance in 
the cued sensory association task also required the tactile stimulus. 
Together, these findings illustrate that mice performing the cued 
sensory association task use both the instructive auditory cue and 
the tactile stimulus.

Changes in licking behavior following training in the cued sensory 
association task suggests that mice learn to use the instructive auditory 
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Fig. 1 | Instructive cues shift the behavioral licking response in a cued 
sensory association task. a, The cued sensory association task design. An 
auditory cue (1 s, 7 kHz, 60 dB) was followed by tactile stimulation (200 Hz, 
0.1 s). To receive a water reward (5–10 µl, 10% sucrose), mice were trained 
to lick a water port up to 1 s after the tactile stimulation (HIT). If mice did 
not lick the water port during the trial, it was classified as a MISS trial. Trials 
were aborted if mice licked the water port during the auditory cue (ELs).  
Go trials were randomly interleaved with Catch trials where no stimulus  
was delivered and the mice should not respond (correct rejection (CR)).  
If mice licked the water port during a Catch trial, it was classified as a false 
alarm (FA). b, Behavioral performance before (orange) and after (green) 
the introduction of the auditory cue in the cued sensory association task 
for correct behavior (HIT; green) and incorrect spontaneous licking during 
Catch trials (FA; fawn) (n = 32 mice). Data are presented as mean ± s.e.m.  
c, The d′ and EL rates throughout training before (orange) and after (green) 
the introduction of the auditory cue in the sensory association task (n = 32 
mice). Data are presented as mean ± s.e.m. d, Distribution of the onset of 
the first lick for HIT (green) and EL (red) trials during the first (top) and last 
training sessions (bottom) (n = 32 mice). Data are presented as mean ± s.e.m. 
e, The average onset of the licking response in EL trials during the first 
and last training sessions in the cued sensory association task (P < 0.0001, 
two-tailed Wilcoxon test, n = 32 mice). Onset was measured from the end of 
the auditory cue. f, The average onset of the licking response in HIT trials 
during the first and last training sessions in the cued sensory association 
task (P < 0.0001, two-tailed Wilcoxon test, n = 32 mice). Onset was measured 
from the end of the auditory cue. g, Skewness of the distribution of lick 
latencies during EL trials during the first and last training sessions in the 
cued sensory association task (P < 0.0001, two-tailed Wilcoxon test, n = 32 
mice). h, Skewness of the distribution of lick latencies during HIT trials 
during the first and last training sessions in the cued sensory association 
task (P = 0.14, two-tailed Wilcoxon test, n = 32 mice). Not significant (NS), 
P > 0.05; ****P < 0.0001.

http://www.nature.com/natureneuroscience


Nature Neuroscience | Volume 25 | December 2022 | 1683–1692 1685

Article https://doi.org/10.1038/s41593-022-01198-z

cue to predict the reward epoch, leading to changes in the timing of the 
behavioral response. Despite greater overall performance in the task, 
the EL rate was constant during training in the cued sensory association 
task, illustrating that premature licking behavior was refined, but not 
decreased, by training.

ALM neurons have a robust voltage response during the cue
Since the auditory cue influenced the overall performance in the cued 
sensory association task, we assessed the level of arousal during the cue 
by recording the dynamic changes in pupil diameter24,25 in both expert 
and naïve mice (Fig. 2a). In expert mice, there was a significant increase 
in pupil dilation from baseline during the auditory cue (4.65 ± 1.44%; 
P = 0.002, n = 10 mice; Fig. 2b). Although pupil dilation was greatest 
during the reward delivery, the increase in pupil dilation during the 
cue suggests that expert mice are attending to the cue. This was fur-
ther illustrated by a significant increase in pupil dilation throughout 
training in the cued sensory association task (P = 0.037, n = 10 mice; 
Supplementary Fig. 2). In contrast, there was no significant change in 
pupil diameter during presentation of the auditory cue in naïve mice 
(P = 0.12, n = 11 mice; Fig. 2c). These findings suggest that mice were 
aroused by the sensory cue only after it was associated with a positive 
reward during expert performance in the cued sensory association 
task (P = 0.005, n = 10 expert/11 naïve mice; Fig. 2d).

Next, due to the influence of the instructive cue on arousal and 
impulsive behavior, we investigated the neural activity underlying the 
cued behavior. Since the ALM is known to be involved in motor plan-
ning3,4, we performed whole-cell patch-clamp recordings from L2/3 
pyramidal neurons within the ALM while mice performed the cued sen-
sory association task (average somatic depth below pia, 290 ± 17 μm; 
n = 16 neurons; Fig. 2e). Using this approach, neural activity could be 
correlated with the corresponding behavioral licking response (Fig. 2f). 
During correct performance (HIT trials), a robust voltage response was 
evoked during the auditory cue (4.02 ± 0.73 mV from baseline voltage 
of −52.59 ± 2.84 mV; P = 0.0001, n = 14 neurons, 4 mice; Fig. 2g,h and 
Extended Data Fig. 6a,b), leading to a twofold increase in action poten-
tial firing rate (1.34 ± 0.56 Hz to 2.61 ± 1 Hz; P = 0.03, n = 10 neurons, 
4 mice; Fig. 2h). The onset of this voltage response occurred during 
the auditory cue (−867.9 ± 11.36 ms before tactile stimulus), which 
was over a second before the average onset of the licking behavior 
(343.91 ± 43.46 ms after the tactile stimulus; P = 0.004, n = 9 neurons, 
4 mice; Extended Data Fig. 6c,d). Therefore, the temporal disconnect 
between the voltage and behavior suggests that the voltage response 
during HIT trials was not due to the licking behavior itself. The volt-
age response was also not due to the encoding of sensory (auditory 
and/or tactile) information, as in contrast to expert mice, the sensory 
stimuli (auditory cue followed by tactile) did not evoke a detectable 
voltage response in naïve mice (Fig. 2i). Here, there was no change in 
the membrane potential (−0.001 ± 0.15 mV from resting voltage of 
−59.8 ± 1.8 mV; P = 0.92, n = 21 neurons, 3 mice) or the action potential 
firing rate (baseline, 1.18 ± 0.64 Hz versus Cue, 1.15 ± 0.63 Hz; P = 0.25, 
n = 8 neurons, 3 mice; Fig. 2j) during the auditory cue in awake naïve 
mice. This suggests that, similar to arousal, the activity of L2/3 pyrami-
dal neurons within the ALM is context dependent as sensory informa-
tion is typically not encoded unless it is salient and associated with a 
reward or action.

Enhanced response in ALM neurons during correct 
performance
Is the neuronal activity evoked during the cued sensory association task 
correlated with task performance? To test this, we investigated the small 
(<10%) subset of trials where, despite expert performance, mice did not 
respond (MISS; Fig. 3a). During these unrewarded MISS trials, mice were 
still aroused by the auditory cue, as illustrated by a significant increase 
in pupil dilation above baseline (by 3.7 ± 1.3%; P = 0.04, n = 8 mice) which 
was similar to HIT trials (P = 0.97, n = 10/8 mice; Fig. 3b). Therefore, even 

though the mice did not actively respond in MISS trials, the similar pupil 
dynamics suggest that mice were equally aroused during the auditory 
cue irrespective of the trial outcome. We next assessed whether L2/3 
pyramidal neurons within the ALM were also active in MISS trials (Fig. 3c).  
During MISS trials, the auditory cue evoked a small voltage response 
that was on average 0.91 ± 0.32 mV in amplitude (P = 0.031, n = 6 neu-
rons, 4 mice; Fig. 3d). Despite similar states of arousal, this cue-evoked 
voltage response during MISS trials was significantly smaller in ampli-
tude than the voltage response during HIT trials (P = 0.033, n = 6/14 
neurons during MISS/HIT trials; Fig. 3e,f) and returned to baseline 
before the end of the cue (0.43 ± 0.37 mV; P = 0.44, Wilcoxon test, n = 6 
neurons, 4 mice; Extended Data Fig. 7c). This is in contrast to HIT tri-
als, where the voltage response significantly increased throughout 
the auditory cue (3.13 ± 0.56 mV to 4.92 ± 0.91 mV; P = 0.0002, n = 14 
neurons, 4 mice; Extended Data Fig. 7b). Taken together, these results 
suggest that the instructive auditory cue evokes a prolonged voltage 
response in ALM neurons during HIT trials that far exceeds the sensory 
or arousal response, and may encode behaviorally relevant anticipatory 
information for priming motor output.

M1 neurons have a small voltage response during the cue
Is the voltage response during the cued sensory association task 
specific to ALM neurons? To test this, we performed whole-cell 
patch-clamp recordings from L2/3 pyramidal neurons within a neigh-
boring cortical region also known to be involved in sensory associa-
tion tasks, the primary motor cortex (M1; Fig. 4a). In these recordings, 
behavioral performance was similar to mice where recordings were 
performed from ALM. During HIT performance in the cued sensory 
association task, the average amplitude of the voltage response in M1 
neurons during the auditory cue was 1.18 ± 0.29 mV (n = 20 neurons, 
6 mice; Fig. 4b). In contrast to the large and rapid depolarization 
at the onset of the auditory cue in ALM neurons during HIT trials, 
M1 neurons had a slow ramping depolarization throughout the cue 
(Fig. 4b) which was significantly smaller in amplitude than ALM 
neurons (P = 0.0007, n = 20/14 neurons; Fig. 4c,d). Furthermore, 
no detectable voltage response to the auditory cue in MISS trials was 
recorded in M1 neurons, in contrast to the discernible cue-evoked 
voltage response in ALM neurons (P = 0.018, n = 12/6 neurons;  
Fig. 4e,f). These differences between L2/3 pyramidal neurons within 
ALM and M1 illustrate that instructive cues are not universally 
encoded throughout the cortex, and suggest that the ALM may play 
a unique role during cued behavior.

ALM neurons have increased voltage during impulsive 
behavior
Despite expert performance in the cued sensory association task, mice 
prematurely licked the water port during the auditory cue in about 40% 
of trials (Fig. 1c and Extended Data Fig. 2d). These premature EL trials 
were aborted following the first incorrect lick and no water reward 
was delivered (Fig. 5a). To determine whether the ALM is also active 
during premature behavior, we assessed the voltage response in L2/3 
pyramidal neurons within ALM during these aborted EL trials (Fig. 5b,c). 
Here, neurons had a large voltage response during the auditory cue 
(5.81 ± 0.72 mV from baseline voltage of −52.5 ± 2.41 mV; P = 0.0002, 
n = 13 neurons, 4 mice; Fig. 5d) which led to an approximate threefold 
increase in action potential firing above baseline (1.16 ± 0.55 Hz versus 
3.3 ± 1.08 Hz; P = 0.004, n = 9 neurons, 4 mice; Fig. 5e). Similar to HIT tri-
als, this voltage response during EL trials in ALM neurons was not simply 
due to licking itself as the onset of the voltage response occurred well 
before the behavioral licking response (lick onset, −220.2 ± 26.84 ms; 
voltage onset, −881.6 ± 11.94 ms; P = 0.001, n = 11 neurons, 4 mice; 
Supplementary Fig. 3) and the voltage response during premature 
EL behavior was significantly larger in neurons within ALM compared 
with M1 (M1, 3.37 ± 0.72 mV; P = 0.02, two-tailed Mann–Whitney test, 
n = 12 neurons, 6 mice). Combined with the large cue-evoked voltage 
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response during correct behavior, these results further illustrate that 
ALM neurons prominently encode instructive cues.

Our findings illustrate that auditory cues evoke a large voltage 
response in ALM neurons during both correct and premature behav-
ior. Does this cue-evoked voltage response differ according to the 
behavioral outcome? To test this, we directly compared the voltage 
responses in HIT and EL trials (Fig. 6a). Here, the onset of the licking 

response was significantly different between HIT and EL trials (relative 
to tactile stimulus, HIT, 324.7 ± 44.22 ms; EL, −198 ± 33.8 ms; P = 0.008, 
n = 8 neurons, 4 mice; Fig. 6b). However, in contrast to the licking 
behavior, the onset of voltage response in L2/3 neurons in ALM did 
not differ according to behavioral outcome (HIT, −870.3 ± 12.6 ms; EL, 
−897.1 ± 10.84 ms; P = 0.11, n = 8 neurons, 4 mice; Fig. 6b). This discon-
nect between the onset of the cue-evoked voltage response and the 

ALM

L2/3

a

e

f

g i

h

b c

10 %

Base Cue Response

Expert (HIT)
Naïve

CueBase Response

Licks

0

2

4

Base Cue
0

5

10

Base Cue
0

5

10

1 s

2 mV

0

2

4

Base Cue
–2

–1

0

1

2

Base Cue
0

5

10

1 s

2 mV

j

CueBase Response CueBase

AP
s 

(H
z)

AP
s 

(H
z)

AP
 ra

te
 (H

z)

AP
 ra

te
 (H

z)

Vo
lta

ge
 (m

V)

Vo
lta

ge
 (m

V)

0

20

40 Expert

Pu
pi

l c
ha

ng
e 

(%
)

Base Cue Response

0

20

40

Pu
pi

l c
ha

ng
e 

(%
) Naïve

0

10

20

Pu
pi

l c
ha

ng
e 

(%
)

NaïveExpert

d

10 mV

1 s

–60 mV

Expert (HIT) Naïve

Average Vm

Average Vm

0

20

Li
ck

s 
(%

)

0

20

Li
ck

s 
(%

)

Base Cue Response

NaïveExpert
NSNS*** *

**
** ** **NSNS

NS

HIT

0.5 s
20 mV

Fig. 2 | ALM neurons have a robust voltage response during the auditory 
cue in expert mice. a, Pupil tracking experimental design. Typical example of 
the average pupil dilation during the sensory stimulus (auditory cue, 1 s, 7 kHz, 
60 dB followed by tactile stimulation, 200 Hz, 0.1 s) in a naïve mouse (gray) and 
an expert mouse performing the cued sensory association task (HIT; green). 
b, Average change in the pupil diameter during baseline (1 s before cue), cue 
(0.5–1.0 s post onset) and response (0.5–2 s post tactile stimulus) in expert mice 
correctly performing the cued sensory association task (HIT; baseline versus cue, 
P = 0.002; baseline versus response, P = 0.002; cue versus response, P = 0.002; 
two-tailed Wilcoxon test, n = 10 mice). c, Average change in the pupil diameter in 
naïve mice that were presented with the sensory stimulus (auditory cue followed 
by tactile stimulation) used in the cued sensory association task (naïve; baseline 
versus cue, P = 0.12; baseline versus response, P = 0.46; cue versus response, 
P = 0.37; two-tailed Wilcoxon test, n = 11 mice). d, Change in the average pupil 
diameter during the auditory cue in expert mice correctly performing the cued 
sensory association task (green) and naïve mice (gray) (P = 0.005, two-tailed 
Mann–Whitney test, n = 10 expert/11 naïve mice). e, Experimental design. Whole-
cell patch-clamp recordings were performed from L2/3 pyramidal neurons 
within ALM (AP 2.5, ML 1.5 from bregma) in naïve and expert mice performing 
the cued sensory association task. Inset, voltage response to 50-pA current step. 

f, An example voltage recording (top) and licking response (bottom) during a 
HIT trial. g, Grand average (dark green) and standard error (light green) voltage 
response (top), mean firing rate (middle) and licking behavior (bottom) for all 
recorded L2/3 pyramidal neurons during correct performance (HIT trials) in 
the cued sensory association task. Licks, proportion of trials where the first lick 
response occurred. h, Average voltage response amplitude (n = 14 neurons, 4 
mice; left) and action potential rate (n = 10 neurons, 4 mice; right) during baseline 
(gray) and the auditory cue (blue) during correct performance (HIT trials) in 
expert mice (voltage, P = 0.0001, two-tailed Wilcoxon test, n = 14 neurons, 4 mice; 
action potential rate, P = 0.03, two-tailed Wilcoxon test, n = 10 neurons, 4 mice). 
i, Grand average (dark gray) and standard error (light gray) voltage response (top), 
mean firing rate (middle) and licking behavior (bottom) for all recorded L2/3 
pyramidal neurons in naïve mice presented with the sensory stimulus (auditory 
cue followed by tactile stimulation). j, Average voltage response amplitude 
(n = 21 neurons, 3 mice; left) and action potential rate (n = 8 neurons, 3 mice; 
right) during baseline (gray) and the auditory cue (blue) in naïve mice presented 
with the sensory stimulus (auditory cue followed by tactile stimulation) (voltage, 
P = 0.92, two-tailed Wilcoxon test, n = 21 neurons, 3 mice; action potential rate, 
P = 0.25, two-tailed Wilcoxon test, n = 8 neurons, 3 mice). NS, P > 0.05; *P < 0.05; 
**P < 0.01; ***P < 0.001.
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onset of the licking behavior again demonstrates that the onset of the 
voltage response in L2/3 pyramidal neurons is not directly determined 
by the motor action.

To directly compare the amplitude of the cue-evoked voltage 
response, we needed to assess the voltage response without the 
confound of licking behavior. We therefore compared the voltage 
response evoked before the onset of the licking response in both 
HIT and EL trials (0–0.5 s after cue onset; Fig. 6a). Here, the voltage 
response evoked during the auditory cue was significantly larger in 
EL trials (4.76 ± 0.73 mV) compared with HIT trials (3.49 ± 0.64 mV; 
P = 0.001, n = 11 neurons, 4 mice; Fig. 6c). Similarly, accounting for any 
voltage within the ALM associated with the execution of the licking 

motion26 and reaction time to the stimulus (Extended Data Fig. 3), a 
briefer time window of analysis (0–0.3 s after cue onset) also resulted 
in a significantly larger voltage response during EL trials compared 
with HIT trials (3.78 ± 0.44 mV versus 2.48 ± 0.48 mV; P = 0.007, 
two-tailed Wilcoxon test, n = 11 neurons, 4 mice). In a subset of mice, 
nuchal electromyogram (EMG) recordings were performed during 
the voltage recordings to identify if there was increased gross motor 
activity in EL trials which could be linked to greater voltage responses 
(Extended Data Fig. 8a,b). Overall, there was no measurable difference 
in EMG activity between HIT and EL trials (P = 0.47, n = 7 sessions, 3 
mice; Extended Data Fig. 8c), suggesting that differences in voltage 
were not due to measurable differences in body motion. Therefore, 
in the absence of motor behavior, incorrect EL trials had a larger volt-
age response during the auditory cue in ALM neurons. Interestingly, 
although the average resting membrane potential during the HIT 
and EL trials was similar (P = 0.64, two-tailed Wilcoxon test, n = 11 
neurons, 4 mice), there was a gradual ramping of the voltage before 
the onset of the auditory cue in EL trials (1.55 ± 0.55 mV s−1; P = 0.02, 
n = 11 neurons, 4 mice) but not in HIT trials (0.51 ± 0.56 mV s−1; P = 0.46, 
n = 11 neurons, 4 mice; Fig. 6d,e). This gradual voltage ramp during EL 
trials led to a more depolarized voltage before the auditory cue onset 
(by 0.96 ± 0.31 mV; P = 0.02, n = 11 neurons, 4 mice; Extended Data  
Fig. 9a,b). In contrast, the voltage before the auditory cue onset during 
HIT trials was not depolarized (0.26 ± 0.23 mV; P = 0.32, n = 11 neurons, 
4 mice; Extended Data Fig. 9c). Therefore, L2/3 pyramidal neurons 
within ALM had increased voltage activity before, and during, the audi-
tory cue in trials where mice displayed impulsive premature behavior.

Suppression of ALM reduces impulsive premature behavior
To test if there is a causal link between the activity of L2/3 pyramidal 
neurons within the ALM and the cued sensory association behavior, we 
performed optogenetic inactivation of the ALM while mice were per-
forming the cued sensory association task. Here, transgenic PV+ (par-
valbumin) Cre mice were injected with the excitatory opsin (pAAV-EF
1a-doublefloxed-hChR2(H134R)-EYFP-WPRE-HGHpA) bilaterally into 
the ALM (Methods). First, we assessed whether photo-activation of 
ChR2-expressing PV interneurons in the ALM led to inhibition of prin-
cipal neurons within the ALM injection site. Whole-cell patch-clamp 
recordings were performed from L2/3 pyramidal neurons within the 
ALM during a train of brief (10-ms) light-emitting diode (LED) pulses 
(470 nm, 2–5 mW; 40 Hz, 1 s) onto the cortical surface in anesthetized 
mice (Fig. 7a). Here, photo-activation of PV interneurons within ALM 
caused hyperpolarization (by 3.25 ± 1.02 mV from baseline; P = 0.004, 
n = 21 neurons, 5 mice; Fig. 7b,c) and abolished the spontaneous firing 
rate (from 2.02 ± 0.49 to 0.18 ± 0.1 Hz; P < 0.0001, n = 21 neurons, 5 
mice; Fig. 7d) in L2/3 pyramidal neurons within the ALM. Cessation of 
the photo-activation of PV interneurons led to a return of spiking to the 
resting firing rates in ALM pyramidal neurons (2.22 ± 0.53 Hz; P = 0.29, 
n = 21 neurons, 5 mice; Extended Data Fig. 10). Next, we tested the influ-
ence of photo-inhibiting the ALM on the behavioral performance in the 
cued sensory association task. Fiber optics were implanted bilaterally 
above the ALM cortex in transgenic PV+ Cre mice that were previously 
injected with ChR2 into the ALM of both hemispheres (Fig. 7e,f). Mice 
were then trained in the cued sensory association task. Once expert in 
the task, LED pulses were delivered to the ALM during the auditory cue 
in half of the randomly interleaved trials (Fig. 7g). There was no differ-
ence in HIT rates between non-LED trials (97.27 ± 0.88%) and trials when 
the ALM was photo-inhibited (LED ON; 98.31 ± 0.45%; P = 0.44, n = 6 
mice; Fig. 7h). In contrast, photo-inhibition of the ALM significantly 
decreased the number of trials aborted due to premature licking (LED 
ON, 33.82 ± 8.76%; LED OFF, 42.95 ± 9.26%; P = 0.03, n = 6 mice; Fig. 7h). 
ALM photo-inhibition was performed over 3 consecutive days, with no 
significant difference in behavior between test days (P = 0.43, Friedman 
analysis of variance (ANOVA), n = 6 mice). We next assessed the influ-
ence of ALM photo-inhibition during the auditory cue on the timing 
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of the behavioral response (latency to first lick). Despite no difference 
in the HIT rate, there was a significant decrease in the latency to the 
first lick when the ALM was photo-inhibited during the auditory cue 
(LED ON, 204.7 ± 19.35 ms; LED OFF, 232.8 ± 27.99 ms; P = 0.03, n = 6 
mice; Fig. 7i). Photo-inhibition of the ALM also significantly altered the 
average lick latency in the EL trials, with mice licking later during the 
auditory cue (LED ON, −222.3 ± 22.31 ms; LED OFF, −283.2 ± 32.13 ms; 
P = 0.03, n = 6 mice; Fig. 7i). Overall, photo-inhibition of ALM during 
the auditory cue had the greatest influence on EL behavior compared 
with HIT behavior, with a greater effect on the evoked rate (−9.13 ± 0.83% 
versus 1.04 ± 0.77%; P = 0.03, n = 6 mice; Fig. 7j) and latency to the first 
lick response (60.92 ± 14.58 ms versus −28.05 ± 9.11 ms; P = 0.03, n = 6 
mice; Fig. 7k) during EL trials. In contrast, in control mice injected with a 
non-light-sensitive GFP (AAV1/2-muGFP), there was no significant differ-
ence in the evoked rates (HIT, 90.89 ± 2.82 versus 90.03 ± 3.11; P = 0.44; 
EL, 44.66 ± 9.64% versus 44.31 ± 10.11%; P = 0.84; Fig. 7l) or latency to the 
first lick response (HIT, 296 ± 39.86 ms versus 292.5 ± 39.84 ms; P = 0.56; 
EL, −383.2 ± 38.14 ms versus −391.2 ± 38.86 ms; P = 0.22; n = 6 mice;  
Fig. 7m) in LED ON and LED OFF trials. Furthermore, photo-inhibition 
during the reward window in PV+ Cre mice that were previously injected 
with ChR2 into the ALM of both hemispheres (n = 6 mice; Fig. 7g) also 
had no significant influence on either the behavior rate (HIT, P = 0.31; 
EL, P = 0.69; Fig. 7n) or lick latency (HIT, P = 0.99; EL, P = 0.31; Fig. 7o).

Taken together, these results suggest that the ALM predominantly 
influences premature licking during the auditory cue in the cued sen-
sory association task. Silencing the ALM during the instructive auditory 
cue enabled expert mice to decrease premature licking, improving the 
overall performance in the cued sensory association task.

Discussion
In a process often referred to as ‘impulsive control’, learnt motor 
behavior requires both motor action and the inhibition of premature 
responses. Previous studies have highlighted the role of ALM in correct 
motor planning, but its role in impulsive control is largely unknown. 
In this study, we demonstrate that the ALM plays an important role in 
impulsive behavior, with enhanced voltage responses during instruc-
tive cues that lead to increased premature cue-evoked behavior.

Previous studies have typically focused on the function and role of 
the ALM during motor planning and correct motor output27. Although 
these studies often exclude trials in which premature actions are pre-
sent, overall, our findings are in agreement with the role of the ALM in 
motor planning and correct motor output. We illustrate that the ALM 
encodes sensory cues during trials with motor output. However, our 
findings further suggest that the ALM is encoding more than motor 
output as (1) the voltage response was significantly greater during pre-
mature behavior despite similar motor output during correct behavior, 
(2) there was no correlation between motor output and voltage onset 
during the different behavioral outcomes and (3) photo-inhibition of 
the ALM had a greater influence on premature impulsive behavior. 
Therefore, our study adds to the growing repertoire of the functional 
roles performed by the frontal cortex20 which has expanded to now 
include encoding and influencing premature impulsive behavior.

Although the onset of the voltage response in ALM neurons 
occurred during the auditory cue in both correct and premature 
behavior, this evoked voltage does not simply represent direct sensory 
encoding as pyramidal neurons were not responsive to the auditory 
cue in naïve mice. The experience-dependent voltage response may 
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be due partially to long-term plasticity as sequences of sensory events 
in the environment can be quickly engraved in cortical circuitry28–30. 
However, plasticity cannot fully explain the findings reported in this 
study because the voltage responses were heavily dependent on task 
engagement and performance. This is clearly illustrated by comparing 
the HIT and MISS trials, which evoked different voltage responses to 
the same auditory cue. Furthermore, as previously reported in primary 
cortices31,32, arousal could be a substantial component adding to the 
voltage response during the cue. However, our findings suggest that 
ALM neurons encode anticipatory behavior beyond arousal as, despite 
similar levels of cue-evoked arousal during HIT and MISS trials, the 
voltage responses were substantially different. To further explore the 
relationship between the ALM and arousal, dedicated experiments 
where pupil dilation and ALM activity are measured simultaneously 
are needed.

In this study, an auditory cue preceded a tactile stimulus which 
informed the animal about the upcoming response window and pos-
sible reward. Mice may use a number of strategies to perform this task, 
including relying on the occurrence of the tactile stimulus and/or the 
timing of the instructive cue. Here, mice appeared to use both strate-
gies, since (1) changing the duration of the cue influenced the rate and 
the timing of the EL responses and (2) omission of either the auditory 

cue or tactile stimulus decreased performance in the task. Similar to 
previous studies11,13, the introduction of a cue led to the emergence of 
EL responses. The strong influence of the cue on impulsive behavior 
is highlighted in this study as mice aborted approximately 40% of 
the Go trials, which was consistent throughout training. During this 
premature impulsive behavior, suppressing ALM activity during the 
auditory cue, but not reward period, decreased the rate and increased 
the latency of the premature licking. Although the influence of ALM 
suppression on the response latency was relatively small, similar delays 
of movement in trained motor actions were previously reported during 
disruption of cortical preparatory activity in both primates33 and mice5. 
ALM suppression during the auditory cue also decreased the reaction 
time, but not overall rate, during correct performance. Combined, the 
voltage recordings and photo-inhibition results are complimentary, 
as inhibiting the ALM during the behavior with the largest voltage 
response (EL) had the greatest influence on behavioral performance. 
It is, however, puzzling as to why suppressing ALM during the auditory 
cue led to decreased reaction times during correct performance. This 
is not due to rebound following ALM suppression since the firing rate 
of ALM neurons returned to baseline following photo-inhibition, and 
may instead be due to an overall shift in the timing of EL distributions. 
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first lick response during EL trials compared with HIT trials (P = 0.03, two-tailed 
Wilcoxon test; n = 6 mice). l, The rate change in HIT and EL trials during photo-
inactivation throughout the auditory cue in control PV+ Cre mice previously 
injected with muGFP into ALM (HIT, P = 0.44, two-tailed Wilcoxon test; EL, 
P = 0.84, two-tailed Wilcoxon test; n = 6 mice). m, The effect on the lick latency in 
HIT and EL trials during photo-inactivation during the cue in control PV+ Cre mice 
previously injected with muGFP into ALM (HIT, P = 0.56, two-tailed Wilcoxon test; 
EL, P = 0.22, two-tailed Wilcoxon test; n = 6 mice). n, The rate change of HIT and 
EL trials during photo-inactivation during the reward window in PV+ Cre mice 
previously injected with ChR2 into ALM (HIT, P = 0.31, two-tailed Wilcoxon test; 
EL, P = 0.69, two-tailed Wilcoxon test; n = 6 mice). o, The effect on the lick latency 
in HIT and EL trials during photo-inactivation in the reward window in PV+ Cre 
mice previously injected with ChR2 into ALM (HIT, P = 0.99, two-tailed Wilcoxon 
test; EL, P = 0.31, two-tailed Wilcoxon test; n = 6 mice). NS, P > 0.05; *P < 0.05; 
**P < 0.01; ****P < 0.0001.

http://www.nature.com/natureneuroscience


Nature Neuroscience | Volume 25 | December 2022 | 1683–1692 1691

Article https://doi.org/10.1038/s41593-022-01198-z

Although the cause is unknown, the effect of ALM photo-inhibition on 
licking behavior during correct performance was significantly less than 
during premature behavior, highlighting the greater influence of ALM 
activity during premature action. In contrast to our findings, previous 
studies have shown that inhibition of ALM leads to almost complete 
abolishment of licking34. This discrepancy in results may be explained 
by the different inhibitory methods and/or behavioral tasks used2–5,10.

In addition to a large cue-evoked voltage response, our find-
ings also illustrate that premature behavior was characterized by a 
gradual ramping depolarization of ALM neurons before the onset 
of the auditory cue. Ramping of neural activity in anticipation of 
movement has also been previously recorded in the ALM of nonhu-
man primates35,36. This ramping depolarization may contribute to the 
larger cue-evoked voltage responses reported in EL trials and may 
be a result of a time-fixed behavioral protocol4. However, despite 
the same auditory cue, ramping depolarization only occurred dur-
ing premature, and not correct, behavior. What is the potential 
microcircuit underlying the voltage ramp and cue-evoked voltage 
response in ALM neurons? Due to the increased dopamine signaling 
during sensory cues and reward delivery37,38, and the direct connec-
tivity between the reward pathway and prefrontal cortex (PFC)39,40, 
direct input from the basal ganglia is a prime candidate for driving 
impulsive activity in the ALM11,41,42. Alternatively, the basal ganglia 
may indirectly drive the ALM through the ventromedial thalamus, 
which influences the speed of behavioral responses43 and plays a 
role in impulsive actions18. Interestingly, the influence of ALM on 
premature impulsive behavior is in contrast to the PFC, which has 
been shown to curb impulsive behavior15,19,42. Overall, it is evident 
that the control of impulsive premature behavior involves multiple 
brain regions (PFC, basal ganglia, thalamus and ALM) and further 
unraveling the pathway driving impulsive behavior is an exciting 
direction for future research.

Motor behavior is widely encoded throughout the cortex44,45. ALM 
activity recorded during the cued sensory association task could, at 
least in part, be attributed to motor output, especially the long-lasting 
response during correct HIT trials where the animal licks to retrieve 
the water reward. However, in our study, the task was designed to 
discourage mice from licking during the cue presentation to avoid the 
contribution of motor activity during the cue presentation. Typically, 
it takes less than 200 ms from the onset of the lick movement for the 
tongue reach a water spout26. Therefore, in our study we only analyzed 
the voltage response at the beginning of the cue, and well before licking 
behavior, to avoid the possible contribution from licking-associated 
movements. Although other types of motor activity, such as unspecific 
orofacial movements, could be also present before the lick is initiated, 
our recordings of EMG activity from nuchal musculature did not detect 
a substantial motor response at the onset of the cue. Combined with 
previous findings using high-speed videography that did not show any 
substantial orofacial movements before licking onset18, our findings 
suggest that the voltage response recorded at the onset of the cue is 
not motor induced. Furthermore, M1 neurons only had a small ramp-
ing voltage throughout the auditory cue, suggesting that the large 
cue-evoked response in ALM neurons is not due to generalized motor 
activity. Lastly, despite the timing difference in licking behavior, the 
onset of the voltage responses during both the HIT and EL trials was 
similar, suggesting that the voltage onset in ALM neurons is not simply 
motor activity dependent.

Taken together, these data expand the known roles of the ALM. 
Previous studies have illustrated that the ALM is involved in the motor 
planning of skilled movements2–4,23. Here, we illustrate that L2/3 pyrami-
dal neurons within the ALM also encode and influence premature 
impulsive behavior. Since L2/3 pyramidal neurons control the gain of 
layer 5 pyramidal neurons46, preparatory activity in L2/3 pyramidal 
neurons within the ALM would have both a local and lateral cortical 
influence. These results highlight the fragility of the microcircuitry 

driving cued behavior, where relatively small changes in cellular voltage 
can be correlated with large changes in behavioral outcome.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
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Methods
All procedures were approved by the Florey Institute of Neuroscience 
and Mental Health Animal Care and Ethics Committee (18-035-FINHMH) 
and followed the guidelines of the Australian Code of Practice for the 
Care and Use of Animals for Scientific Purposes.

Mice
Wild-type C57BL/6 (postnatal 28–60; Australian Resource Centre) and 
PV+ Cre (postnatal 28–60; The Jackson Laboratory no. 008069) female 
mice were used in this study. Mice were housed in groups of up to six 
individuals in a 12:12 natural light/dark cycle. Room temperature was 
kept constant at 18–24 °C and humidity at 40–70%. All experiments 
were performed during the light phase.

Head-post implantation for stabilization
To surgically implant the head-post onto the skull for head stabiliza-
tion, mice were anesthetized with isoflurane (1–2% in 0.75 l min−1 O2). 
Body temperature was maintained at 36 °C and the depth of anesthesia 
was monitored throughout the surgery. Eye ointment was applied 
to prevent dehydration and the top of the head was disinfected with 
70% ethanol and betadine. Lidocaine (20 mg ml−1, Ilium) was topically 
injected around the surgical site before the skin was cut to expose 
the skull. A custom-made metal head-post (2 × 1 × 0.1 cm3) was then 
attached to the skull using dental cement (C&B Metabond, Parkell). A 
subset of mice were implanted with Teflon-coated stainless-steal elec-
trodes into nuchal muscles bilaterally to record gross motor activity. 
Meloxicam (3 mg kg−1) was injected intraperitoneally (i.p.) for addi-
tional postoperative analgesia and anti-inflammatory action. Mice 
were then returned to their cages to recover (~1 week).

Habituation and behavioral training
Mice with implanted head-posts were gradually habituated to head 
restriction over 2–4 d. During this period, mice were handled and accli-
matized to the behavioral setup. First, mice were head restrained for 
incremental periods of time (5 s to 2 min) until habituated to head 
restraint. Then, mice were head-fixed to the recording frame for 2–4 
sessions of up to 15 min each, where mice rested their forepaws unaided 
on either an inactive (ipsilateral) or active (contralateral) piezo-electric 
buzzer driven by an Arduino Uno microprocessor. Once habituated to 
the experimental setup, behavioral training commenced. To maximize 
task engagement, 1 d before the beginning and throughout behavioral 
training, mice were water restricted (1 ml d−1 of 10% sucrose water). 
Behavioral training was performed in three main phases using a Bpod 
behavioral platform (Bpod State Machine r1, Sanworks). Phase 1: mice 
were trained to associate tactile stimulation with sucrose reward deliv-
ery (10 µl; 10% sucrose in water) by licking a water spout. Sucrose water 
delivery was paired with tactile stimulation of the contralateral forepaw 
(0.1 s; 200 Hz). Phase 2: mice were trained to lick in response to tactile 
stimulation. Licking was detected using an optical lickometer (San-
works). Here, sucrose water reward was only delivered if the mouse 
licked the water spout within 1 s after the tactile stimulus was delivered. 
Only correct responses (licks during response epoch) were rewarded 
(HIT) while failure to report the stimulus was considered as an incorrect 
response (MISS) and no reward was delivered. Trials with no tactile 
stimulation (Catch trials) were randomly interleaved with Go trials. 
Trials had randomized 2–4-s intertrial interval with 0.7/0.3 Go/Catch 
trial ratio, respectively. Licking during Catch trials was considered as a 
false alarm while withhold the licking as correct rejection. Mice were 
not rewarded during correct rejection and no punishment was used for 
false alarm. Furthermore, no licking was allowed during the 2-s baseline 
period before the onset of the stimulus. If mice licked within the baseline 
period, the trial was aborted. Once the mice reached d′ > 1, they were 
transferred into phase 3. Phase 3: an auditory cue (1 s; 7 kHz; 60 dB) was 
delivered before the tactile stimulus. To receive a sucrose water reward, 
the mouse had to withhold licking during the auditory cue and lick the 

water port only during or within 1 s after the tactile stimulation was 
delivered (0.1 s; 200 Hz; HIT). If mice did not lick the water port during 
the response epoch, the trial was classified as MISS. If licking occurred 
during the auditory cue, the trial was aborted (EL) and no reward was 
delivered. Interleaved trials with no sensory stimulation (Catch trials) 
were used to evaluate spontaneous licking. Mice were trained in phase 
3 for at least 3 consecutive days and had to reach d′ > 1. HIT and false 
alarm rates were calculated as follows: HIT_rate = ( HIT trials

(all trials−EL trials)
) × 100%;  

FA_rate = 1 −HIT_rate.
Both the behavioral performance (HIT and false alarm rates) and 

speed of the behavioral response were analyzed. Here, the latency to 
the first lick was considered for both HIT and EL trials and aligned to 
the onset of the tactile stimulation. Either distribution of the latencies 
(Fig. 1d,g,h) or mean latencies (Fig. 1e,f) were quantified.

In total, 32 mice were trained in the cued sensory association 
task. Different recordings (whole-cell patch-clamp, pupil tracking) or 
manipulation (optogenetic inactivation) were performed on a subset 
of these mice. Naïve mice, after initial habituation to head restraint, 
were presented with an auditory stimulus (1 s; 7 kHz; 60 dB) immedi-
ately followed by a tactile stimulus (0.1 s; 200 Hz) for multiple sessions 
over 4–6 d.

Whole-cell patch-clamp recordings
Mice (C57BL/6), which had previously had a head-post implanted 
(>5 d earlier) and underwent a habituation and/or training phase, were 
anesthetized with isoflurane (1–2% in 0.75 l min−1 O2) and a craniotomy 
(1 × 1 mm2) was performed over the ALM (anteroposterior (AP), 2.5 mm; 
mediolateral (ML), 1.5 mm) and M1 (AP 0.25 mm, ML 1.5 mm). Record-
ings from M1 neurons were performed from either the same mice where 
recordings were also performed in ALM (2 of 6 mice) or separate mice (4 
of 6 mice). The duration of the training and rate of EL trials were similar 
for mice where recordings were performed in M1 (4.83 ± 0.4 d of train-
ing, 31.85 ± 5.19% EL rate, n = 6 mice) and ALM (5.5 ± 0.87 d of training, 
32.5 ± 3.66% EL rate, n = 4 mice). The brain was covered with agar and 
inert silicon (kwik-cast, WPI). Meloxicam (3 mg kg−1) was injected i.p. 
for additional postoperative analgesia and anti-inflammatory action. 
Mice were allowed to recover for at least 2 h in their home cage before 
whole-cell patch-clamp recordings were performed. During a record-
ing session, mice were head-fixed and the silicon protective cover 
was removed, and ringer (135 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 
1 mM MgCl2, 5 mM HEPES) was used to bathe the craniotomy through-
out the experiment. Whole-cell recordings were obtained from L2/3 
pyramidal neurons (~200 µm below pia) using a patch pipette (resist-
ance 4–6 MΩ) filled with an intracellular solution containing 115 mM 
potassium gluconate, 20 mM KCl, 10 mM sodium phosphocreatine, 
10 mM HEPES, 4 mM Mg-ATP, 0.3 mM Na-GTP, adjusted to pH 7.3–7.4 
with KOH. The patch pipette was inserted into the brain at an angle of 
45° or 80° relative to the cortical surface, to a depth of ~100 µm, and 
then advanced in steps of 2 µm until a neuron was encountered. The 
average depth of recorded neurons was 241 ± 12 µm (n = 36 neurons, 8 
mice). Recordings were made in current-clamp configuration using a 
Dagan BVC-700A amplifier and sampled at 20 kHz with no bias current 
injected unless otherwise stated. Successfully patched neurons typi-
cally had low (<50 MΩ) access resistance upon break-in. The average 
number of recorded trials was 37.31 ± 2.96 and the average resting 
membrane potential was −58.01 ± 1.11 mV with no junction potential 
correction (n = 36 neurons, 8 mice). In experiments where the influence 
of photo-activation of PV interneurons on the firing rate of pyramidal 
neurons was assessed, positive current (73.81 ± 16.04 pA on average, 
n = 21 neurons) was injected to facilitate action potential generation. 
Custom-written Igor Pro (v.6.3, Wavemetrics) software was used for 
both acquisition and analysis. The identity of the recorded pyramidal 
cell in in vivo blind recordings was confirmed using the recording 
depth and voltage response to current steps. Voltage recordings were 
performed in either expert mice as they performed the task or naïve 
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mice that were passively exposed to the auditory and tactile stimula-
tion protocol.

Nuchal EMG recordings and analysis
EMG activity was recorded using a differential amplifier (DB-301, 
Warner Instruments) using 20-kHz sampling. The EMG signal was fil-
tered from 300 Hz to 10 kHz, rectified and down-sampled to 1 kHz. The 
EMG was sorted according to trial outcome, averaged and normalized 
to its maximal activity.

Analysis of whole-cell patch-clamp recordings
L2/3 pyramidal neurons from ALM (n = 16 neurons, 4 mice) and M1 
(n = 20 neurons, 6 mice) were recorded during the cued sensory asso-
ciation task. Due to sensitivity to movement, whole-cell recordings 
typically do not last long. Here, 36.76 ± 2.93 trials of 8-s episodes were 
recorded on average. Recorded voltage responses of pyramidal neu-
rons were grouped according to the trial outcome, that is, HIT, EL 
and MISS. Only neurons with >3 trials for a particular trial outcome 
were further analyzed during that trial outcome. Due to short-lasting 
whole-cell recording, some neurons had only certain but not all trial 
types, and therefore when paired statistics is being used, the number 
of neurons reported in the Results section appears lower. Furthermore, 
analysis was aborted if action potential amplitude abruptly decreased 
by greater than 30% or if the resting voltage deviated rapidly and sub-
stantialy from baseline. To quantify voltage response to auditory cue, 
membrane potentials recorded during multiple trials were averaged 
and baseline (2 s before stimulation) subtracted. Action potential rate 
was calculated for each 100-ms time bin for each neuron. Because of 
sparse coding of L2/3 neurons, some neurons generate very few action 
potentials throughout short whole-cell recordings. Only neurons with 
>5 action potentials were used for analysis, which results in lower 
number of neurons reported in the Results section. The onset of volt-
age response was detected from averaged voltage traces by using the 
threshold, which was baseline membrane potential + 2 s.d. of baseline 
membrane potential. Neurons without measurable voltage response 
(baseline + 2 s.d.) were not included in the analysis which results in 
lower numbers of neurons reported in the Results.

Optogenetic inactivation of frontal cortex
PV+ Cre mice were anesthetized with isoflurane (1–2% in 0.75 l min−1 
O2) and placed in a stereotaxic frame (Narishige). Body temperature 
was maintained at 36 °C and the depth of anesthesia was monitored 
throughout the surgery. Eye ointment was applied to prevent dehydra-
tion and the top of the head was disinfected with 70% ethanol and beta-
dine. Lidocaine (20 mg ml−1, Ilium) was topically injected around the 
surgical site before the skin was cut to expose the skull. Small cranioto-
mies (0.5 × 0.5 mm2) were made over ALM bilaterally using the following 
stereotaxic coordinates: anteroposterior (AP), 2.5 mm; mediolateral 
(ML), 1.5 mm. AAV1 virus (100 nl, pAAV-EF1a-doublefloxed-hChR2(H1
34R)-EYFP-WPRE-HGHpA or AAV1/2-muGFP (ref. 47)) was slowly injected 
from a glass pipette (Wiretrol, Drummond) inserted 0.3 mm deep in 
the cortex for at least 5 min using an oil hydraulic manipulator system 
(MMO-220A, Narishige). Following virus injection, a custom-made 
fiber optic cannula (FT400EMT, 400 µm 0.39 NA, 1-mm fiber, Thor-
labs) was slowly lowered down the injection track using a stereotaxic 
arm until the desired depth was reached (0.1 mm from pia). Dental 
cement (C&B Metabond, Parkell) was then applied around the edges 
of the cannula to secure it to the skull and left to dry for ~5 min. The 
same dental cement was used to attach a custom-made aluminum 
head-post (2 × 1 × 0.1 cm3) to the skull for head-fixation. Meloxicam 
(3 mg kg−1) was injected i.p. for additional postoperative analgesia 
and anti-inflammatory action. Mice were then returned to their cages 
to recover for ~1 week before behavioral training in the cued sensory 
association task commenced (Habituation and behavioral training). 
Mice performed the cued sensory association task for several days 

before optogenetic experimental sessions were performed (3–6 ses-
sions over 3 consecutive days). Photo-inactivation of the ALM was 
achieved by delivering a train of light pulses (470 nm, 10 ms, 40 Hz 
for 1 s, 5 mW) through an optical fiber (FT400EMT, Thorlabs) directly 
attached to the cannula (FT400EMT, 400 µm 0.39 NA, 1-mm fiber, 
Thorlabs). An LED driver (LEDD1B, Thorlabs) coupled to a 470-nm LED 
(M470F3, Thorlabs) was used to generate the train of light pulses. The 
train of light pulses was initiated at the same time as the auditory cue 
and lasted throughout the cue. A custom-made shield was placed over 
optic fibers and cannulas to prevent scattered light from entering the 
animal’s visual field. An additional background of blue light (delivered 
through LED; M470L4-C1, Thorlabs) was used above the mouse’s head 
during the training sessions and the optogenetic silencing experiment. 
Trials with the train of light pulses (LED ON) and without (LED OFF) were 
randomly interleaved at a rate of 50% each. Custom routines in MATLAB 
were used to operate the behavioral platform and data acquisition.

Pupil tracking and analysis
To monitor engagement during sensory-based behavior, pupil tracking 
was performed in a subset of mice previously trained in the cued sensory 
association task (n = 10 mice) or naïve mice exposed to the auditory and 
tactile stimulation (n = 11 mice). Mice were head-fixed and the left eye 
illuminated with infrared light (850-nm LED, Thorlabs). This illumina-
tion did not affect pupil diameter. An infrared-sensitive high-speed 
CMOS camera (Basler acA1300-200um) mounting a 50-mm lens (Kowa 
50 mm/F2.8) was used to image pupil dynamics at 15 frames per second. 
Frames were triggered externally using an Arduino microprocessor 
connected to a Bpod. Changes in pupil diameter were recorded and 
measured online using a custom software (Pylon-PD, Eridian Systems, 
Berlin, Germany) kindly provided by Viktor Bahr, Jens Kremkow and 
Robert Sachdev and colleagues48. Pupil dilation was calculated as a 
percentage change and normalized to the baseline pupil diameter (1 s 
before the auditory cue). Pupil dilation during the auditory cue was 
evaluated as mean pupil diameter 0.5 s after the auditory cue onset 
(0.5-s time window). Pupil dilation during the reward window was evalu-
ated as mean pupil diameter 0.5 s after the auditory cue termination 
(1.5-s time window). Only sessions where pupil was measured during >5 
of the same trial types (for example, HIT or MISS) were used for analysis.

Data analysis
Custom-written Igor Pro software (v.6.3, WaveMetrics) was used for the 
acquisition and analysis of whole-cell electrical recordings. Behavior 
was analyzed using custom-written MATLAB 2019a codes.

Statistics and reproducibility
Statistics were performed using Prism software (v.9, GraphPad). Nor-
mality tests were performed and significance was determined using 
two-sided nonparametric tests (one-sample Wilcoxon test; Wilcoxon 
matched-pairs signed rank test for paired comparison; Mann–Whitney 
test for unpaired comparison) at a significance level of 0.05 and no 
adjustments were made for multiple comparisons. Specific statistical 
tests used and sample sizes are indicated in figure captions and text. 
No statistical method was used to predetermine sample size but our 
sample sizes are similar to those reported in previous publications32,43. 
No data were excluded from the analyses and experiments were not 
randomized as all mice were trained and recorded under the same 
conditions. Every finding in the manuscript was shown in multiple mice 
and therefore replicated across mice. Since the analysis procedures 
were either fully or semiautomated, the investigators were not blinded 
to allocation during experiments and outcome assessment. Unless 
otherwise stated, the data are presented as mean ± s.e.m.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.
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Data availability
Data supporting the findings of this study are available within the paper 
and its Supplementary Information files. Source data are provided 
with this paper.

Code availability
Source code for acquisition and analysis of voltage recordings is  
available by request.
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Extended Data Fig. 1 | Performance in tactile association task. (a) The tactile-
association task design. Mice were trained to lick a water port within 1 s of a 
tactile stimulation delivered to the forepaw (200 Hz, 100 ms). Correct responses 
(HIT) were rewarded with sucrose water (5–10 µl, 10% sucrose). Go-trials (tactile 
stimulus) were randomly interleaved with Catch-trials (no tactile stimulus).  

(b) Rate of HIT (green) and false alarm (FA; fawn) trials throughout learning of the 
tactile-asociation task (n = 32 mice). Data presented from individual mice (lines) 
and as mean (circles). (c) Discriminability index (d’) throughout learning (n = 32 
mice). Data presented as individual mice (lines) and mean (circles).

http://www.nature.com/natureneuroscience


Nature Neuroscience

Article https://doi.org/10.1038/s41593-022-01198-z

Extended Data Fig. 2 | Improvement in performance during the cued sensory 
association task following the introduction of an auditory cue. (a) HIT 
(correct), (b) False-alarm (FA), (c) Discriminability index (d’), and (d) Early-lick 

(EL) rate in the first and last day after introducing the auditory cue during the 
cued-sensory association task (HIT, P < 0.0001; FA, P < 0.0001; d’, P < 0.0001; EL, 
P = 0.82; two tailed Wilcoxon tests, n = 32 mice). ns, P > 0.05; ****, P < 0.0001.
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Extended Data Fig. 3 | Performance in the cued-sensory association task during 
cue omission. (a) The cued sensory association task design. Mice were trained to 
lick a water port within 1 s of a tactile stimulation (200 Hz, 100 ms). Tactile stimulus 
was presented either in isolation (non-cued trials; TAC) or preceded by an auditory 
cue (cued trials; CueTAC; 1 s, 7 kHz, 60 dB). Trials were randomly interleaved. (b) 

Rate of HIT during CueTAC and TAC trials (P = 0.69, two tailed Wilcoxon test, n = 6 
mice). Data presented as individual mice (lines) and mean of all mice (bars). (c) 
The average onset of the licking response during CueTAC and TAC trials (P = 0.03, 
two tailed Wilcoxon test, n = 6 mice). Data presented as individual mice (lines) and 
mean of all mice (bars). ns, P > 0.05; *, p < 0.05.
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Extended Data Fig. 4 | Performance in the cued sensory association task 
during variable cue duration. (a) The cued sensory association task design. 
Mice were trained to lick a water port within 1 s of a tactile stimulation (200 Hz, 
100 ms). Tactile stimulus was preceded with an auditory cue (7 kHz, 60 dB) with 
variable duration (0.75 s, 1 s and 1.25 s). (b) Rate of EL performance during trials 
with different cue duration (1 s versus 0.75 s, P = 0.03; 1 s versus 1.25 s, P = 0.03; 
two tailed Wilcoxon test, n = 6 mice). (c) The average onset of the EL licking 
response during trials with different cue duration (1 s versus 0.75 s, P = 0.03; 

1 s versus 1.25 s, P = 0.03; two tailed Wilcoxon test, n = 6 mice). (d) Rate of HIT 
performance during trials with different cue duration (1 s versus 0.75 s, P = 0.25; 
1 s versus 1.25 s, P = 0.63; two tailed Wilcoxon test, n = 6 mice). (e) The average 
onset of the HIT licking response during trials with different cue duration (1 s 
versus 0.75 s, P = 0.99; 1 s versus 1.25 s, P = 0.84; two tailed Wilcoxon test, n = 6 
mice). Data presented from individual mice (lines) and as mean (bars). ns, 
P > 0.05; *, P < 0.05.
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Extended Data Fig. 5 | Performance in the cued sensory association task 
during omission of the tactile stimulus. (a) The cued sensory association 
task design. Mice were initially trained to lick a water port in response to tactile 
stimulation (200 Hz, 100 ms) which was preceded by an auditory cue (1 s, 7 kHz, 
60 dB; CueTAC). Then, in a subset of randomly interleaved trials, the tactile 
stimulus was omitted and only the auditory cue was presented to the mouse 

(Cue). Therefore, mice were presented with either the cue with (CueTAC) or 
without (Cue) the tactile stimulus. (b) HIT rate and (c) average onset of the licking 
response during CueTAC and Cue trials (HIT rate, P = 0.03; HIT Onset, P = 0.03; 
two tailed Wilcoxon test, n = 6 mice). Data presented as individual mice (lines) 
and mean of all mice (bars). *, P < 0.05.
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Extended Data Fig. 6 | Voltage response during correct HIT performance in 
the cued sensory association task and its relation to timing of the licking 
response. (a) Overlay of individual voltage responses during HIT trials (grey) 
and average of all HIT trials (black) in an example L2/3 pyramidal neuron. (b) 
Overlay of the average voltage responses during HIT trials of individual (grey) 
and average of all (black) L2/3 pyramidal neurons (n = 11 neurons, 4 mice) during 

HIT performance (light green) and its average (dark green). (c) Average voltage 
response (top) and licking response (bottom) during all HIT trials in the example 
L2/3 pyramidal neuron shown in (a). (d) Onset of the voltage occured before the 
first lick in HIT trials (P = 0.004, two tailed Wilcoxon test, n = 9 neurons, 4 mice). 
**, P < 0.01.
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Extended Data Fig. 7 | Voltage responses in ALM neurons during the auditory 
cue. (a) Overlay of the grand average (dark) and sem (light) voltage response for 
all recorded neurons during HIT (green) and MISS (grey) trials. Insert, zoom of 
voltage during the auditory cue. Auditory cue separated into 1st (0–500 ms) and 
2nd (500–1000 ms) portion. (b) Amplitude of the voltage response in HIT trials 
during the 1st and 2nd portion of the auditory cue compared to baseline (baseline 

versus 1st portion of the cue, P = 0.0001; baseline versus 2nd portion of the cue, 
P = 0.0002; two tailed Wilcoxon test, n = 14 neurons, 4 mice). (c) Amplitude of the 
voltage response in MISS trials during the 1st and 2nd portion of the auditory cue 
compared to baseline (baseline versus 1st portion of the cue, P = 0.03; baseline 
versus 2nd portion of the cue, P = 0.44; two tailed Wilcoxon test, n = 6 neurons,  
4 mice). ns, P > 0.05; *, P < 0.05; ***, P < 0.001.
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Extended Data Fig. 8 | Nuchal EMG activity during HIT and early-lick trials. 
(a) Example EMG activity during HIT (top) and early-lick (bottom; EL) trials. 
(b) Grand average (dark) and sem (light) EMG activity during HIT (green) and 

early-lick (red) trials from example in (a). (c) Average EMG activity during the 
beginning of the cue prior to licking responses (0–0.3 s) in HIT and early-lick 
trials (P = 0.47, two tailed Wilcoxon test, n = 7 sessions, 3 mice). ns, P > 0.05.
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Extended Data Fig. 9 | Ramping baseline during early-lick trials. (a) Example 
voltage responses recorded from a layer 2/3 pyramidal neuron within ALM  
during early-lick (EL) and correct (HIT) trials. Average baseline voltage at the 

start (0–1.5 s) and end (1.5–2 s) of the baseline epoch during (b) early-lick trials 
(P = 0.02, two tailed Wilcoxon test, n = 11 neurons, 4 mice) and (c) HIT trials 
(P = 0.32, two tailed Wilcoxon test, n = 11 neurons, 4 mice). ns, P > 0.05; *, P < 0.05.
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Extended Data Fig. 10 | Firing rates of ALM pyramidal neurons during and 
after photo-activation of PV interneurons. (a) Experimental design. PV+  Cre 
transgenic mice were previously injected with the light sensitive opsin ChR2 
(pAAV-EF1a-doublefloxed-hChR2(H134R)-EYFP-WPRE-HGHpA) into the ALM 
(AP 2.5, ML 1.5 from Bregma). After 2 weeks expression, whole-cell patch-clamp 
recordings were performed in pyramidal neurons within the ALM during photo-

activation of PV interneurons by blue LED pulses (470 nm, 40 Hz, 10 ms, 2–5 mW) 
delivered to the cortical surface. (b) Average (black) and sem (grey) firing rate 
during ChR2 activation for all recorded ALM neurons (n = 21 neurons, 5 mice). (c) 
Firing rate of ALM pyramidal neurons before, during and after photoactivation 
of PV interneurons (P = 0.29, two tailed Wilcoxon test, n = 21 neurons, 5 mice). ns, 
P > 0.05.
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Data collection Custom-written Igor Pro software (v.6.3, WaveMetrics) was used for the acquisition of whole-cell electrical recordings.  

Behavior was recorded using Bpod (Sanworks).

Data analysis Custom-written Igor Pro software (v.6.3, WaveMetrics) was used for the analysis of whole-cell electrical recordings.  

Changes in pupil diameter were recorded and measured online using a custom software (Pylon-PD, Eridian Systems, Berlin, Germany) kindly 

provided by Viktor Bahr, Jens Kremkow and Robert Sachdev and colleagues (Bergmann R  et al., eNeuro, 2022). 

Behavior was analyzed using custom written Matlab 2019a codes. 

Statistical tests were performed using Prism software (v.9, GraphPad). 
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Data supporting the findings of this study are available within the paper and its Supplementary Information files. 
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Sample size No statistical method was used to predetermine sample size but our sample size are similar to those reported in previous publications 

(McGinley M. J. et al 2015, Takahashi N. et al T 2021). 

Data exclusions No data were excluded from the analyses.

Replication Every finding in the manuscript was shown in multiple mice and therefore replicated across mice.

Randomization No randomization of mice was done as all mice were trained and recorded under the same conditions. Presentation of different trial types (Go 

and Catch) was randomized within each training session. There was also a variable delay between trials to randomize the trial start time.

Blinding Since the analysis procedures were either fully or semi-automated, the Investigators were not blinded to allocation during experiments and 

outcome assessment. 
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Laboratory animals C57BL/6 mice (PN28-60; Australian Resource Centre) and PV-Cre (PN28-60; Jackson Laboratories #008069) female mice were used in 

this study. Mice were housed in groups of up to six individuals in a 12:12 natural light/dark cycle. Room temperature was kept 

constant between 18-24 degrees and humidity between 40-70 %. 

Wild animals N/A

Field-collected samples N/A

Ethics oversight All procedures were approved by the Florey Institute of Neuroscience and Mental Health Animal Care and Ethics Committee (18-035-

FINHMH) and followed the guidelines of the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. 
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