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SUMMARY

The claustrum, a subcortical nucleus forming extensive connections with the neocortex, 

has been implicated in sensory selection. Sensory-evoked claustrum activity is thought to 

modulate the neocortex’s context-dependent response to sensory input. Recording from claustrum 

neurons while mice performed a tactile-visual sensory-selection task, we found that neurons in 

anterior claustrum, including putative optotagged claustrocortical neurons projecting to primary 

somatosensory cortex (S1), were rarely modulated by sensory input. Rather, they exhibited 

different types of direction-tuned motor responses. Furthermore, we found that claustrum neurons 

encoded upcoming movement during intertrial intervals and that pairs of claustrum neurons 

exhibiting synchronous firing were enriched for pairs preferring contralateral lick directions, 

suggesting that the activity of specific ensembles of similarly tuned claustrum neurons may 

modulate cortical activity. Chemogenetic inhibition of claustrocortical neurons decreased lick 

responses to inappropriate sensory stimuli. Together, our data indicate that the claustrum is 

integrated into higher-order premotor circuits recently implicated in decision-making.
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eTOC Blurb:

Chevée, Finkel et al. show that the activity of neurons in the anterior claustrum recorded during a 

cross-modal sensory selection task reflects movement rather than sensory input. Premotor activity 

in individual claustrum neurons was biased for ipsilateral or contralateral movements and encoded 

upcoming lick direction during intertrial intervals.

Graphical Abstract

INTRODUCTION

While our brains receive a continuous barrage of sensory inputs, we must select behaviorally 

relevant stimuli to direct our actions. The claustrum, a small nucleus located between the 

insula and striatum, has been postulated to play a role in top-down control of cortical 

responses to sensory input (Atlan et al., 2018; Brown et al., 2017; Crick and Koch, 2005; 

Goll et al., 2015; Jackson et al., 2020; Smith et al., 2019; Smythies et al., 2012; White 

and Mathur, 2018a, b). Several experimental results indirectly support this hypothesis. First, 

anatomical studies show that the claustrum is highly interconnected with the neocortex, 

including sensory areas (Atlan et al., 2017; Clascá et al., 1992; LeVay and Sherk, 1981a; 

Macchi et al., 1981; Marriott et al., 2021; Wang et al., 2017; Zingg et al., 2018; Zingg et 

al., 2014). Reciprocal connections between the claustrum and frontal cortex are particularly 

prominent (Atlan et al., 2017; Tanné-Gariépy et al., 2002; Torgerson et al., 2015; Wang et 

al., 2017; White et al., 2017; Zingg et al., 2018; Zingg et al., 2014), providing a substrate for 
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signals from frontal cortex to select or suppress cortical sensory responses via the claustrum. 

Second, recordings of claustrum neurons have primarily shown sensory responses (Clarey 

and Irvine, 1986; Olson and Graybiel, 1980; Remedios et al., 2010; Remedios et al., 2014; 

Sherk and LeVay, 1981, but see Jankowski and O’Mara, 2015; Shima et al., 1996). Third, in 

tasks involving sensory distractors or high cognitive loads, behavior is compromised when 

claustrum activity is modulated (Atlan et al., 2018; White et al., 2020; White et al., 2018). 

Fourth, evidence that claustrocortical (ClaC) input suppresses cortical activity (Cortimiglia 

et al., 1991; Cortimiglia et al., 1987; Crescimanno et al., 1989, 1990; Crescimanno et al., 

1984; Jackson et al., 2018; Liu et al., 2019; Narikiyo et al., 2020; Ptito and Lassonde, 

1981; Salerno et al., 1989; Salerno et al., 1984; Tsumoto and Suda, 1982) suggests that 

sensory-evoked activation of claustrum neurons directly inhibits distracting cortical sensory 

responses. Alternative mechanisms have been proposed including that synchronous activity 

among functionally related subsets of ClaC neurons modulates neurons within a sensory 

cortical area or coordinates synchronization across cortical regions (Smythies et al., 2012, 

2014; Vidyasagar and Levichkina, 2019). Although the mechanisms are different, these 

hypotheses all predict that the sensory responses of claustrum neurons are modulated by 

behavioral context.

To determine whether behavioral context modulates claustrum activity, we recorded from 

545 neurons in the anterior claustrum of head-fixed mice performing a task that required 

animals to ignore a sensory stimulus while responding to another with distinct actions. We 

found that claustrum neurons, including ClaC neurons putatively projecting to S1, rarely 

responded to tactile or visual stimuli in this task. However, the neurons were tuned to lick 

direction, coded for actions both during the task and the intertrial intervals, and influenced 

the rate of lick responses to inappropriate sensory stimuli. Furthermore, pairs of claustrum 

neurons exhibiting synchronous firing were enriched for neurons preferring contralateral 

licks. These results indicate that anterior claustrum is integrated into higher-order premotor 

cortical circuits involved in perceptual decision-making (Brooks and Cullen, 2019; Guo et 

al., 2017; Le Merre et al., 2018; Li et al., 2016; Manita et al., 2015; Minamisawa et al., 

2018; Petreanu et al., 2012; Sippy et al., 2015; Steinmetz and Moore, 2010; Svoboda and Li, 

2018; Wu et al., 2020), influencing the behavioral output of mice.

RESULTS

Behavior and recording strategy

To test whether claustrum neurons respond to unattended or distracting stimuli, we trained 

mice to distinguish two action contexts. Head-fixed mice were presented either whisker 

or visual stimuli, randomly interleaved across trials. In alternating blocks (~80 trials), 

animals were rewarded for licking a lick port contralateral to the recording site in response 

to whisker deflections while ignoring visual stimuli (Respond-to-Touch Blocks), or an 

ipsilateral lick port in response to flashes of light while ignoring touch stimuli (Respond-to-

Light Blocks; Figure 1A). Another set of mice was trained on the reversed contingencies: 

tactile stimulus→lick ipsilateral, visual stimulus→lick contralateral. These rules result in 

four trial types per block: Hit, Correct Rejection (CR), False Alarm (FA), and Miss (Figure 

1A). FAs represent two error types, one where mice lick the correct port for that block 
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but in response to the incorrect sensory stimulus (Impulsive FAs) and one where mice lick 

the incorrect port for that block (Associative FAs). Respond-to-Touch and Respond-to-Light 

blocks were distinguishable only by the stimulus-reward contingency. Animals performing 

65% of trials correctly for two consecutive days were considered trained, achieving this 

performance in 13–31 days (median: 16 days, Figure 1B,C).

To record the activity of claustrum neurons, we used bundles of 8 tetrodes tethered to an 

optic fiber and developed several strategies to confirm the location of the tetrodes within 

the claustrum. First, we used optogenetic tagging of ClaC neurons to confirm our electrode 

placement (Boyden et al., 2005; Cohen et al., 2012). We injected retro-AAV-Cre (Tervo et 

al., 2016) into whisker-associated S1 and AAV-DIO-ChR2-YFP into claustrum to drive Cre-

dependent expression of Channelrhodopsin-2-YFP (ChR2-YFP) in putative S1-projecting 

ClaC neurons (Figure 1D–F, S1A). Responses to laser activation of ClaC neurons expressing 

ChR2 confirmed the location of our tetrodes (Figure 1G, S1B–F). Second, we coated the 

tetrodes with fluorescent dye and identified the tracks traversing the claustrum (Figure 1E). 

Third, we determined the final location of the electrode tips with electrolytic lesions (Figure 

1E). Finally, we compared the electrode tracks, electrolytic lesions and ChR2-YFP ClaC 

neurons with the plexus of parvalbumin-positive fibers typical of the claustrum (Figure 

S1G–N, Druga et al., 1993; Hinova-Palova et al., 2007; Kim et al., 2016; Mathur et al., 

2009; Rahman and Baizer, 2007). Using these approaches, we recorded from 247 claustrum 

neurons in six mice performing the task with tactile stimulus→lick contralateral and visual 

stimulus→lick ipsilateral reward contingencies and 298 claustrum neurons in three mice 

performing the reversed contingency task.

Few neurons in anterior claustrum are activated by sensory stimuli alone

The activity of claustrum neurons was clearly modulated by the task (Figure 2A,B, 

S2A,B,F). Many neurons increased their firing rates during Touch-Hit trials and Vision-Hit 

trials, but a substantial fraction were suppressed. Responses typically started after the 

onset of the sensory stimulus, as seen in the stimulus-aligned heatmaps of the normalized 

responses (Figure 2B, S2F), but largely before the first lick, as seen in the lick-aligned 

heatmaps (Figure S2B,S2F). Many neurons also responded during FA trials (Figure 2B, 

S2B).

Previous work showed that S1-projecting and V1-projecting ClaC neurons are largely 

distinct populations (Marriott et al., 2021). As claustrum activation inhibits cortical activity 

(Jackson et al., 2020) and is proposed to suppress cortical responses to distractor stimuli 

(Atlan et al., 2018; White et al., 2020; White et al., 2018), we hypothesized that S1-

projecting ClaC neurons would be most active following tactile stimuli during Respond-to-

Light blocks (Tactile stim CR trials), when animals ignore tactile stimuli, and S1 neuron 

responses to tactile stimuli are suppressed (Figure S2C). We recorded from 73 optotagged, 

putative S1-projecting ClaC neurons, representing 13.4% of the claustrum neurons we 

recorded (Figure S2D,E, n = 73 of 545 neurons). In contrast to our prediction, only 2 of 

these 73 optotagged neurons significantly responded during Tactile stim CR trials, when 

animals are presented a tactile stimulus but do not respond. Similarly, few responded during 

Visual stim CR trials in Respond-to-Touch blocks (n = 4 of 73 neurons). These results 
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generalized to all recorded claustrum neurons, as fewer than 5% responded significantly 

to the presentation of a sensory stimulus alone during CR trials, when animals withhold 

responses to the stimulus based on the task contingencies (Figure 2C–F). These results 

contrast with S1 neurons recorded under the same conditions when significantly more 

neurons exhibit fast, transient responses to whisker deflection during CR trials (S1 neurons 

responsive to touch stimuli: n = 143/754, 19.0%, S1 neurons responsive to visual stimuli: n 

= 4/754, 0.5%).

To further test whether individual claustrum neurons encode sensory information, we 

performed an ideal observer analysis by computing the ability of each neuron to 

discriminate between tactile stimuli occurring in Respond-to-Light blocks (Tactile stim CR 

trials) and visual stimuli occurring in Respond-to-Touch blocks (Visual stim CR trials), 

conditions under which the sensory stimuli are different and there is no motor output. 

Few neurons distinguished these two types of trials (n = 34 of 545 neurons). These 

findings are inconsistent with the hypothesis that neurons in the anterior claustrum exhibit 

activity triggered by distracting sensory stimuli during CR trials and directly mediate the 

suppression of cortical responses to sensory distractors in our task.

Claustrum neurons are recruited by movement

In contrast to the small number of neurons exhibiting sensory responses during CR trials, 

77% of recorded neurons (n = 418/545) were significantly modulated during Hit trials, 

when the mouse licked the correct port in response to the correct sensory stimulus 

(Figure 3A–D). To identify which task parameters recruited claustrum neurons, we used 

linear discriminant analyses (LDA, n = 73 behavioral sessions, 9 mice) to ask whether 

sensory stimulus modality (tactile or visual, Figure 3E,H), block type (Respond-to-Touch or 

Respond-to-Light, Figure 3F,H) or response type (lick or no lick, Figure 3G,H) maximized 

the separation of claustrum neuron responses during the task. Using the 1 second following 

sensory stimulus onset to classify trials, regardless if a Hit, CR, FA or Miss trial resulted, 

we found that sensory stimulus type resulted in the lowest classification accuracy (Figure 

3E,H). When block type was used to classify trials, the classification accuracy improved 

(Figure 3F,H). However, using the presence or absence of a lick response to classify trials, 

regardless of the sensory stimulus presented or the block type, maximized trial separation 

(Figure 3G,H). Although classifying trials based on the motor output of the mouse resulted 

in the greatest separation of claustrum responses, we observed that the activity of many 

neurons started before the mouse’s first lick (Figure 2A,B, S2A,B,F).

We next compared the two types of lick trials, Hits and FAs. In both cases, mice lick, but 

in FA trials, they do not receive a reward. The mean firing rate was slightly higher during 

Hit than FA trials (Figure S3A). One possibility is that this difference reflects differences in 

the number of licks produced during the two trial types (Hit trials: 7.2 ± 0.02 (SEM) licks 

per response, n = 71,454 trials; FA trials: 6.1 ± 0.04 licks per responses, n = 24,521 trials, 

p = 3.0e-244, Mann-Whitney U test). However, for most neurons, there was no significant 

correlation between the number of licks in a response bout and their firing rate. Even among 

the few neurons that individually showed a significant correlation between firing rate and 

lick number, the relationships were not consistent across the population. For example, for the 
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subset of Touch-Hit responsive neurons for which the firing rate was significantly correlated 

with the number of licks in the response bouts (22%, n = 75 of 347 Tactile Hit-responsive 

neurons), the correlations were both positive and negative (60 neurons activated during 

licking, with 25 positively and 35 negatively correlated with the number of licks; 15 neurons 

inhibited during licking, with 7 positively and 8 negatively correlated with the number 

of licks). A second possibility is that the presence or absence of reward contributed to 

differences in firing rate between Hit and FA trials. However, these differences were present 

prior to the animal’s first lick (Tactile Hit-activated neurons: Hits: 15.5 ± 0.93 spikes/s, 

FAs: 13.3 ± 0.82 spikes/s, n = 260 neurons, p = 2.6e-15, Wilcoxon rank-sum test; Tactile 

Hit-inhibited neurons: Hits: 4.6 ± 0.53 spikes/s, FAs: 5.4 ± 0.59 spikes/s, n = 87 neurons, p 

= 4.6e-4, Wilcoxon rank-sum test), indicating that harvesting the reward itself is not solely 

responsible for the differences in firing rate.

Because motor-related activity suppresses cortical sensory responses in specific contexts 

(Brooks and Cullen, 2019; Schneider et al., 2018), we reasoned that movement-related 

claustrum activity could play a role in mediating inhibition of cortical responses to sensory 

distractors. The activity of S1-projecting ClaC neurons may be selectively enhanced during 

visual stimulus-associated movement in Respond-to-Light blocks, when the mouse is 

suppressing tactile responses in the task (Figure 3I). If so, we would predict that activity 

in S1-projecting ClaC neurons is higher during Respond-to-Light lick trials (Visual Hit 

trials), when the mouse is suppressing tactile responses, then during Respond-to-Touch 

lick trials (Tactile Hit trials), when the mouse responds to tactile stimuli. We used two 

distinct approaches to test this hypothesis. First, we compared the mean firing rate of 

putative S1-projecting ClaC neurons during the 1 second following stimulus onset in Tactile 

and Visual Hit trials. We did not find a significant difference in firing rates across the 

two conditions (Figure S3B), indicating that the activity of putative S1-projecting ClaC 

neurons is not enhanced during Visual Hit trials. When we compared the responses across 

all recorded claustrum neurons, the results were similar (Figure S3C). Second, we tested 

whether individual putative S1-projecting ClaC neurons were better detectors of visual 

stimulus-associated licks than tactile stimulus-associated licks by comparing how well the 

single-trial activity of each predicted a tactile stimulus-associated lick versus no lick or 

a visual stimulus-associated lick versus no lick (Detect probability, DP; Nienborg et al., 

2012). Although the DP of some neurons was strongly biased, on average, the population of 

putative S1-projecting ClaC neurons coded equally strongly for tactile stimulus-associated 

licks and visual stimulus-associated licks (Figure 3J,K). When we analyzed the DPs of 

putative S1-projecting ClaC neurons separately from the two cohorts of mice trained on 

opposite lick contingencies, the results were similar (Figure S3D,E). Similarly, when we 

analyzed the population of all recorded claustrum neurons, we found that it did not exhibit 

a systematic bias for detecting tactile or visual stimulus-associated licks (Figure S3F). As 

in S1 during the same task, the DP onset of responsive claustrum neurons was significantly 

faster for touch-associated than vision-associated licks (Figure S3G). These differences were 

not explained by faster reaction times to tactile relative to visual stimuli (Figure S3H). Our 

results indicate that the responses of both the population of putative S1-projecting ClaC 

neurons and of claustrum neurons more generally are not biased with respect to which 
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stimulus modality triggered a lick and are unlikely to directly mediate sensory-evoked 

inhibition of somatosensory cortex.

Claustrum neurons encode lick direction

Another possibility is that claustrum activity is biased overall for detection-associated 

contralateral movement, which would enable the suppression of cortical areas associated 

with movement to the non-rewarded side (Figure 4A). Alternatively, movement related 

claustrum activity may reflect a general movement signal, as seen across cortex (Musall et 

al., 2019; Salkoff et al., 2020; Stringer et al., 2019). To test these possibilities, we plotted 

the DP for lick versus no lick separately for each lick direction rather than for each sensory 

modality. There was no significant bias in the population preference for detection-associated 

contralateral versus ipsilateral licks (Figure 4B,C). These results indicate that, in the context 

of this task, the responses of the population of claustrum neurons are not significantly biased 

for contralateral licks, but do not rule out the possibility that individual neurons in the 

claustrum code for either contralateral or ipsilateral lick directions (Figure 4D), allowing 

ensembles of claustrum neurons with distinct lick direction biases to modulate targeted 

cortical networks depending on behavioral context.

The claustrum is reciprocally connected with frontal cortex (Atlan et al., 2017; Clascá et 

al., 1992; Tanné-Gariépy et al., 2002; Torgerson et al., 2015; Wang et al., 2017; White et 

al., 2017; Zingg et al., 2018; Zingg et al., 2014), including with premotor areas such as the 

anterior lateral motor cortex (ALM; Figure S4A–J; Marriott et al., 2021), where neurons 

selective for either ipsilateral or contralateral lick direction are intermingled (Chen et al., 

2017; Guo et al., 2014; Komiyama et al., 2010; Li et al., 2015). We reasoned that if the 

responses of individual claustrum neurons during the task reflect consistent biases for lick 

direction, their direction preference during spontaneous licks, uncoupled from a stimulus 

response, should predict their response preferences during the task. On the other hand, if the 

lick direction preferences of claustrum neurons during spontaneous and detection-associated 

licks are uncorrelated, it would suggest that the responses reflect other features of the 

behavior. As with task-evoked licks, firing rates across the population of claustrum neurons 

showed no significant bias in preferences for spontaneous contralateral versus ipsilateral 

licks (Figure 4E–G, S5A). However, the onset of neural activity was faster for contralateral 

licks than for ipsilateral licks (Figure S5B,C), indicating that, while the average firing rate 

of claustrum neurons during spontaneous licks was not lateralized, the average timing of the 

responses was.

To further define the relationship between the lick-direction preferences of individual 

claustrum neurons during spontaneous versus task-evoked licks, we took two independent 

approaches. First, we computed the correlation between each neuron’s lick direction 

preferences determined using spontaneous and detection-associated licks. We found that 

these values were strongly correlated, both for optotagged, putative S1-projecting ClaC 

neurons (r = 0.91, n = 73 neurons) and the population of all recorded claustrum neurons 

(Figure 4H, r = 0.85, n = 545 neurons). Second, we calculated the direction preferences 

of individual neurons based on their spontaneous lick-direction preference and used these 

preferences to decode, on a trial-by-trial basis, whether a mouse licked contralaterally or 
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ipsilaterally during the task (Mayrhofer et al., 2019). This strategy successfully decoded 

the animal’s choice during the task (Figure 4I), indicating that a claustrum neuron’s lick 

direction preference is similar during spontaneous and task-evoked licks. Our analyses show 

that individual claustrum neurons exhibit lick direction preferences, and that claustrum 

activity during behavioral trials reflects these preferences.

The claustrum is enriched for synchronous spiking between neurons preferring 
contralateral licks

Several studies hypothesize that synchronous activity among claustrum neurons influences 

cortical activity by modulating the activity of local groups of related cortical neurons or 

potentiating synchronization across cortical regions (Smythies et al., 2012, 2014; Vidyasagar 

and Levichkina, 2019). A recent study found that the local circuit organization of the 

claustrum is consistent with a neural circuit that promotes synchronized activity among its 

neurons (Kim et al., 2016). Because we found that neurons in the anterior claustrum encode 

lick direction, we reasoned that, if these correlations coordinate the activity of cortical 

neurons engaged in the task, pairs of neurons with similar lick direction preferences should 

be more correlated than pairs with opposite lick direction preferences. Therefore, we tested 

for correlated activity between simultaneously recorded neurons in the claustrum and asked 

whether these neurons shared tuning properties. We computed the cross-correlogram (CCG) 

during the inter-trial interval, using the 1 second prior to sensory stimulus onset, for all 

pairs of claustrum neurons recorded simultaneously on different tetrodes (n = 1924 pairs). 

Although most pairs were not correlated, we identified pairs exhibiting correlations at short, 

millisecond timescales (Figure 5A,B). A greater proportion of pairs of claustrum neurons 

was significantly correlated than pairs of S1 neurons recorded with tetrodes under similar 

conditions, though the difference was modest (Figure 5C). This difference remained when 

the analysis was performed during the 1 second following sensory stimulus onset (Figure 

S6A). The percent of pairs exhibiting correlations prior to stimulus onset did not change 

with block type (Respond-to-Touch Blocks: 2.9%, n = 55/1924 pairs; Respond-to-Light 

Blocks: 3.0%, n = 58/1924 pairs, Chi square p = 0.85) or with correct or incorrect response 

type (Correct trials (Hit and CR): 3.3%; n = 65/1924 pairs; Incorrect trials (Miss and 

FA): 2.5%, n = 48/1924 pairs, Chi Square, p = 0.13). We also found that the correlations 

in the claustrum were stronger than those recorded in S1 (Figure 5D, S6B) and that the 

timing differed: the widths of the cross-correlograms were significantly narrower for pairs of 

claustrum neurons than for pairs of S1 neurons (Figure S6C–H). These differences were not 

explained by firing rates alone, as we normalized CCGs by the geometric mean firing rates. 

Furthermore, the mean firing rates were higher in S1 than in the claustrum in the 1 second 

prior to stimulus onset (Neurons in all pairs: S1: 8.92 ± 0.27 Hz (SEM), n = 656 S1 neurons; 

Claustrum: 6.29 ± 0.30 Hz, n = 491 claustrum neurons, p = 1.29e-16, Mann-Whitney U 

test; Neurons in correlated pairs: S1: 11.35 ± 0.76 Hz, n = 141 S1 neurons; Claustrum: 9.31 

± 0.82 Hz, n = 112 claustrum neurons, p = 0.00984, Mann-Whitney U test), which would 

if anything artificially strengthen correlations among S1 neurons, the opposite of what we 

observed.

To further test our hypothesis that pairs with similar lick direction tuning are more correlated 

than pairs with opposite lick direction preferences, we plotted a lick direction preference 
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index for all recorded pairs (Figure 5E) and compared the proportions of significantly 

correlated pairs for each possible combination of preferences: contra-contra, ipsi-ipsi or 

contra-ipsi. As predicted, neuron pairs with fast timescale correlations were significantly 

enriched for pairs preferring the same lick direction (Figure 5F). Unexpectedly, significantly 

correlated pairs were enriched for pairs in which both neurons preferred contralateral 

licks (Figure 5F). The strength of the correlations among claustrum neurons preferring 

contralateral licks, however, did not depend on the lick direction rewarded during that block 

(Contralateral lick blocks: 10.5 ± 2.9 % coincident spikes; Ipsilateral lick blocks: 9.7 ± 2.9 

% coincident spikes; n = 20 contralaterally tuned pairs; p = 0.79, Wilcoxon signed-rank 

test). Therefore, while the lick-direction preference of the population of recorded claustrum 

neurons was not biased, with ipsilateral and contralateral lick directions equally encoded 

across the population, the activity of neurons preferring contralateral licks was preferentially 

correlated. This result further suggests subtle lateralization of claustrum function, similar to 

the significant difference in the onset of neural activity for contralateral versus ipsilateral 

spontaneous licks (Figure S5B,C). The findings regarding the prevalence, strength and 

timing of synchronous activity in the claustrum support the hypothesis that the circuit 

organization of the claustrum promotes synchronous activity among functionally related 

claustrum neurons and further suggest that functionally distinct subsets of claustrum neurons 

may influence cortex differentially through their preferential correlations.

The activity of claustrum neurons prior to stimulus presentation encodes upcoming lick 
direction

To visualize the variety of responses in our recordings, we clustered neurons based on 

their mean activity during both types of Hit trials (Tactile and Visual Hit trials; Figure 

S7A,B). This visualization revealed groups of neurons that were inhibited (25% of neurons, 

n = 134/545 neurons), activated (56%; n = 306/545 neurons) or not modulated during 

the task (19%, n = 105/545 neurons; Group 12). Interestingly, the non-modulated group 

(Group 12) was depleted for putative S1-projecting ClaC neurons (n = 7/105 neurons; p 

= 0.0015, Bonferroni corrected hypergeometric test). Of the 12 groups, each contained 

neurons recorded from six to nine mice but for Group 11 (Figure S7C). Although groups 

were distinguished by the envelope and time course of their responses, most groups of 

activated neurons exhibited similar activity during Tactile and Visual Hit trials (Figure 

S7A,B; Groups 1, 3, 4, 5 and 13, 44%; n = 240/545 neurons).

Four groups activated during Hit trials, however, exhibited different responses during 

Respond-to-Touch and Respond-to-Light Hit trials (Figure S7A,B; Groups 2, 6, 10 and 

11, 12%; n = 66/545 neurons). Of those, Groups 2, 6 and 11 exhibited shifts in their baseline 

firing rates preceding the presentation of the sensory stimulus (Figure S7B). Because 

claustrum neurons encode the direction of movement, and the claustrum is interconnected 

with premotor areas including ALM (Figure S4; Atlan et al., 2017; Marriott et al., 2021; 

Smith and Alloway, 2014; Smith et al., 2012; Wang et al., 2017; White et al., 2017; Zingg 

et al., 2014), we hypothesized that these baseline shifts reflect persistent activity related 

to upcoming movement, similar to activity observed in premotor areas in rodents and the 

frontal eye fields in monkeys (Squire et al., 2013; Svoboda and Li, 2018). Therefore, 
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we tested whether claustrum activity prior to the delivery of the sensory stimulus reflects 

upcoming movement during Respond-to-Touch and Respond-to-Light blocks.

We analyzed the activity of strongly lick direction-preferring neurons (Figure 6A) during 

the 1 second preceding sensory stimulus onset, omitting trials in which the mouse contacted 

either spout during this period. We found that the population of claustrum neurons coded 

for upcoming lick direction based on their lick direction preference. The responses of 

two example neurons are shown: one preferring contralateral licks showing enhanced 

firing preceding sensory stimulus onset during blocks rewarding contralateral licks (Figure 

6B-left) and one preferring ipsilateral licks exhibiting higher firing prior to sensory 

stimulus onset during blocks rewarding ipsilateral licks (Figure 6B-right). We analyzed 

the population of lick direction-preferring claustrum neurons by computing an Upcoming 

Lick Direction Index (ULDI) based on their activity during the 1 second preceding sensory 

stimulus onset. We found that the ULDI for the population of claustrum neurons preferring 

contralateral licks was significantly greater than zero, indicating that their prestimulus 

activity encoded upcoming contralateral licks, while the ULDI for claustrum neurons 

preferring ipsilateral licks was significantly smaller than zero, indicating their prestimulus 

activity encoded upcoming ipsilateral licks (Figure 6C). These results show that claustrum 

neurons maintain a representation of the block-type the mouse is in based on their motor 

tuning, activity that may allow them to influence cortical responses associated with either 

ipsilateral or contralateral licks in our task.

Inhibiting claustrum neurons decreases the rate of impulsive false alarms

Because our recordings revealed that claustrum neurons are activated both prior to and 

during licks and maintain a representation of block-type, we hypothesized that manipulating 

claustrum activity would influence licking movements during the task. To test this 

hypothesis, we bilaterally expressed the inhibitory DREADD, hM4Di-mCherry (Figure 

6D, n = 6 mice), or a control mCherry virus (n = 5 mice) in ClaC neurons using a 

similar strategy as for expressing ChR2 in ClaC neurons (Figure 1D). However, because 

the responses of putative S1-projecting ClaC neurons did not differ from those of other 

claustrum neurons, we targeted a broader population of ClaC neurons in both hemispheres 

(Figure 6D, see Methods). Once animals reached the learning criterion on the cross-modal 

selection task, we administered the DREADD agonist or vehicle on alternating days. We 

first compared the Hit rate for DREADD and control mice and found it unaffected across 

conditions (Figure 6E). The number of inter-trial licks was also unaffected by agonist 

administration (mixed ANOVA with repeated measure for injection and independence for 

virus: interaction of virus and injection F = 1.75; p = 0.218). These results indicate that the 

mouse’s overall ability to generate licks was unaffected by our chemogenetic manipulation. 

However, when we compared the effects of DREADD agonist administration on the FA rate, 

we found that Impulsive FAs, when mice lick the correct lick port for that block but in 

response to the incorrect sensory stimulus, were decreased (Figure 6F). There was no change 

in the rate of the rarer Associative FAs, when mice lick the wrong lick port for that block 

(Figure 6G). These results indicate that the rate of impulsive licks triggered by distracting 

stimuli are influenced by changes in claustrum activity. Together, our findings support the 

hypothesis that the activity of ClaC neurons preceding and during lick execution in our task 
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plays an important role in priming premotor circuits for the correct lick response for the 

block and contributes to impulsive responses triggered by the wrong stimulus.

DISCUSSION

Prior electrophysiological studies reported primarily sensory responses in the claustrum 

(Clarey and Irvine, 1986; LeVay and Sherk, 1981b; Olson and Graybiel, 1980; Remedios et 

al., 2010, but see Jankowski and O’Mara, 2015; Shima et al., 1996). Possible reasons for 

the discrepancy between these results and ours include the behavioral state of the animals 

and the location of the recordings. Previous studies largely focused on anesthetized animals 

or animals passively receiving sensory input rather than engaged in a task. We also likely 

sampled a region of claustrum more anterior than previous work. However, even putative 

S1-projecting ClaC neurons in anterior claustrum rarely exhibited responses to sensory 

stimuli alone. It remains possible that neurons in the posterior claustrum of the mouse 

exhibit responses evoked by sensory stimuli, and that the claustrum has specialized regions 

with distinct roles (Chia et al., 2020; LeVay and Sherk, 1981b; Olson and Graybiel, 1980; 

Remedios et al., 2010). Whether ClaC neurons in different claustral regions or targeting 

different cortical areas differentially contribute to hypothesized claustrum functions such 

as context-reward associations (Terem et al., 2020), optimal behavioral performance during 

high cognitive loads (White et al., 2020; White et al., 2018) and sleep (Narikiyo et al., 2020; 

Norimoto et al., 2020; Renouard et al., 2015) remains an important question.

Several studies hypothesize that synchronous activity among claustrum neurons influences 

the activity of related ensembles of cortical neurons within or across cortical areas (Smythies 

et al., 2012, 2014; Vidyasagar and Levichkina, 2019). That the claustrum shows more 

synchronous activity than S1 is consistent with the proposed circuit organization of the 

claustrum (Kim et al., 2016; White and Mathur, 2018b; White et al., 2018). These ensembles 

may be particularly effective at activating or synchronizing functionally related subsets of 

cortical neurons, even though pairs exhibiting synchronous activity represented a small 

minority of recorded pairs. Although we did not find a contralateral bias in the response 

selectivity of claustrum neurons, the enrichment for contralateral-preferring neurons in 

synchronous pairs and the faster onset of activity for contralateral licks suggests the 

claustrum shows some functional lateralization, perhaps reflecting that some motor and 

frontal cortical regions project more strongly to contralateral claustrum (Alloway et al., 

2009; Wang et al., 2017).

We set out to test the hypothesis that claustrum plays a role in sensory selection similar 

to that performed by interactions between the prefrontal cortex and the thalamoreticular 

nucleus (TRN), in which top-down signals modulate the gain of cortical sensory responses 

(Wimmer et al., 2015). However, our results were inconsistent with a mechanism by which 

claustrum neurons respond to sensory input and inhibit sensory responses. Rather, the 

vast majority of neurons we recorded encoded signals related to movement, although a 

contribution of reward anticipation to the responses remains possible. A previous study 

in non-human primates also identified movement-related neurons in the claustrum, but 

the responses did not reflect specific movements or movement context (Shima et al., 

1996). The responses of claustrum neurons we observed here were instead lick-direction 
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specific, similar to those of neurons recorded in ALM (Chabrol et al., 2019; Chen et al., 

2017; Economo et al., 2018; Guo et al., 2017; Guo et al., 2014; Inagaki et al., 2019; 

Inagaki et al., 2018; Li et al., 2015; Li et al., 2016; Wu et al., 2020). As in motor 

areas (Alexander and Crutcher, 1990; Murakami et al., 2014; Riehle and Requin, 1989), 

claustrum neurons exhibited different temporal response profiles, including inhibition, and 

their baseline activity reflected the direction of upcoming licks, although we cannot entirely 

rule out that small tongue and jaw movements contributed to generating the premotor 

activity we observed (Esmaeili et al., 2021; Massion, 1992; Musall et al., 2019). Anatomical 

reconstructions of individual corticoclaustral neurons in premotor cortex show that they are 

layer 5 intratelencephalic (L5 IT) neurons, with axon branches in the striatum (Lévesque 

and Parent, 1998; Parent and Parent, 2006) and recent studies indicate that L5 IT neurons in 

ALM code equally well for both ipsilateral and contralateral intended licks (Li et al., 2015), 

similar to the claustrum neurons we recorded here. Because L5 IT neurons play key roles 

in maintaining preparatory activity in ALM (Li et al., 2016; Wu et al., 2020), reciprocal 

connections between claustrum and premotor areas may contribute to generating preparatory 

activity patterns.

When we inhibited ClaC neurons bilaterally using inhibitory DREADDs, the rate of 

Impulsive FAs was decreased while the Hit rate remained unchanged. As previous studies 

have reported that motor, premotor and frontal cortex are inhibited following activation 

of ClaC neurons by brief electrical or optogenetic activation (Cortimiglia et al., 1991; 

Cortimiglia et al., 1987; Crescimanno et al., 1989, 1990; Crescimanno et al., 1984; Jackson 

et al., 2018; Narikiyo et al., 2020; Salerno et al., 1989; Salerno et al., 1984), it is possible 

that the cortex was disinhibited by inhibition of ClaC neurons, increasing suppression of 

unwanted movements and resulting in a decrease in Impulsive FAs (Ebbesen and Brecht, 

2017; Esmaeili et al., 2021). This interpretation would be consistent with results following 

inhibition of motor and frontal cortex including ALM during Go-No Go tasks, in which 

the rate of FAs increases without much altering the Hit rate (Goard et al., 2016; Hu et 

al., 2019; Huber et al., 2012; Kamigaki and Dan, 2017; Salkoff et al., 2020; Zagha et al., 

2015) although inhibiting ALM impairs performance requiring lick responses under some 

conditions (Guo et al., 2014; Inagaki et al., 2019; Inagaki et al., 2018; Li et al., 2015; Li et 

al., 2016). Our results are also consistent with a prior study in which increasing claustrum 

activity in rats increased the rate of impulsive premature responses in a 5-choice serial 

reaction time task (Liu et al., 2019), although these effects may depend on task structure 

or on the particular type of ClaC neurons involved (Atlan et al., 2021). In addition, how 

ClaC inputs influence the different cell types in prefrontal and motor cortical areas with 

different contributions to these behaviors (Economo et al., 2018; Huber et al., 2012; Li et al., 

2020; Zagha et al., 2013) remains an open question. Furthermore, as some neurons outside 

the canonical boundaries of the claustrum expressed DREADDs, it is possible that small 

populations of neurons in other brain regions contributed to the decrease in Impulsive FAs. 

Nonetheless, our results indicate that claustrocortical loops exhibit preparatory activity and 

may regulate premotor circuits involved in suppressing unwanted movements in response to 

inappropriate stimuli.
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RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the Lead Contact, Solange P. Brown 

(spbrown@jhmi.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability

• All data and code used for analysis and figure generation are available upon 

request.

• Original code has also been deposited at Zenodo and is publicly available as of 

the date of publication. The DOI is listed in the key resources table.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All procedures were approved by the Johns Hopkins Animal Care and Use 

Committee and followed the guidelines of the Society for Neuroscience and the National 

Institutes of Health. Animals used for in vivo electrophysiology and the DREADD 

experiments ranged in age from 2 to 5 months during the recordings. Both males and 

females were used in this study (sex indicated for each replicate in methods below). All 

animals were kept on a 12 h light/dark cycle and provided with unlimited food and water 

until water restriction began (see details below). Information about the generation and 

genotyping of the lox-STOP-lox-tdTomato line used in this study can be found in the 

original studies (Ai9 and Ai14; Madisen et al., 2010). Mice were maintained on mixed 

backgrounds including C57BL/6J and CD-1 but were primarily C57BL/6J.

METHOD DETAILS

Stereotactic injections and microdrive implantation—To express 

Channelrhodopsin-2 (ChR2) in claustrocortical (ClaC) neurons projecting to the 

somatosensory cortex barrel field (S1BF), LSL-tdTomato mice (P35 to P127) were 

anesthetized with ketamine (50 mg/kg), dexmedetomidine (25 μg/kg) and the inhalation 

anesthetic, isoflurane. Animals were placed in a custom-built stereotactic frame and 

anesthesia was maintained with isoflurane (1–2.5%). The scalp and periosteum were 

removed, and a small craniotomy was performed above left S1. A glass pipette (10–25 

μm tip diameter) was lowered into S1BF (1.1 mm posterior to Bregma, 3.1 mm lateral to 

Bregma, 0.5 mm from the surface of the brain) and 60–120 nL of retroAAV-Cre (rAAV2-

retro-Syn-Cre, Tervo et al., 2016) or AAVrg-pmSyn1-EBFP-Cre (Addgene viral prep # 

51507-AAVrg, a gift from Hongkui Zeng) were pressure-injected. The pipette was kept in 

position for 5–10 minutes before removal, and the craniotomy was then covered with a thin 

layer of Kwik-cast (World Precision Instruments). The skull was roughed using a dental drill 

(Athena Champion AC5000, NTI Diamond F132–008 diamond burr) and a custom-made 

headplate was affixed using cyanoacrylate adhesive (Krazy Glue). A ground screw was 
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implanted above the cerebellum and a second craniotomy was performed above the left 

claustrum. A glass pipette (10–25 μm tip diameter) was lowered into the left claustrum 

(1.7 mm anterior to Bregma, 2.7 mm lateral to Bregma, 2.65 mm from the surface of 

the brain) and between 180 and 270 nL of AAV5-DIO-Ef1a-hChR2(H134R)-EYFP-WPRE-

hGH (Addgene viral prep #20298 or UNC Vector Core, a gift of Karl Deisseroth) were 

pressure injected. The pipette was kept in position for 5–10 minutes before removal. Mice 

were then implanted with a custom-made microdrive (8 tetrodes, Cohen et al., 2012) coupled 

to an optic fiber (200 μm diameter, 0.39 NA) initially targeted to a region above the 

claustrum (1.7 mm anterior to Bregma, 2.7 mm lateral to Bregma, 1.8 mm from the surface 

of the brain). The tips of the tetrodes were between 0.6 and 0.9 mm from the tip of the optic 

fiber, and both were coated with red retrobeads (Lumafluor) to facilitate the identification of 

the tetrode tracks following the electrophysiology experiments. The microdrive was secured 

to the headplate using cyanoacrylate gel super glue (The Original Super Glue Corporation) 

and dental cement (Jet Repair Acrylic Pound Package, Pearson Dental).

Similar procedures were used to express the inhibitory DREADD receptor or control 

fluorophore in ClaC neurons. Because the responses of putative S1-projecting ClaC neurons 

did not differ from those of other claustrum neurons, we targeted a broader population of 

ClaC neurons, injecting a retroAAV-Cre virus into S1, ALM, retrosplenial cortex (RSP), 

and anterior cingulate cortex (ACC) bilaterally and the DREADD or control virus into 

the claustrum in both hemispheres. We chose these additional cortical locations as many 

ClaC neurons project to these regions (Marriott et al., 2021; Wang et al., 2017).100 nL of 

retroAAV-hSyn-HI-eGFP-CRE-WPRE-SV40 (Addgene viral prep #105540-AAVrg, a gift 

from James M. Wilson) was stereotaxically injected into four locations bilaterally, for a total 

of 8 injections: S1BF (1.1 mm posterior to Bregma, 3.1 mm lateral to Bregma, 0.5 mm from 

the surface of the brain), anterior lateral motor cortex (ALM; 2.5 mm anterior to Bregma, 1.5 

mm lateral to Bregma, 0.5 mm from the surface of the brain), retrosplenial cortex (RSP, 3.0 

mm posterior to Bregma, 0.5 mm lateral to Bregma, 0.5 mm from the surface of the brain) 

and anterior cingulate cortex (ACC, 0.5 mm anterior to Bregma, 0.3 mm lateral to Bregma, 

0.5 mm from the surface of the brain). Then four 100 nL injections of AAV5-hSyn-DIO-

hM4D(Gi)-mCherry (Addgene viral prep #44362-AAV5, a gift from Bryan Roth) or AAV5-

hSyn-DIO-mCherry (Addgene viral prep #50459-AAV5, a gift from Bryan Roth) were 

injected in each claustrum bilaterally along its anteroposterior axis (Injection coordinates 

AP/ML/DV from surface: 1.9 mm/2.6 mm/2.4 mm; 1.4 mm/2.8 mm/2.6 mm; 0.9 mm/3.2 

mm/2.8 mm; 0.4 mm/3.2 mm/2.8 mm). The headplate was implanted as described above, but 

no microdrive was implanted.

To label corticoclaustral projections from ALM, 90 nL of AAV-DJ-CamKIIa-ChR2(H134R)-

eYFP (GVVC-AAV-36, Stanford Gene Vector and Virus Core, a gift from Karl Deisseroth) 

was pressure injected into ALM (−2.5 mm anterior to Bregma, 1.5 mm lateral to Bregma, 

0.8 mm from the surface of the brain) of 4 mice (P75-P83, 2 males and 2 females). In 

the same mice, 90 nL of Alexa Fluor 555-conjugated Cholera Toxin Subunit B (CTB; 

ThermoFisher Scientific) was injected into S1BF (1 mm posterior to Bregma, 2.8 mm or 

3.1 mm lateral to Bregma, 0.8 mm from the surface of the brain) to retrogradely label 

S1-projecting ClaC neurons and compare their cell body locations with the location of the 

ALM corticoclaustral axons. Animals were sacrificed 10 days following the injections.
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Buprenorphine (0.05 mg/kg) was administered to all animals postoperatively.

Behavioral task—All behavioral experiments were conducted with head-fixed mice 

trained in a cross-modal sensory selection task. The behavioral apparatus was controlled by 

BControl software (C. Brody, Princeton University) or by Arduino pro mini ATMega328p 

(Arduino: E000025, Sparkfun ATMega328). One week following surgery, ChR2 mice were 

restricted to 1 mL of water per day. During the water restriction period, mice were handled 

daily and head fixed in the behavioral apparatus for increasing amounts of time (starting at 

5 minutes). When a mouse’s weight stabilized at 80% of its pre-water restriction weight (~1 

week), training was started. For mice used in the DREADD experiments, training began 28 

days following the surgery. During training and experimental sessions, mice obtained water 

while performing the task. Supplemental water was given to maintain a body weight of 80% 

or greater than the pre-restriction weight. Behavioral sessions occurred once per day and 

lasted until the mouse stopped performing, usually ~1 hour.

Mice were first taught to lick two reward ports located 6–10 mm anterior and ~35 degrees 

to the left and right of the midline to collect water drops (~6 μl). Contacts between 

the tongue and the lick port were detected by a conductive lick detector (Svoboda lab, 

HHMI Janelia Research Campus), and water delivery was controlled by a solenoid valve 

(LHDA0531115H, The Lee Company). Mice quickly associated licking with the collection 

of water rewards (~1 day) and from that point, we started stimulus detection training.

During the initial training, the sensory modality, touch or vision, with which to begin 

training was randomly selected. To generate tactile stimuli, a single whisker (one of C1–3 or 

D1–3) on the right whisker pad was threaded into a glass pipette attached to a piezo actuator 

(D220-A4–203YB, Piezo Systems), which was driven by a piezo controller (MDTC93B, 

Thorlabs). Approximately 1.5 mm of whisker remained exposed at the base. At first, mice 

were rewarded automatically upon whisker stimulation (sinusoidal deflections at 40 Hz, 1 s, 

~1400 deg/s), on the right or left lick port depending on the contingency (Respond-Right-to-

Touch, n = 6 mice, 4 females and 2 males; Respond-Left-to-Touch, n = 3 mice, 2 females 

and 1 male). The automated reward delivery was removed after ~1–2 days, and the mice 

were rewarded for licking the correct port 0.1 s to 1.5 s after stimulus onset. Licks that 

occurred within the 0.1 s period immediately following stimulus onset were not rewarded. 

Licks occurring in a 0.2 s period prior to stimulus onset resulted in the withholding of the 

stimulus presentation for that trial and no reward or punishment. Trials with withheld stimuli 

were omitted from analysis. For visual detection training, a 1 s flash of 565 nm light (~50 

mW) generated by an LED (M470F1 LED driven by LEDD1B, Thorlabs) and emitted from 

the tip of an optic fiber (105 μm diameter, 0.22 NA; M43L01, Thorlabs) positioned 5.5 

cm away from the tip of the mouse’s nose along its midline was used as stimulation. Mice 

were rewarded for licking the right (n = 3 mice) or left (n = 6 mice) port, depending on the 

task contingency, and trained as described above for the tactile stimulus. Once mice reliably 

collected water rewards for one of the two modalities (~1–4 days), we switched to training 

the mouse on the other modality.

In the next stage of task training, randomly interleaved stimuli were delivered (touch: 0.15 

s sinusoidal deflections at 20 Hz, ~600 deg/s; vision: 0.15 s flash, ~3 mW at the tip of 

Chevée et al. Page 15

Neuron. Author manuscript; available in PMC 2023 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the optic fiber attenuated using a neutral density filter; optical density = 3 to 6, NE530B, 

Thorlabs). The stimulus intensities were selected such that animals plateaued at ~70% 

correct trials. The inter-trial period consisted of a 3.5 s fixed interval to which a random 

interval drawn from an exponential distribution with a 4 s mean was added. Mice were 

required to respond to only one of the two modalities during blocks of trials, with the 

modality alternating between blocks, to receive water rewards. We trained two sets of ChR2 

animals on two contingencies: during Respond-to-Touch blocks, a first set (n = 6 mice, 2 

females and 4 males) was rewarded for licking the right port following a tactile stimulus and, 

during Respond-to-Light blocks, for licking the left port following a visual stimulus. For a 

second set (n = 3 mice, 2 females and 1 male), mice were rewarded for licking the left port 

following a tactile stimulus during Respond-to-Touch blocks and the right port following a 

visual stimulus during Respond-to-Light blocks. Mice used in the DREADD experiments 

(n = 11) were rewarded for licking the right port following a tactile stimulus during 

Respond-to-Touch blocks and for licking the left port following a visual stimulus during 

Respond-to-Light blocks. Successful execution of these rules resulted in Hit trials (when the 

mouse responded correctly to the rewarded pairing between sensory modality and lick spout) 

and Correct Rejection trials (CR, when the mouse correctly withheld its response to the 

non-rewarded sensory modality) for each block type. Trials during which mice responded to 

the incorrect, non-rewarded sensory stimulus during a block or licked the wrong lick spout 

were considered False Alarms (Impulsive or Associative FAs, respectively). Trials when the 

mice did not respond to the correct, rewarded sensory stimulus were considered Misses. 

Incorrect responses did not result in any punishment. Initially, blocks contained ~150 trials 

each to minimize the number of switches during a training session. As training progressed, 

the block length was lowered to ~80 trials, resulting in the reward rule alternating 3–5 times 

per session. At each block transition, mice were allowed ~10 trials to switch, after which 

we encouraged them to switch reward contingency via manual release of water at the correct 

reward port. The mice then typically switched immediately.

We computed the percent correct trials to assess performance: 100*(# Hits + # Correct 

Rejections) / (Total # of trials) and considered mice trained once they performed > 65% 

correct for at least two consecutive days at the stimulus intensities selected. For the 

remainder of the recording sessions, sessions during which overall performance was < 

65% correct or < 60% correct for either block type were omitted from further analysis. 

Low-frame rate video recordings of trained mice showed that they make occasional small 

tongue or jaw movements that do not contact the lick spout during the intertrial intervals 

which we did not analyze further.

In vivo electrophysiology data pre-processing—Neural signals and behavioral 

timestamps were recorded using an Intan system (RHD2000 series multi-channel amplifier 

chip; Intan Technologies) at a sampling rate of 30 kHz. Recordings were bandpass filtered 

at 700–6,000 Hz, and the signal common to all electrodes was subtracted (common-mode 

rejection). Spikes were sorted offline using MClust software (A. David Redish). Only 

clusters with few inter-spike interval (ISI) violations (< 1% of cluster spikes within 2 ms) 

and a small L-ratio (indicative of cluster isolation quality, L-ratio < 0.1) were selected as 

putative single neurons. Clusters were also excluded if drift or unstable waveforms were 
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observed. In total, we recorded from 1216 neurons. Data processing was performed similarly 

for the tetrode recordings performed in S1.

Post hoc confirmation of tetrode location: Following the last recording session, we 

made electrolytic lesions to mark the location of the tetrodes. Animals were placed in a 

custom-built stereotactic frame and anesthesia was maintained with isoflurane (1–2.5%). 

20 μA were passed through the tetrodes with which optogenetic responses were detected 

(see section below) for 10 s using a constant current stimulus isolator (World Precision 

Instruments, A365RC). Animals were sacrificed 24 h post lesion. To further visualize the 

trajectory of the tetrode/optic fiber bundle during the recording sessions, we coated them 

with red retrobeads (Lumafluor) before insertion. Only experiments with tracks marked by 

red retrobeads traversing the claustrum, electrolytic lesions positioned consistent with the 

tetrode trajectory, and optotagged ClaC neurons (see below) were kept for analysis.

Optogenetic identification of claustrum neurons—After the completion of each 

behavioral session, we used an optogenetic approach to identify optogenetically modulated 

neurons and to confirm the location of the tetrodes in the claustrum. The implanted optic 

fiber was coupled to a 473 nm laser (Laserglow Technologies: LRS-0473-PFM-00100–03) 

and trains of 3 ms pulses were delivered at 2 Hz (Power at the tip of the optic fiber: 

~10 mW) using an optical shutter (Uniblitz shutter: LS2S2T1, shutter driver: VCM-D1) 

controlled by an Arduino (Arduino Uno R3). We used the method described in Kvitsiani 

et al., 2013 (SALT) to identify neurons with latencies to first spike significantly modulated 

following a laser pulse (p < 0.05 in a 10 ms window). Only neurons with a mean number 

of action potentials > 0.1 during the 10 ms window following the laser pulse were counted 

(Figure S1B, n = 142 of 1216 neurons). Detecting these neurons, which include putative 

ChR2-expressing, S1-projecting ClaC neurons as well as neurons possibly postsynaptic 

to ChR2-expressing neurons, further confirmed tetrode placement in the claustrum. Laser-

responsive neurons were absent when we mistargeted the claustrum altogether as confirmed 

by the tetrode tracks and the location of the electrolytic lesions. By combining the post 
hoc anatomical analyses of the tetrode tracks and electrolytic lesions with the optogenetic 

analyses, we delineated the boundaries of the claustrum as our tetrodes traversed it in each 

animal. Neurons that were modulated by the laser pulses were identified as being in the 

claustrum. For neurons whose activity was not modulated by the laser pulses, we identified 

them as being located in the claustrum under two conditions. First, any neuron recorded on 

the same tetrode simultaneously with an optogenetically modulated neuron was defined as 

being in the claustrum. Second, if a neuron was recorded between a more dorsal and a more 

ventral location at which optogenetically modulated neurons were identified on that tetrode 

(see grey locations in Figure S1F), then these neurons were also defined as being within the 

claustrum. This definition was consistent with the relationships between the claustrum, the 

tetrode tracks and the electrolytic lesions we identified anatomically. This approach allowed 

us to determine the boundaries of the claustrum traversed by the tetrodes for each animal 

and to include all single units recorded within these defined boundaries in our data set of 

claustrum neurons (Figure S1F, n = 545 claustrum neurons). Neurons not included within 

these boundaries were not analyzed further.
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Identification of putative S1-projecting claustrocortical neurons—We applied 

more strict criteria to optogenetically identify putative S1-projecting ClaC neurons directly 

transfected with rAAV-Cre and AAV-DIO-ChR2 (Optotagged neurons). We delivered 10 

Hz trains of laser pulses and used the following criteria: 1) first spike latency: < 7 ms; 2) 

waveform correlation between laser-evoked spikes and spikes recorded during the behavioral 

session: > 0.9; and 3) probability of spike following laser pulse: > 0.3. For each pulse, 

the first spike occurring between 3 ms preceding and 3 ms following the mean first 

spike latency for each neuron was counted as laser evoked and contributed to computing 

the reliability of spiking. We identified 73 putatively S1-projecting ClaC neurons (“Opto-

tagged”). The remaining modulated neurons (n = 69 of 142 neurons) were designated 

as “Opto-modulated”. We cannot exclude that some of the putative S1-projecting ClaC 

neurons are not S1-projecting because the synchronous activation of excitatory neurons may 

rapidly excite a postsynaptic neuron that itself does not express ChR2. However, the criteria 

used were similar to standards in the field (Kvitsiani et al., 2013). Furthermore, although 

some studies using anatomical tracers (Smith and Alloway, 2010) or population-based 

multielectrode recording methods (Orman, 2015) suggest that there exist some excitatory 

connections among claustrum neurons, electrophysiological evidence from paired recordings 

indicate that the monosynaptic connectivity among excitatory neurons in the claustrum is 

low (2%, n = 2 of 86 tested pairs, Kim et al., 2016). A more extended discussion of these 

issues can be found in Jackson et al., 2020. It is also possible that some S1-projecting 

ClaC neurons may be included in our non-optotagged sample although retro-AAV is highly 

efficient at transducing ClaC neurons (Marriott et al., 2021). Thus, while we cannot rule 

out the possibility that our optotagging strategy misidentified a subset of S1-projecting ClaC 

neurons, it allowed us to reliably establish that our electrodes were within the claustrum.

Immunohistochemistry—Following recordings and lesions, mice were transcardially 

perfused with 0.01 M phosphate buffered saline (PBS) followed by 4% paraformaldehyde 

(PFA) solution, and brains were post-fixed for 3 h at room temperature in 4% PFA. 

Then, 60 μm sections were cut on a vibratome (VT-1000S, Leica) and processed for 

immunohistochemistry (1:1000, Rabbit anti-DsRed polyclonal antibody, Living Colors, 

Clontech Laboratories, RRID: AB_10013483 and Alexa Fluor Donkey anti-Rabbit IgG 

(H+L) Highly Cross-Adsorbed Secondary Antibody, ThermoFisher (Invitrogen), A-21207, 

RRID: AB_141637; 1:1000, Chicken anti-GFP, GFP-1020, Aves, RRID:AB_10000240 and 

Alexa Fluor 488 AffiniPure Donkey anti-Chicken IgY (IgG) (H+L) antibody, Jackson 

ImmunoResearch Laboratories Inc, 703–545-155, RRID:AB_2340375; 1:200 Rabbit anti-

parvalbumin, PV27, Swant, RRID: AB_2631173 and Alexa647-conjugated Donkey anti-

Rabbit, Jackson ImmunoResearch Laboratories Inc, 711–606-152, RRID:AB_2340625). 

Specifically, sections were incubated in blocking solution (3% Normal Donkey Serum, 

0.3% TritonX-100 in PBS) for 2 hours on a rocker, followed by overnight incubation 

at 4°C with the primary antibodies (diluted in blocking solution). The following day, 

sections were rinsed 3 times for 10 min in PBS and incubated for 2 hours at room 

temperature with secondary antibodies diluted in blocking solution. Sections were then 

rinsed 3 times for 10 min before mounting. Animals used in the chemogenetic experiments 

were processed similarly (1:1000, Rabbit anti-DsRed polyclonal antibody, Living Colors, 

Clontech Laboratories, RRID: AB_10013483 and Alexa Fluor 594 Donkey anti-Rabbit IgG 
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(H+L) Highly Cross-Adsorbed Secondary Antibody ThermoFisher (Invitrogen)). Animals 

used for visualizing corticoclaustral projections from ALM (Figure S4D–J) were also 

processed similarly (1:2000, Chicken anti-GFP, GFP-1020, Aves, RRID:AB_10000240, 

and 1:1000 AlexaFluor 488-conjugated Donkey anti-Chicken, Jackson ImmunoResearch 

Labs, 703–545-155, RRID: AB_2340375; 1:1000 Mouse anti-parvalbumin, Sigma-Aldrich, 

P3088, RRID: AB_477329, and 1:1000 DyLight 405-AffiniPure Donkey anti-Mouse IgG 

(H+L), Jackson ImmunoResearch Labs, 715–475-150, RRID: AB_2340839).

Sections were then mounted using Aqua Poly/Mount mounting medium (Polysciences, Inc) 

and visualized on a confocal microscope (LSM 510 or 800, Zeiss) using 10x (0.3 NA), 

20x (0.8 NA) or 40x (1.3 NA) objectives or on an epifluorescence microscope (BZ-X 710, 

Keyence) using a 4x objective. Images were processed using ImageJ (Schneider et al., 

2012).

Figure 1E and F are maximum projections of confocal image stacks. The bright tetrode 

tracks prevent visualization of the tdTomato-positive Cre-expressing neurons in Figure 1E.

DREADD inactivation experiment—The experimenter was blinded to the identity of 

each animal (n = 6 hM4Di-mCherry mice, 2 males and 4 females; n = 5 mCherry 

mice, 1 male and 4 females). Mice were trained similarly to mice used for in vivo 
electrophysiological recordings until they reached 65% or higher correct trials for three 

consecutive days. Once trained, animals were injected intraperitoneally with either the 

DREADD receptor agonist Agonist 21 dihydrochloride (Tocris 6422, 3 mg/kg in 0.9% 

NaCl) or vehicle (0.9% NaCl, same volume as previous agonist session) 30 min prior to 

the start of the behavioral session. Injections of agonist and vehicle were alternated on 

consecutive days for 8 days, resulting in 4 “treated” and 4 “saline” sessions per animal but 

for one control animal expressing mCherry who completed only 3 “saline” sessions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests and sample size—The details of all statistical tests performed are 

described in the main text, figure legends and supplementary figure legends. Sample sizes 

are similar to other studies in the field.

Identification of responsive neurons—To determine whether individual neurons were 

modulated during distinct trial types (Figure 2C–F, 3A–D), we compared the distributions of 

spike counts one second preceding stimulus onset to the spike counts during the one second 

following stimulus onset (Mann-Whitney U tests).

Linear Discriminant Analysis—To quantify the correlations between various task 

variables and variations in neural activity, we performed Linear Discriminant Analyses 

(LDA) on recordings from each behavioral session. Specifically, we first built a 

trial_x_neuron matrix in which the value in each bin was the number of spikes in the one 

second following stimulus onset. We randomly drew 80% of the trials in each behavioral 

session to train the LDA and set the remaining 20% aside for testing. The LDA was trained 

to identify the linear combination of simultaneously recorded neurons whose spike counts 

best predicted the class of a trial. We applied the trained LDA to the remaining 20% of trials, 
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and classification accuracy was determined. This process was repeated 50 times for each 

behavioral session. The final score for a session was taken as the average accuracy over the 

50 iterations. This procedure was performed to classify trials based on stimulus type (Tactile 

stimulus vs Visual stimulus), block type (Respond-to-Touch block vs Respond-to-Light 

block) and response type (Lick vs No Lick).

Ideal observer analysis—We used a receiver operating characteristic analysis to 

quantify how well individual neurons discriminated between two types of trials. Stimulus-

aligned spike counts from single trials were binned in 25 ms bins ranging from −1 s to 3 s 

following the sensory stimulus presentation. For each bin, we grouped spike counts based 

on their trial type (for example, lick trial vs no_lick trial) and quantified the separation 

between these two distributions using the Area Under the ROC Curve score (Python 3 

scikit_learn version 0.19.1 function: roc_auc_score). The ROC curve was built by plotting 

the true-positive rate against the false-positive rate upon varying the cut-off between the two 

distributions along all possible values. We computed a 95% confidence interval for each 

bin by performing this analysis on resampled data (with replacement) and bootstrapping 

1000 times. A unit was considered to significantly distinguish between the two trial types 

if the lower bound of the 95% confidence interval was greater than 0.5 for 3 consecutive 

25 ms bins or if the upper bound of the 95% confidence interval was smaller than 0.5 for 3 

consecutive 25 ms bins. The first of these bins was taken as the onset time.

Activity onset determination—To determine the onset of spontaneous lick-related 

activity (Figure S5B,C), we first identified significantly modulated claustrum neurons by 

comparing the distributions of spike counts from −2 to −1 seconds preceding spout contact 

to the spike counts surrounding the spout contact (−0.5 s to +0.5 s, Mann-Whitney U 

tests). For each significantly modulated neuron, we identified the onset of modulation as 

the time at which the mean lick-aligned activity became greater or smaller than 3 standard 

deviations from the baseline mean computed from −2 to −1 seconds preceding the lick for 

100 consecutive milliseconds.

Decoder—The decoder we used was developed in Mayrhofer et al., 2019 and based on 

ideas presented in Jazayeri and Movshon, 2006 and Ma et al., 2006. The goal of the decoder 

is to predict whether the mouse licked the ipsilateral or contralateral spout in response to 

a sensory stimulus using the baseline preferences of individual neurons for lick direction 

during spontaneous licks. We used the mean response to spontaneous licks occurring during 

the intertrial periods as the contralateral lick tuning and ipsilateral lick tuning. For lick 

bouts, we included the first lick but excluded all subsequent licks from the analysis. We 

restricted our analyses to behavioral sessions with recordings from at least 6 responsive 

neurons. A neuron was considered responsive if its mean activity in the 500 ms surrounding 

the lick (−250 ms to + 250 ms) was significantly different from the activity during a 500 

ms baseline period, −2 to −1.5 s prior to a lick (two-tailed Kolmogorov-Smirnov test) and 

if at least 30 spontaneous licks to each lick port were available from the session to compute 

the mean response. To generate the predictions, we first built a population matrix with 

each row representing a trial and each column the z-scored response of each neuron (mean 

activity in the 500 ms surrounding the detection-associated lick, from −250 ms to +250 
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ms). This matrix was multiplied by the log of the tuning curves (i.e., the mean responses 

to contralateral licks and ipsilateral licks), resulting in a log-likelihood for contralateral lick 

and ipsilateral lick for each trial. Before matrix multiplication, the mean log-tuning curves 

from a session were subtracted from each neuron’s log-tuning curves to correct for the 

session’s response bias. The final prediction of the decoder consisted of the lick direction 

with the largest log-likelihood and was compared to the true lick direction to compute the 

decoding accuracy.

Hierarchical clustering—We used hierarchical clustering to organize neurons based on 

their response profile. For each neuron, we constructed a vector representing the mean 

stimulus-aligned activity during touch-associated lick trials followed by the mean stimulus-

aligned activity during vision-associated lick trials (25 ms bins, −1 to 3 s following the 

sensory stimulus presentation for each trial type; final vector length = 320 bins). We used 

this vector as input to compute the pairwise Pearson correlation between all pairs of neurons 

and applied hierarchical clustering (average method) on the resulting neuron_x_neuron 

matrix (containing the correlation coefficients). The groups displayed in Figure S7 were 

defined by using a cutoff of 5.0 on the dendrogram.

Lick Direction Preference Index and Upcoming Lick Direction Index—To 

determine the preference of each neuron for spontaneous contralateral versus ipsilateral 

licks, we computed the Lick Direction Preference Index, (C-I)/(C+I), where C and I are 

the mean firing rates of a neuron during the 200 ms, −100 ms to 100 ms, surrounding 

spontaneous, non-bout, lick port contacts occurring during the intertrial intervals. Non-bout 

licks included individual licks separated by at least 500 ms from any preceding or following 

lick as well as the first lick of lick bouts defined as a series of licks separated by < 500 

ms between two licks. The Upcoming Lick Direction Index was calculated similarly to the 

Lick Direction Preference Index, using the mean firing rate during the 1 s preceding the 

delivery of the sensory stimulus during Contralateral-lick blocks versus during Ipsilateral-

lick blocks. Trials in which the mouse spontaneously licked during the 1 s preceding 

stimulus presentation were omitted in Figure 6B and in the calculations of the Upcoming 

Lick Direction Index.

Cross-correlograms—The analysis of synchronous activity included only neurons that 

were recorded with tetrodes in the claustrum or S1. To compute the cross-correlogram 

for each pair of simultaneously recorded neurons, we followed the procedure described in 

Kohn and Smith, 2005. For each trial, we converted the time stamps of action potentials 

occurring during the one second preceding presentation of the sensory stimulus into a 

binary vector of 1 ms resolution (1000 bins, either zero, or one if a spike occurred during 

that bin interval). We used the function ‘correlate’ from the scipy package (Python 3) to 

compute the correlation between the two binary vectors at each time lag to generate the 

cross-correlogram. The resulting vector was normalized (binwise) by the triangular function 

(1-|lag| in seconds), to correct for the degree of overlap between the two binary vectors for 

each time lag, and by the geometric mean of the firing rates of the two spike trains (Hz). The 

trialwise correlations were summed and normalized by the number of trials for each pair of 

neurons. Finally, the resulting cross-correlograms (CCGs) were corrected by subtracting the 

Chevée et al. Page 21

Neuron. Author manuscript; available in PMC 2023 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



segment-shifted cross-correlogram (neuronA prestimulus segment t vs neuronB prestimulus 

segment t+1). The final cross-correlogram was convolved with the following vector 

[0.05, 0.25, 0.4, 0.25, 0.05] to smooth the shift-corrected cross-correlograms. Significantly 

correlated pairs were identified as those with a peak greater than 5 SD above the mean 

taken at [−500 ms to −400 ms]U[400 ms to 500 ms]. Only pairs for which each neuron 

was recorded on a different tetrode and for which both neurons had at least 30 trials with 

at least one spike in each were included in our analysis. Eight mice contributed the 75 pairs 

of significantly correlated claustrum neurons using the 1 s preceding stimulus onset, and 

five mice contributed the subset of 27 significantly correlated pairs of claustrum neurons 

for which both neurons exhibited strong lick direction preferences. The location of the 

cortical S1 recordings was unknown with respect to cortical layers. The width of each 

crosscorrelogram was taken as the interval between the time at which three consecutive 1 

millisecond bins rose 3 standard deviations or more above the baseline mean prior to the 

CCG peak and the time at which three consecutive millisecond bins fell below 3 standard 

deviations above the baseline mean following the CCG peak.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Anterior claustrum neurons exhibit motor responses

• Claustrum neurons, including S1-projecting neurons, encode lick direction

• Neuron pairs with synchronous firing during intertrial intervals are similarly 

tuned

• Chemogenetic inhibition of claustrocortical neurons decreases false alarms
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Figure 1. Behavioral task and recording strategy
(A) Behavioral set-up. Response types for mice trained on Tactile stim→lick contralateral, 

Visual stim→lick ipsilateral are shown (CR: Correct Rejection, FA: False Alarm).

(B) Time to learn task (n = 9 mice; 6 tactile stim→lick contralateral, 3 tactile stim→lick 

ipsilateral).

(C) Trial outcomes across all sessions (error bars: SEM, n = 9 mice, 73 sessions; Hits: 0.33 

± 0.0085; CRs: 0.37 ± 0.0076; Misses: 0.15 ± 0.0080; FAs: 0.12 ± 0.0064).

(D) Viral expression and recording strategy.

(E) Tetrode tracks (red) traversing the claustrum, ChR2-YFP-expressing putative S1-

projecting claustrocortical (ClaC) neurons (green) and DAPI-stained nuclei (blue). 

Arrowhead points to an electrolytic lesion.

(F) Same brain as in (E), ~300 μm posterior to the tetrode tracks (left). Outlined region 

at higher magnification (middle) with ChR2-YFP (green) and tdTomato (red) in putative 

S1-projecting ClaC neurons. Putative S1-projecting ClaC neurons in the square shown at 

higher magnification (right).

(G) Example raster plots of responses during optogenetic stimulation. Optotagged (top, 

purple), Optomodulated (middle, cyan), or not influenced (bottom, blue).

Scale bars: 200 μm (E), 500 μm (F, left), 100 μm (F, middle) and 10 μm (F, right insets).
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See also Figure S1.
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Figure 2. Few neurons in anterior claustrum exhibit sensory responses during Correct Rejection 
trials in a cross-modal selection task
(A) Raster plots and peristimulus time histograms (PSTHs) for example unit aligned to 

stimulus onset (black lines). Trials sorted by block type (top: Respond-to-Touch blocks, 

bottom: Respond-to-Light blocks). For each block type, trials are color-coded by stimulus-

response pairing (Dark blue: tactile stimulus-lick; Light blue: tactile stimulus-no lick; Red: 

visual stimulus-lick; Orange: visual stimulus-no lick) and sorted by lick reaction time for Hit 

and False Alarm trials (Black dots: first lick).

(B) Heatmaps of mean stimulus-aligned activity, normalized to the unit’s prestimulus 

baseline, for all claustrum neurons recorded in mice trained on touch→contralateral lick 

in Respond-to-Touch blocks and vision→ipsilateral lick in Respond-to-Light blocks (n = 

247 units, 6 mice). Units sorted by mean activity during the 500 ms following stimulus 

presentation in Touch-Hit trials. Responses aligned to first lick shown in Figure S2A,B.

(C,E) PSTHs for Correct Rejection (CR) trials, when the mouse did not lick, for two 

example neurons showing no (left) or a significant (right) response to tactile (C) or visual 

(E) stimuli alone.

(D,F) Fraction of neurons significantly responding to tactile stimuli in CR trials in Respond-

to-Light blocks (D) or visual stimuli in CR trials in Respond-to-Touch blocks (F, n = 9 

mice), when mice did not lick.

See also Figure S2.
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Figure 3. Claustrum neurons are recruited by movement
(A,C) Peristimulus time histograms (PSTHs) for two example claustrum neurons showing 

no (left) or a significant (right) response for Hit trials in Respond-to-Touch (A) or Respond-

to-Light (C) blocks.

(B,D) Fraction of claustrum neurons significantly responding in Tactile-Hit trials (B) or 

Visual-Hit trials (D, n = 9 mice).

(E-G) Distribution of distances to the hyperplane from a linear discriminant analysis (LDA) 

on the responses from all trial types (Hits, Correct Rejections, Misses, and False Alarms) 

following stimulus presentation in an example behavioral session (n = 13 neurons) in which 

the LDA optimized separation by sensory stimulus presented (E, tactile versus visual), block 

type (F, Respond-to-Touch versus Respond-to-Light) or response type (G, lick versus no 

lick).
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(H) Mean LDA classification accuracy for all behavioral sessions analyzed as in E-G (n = 73 

sessions, 9 mice; mean: 7.5 neurons/session, range = 1 – 20). Grand averages shown in red ± 

SEM (Stimulus type: 0.60 ± 0.0074; Block type: 0.65 ± 0.0092; Response type (lick): 0.81 ± 

0.0098; ANOVA p = 3.8e-42; Wilcoxon stim_v_block p = 3.9e-6; stim_v_lick p = 1.3e-13; 

block_v_lick p = 1.1e-12).

(I) Hypothesis: S1-projecting claustrocortical (ClaC) neurons preferentially respond during 

vision-associated licks, when mice suppress responses to tactile stimuli, regardless of the 

lick direction associated with the visual stimulus.

(J) Mean Detect Probability (DP, Area Under the ROC curve; AUC) for Tactile stim-

associated lick versus no lick trials and Visual stim-associated lick versus no lick trials for 

putative S1-projecting ClaC neurons (n = 73 neurons, 9 mice). Shaded areas: standard errors.

(K) Scatter plot of the DPs for Visual stim-associated licks versus Tactile stim-associated 

licks for putative S1-projecting ClaC neurons (mean score for the 150 ms following DP 

onset; n = 73 neurons, 9 mice; Tactile stim-associated licks: 0.55 ± 0.012; Visual stim-

associated licks: 0.57 ± 0.011; p = 0.28, Wilcoxon signed-rank test; mean: red dot ± SEM).

See also Figures S2 and S3.
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Figure 4. The activity of claustrum neurons is tuned to lick direction
(A) Hypothesis: Responses of claustrum neurons are biased for contralateral movement, 

regardless of sensory modality→lick direction association.

(B) Mean Detect Probability (DP) for lick versus no lick trials when the stimulus is 

associated with contralateral or ipsilateral licks (n = 545 neurons, 9 mice). Shaded areas: 

standard errors.

(C) Scatter plot showing the DPs for lick versus no lick trials when the stimulus is 

associated with contralateral or ipsilateral licks (mean score for the 150 ms following DP 

onset; n = 545 neurons, 9 mice; Ipsilateral Hits: 0.53 ± 0.0034; Contralateral Hits: 0.54 ± 

0.0034; p = 0.060, Wilcoxon signed-rank test; mean shown: red dot ± SEM). Comparisons 

for example neurons in (E,F) shown with hollow red circles.

(D) Hypothesis: Claustrum neurons are individually tuned for lick direction, whether during 

reward-associated or spontaneous licks.

(E-F) Raster plots and PSTHs of the responses of two example neurons during spontaneous 

licks (ipsilateral: grey, contralateral: black) and Hit trials (ipsilateral: green, contralateral: 

purple) aligned to the first lick. Grey dots: stimulus onset during Hit trials.
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(G) Scatter plot of individual claustrum neuron responses during spontaneous ipsilateral 

versus contralateral licks (n = 545 neurons, 9 mice). Mean: red; error bars (SEM) obscured 

by the symbol (Ipsilateral licks: 10.09 ± 0.52 spikes/sec; Contralateral licks: 10.15 ± 0.51 

spikes/sec; p = 0.068; Wilcoxon signed-rank test). Comparisons for two example neurons in 

(E,F) shown with hollow red circles.

(H) Scatter plot and regression fit of the difference in response amplitudes for the two lick 

directions (Δ spikes/sec = response to contralateral − response to ipsilateral licks) during 

stimulus-associated versus spontaneous lick responses; ipsilateral preferring claustrum 

neurons have negative values (n = 545 neurons, 9 mice; p = 6.07e-156, Two-tailed Pearson’s 

correlation test). Example neurons in (E, F) shown with hollow red circles.

(I) Performance of a maximum log-likelihood decoder tuned on spontaneous lick responses 

used to predict stimulus-associated lick direction (n = 31 sessions, 6 mice, range 6–15 

neurons; Decoder: 0.69 ± 0.024 versus Chance: 0.5, p = 8.6e-6; Shuffled: 0.49 ± 0.0060 

versus Chance: p = 0.20; Decoder versus Shuffled: p = 7.2e-6, Wilcoxon signed-rank test). 

Each grey point: a session; red dots: mean ± SEM; dashed black line: chance level.

See also Figures S4 and S5.
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Figure 5. Claustrum neurons preferring contralateral licks exhibit synchronous activity
(A) Raster plots showing spike times during the 1 s prior to stimulus presentation for two 

simultaneously recorded claustrum neurons (far left, neuron 1: teal, neuron 2: purple). 

Synchronous spikes marked in black. Control raster plots (right) with the prestimulus 

segments from neuron 2 shifted by 1 segment. Subsets of the prestimulus and control 

segments outlined by the red boxes shown in more detail (left, far right).

(B) Example crosscorrelograms (CCGs) for pairs of claustrum neurons showing 

significantly correlated (top) and uncorrelated (bottom) activity. Insets show magnified, 

unfiltered CCGs. (C) Proportion of pairs exhibiting significantly correlated activity in 

claustrum (top, N = 9 mice) and S1 (bottom; N = 4 mice; p = 0.0090, Chi-Square test).
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(D) Cumulative distribution of the percentage of coincident spikes for pairs of significantly 

correlated claustrum (blue line; n = 75 pairs, 9 mice) and S1 neurons (magenta line; n = 129 

pairs, 4 mice; Claustrum: 7.2 ± 1.2% coincident spikes, S1: 6.3 ± 0.87% coincident spikes, 

SEM; p = 0.042, Mann-Whitney U test). Note the x-axis is log2 scaled.

(E) Scatter plot of the Lick Direction Preference Index (LDPI) for each pair of claustrum 

neurons tested. Red dots: significantly correlated pairs composed of two neurons with LDPI 

absolute values greater than 0.1. Black dots: significantly correlated pairs with one or both 

neurons with a LDPI absolute value less than 0.1. Grey dots: uncorrelated pairs. White 

regions indicate 0.1 cutoff of the LDPI. Pink region: pairs both prefer contralateral licks; 

green region: pairs both prefer ipsilateral licks; yellow regions: pairs with different lick 

direction preferences.

(F) Lick direction preferences for all recorded pairs with strong lick direction preferences 

(top, Purple: contra-contra; Green: ipsi-ipsi; Yellow: contra-ipsi). Lick direction preferences 

for all significantly correlated pairs with strong lick direction preferences (bottom), showing 

enrichment for pairs with concordant contra-contra lick direction preferences (p = 3.38e-6; 

Chi Square test).

See also Figure S6.
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Figure 6. Claustrum neurons encode lick direction prior to stimulus onset and contribute to the 
control of impulsive licks in the task
(A) Lick Direction Preference Index (LDPI) for all recorded claustrum neurons (Purple: n = 

192 neurons with contralateral-lick preferences, LDPI cut-off 0.1; Green: n = 163 neurons 

with ipsilateral-lick preferences, LDPI cut-off −0.1).

(B) Raster plots for two claustrum neurons with shifts in baseline firing prior to stimulus 

onset.

(C) Distribution of an Upcoming Lick Direction Index (ULDI), calculated using pre-

stimulus firing rates, for neurons preferring contralateral licks (purple, 0.062 ± 0.012 (SEM), 

n = 192 neurons, 9 mice, contra_v_0 p = 2.7e-6, Wilcoxon rank-sum test) or ipsilateral 

licks (green, −0.040 ± 0.012, n = 163 neurons, 9 mice, ipsi_v_0 p = 0.0029, Wilcoxon 

rank-sum test; contra_v_ipsi p = 3.2e-8, Mann-Whitney U test). Results were similar 

following removal of outliers with absolute z-scored ULDIs greater than 3 SD of the mean 

(contralateral preferring: n = 188, 4 outliers removed, 0.048 ± 0.0097; ipsilateral preferring: 

n = 160, 3 outliers removed, −0.0288 ± 0.011; Paired t-test contra_v_0 p = 1.7e-6; ipsi_v_0 

p = 0.0089; Independent samples t-test contra_v_ipsi p = 2.3e-7; Cousineau and Chartier, 

2010).

(D) hM4Di-mCherry expression (red) in claustrocortical (ClaC) neurons in a coronal section 

from a mouse used in the behavioral experiments reported in E-G.

(E-G) Hit (E), Impulsive False Alarm (F) and Associative False Alarm (G) rates for mice 

with ClaC neurons expressing hM4Di-mCherry (red points, n = 6 mice) or mCherry only 

(grey points, n = 5 mice). The overall Hit rate (E, mixed ANOVA with repeated measure 

for injection and independence for virus: interaction of virus and injection F = 1.5; p = 

0.25), Impulsive FAs rate in which mice lick the correct reward port for that block but in 
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response to the incorrect sensory stimulus (F, mixed ANOVA with repeated measure for 

injection and independence for virus: interaction of virus and injection F = 6.1; p = 0.036, 

post hoc paired-test: hM4Di-Saline vs hM4Di-Agonist21 p = 4.40e-3; mCherry-Saline vs 

mCherry-Agonist21 p = 0.795) and Associative FA rate in which mice lick the incorrect port 

for that block type (G, mixed ANOVA with repeated measure for injection and independence 

for virus: interaction of virus and injection F = 0.0; p = 0.99) are shown. Light lines: mean 

Hit and FA rates for individual mice for days when they received DREADD agonist (dark 

grey bars) or vehicle (light grey bars).

See also Figure S7.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-DsRed polyclonal antibody Living Colors, Clontech 
Laboratories

RRID: AB_10013483

Chicken anti-GFP antibody Aves GFP-1020, RRID:AB_10000240

Alexa Fluor 488 AffiniPure donkey anti-chicken IgY 
(IgG) (H+L) antibody

Jackson ImmunoResearch 
Laboratories Inc

703–545-155, RRID:AB_2340375

Rabbit anti-parvalbumin antibody Swant PV27, RRID: AB_2631173

Monoclonal mouse anti-parvalbumin antibody Sigma-Aldrich P3088, RRID: AB_477329

DyLight 405-AffiniPure donkey anti-mouse IgG 
(H+L) antibody

Jackson ImmunoResearch 
Laboratories Inc

715–475-150, RRID: AB_2340839

Alexa Fluor 594 donkey anti-rabbit IgG (H+L) Highly 
Cross-Adsorbed Secondary Antibody

ThermoFisher (Invitrogen) A-21207, RRID: AB_141637

AlexaFluor 647-conjugated donkey anti-rabbit 
antibody

Jackson ImmunoResearch 
Laboratories Inc

711–606–152, RRID: AB_2340625

Bacterial and virus strains

rAAV2-retro-Syn-Cre Tervo et al., 2016 HHMI - Janelia research campus

AAVrg-pmSyn1-EBFP-Cre Madisen et al., 2015 Hongkui Zeng: Addgene viral prep #51507-
AAVrg

AAVrg.hSyn.HI.eGFP-Cre.WPRE.SV40 Gift from James M. Wilson James M. Wilson: Addgene viral prep 
#105540-AAVrg

AAV5-hSyn-DIO-hM4D(Gi)-mCherry Krashes et al., 2011 Bryan Roth: Addgene viral prep #44362-
AAV5

AAV5-hSyn-DIO-mCherry Gift from Bryan Roth Bryan Roth: Addgene viral prep #50459-
AAV5

AAV5-EF1a-DIO-hChR2(H134R)-EYFP-WPRE-
HGH

Gift from Karl Deisseroth Karl Deisseroth: Addgene viral prep #20298-
AAV5

AAV-DJ-CamKIIa-hChR2(H134R)-eYFP Gift from Karl Deisseroth Stanford Gene Vector and Virus Core, 
GVVC-AAV-36

Chemicals, peptides, and recombinant proteins

Red retrobeads Lumafluor Red Retrobeads

Cholera Toxin Subunit B (Recombinant), Alexa 
Fluor™ 555 Conjugate

ThermoFisher Scientific C34776

DREADD agonist 21 dihydrochloride Tocris 6422

Experimental models: Organisms/strains

Mouse: Ai9, Ai14, C57BL/6J, CD1 The Jackson Laboratory; Charles 
River

007909, 007914 and 000664

Software and algorithms

Python 3

Matlab Mathworks 2019

Image J Schneider et al., 2012 https://imagej.nih.gov/ij/

Code for analysis and figure generation This paper DOI: 10.5281/zenodo.5655393
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