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ABSTRACT 24 

The thalamus is a gateway to the cortex. Cortical encoding of complex behavior can therefore only 25 

be understood by considering the thalamic processing of sensory and internally-generated 26 

information. Here, we use two-photon Ca2+ imaging and optogenetics to investigate the role of 27 

axonal projections from the posteromedial nucleus of the thalamus (POm) to the forepaw area of 28 

the mouse primary somatosensory cortex (forepaw S1). By recording the activity of POm axonal 29 

projections within forepaw S1 during expert and chance performance in two tactile goal-directed 30 

tasks, we demonstrate that POm axons increase activity in the response and, to a lesser extent, 31 

reward epochs specifically during correct HIT performance. When performing at chance level 32 

during learning of a new behavior, POm axonal activity was decreased to naïve rates and did not 33 

correlate with task performance. However, once evoked, the Ca2+ transients were larger than 34 

during expert performance, suggesting POm input to S1 differentially encodes chance and expert 35 

performance. Furthermore, the POm influences goal-directed behavior, as photo-inactivation of 36 

archaerhodopsin-expressing neurons in the POm decreased the learning rate and overall success 37 

in the behavioral task. Taken together, these findings expand the known roles of the higher-38 

thalamic nuclei, illustrating the POm encodes and influences correct action during learning and 39 

performance in a sensory-based goal-directed behavior.40 
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INTRODUCTION 41 

Goal-directed behavior is crucial for survival in a dynamic environment. It involves the encoding 42 

and integration of sensory information that leads to specific rewarded behaviors (Kepecs et al., 43 

2008; Li et al., 2015; Takahashi et al., 2016; Xu et al., 2012). This process must be dynamic, as 44 

flexible switching of learnt behaviors is required throughout life. The thalamus is a fundamental 45 

hub for the transfer of sensory information to the cortex, sending and receiving widespread 46 

innervation from numerous cortical and subcortical structures (Oh et al., 2014; Sherman and 47 

Guillery, 1996). Despite being positioned to coordinate the relay and integration of sensory 48 

information required during sensory-based behavior, historically, the thalamus has been viewed as 49 

a passive sensory relay center with negligible contribution to higher-order brain function and 50 

behavior. Recent studies have challenged this classical view, illustrating the thalamus plays crucial 51 

roles in cognitive tasks such as attention (Schmitt et al., 2017; Wimmer et al., 2015; Zhou et al., 52 

2016), sensory perception (Saalmann and Kastner, 2011; Wilke et al., 2009), motor preparation 53 

and suppression (Casagrande et al., 2005; Yu et al., 2016), cortical plasticity (Audette et al., 2019; 54 

Gambino et al., 2014) and learning (Williams and Holtmaat, 2019). 55 

The higher order thalamus is an enigmatic class of non-specific (diffuse projecting) thalamic nuclei 56 

which send feedback input to sensory cortical areas (Sherman and Guillery, 1996). These thalamic 57 

nuclei are thought to play an important role in behavioral flexibility (Wimmer et al., 2015) as 58 

reported changes in firing patterns within the higher order thalamus (Ramcharan et al., 2005; 59 

Urbain et al., 2015) may underlie cortical state changes during adaptive behavior (Bruno and 60 

Sakmann, 2006; Poulet et al., 2012). Specifically, the postero-medial nucleus of the thalamus 61 

(POm) is the higher order thalamic nucleus subtending sensory processing in the primary 62 

somatosensory cortex (S1) (Deschenes et al., 1998; Jones, 2007). Sending dense projections to 63 
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layer 1 and layer 5 of S1(Meyer et al., 2010), the POm specifically targets a complex cortical 64 

microcircuit (Audette et al., 2017) which influences the encoding of somatosensory inputs 65 

(Castejon et al., 2016; Mease et al., 2016; Urbain et al., 2015; Zhang and Bruno, 2019) and 66 

decision-related information (El-Boustani et al., 2020). POm is reciprocally connected with S1, 67 

but also receives and sends projections to secondary sensory, motor, premotor, and association 68 

cortices as well as many subcortical regions including the zona incerta and striatum (Alloway et 69 

al., 2017; Oh et al., 2014; Trageser and Keller, 2004; Yamawaki and Shepherd, 2015). Based on 70 

its influence on cortical sensory processing and known extensive connectivity, the POm may play 71 

an important role during learning and performance in behaviors which require both the perception 72 

and integration of sensory information, such as sensory-based goal-directed behavior. To test this, 73 

we used two-photon Ca2+ imaging and optogenetics to investigate the role of POm projections in 74 

the forepaw S1 during learning, and chance and expert performance in tactile goal-directed 75 

behavior. 76 

 77 

RESULTS 78 

Ca2+ imaging of POm axonal projections in forepaw S1 during ‘action’ goal-directed 79 

behavior 80 

To assess the activity of POm projection axons during tactile-based behavior, two-photon Ca2+ 81 

imaging of POm axons projecting to forepaw S1 was performed in mice (p50 - 70) previously 82 

injected with the Ca2+ indicator GCaMP6f (AAV1.Syn.GCaMP6f.WPRE.SV40) into the POm (see 83 

Methods; Figure 1A - figure supplement 1). Mice were then trained to associate forepaw tactile 84 

stimulation (200 Hz, 500 ms) with a reward in a goal-directed tactile detection task (see Methods; 85 

Figure 1B). If mice correctly responded by licking a reward port within 1.5 sec after receiving the 86 
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tactile stimulus, a sucrose water reward (10 % sucrose water) was delivered. We refer to this 87 

behavioral paradigm as ‘action’ goal-directed task (action task). Mice rapidly learnt this task, 88 

taking on average 4.38 ± 0.37 days to reach expert level (> 80 % correct responses to tactile 89 

stimulation; Figure 1 - figure supplement 2). Once expert, Ca2+ transients were recorded from POm 90 

axons that project to layer 1 of the forepaw S1 (48 ± 6.8 µm from the pia surface; Figures 1C, D 91 

and Figure 1 - figure supplement 3). POm axons were excluded if they had greater than 95 % 92 

correlated activity with other axons within the POm (see methods and Figure 1 - figure supplement 93 

4). During correct performance in the tactile goal-directed task, large Ca2+ transients (>2 s.d of the 94 

baseline fluorescence; see Methods) were evoked in 90 % of POm axons. This task-evoked POm 95 

axonal activity was greater than tactile-evoked Ca2+ activity in the naïve state, with a significantly 96 

higher probability of evoking a Ca2+ transient in POm axons during the tactile task (0.35 ± 0.03 vs 97 

0.21 ± 0.02; p = 0.0007; Figures 1 E and Figure 1 – figure supplement 5). Once evoked, the 98 

amplitude of the Ca2+ transients were not significantly different between naïve and expert mice (p 99 

= 0.58; F test). To further assess the activity of POm axons during tactile goal-directed behavior, 100 

we categorized all axons according to their peak activity during baseline (-2 to -1 s pre-stimulus), 101 

stimulus/response (response; 0 to 1 s post-stimulus) or reward (2 to 3 s post-stimulus) epochs of 102 

the task (Figure 1F). Since, during expert behavior, only a small portion of axons responded during 103 

the stimulus epoch alone (6 %; see Methods), the stimulus and response epoch were merged. Here, 104 

POm axonal activity was greatest during the response epoch, increasing signaling by more than 4-105 

fold above baseline (probability per trial, 0.32 ± 0.02 vs 0.08 ± 0.003; n = 418 axons, 11 mice; p 106 

< 0.0001; Figure 1G). POm axons also significantly increased activity above baseline during the 107 

reward epoch (probability per trial, 0.12 ± 0.007; n = 418 axons, 11 mice, p < 0.0225). However, 108 

when compared with the response-evoked activity, active POm axons were reduced in number (n 109 
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= 275 vs 359 axons) and evoked rate (probability per trial, p < 0.0001), suggesting that POm axons 110 

preferentially encode the response epoch (Figure 1G). Direct comparison of the Ca2+ transient 111 

amplitudes from POm axons with both spontaneous and evoked activity (n = 239 axons, 11 mice) 112 

illustrates that Ca2+ transients evoked during the response epoch (0.97 ± 0.04 ∆F/F) were also 113 

significantly larger than transients evoked during both baseline (0.756 ± 0.02 ∆F/F, p = 0.0005) 114 

and reward delivery (0.679 ± 0.0219 ∆F/F; p < 0.0001), further highlighting the enhanced POm 115 

axonal signaling during the behavioral response (Figure 1H). Together, these results illustrate that 116 

the POm increases signaling in S1 during both response and reward delivery, with greatest activity 117 

during the behavioral response to tactile goal-directed behavior. Licking motion itself did not 118 

influence POm axon activity in forepaw S1, as there was no correlation between licking frequency 119 

and POm axonal activity (p = 0.923; Figure 1I). Furthermore, there was no detectable change from 120 

baseline in POm axonal Ca2+ activity during spontaneous licking (0.09 ± 0.027 Hz; p = 0.29; n = 121 

71 axons, 3 mice). Therefore, overall, POm axons in forepaw S1 encode response and, to a lesser 122 

extent, reward information during a tactile goal-directed task.  123 

 124 

POm axon activity in forepaw S1 is correlated with correct tactile goal-directed behavior 125 

We next assessed whether POm axonal activity in forepaw S1 changes according to behavioral 126 

performance. Upon receiving a tactile stimulus in the action task, mice had to lick a reward port 127 

within 1.5s to receive a sucrose water reward (HIT). However, if they did not respond during this 128 

epoch, then no water was delivered (MISS; Figure 2A). Despite performing at expert level, mice 129 

did not respond (MISS) to on average 12.63 ± 6.63 % of tactile stimuli. To assess whether the 130 

activity of POm axons is also correlated with MISS behavior, evoked Ca2+ activity was directly 131 

compared in POm axons with both HIT and MISS activity (n = 159 axons, 6 mice). Compared to 132 
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correct HIT behavior, POm axons in forepaw S1 were overall less active during MISS trials (Figure 133 

2B). In addition to an overall decrease in the number of axons active throughout the entire tactile 134 

goal-directed task (by 51%), there was also a significant decrease in the probability of evoking an 135 

axonal Ca2+ event during the behavioral response in MISS trials (paired; HIT, 0.27 ± 0.02; MISS, 136 

0.12 ± 0.01; p < 0.0001; Figure 2C). In contrast, the peak amplitude of the evoked Ca2+ transients 137 

were similar during HIT and MISS trials (paired; response; HIT, 0.954 ± 0.08; MISS 0.888 ± 0.08; 138 

p = 0.470 n = 82 axons; reward; HIT, 0.635 ± 0.04; MISS, 0.708 ± 0.06; p = 0.252; n = 73 axons, 139 

6 mice). Behaviorally speaking, HIT and MISS trials differ in the mouse movement, which has 140 

been shown to increase overall brain activity (Stringer et al., 2019). To investigate whether the 141 

increased POm axonal activity during the HIT response to tactile goal-directed behavior is due to 142 

body movement, we compared the evoked Ca2+ activity in POm axons with catch trials where mice 143 

spontaneously licked for reward (false alarm). Despite licking during false alarm trials, POm axons 144 

were significantly less active than during HIT trials (unpaired, probability per trial, 0.15 ± 0.01, n 145 

= 239 axons, 10 mice, p < 0.0001; Figure 2C). Since there was no significant difference between 146 

FA and HIT licking rates (p = 0.203; n = 9 mice), this data further suggests that POm axonal 147 

activity is not simply due to licking behavior. There was also a significant decrease in the 148 

probability of evoking an axonal Ca2+ event during the reward epoch in MISS trials (HIT, 0.13 ± 149 

0.02; MISS, 0.09 ± 0.01; p = 0.0408; n = 159 axons, 6 mice; Figure 2D). During MISS trials, POm 150 

axonal activity was similar to baseline rates (0.07 ± 0.007; p > 0.999; n = 159 axons, 6 mice; Figure 151 

2D). Together, this data suggests that the POm encodes behavioral performance, increasing 152 

signaling between the POm and forepaw S1 during correct HIT behavior during both the response 153 

and reward epochs in a tactile goal-directed task.  154 

 155 
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POm axon activity in forepaw S1 during suppression of a goal-directed action 156 

Goal-directed behavior requires motor actions to be suppressed once they are no longer appropriate 157 

to achieve the current goal (Jahanshahi et al., 2015). To investigate the involvement of the higher 158 

order thalamus during suppression of a previously learned goal-directed action, we performed Ca2+ 159 

imaging from POm axons during a modified goal-directed paradigm. Here, mice previously 160 

injected with the Ca2+ indicator GCaMP6f in the POm were trained in the ‘action’ goal-directed 161 

task (as above). Once expert (> 80 % correct responses to tactile stimulation), the behavioral 162 

paradigm was changed such that the mice only received the reward if they suppressed licking in 163 

response to the tactile stimulus (Figure 3A). We refer to this behavioral paradigm as ‘action-164 

suppression’ goal-directed task (suppression task). To monitor cognitive arousal (Bradley et al., 165 

2008), dynamic changes in pupil diameter were recorded while mice were performing the 166 

behavioral tasks. Despite the enforced behavioral (licking) suppression, the pupil diameter was 167 

significantly increased from baseline during the behavior (0.32 ± 0.05 to 0.44 ± 0.07; p = 0.031; n 168 

= 6 mice), indicating mice were engaged in the task. When compared with the action goal-directed 169 

task, there was no significant difference in peak pupil diameter during the pre-trial baseline (0.32 170 

± 0.05 vs 0.29 ± 0.06 mm, p = 0.312), pre-tactile (0.35 ± 0.06 vs 0.31 ± 0.07 mm, p = 0.219), and 171 

post-tactile (0.44 ± 0.07 vs 0.41 ± 0.09 mm; p = 0.687; n = 6 mice; Figure 3B). Furthermore, there 172 

was no significant difference in correct performance rates during the action (83 ± 5 % correct; n = 173 

11 mice) and suppression (86 ± 7 %; n = 6 mice; p = 0.57) tasks. POm projections in S1 were 174 

highly active during the suppression task, with evoked Ca2+ transients that were significantly larger 175 

in amplitude than spontaneous activity (0.99 ± 0.06 ∆F/F vs 1.19 ± 0.06 ∆F/F; n = 144 axons, 6 176 

mice; p = 0.0002). Similar to the action task, POm axons were most active during the response 177 

epoch in correct HIT trials (evoked rate, 0.24 ± 0.03; n = 144 axons, 6 mice; Figure 3C). Therefore, 178 
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since the suppression task requires mice to suppress licking during the response epoch, the 179 

increased response activity was not correlated with licking behavior. To assess whether POm 180 

activity reflected behavioral performance in the suppression task, evoked POm Ca2+ activity was 181 

directly compared during MISS trials. Similar to the action task, POm axons in forepaw S1 were 182 

less active during MISS behavior, with a significant decrease in the probability of response-evoked 183 

activity in MISS trials compared to HIT trials (HIT, 0.24 ± 0.03 vs MISS, 0.15 ± 0.03; n = 144/53 184 

axons, 6 mice; p = 0.029; Figure 3D). Here, MISS behavior involves incorrectly licking for reward 185 

during the response epoch, further suggesting that POm axonal activity in S1 does not signal 186 

licking behavior. Taken together, in both the action and suppression tasks, POm axons in forepaw 187 

S1 preferentially encode the response epoch during correct performance (HIT trials). On average, 188 

the peak amplitudes (1.19 ± 0.06 vs 1.26 ± 0.05 ∆F/F, p = 0.3812) and durations (623 ± 50 vs 666 189 

± 35 ms; p = 0.2234) of Ca2+ transients evoked during the action and suppression tasks were 190 

comparable (Figure 3F). However, during the suppression task, the probability of POm signaling 191 

during the response epoch was significantly decreased compared to the action task (p = 0.0007; 192 

Figure 3F). This contrasts with the similar probability of evoked POm signaling during the reward 193 

epoch (p = 0.87; Figure 3F). Together, these results further support the increased signaling of POm 194 

axons within forepaw S1 during correct (HIT) goal-directed active behavior.  195 

 196 

POm axon activity during switching of tactile goal-directed behavior 197 

Flexibly switching motor actions in response to changing conditions is crucial for survival. Termed 198 

‘behavioral flexibility’, this enables changes in the behavioral response to sensory information in 199 

dynamic environments. To investigate the role of POm during switching of rewarded behavior, we 200 

performed Ca2+ imaging from POm axons in forepaw S1 as mice transitioned from the ‘action’ 201 
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goal-directed task to the ‘action-suppression’ goal-directed task (Figure 4A). We refer to this 202 

behavioral paradigm as ‘switching’. On average mouse performance returned to chance level (50 203 

% correct performance) 2.25 ± 0.47 training sessions after switching the rewarded behavior. To 204 

monitor task engagement, pupil tracking was performed during the switch in behavior. Compared 205 

with correct performance in the active goal-directed behavior, there was no significant difference 206 

in pupil peak diameter during pre-trial baseline (0.28 ± 0.05 vs 0.30 ± 0.07mm, p = 0.6871, n = 6 207 

mice), pre-tactile (0.29 ± 0.05 vs 0.32 ± 0.07, p = 0.4372, n = 6 mice) and post-tactile epochs (0.40 208 

± 0.06 vs 0.43 ± 0.01; p = 0.6874; n = 6 mice, Figure 4B). Although equally engaged in the task, 209 

the activity of POm axonal projections in forepaw S1 was overall reduced during chance (50 % 210 

correct) non-expert behavior. Unlike expert behavior, the evoked rate of POm activity during 211 

chance performance did not reflect task performance, with similar evoked rates during both HIT 212 

(no lick, rewarded) and MISS (lick, unrewarded) responses (probability per trial, 0.15 ± 0.02 vs 213 

0.15 ± 0.01, p = 0.74; n = 121 axons, 4 mice; Figure 4C - E). This rate of evoked activity during 214 

chance performance was similar to naïve mice (p = 0.159), and significantly reduced when 215 

compared to expert performance (Figure 4E). Furthermore, during chance performance in non-216 

expert mice, POm projections in S1 did not signal correct performance nor reward delivery as there 217 

was no difference in the evoked rate of POm axonal Ca2+ activity during the behavioral response 218 

and reward epochs (probability per trial, 0.15 ± 0.02 vs 0.14 ± 0.02; p = 0.62; n = 121 axons, 4 219 

mice). Taken together, unlike expert behavior, POm axonal activity in forepaw S1 was reduced 220 

and not correlated with the behavioral response during chance, non-expert, performance in a goal-221 

directed task. 222 

To further investigate the potential role of the POm in behavioral switching, direct comparison of 223 

the amplitude of POm axonal transients was performed in mice which performed all tasks (Action, 224 
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Switch and Suppression task; n = 4 mice). Although POm axons were less active overall, when 225 

evoked, the amplitude of Ca2+ transients evoked during HIT (Action, 1.19 ± 0.08 ∆F/F; Switch, 226 

1.51 ± 0.09 ∆F/F, Suppression, 1.13 ± 0.09 ∆F/F; p = 0.0003; n = 77/69/47 axons, 4 mice; Figure 227 

4F) and MISS (Action, 0.76 ± 0.05 ∆F/F; Switch, 1.37 ± 0.07 ∆F/F, Suppression, 1.02 ± 0.08 ∆F/F; 228 

p = 0.0001; n = 79/88/30 axons, 4 mice) performance during chance behavior were significantly 229 

larger than expert behavior. The lower evoked rate, but larger POm axonal transients during chance 230 

performance in a goal-directed task suggests a shift in the activity of POm input to forepaw S1 231 

during non-expert behavior, as mice are adjusting their behavioral strategy while learning the new 232 

goal-directed task. 233 

 234 

The influence of POm input during expert goal-directed behavior 235 

The results above suggest the POm axonal activity in forepaw S1 is greatest during correct HIT 236 

behavioral response during expert, but not chance, performance in tactile goal-directed behavior. 237 

To investigate the role of this POm input on the correct performance during expert behavior, the 238 

POm was photo-inhibited while expert mice performed the goal-directed task. Here, the inhibitory 239 

opsin, archaerhodopsin (ArchT; AAV1.CAG.ArchT.GFP.WPRE.SV40, 60 nl) was unilaterally 240 

injected into the POm. First, the effectiveness of 565 nm LED photo-inhibition of POm neurons 241 

expressing ArchT was tested using patch clamp electrophysiology in the thalamic brain-slice 242 

preparation. Although photo-inhibition did not completely abolish action potentials in POm 243 

neurons, the evoked firing rate was significantly decreased by 64 ± 13 % (p = 0.031; n = 6 neurons; 244 

Figure 5 – figure supplement 1). Next, we tested the influence of this decrease in POm activity on 245 

active goal-directed behavior in expert mice. A fiber-optic cannula was chronically inserted into 246 

the POm which was previously injected with ArchT (see methods and Figure 5A) and mice were 247 
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trained in the ‘action’ goal-directed task. Importantly, the duration of training and baseline 248 

performance was not affected by the injection of the inhibitory opsin into the POm (Figure 5 – 249 

figure supplement 2). Once expert (> 80 % correct performance), the POm was initially photo-250 

inactivated with interleaved yellow LED light (565 nm, 5 mW, 2 s) during the stim/response epoch 251 

as this was when the POm was most active during the behavior (see Methods). Our findings 252 

illustrate that partial photo-inactivation of the POm during the stimulus and response epoch 253 

produced a significant reduction in the overall behavioral performance (d prime, 2.58 ± 0.15 vs. 254 

2.23 ± 0.26; n = 9 mice; p = 0.04; Figure 5B) while no change was observed in the control group 255 

injected with GFP in the POm (d prime, 2.62 ± 0.24 vs. 2.83 ± 0.29; n = 9 mice; p = 0.26; Figure 256 

5 – figure supplement 2). Specifically, the reduction in correct performance following POm partial 257 

photo-inactivation was due to a significant decrease in performance during HIT trials (z-score, 258 

2.09 ± 0.09 vs. 1.77 ± 0.15; n = 9 mice, p = 0.02) and not the rate of false alarms (z-score, -0.48 ± 259 

0.16 vs. -0.46 ± 0.20; n = 9 mice, p = 0.82; Figure 5C). Despite this change in performance, POm 260 

photo-inactivation during the stim/response epoch did not alter licking behavior as there was no 261 

significant difference in the latency to the first lick (control, 351 ± 29 ms vs ArchT, 342 ± 26 ms, 262 

n = 9 mice, p = 0.1282, Figure 5D). The specific influence of POm partial photo-inactivation 263 

during the stim/response epoch is consistent with the increased signaling of POm axons within 264 

forepaw S1 during this epoch in expert mice (Figures 2 and 3). Since POm axons within S1 also 265 

increased activity above baseline during reward delivery, albeit less than during the behavioral 266 

response, we next tested whether photo-inactivation of the POm during the reward epoch 267 

influenced behavioral performance. Here, no change was observed in overall behavioral 268 

performance when POm was photo-inactivated during reward delivery (ArchT d prime, LED ON 269 

3.54 ± 0.27 vs. LED OFF 3.64 ± 0.09; n = 5 mice; p = 0.99; Figure 5E). There was also no change 270 
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in overall behavioral performance during LED ON in reward delivery in control (GFP) mice (GFP 271 

d prime, LED ON 3.70 ± 0.19 vs. LED OFF 3.69 ± 0.12; n = 6 mice; p = 0.75). Furthermore, 272 

similar to photo-inactivation during the stim/response epoch, there was no influence on licking 273 

behavior when the POm was photo-inactivated during the reward epoch (Figure 5F). Taken 274 

together, decreasing POm activity during the stim/response epoch in expert mice influenced 275 

correct performance in a goal-directed task, suggesting the higher-order thalamus specifically 276 

influences correct, but not incorrect, goal-directed responses.   277 

 278 

The influence of POm input during learning of goal-directed behavior 279 

Our findings suggest that the POm changes activity patterns from naïve to expert performance, 280 

suggesting that the POm may play a role in learning of a sensory-based goal-directed task. To test 281 

this, a fiber-optic cannula was chronically inserted into the POm which was previously injected 282 

with ArchT and mice were trained in the ‘action’ goal-directed task. During each training session, 283 

the POm was photo-inactivated with yellow LED light (565 nm, 5 mW, 2 s) during the 284 

stim/response epoch as to not interfere with possible feedback pathways activated during reward, 285 

and this was also when the POm was most active during expert behavior. Here, when the POm 286 

was photo-inactivated during learning, mice took on average 7.6 ± 1.3 sessions to reach expert (> 287 

80 % correct) performance (n = 5 mice; Figure 6A). This is significantly greater than the number 288 

of sessions it took to reach expert performance in mice that were either previously injected with 289 

ArchT with LED OFF during learning (3.6 ± 0.4; n = 9 mice) or GFP (LED ON during learning; 290 

4.5 ± 0.2; n = 6 mice; p = 0.004; Figure 6B). Therefore, decreasing POm activity during training 291 

in the goal-directed task influenced the rate of learning, with mice requiring more sessions to reach 292 
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expert performance during POm photo-inactivation (Figure 6C). Together, these findings suggest 293 

that the higher-order thalamus plays an important role in the learning of sensory-based tasks.  294 

In summary, our findings suggest that POm axonal projections in forepaw S1 preferentially encode 295 

the behavioral response during learning and correct performance in tactile goal-directed behavior. 296 

Overall, POm axons were more active during expert performance, with greatest evoked rates in 297 

active behavior which required licking for reward and POm photo-inactivation during learning of 298 

the goal-directed behavior increased the number of training sessions required to reach expert 299 

performance. Taken together, these findings suggest that POm input to forepaw S1 shifts in 300 

strength and rate dynamically during learning and performance of a behavioral task, specifically 301 

encoding correct goal-directed action in the expert mouse. 302 

 303 

DISCUSSION 304 

The results presented here highlight the role of the POm during sensory-based goal-directed 305 

behavior. We used two-photon Ca2+ imaging to illustrate that POm axonal activity in forepaw S1 306 

encodes correct behavioral response during expert performance in tactile goal-directed behavior. 307 

Specifically, POm axons increased activity in the response and, to a lesser extent, reward epochs 308 

during correct performance in expert behavior. This is in contrast to chance performance, where 309 

POm axonal activity did not correlate with task performance. Furthermore, the POm influences 310 

learning and performance in goal-directed behavior, as photo-inactivation of archaerhodopsin-311 

expressing neurons in the POm decreased learning rates and correct performance in expert 312 

behavior. Taken together, these findings illustrate that POM input to S1 specifically encodes 313 

correct performance during goal-directed behavior and influences sensory-based learning. 314 
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The POm is a higher order non-specific thalamic nucleus that is reciprocally connected with S1, 315 

but also receives and sends projections to motor, premotor, association cortices and the brainstem 316 

(Groh et al., 2014) as well as many subcortical regions including the zona incerta and striatum 317 

(Alloway et al., 2017; Oh et al., 2014; Trageser and Keller, 2004; Yamawaki and Shepherd, 2015). 318 

Given the extensive and heterogeneous organization of its afferent inputs, it is difficult to 319 

determine the input source driving POm activity during complex goal directed behavior. However, 320 

since the POm receives input from the primary motor cortex (Yamawaki and Shepherd, 2015), it 321 

could be speculated that the increased axonal activity during the behavioral response has a motor 322 

origin. In fact, previous studies have shown that the thalamus is a circuit hub in motor preparation 323 

(Guo et al., 2017). While a general increase in POm activity has been reported during active states 324 

(Urbain et al., 2015), encoding of whisking related movement in the POm is relatively poor (Moore 325 

et al., 2015). In agreement, our findings illustrate that POm input in forepaw S1 does not 326 

specifically encode movement, as 1) POm activity is enhanced during the response epoch in both 327 

the action (licking) and suppression (no licking) tasks, 2) there is not a strong correlation between 328 

POm activity and licking frequency, and 3) POm activity is minimal during spontaneous licking 329 

and false alarm trials.  330 

Here, we illustrate that POm activity is correlated with task performance in expert mice with 331 

greater signaling in POm axonal projections within forepaw S1 during correct HIT behavior in 332 

both the action and suppression task. Similar results were recently found in the thalamocortical 333 

circuit subserving the anterior lateral motor cortex (Takahashi et al., 2021) illustrating this may be 334 

a universal role of the thalamus. Although the POm encodes sensory information in naïve mice, in 335 

the expert state, our findings suggest that this increased activity in POm axons during the response 336 

epoch is not primarily due to enhanced sensory encoding. Here, despite receiving exactly the same 337 
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tactile stimulus, POm signaling in forepaw S1 is increased during correct HIT trials compared with 338 

MISS trials in both the action and suppression task. This difference in POm activity was not due 339 

to differences in licking behavior nor arousal, as POm activity was similar during the action and 340 

suppression tasks (which involved licking and not licking for reward) and did not reflect levels of 341 

arousal measured using pupil tracking. The difference in POm activity during the HIT and MISS 342 

trials was also not due to stimulus delivery as all experiments were monitored online via a 343 

behavioral camera to examine the location of the forepaw on the stimulus during all trials, and 344 

trials where the paw was not clearly resting on the stimulating rod were excluded from analysis. 345 

However, we cannot rule out that non-detectable changes in postures/paw grip may occur which 346 

may alter the effectiveness of the stimulus.  347 

Although, overall, POm axons in forepaw S1 were predominantly active in the response epoch 348 

during correct performance in a tactile goal-directed behavior, the activity patterns of individual 349 

axons were heterogenous which may be due to a heterogenous population of POm neurons 350 

projecting to S1 (Clasca et al., 2012). Our findings illustrate that a subset of axons were correlated 351 

with the sensory stimulus and reward epoch during expert behavior. It is also possible that single 352 

POm axons may have heterogenous encoding which, since our findings are based on overall 353 

average activity per POm axonal projection, would not be evident in our study. Delving into 354 

encoding at the level of a single thalamic axon is an exciting direction for future research. How 355 

does POm encoding of goal-directed behavior compare to the activity of other thalamic nuclei 356 

which also project to forepaw S1? Of particular interest is the ventral posterolateral nucleus of the 357 

thalamus (VPL) which, in contrast to POm, targets the middle cortical layers of forepaw S1. 358 

Viewed as a feedforward (sensory) pathway, perhaps the VPL axons would be more active during 359 

the stimulus delivery and, in contrast to POm axons, their activity would be similar between the 360 
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different behavioral tasks (action, suppression, switch). It is of great interest to compare and 361 

contrast these different pathways to gain a holistic view of the role of the thalamus during goal-362 

directed behavior, which will be the focus of exciting future studies.  363 

In agreement with the POm axonal activity within S1, behavioral performance in expert mice was 364 

disrupted when the POm was photo-inactivated during the stimulus and response epoch, but not 365 

during reward delivery. Together, these results suggest that the POm predominantly encodes the 366 

behavioral response. The behavioral effect was small which may be due to the following. Firstly, 367 

we illustrate that photo-inhibiting LED light (565 nm) caused a significant decrease in the evoked 368 

action potential rate in POm neurons expressing Archaerhodopsin in vitro. Taking into account the 369 

high firing rate of POm neurons in vivo, photoinhibition would not completely abolish POm 370 

activity in vivo. Therefore, during the goal-directed behavior, the POm is presumably still active, 371 

albeit at a reduced rate. Secondly, there was large behavioral variability which may reflect different 372 

rates of transfection and optical fiber placement. Thirdly, previous studies have illustrated that 373 

similar sensory-based goal-directed behaviors do not require primary cortical areas (Hong et al., 374 

2018). Therefore, it is not expected that partially inhibiting an input stream to the forepaw S1 375 

would have a large effect on the behavioral performance. Combined with the reported increase in 376 

POm axonal activity during correct performance in expert mice, the influence of POm photo-377 

inactivation on task performance further supports the finding that POm encodes correct 378 

performance in goal-directed action. In this study, POm was also photo-inactivated during learning 379 

of the tactile goal-directed behavior. Here, dampening POm activity significantly decreased the 380 

rate of learning, causing a greater than two-fold increase in the number of training sessions required 381 

to reach expert performance. In our study, the influence of POm photo-inactivation on goal-382 

directed behavior was measurably greater during learning than expert performance, suggesting that 383 
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the POm plays a vital role in learning. The role of the POm during learning requires more in-depth 384 

investigation, and since the POm targets many cortical and subcortical regions (Alloway et al., 385 

2017; Oh et al., 2014; Trageser and Keller, 2004; Yamawaki and Shepherd, 2015), future studies 386 

with target-specific photo-inhibition are required to illustrate which POm projection pathway 387 

specifically influences the learning and execution of goal-directed behavior.  388 

In this study, considerable effort was made to ensure the specific targeting of POm. The POm was 389 

stereotaxically targeted with small volumes and the resulting fluorescence at both the thalamic 390 

injection site and the cortical layer targeted by the axonal projections was scrutinized after every 391 

experiment (Gambino et al., 2014).  We note that our stereotaxic injections were not flawless and 392 

virus occasionally spread into ventral posterior nuclei, or along the injection pipette track and into 393 

high-order visual thalamic nuclei, superficial to POm. If fluorescence was detected in non-targeted 394 

areas, then the experiments were excluded from analysis. It is possible that there was weak 395 

(undetectable) expression outside of the POm, however, these neighboring thalamic nuclei do not 396 

predominantly target layer 1 of the forepaw area of S1 (Kamishina et al., 2009; Meyer et al., 2010; 397 

van Groen and Wyss, 1992) and therefore would not significantly contribute to our calcium 398 

imaging findings. In the optogenetic photo-inhibition experiments, targeting of the fiber optic 399 

canula to the POm was confirmed after every experiment and weak expression of ArchT outside 400 

of the POm would therefore also have minimal impact on our findings. 401 

To probe whether thalamocortical projections to S1 are dynamic and change activity patterns 402 

according to changes in reward expectation and delivery, we recorded the activity of POm axonal 403 

projections in S1 following a switch in the task contingency. In accordance with thalamic function 404 

playing an important role in behavioral flexibility (Wimmer et al., 2015), evoked axonal Ca2+ 405 

activity was altered during the switch in rewarded behavior, suggesting a shift in action potential 406 
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firing in POm thalamocortical neurons. Changes in firing mode have been reported in sensory 407 

higher order thalamus of behaving rodents and primates (Ramcharan et al., 2005; Urbain et al., 408 

2015) and may underlie cortical state changes during uncertain conditions and changes in reward 409 

expectation (Bruno and Sakmann, 2006; Poulet et al., 2012). These changes in firing patterns could 410 

drive different microcircuits (Allen et al., 2017; Morgenstern et al., 2016; Tye and Uchida, 2018) 411 

as POm inputs to the cortex directly target both excitatory and inhibitory neurons (Audette et al., 412 

2017) however, more in-depth studies are required to directly investigate the influence of changing 413 

POm input on cortical microcircuits. Increased activity in the higher order thalamus has also been 414 

associated with the expected value and significance of rewarded sensory stimuli (Komura et al., 415 

2001) and may reflect learned-dependent strengthening of specific POm thalamocortical synapses 416 

(Audette et al., 2019). Our findings show that POm activity is enhanced during reward delivery in 417 

the tactile goal-directed task, although the absolute POm signaling is less than during the 418 

behavioral response. 419 

Considering that patterns of cortical activity during behavior have been associated with task 420 

engagement, brain state, attention, motivation or reward (Kobak et al., 2016; Lacefield et al., 2019; 421 

Poort et al., 2015; Poulet and Petersen, 2008; Reimer et al., 2014), we monitored pupil dynamics 422 

during the goal-directed tasks. We report that while overall POm activity increased concomitantly 423 

with pupil diameter during the behavioral response, this trend was reversed during reward delivery. 424 

By sorting POm axons according to their peak activity during the tactile goal-directed task, we 425 

revealed a subgroup of POm axons highly responsive during the reward epoch. This finding 426 

highlights the heterogeneity of the higher order thalamus, with subsets of POm axonal projections 427 

specifically encoding either the stimulus, response or reward delivery. In line with this finding, a 428 

recent report further supports the functional heterogeneity of POm cortical input and suggests it 429 
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has modulatory role in various brain regions during decision making in a goal-directed task (El-430 

Boustani et al., 2020). However, overall, the results presented here illustrate that the POm 431 

predominantly transfers behaviorally relevant information to forepaw S1 during the response 432 

epoch of goal-directed behavior. Specifically, POm input to S1 is greatest in the response epoch 433 

during correct HIT performance in expert behavior. Although this increased activity during the 434 

behavioral response epoch may not be necessary for maintaining the tactile information, these 435 

findings suggest that the POm does not simply encode sensory information, but it also reports 436 

behavioral outcome in learnt behavior and changes in behavioral state. Since the POm projects to 437 

various cortical and sub-cortical regions (Oh et al., 2014; Yamashita et al., 2018), the POm may 438 

also send task-relevant to other brain regions (El-Boustani et al., 2020). Likewise, since S1 also 439 

receives input from various brain regions, it would be of interest to investigate whether other input 440 

pathways send complimentary information during goal-directed behavior.  441 

In summary, we show that the higher order thalamus encodes correct performance during goal-442 

directed behavior and influences the rate of learning. This finding expands the known roles of the 443 

higher-thalamic nuclei, from sensory encoding to influencing learning and correct performance in 444 

goal-directed behavior. Overall, the thalamus is not a simple relay system. It encodes and 445 

influences learning of goal-directed behaviors which are crucial for survival in a dynamic 446 

environment. 447 
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MATERIALS AND METHODS 448 

 449 

All procedures were approved by the Florey Institute of Neuroscience and Mental Health Animal 450 

Care and Ethics Committee (17-091-FINMH) and followed the guidelines of the Australian Code 451 

of Practice for the Care and Use of Animals for Scientific Purposes. 452 

 453 

Mice. Wild type C57BL/6 female mice (PN30 - PN80) were used in this study. Mice were housed 454 

in groups of six in a 12:12 natural light/dark cycle. All behavioral tests were performed during the 455 

light phase. 456 

 457 

Virus injection. All surgical procedures were conducted under isoflurane anesthesia (~1-2% in 458 

O2). Body temperature was maintained at ~36 °C and the depth of anesthesia was monitored 459 

throughout the experiment. Mice (~PN30 - 40) were placed in a stereotaxic frame (Narishige) and 460 

eye ointment was applied to the eye to prevent dehydration. The skin was disinfected with ethanol 461 

70% and betadine before lidocaine (1%, wt/vol) was topically applied to the wound edges for 462 

additional local anesthesia. An incision in the skin (10 mm) was made to expose the skull and a 463 

small craniotomy (~0.5 × 0.5 mm) was made over the left posteromedial (POm) complex of the 464 

thalamus using the following stereotaxic coordinates: rostrocaudal (RC), −1.7 mm; mediolateral 465 

(ML), −1.25 mm; dorsoventral (DV), −3.00 mm from bregma. 466 

AAV1.Syn.GCaMP6f.WPRE.SV40 (Addgene plasmid # 100837, 1 x 1013 vg/mL) or 467 

AAV1.CAG.ArchT.GFP.WPRE.SV40 (Addgene plasmid # 29777, 1 x 1013 vg/mL) was slowly 468 

injected from a glass pipette (60 nl, Wiretrol, Drummond) for at least 5 min using an oil hydraulic 469 

manipulator system (MMO-220A, Narishige). The skin was then sutured and Meloxicam (3mg / 470 

Kg) was injected intraperitoneally (i.p.) for additional post-operative analgesia and anti-471 

inflammatory action. Mice were then returned to their home cage for recovery.  472 

 473 

Chronic cranial window surgery. Mice previously injected with the Ca2+ indicator GCaMP6f 474 

were anaesthetized (isoflurane, ~1-2 % in O2, vol/vol) and body temperature was maintained at 475 

~36 °C and the depth of anesthesia was monitored throughout the experiment. Eye ointment was 476 

applied to prevent dehydration and the top of the head was disinfected with ethanol 70 % and 477 

betadine and lidocaine (1 %, wt/vol) was topically applied for additional local anesthesia. The skin 478 
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covering the skull was removed, and a craniotomy was performed over the left forepaw area of the 479 

primary somatosensory cortex (centered at coordinates: RC, 0 mm; ML, -2.3 mm; from bregma). 480 

The dura was left intact and a circular coverslip (3 mm diameter) was placed over the open 481 

craniotomy and seal-attached to the skull with acrylic glue. A custom-made aluminum head bar (2 482 

x 1 x 0.1 cm) was then attached to the skull for head-fixation using dental cement (C&B metabond, 483 

Parkell Inc). Meloxicam (3 mg / Kg) was injected i.p. for additional post-operative analgesia and 484 

anti-inflammatory action. Mice were then returned to their cages to recover until behavioral 485 

training (~ 2 weeks).  486 

 487 

Habituation and behavior. Mice were trained to perform a goal-directed tactile task using a 488 

custom made behavioral platform (Micallef et al., 2017). A three to four day habituation period 489 

preceded the beginning of the operant conditioning. During this period mice were handled and 490 

acclimatized to the behavioral setup. Mice were head restrained for incremental periods of time 491 

until habituated to head restraint. To maximize task engagement, a day prior to the beginning of 492 

behavioral training, mice were water restricted (1 ml/day of 10% sucrose water) and from this day 493 

onward this water regimen was maintained until the end of the experiment. Behavioral sessions 494 

lasted ~ 300 trials during which the mice typically obtained their daily water intake (1 ml per day) 495 

otherwise extra water was supplemented. Ca2+ imaging was performed following this habituation 496 

phase for naïve data.  497 

 498 

Behavioral platform: Mice were head-fixed to the recording frame and their paws rested unaided 499 

on either an active (contralateral) or inactive (ipsilateral) rod coupled to a stepper motor driven by 500 

an Arduino Uno microprocessor. The stepper motor delivered a pure frequency forepaw tactile 501 

stimulus (500 ms, 200 Hz).  A water port was used to deliver a water reward (10ul, 10% sucrose 502 

water) and licking frequency was recorded via a custom-made piezo-based lick sensor attached to 503 

the lick port. All behavioral tests were carried out in the dark while the animal behavior was 504 

monitored with an infrared sensitive camera (Microsoft lifecam). During the first training sessions, 505 

mice were habituated to tactile stimulus and reward delivery (typically 1-2 sessions). To establish 506 

an association between stimulus and reward, mice were able to self-initiate a trial by licking the 507 

water port which instantaneously triggered both stimulus and reward. After this habituation phase, 508 

operant conditioning was performed. Action goal-directed task: Background white noise (~40 509 
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DB) was played for the duration of each trial to indicate task onset and mask non-task related 510 

sounds. Tactile stimulation (200 Hz, 500 ms) was delivered after a 3-sec baseline period. 511 

Following stimulus presentation, mice were given a 1.5 sec interval to report the detection of the 512 

tactile stimulus by licking the lickport (response epoch), after which reward was made available 513 

and cued by an auditory sound (400 Hz, 200 ms). Mice were then given a 2-sec time window to 514 

retrieve the reward after which the trial terminated followed by an inter trial interval (ITI) of 515 

randomized duration (between 4 – 7 sec). Only correct responses (licks during the response epoch) 516 

were rewarded (Correct) while failure to report stimulus detection was considered an incorrect 517 

response (Incorrect). Trials with no tactile stimulation (catch trials) were randomly interleaved 518 

with stimulus trials. Licking within the response epoch during a catch trial was considered a false 519 

alarm (FA) and punished with a timeout of incremental duration (2 - 7 sec) while withhold licking 520 

was the correct response which was not rewarded, correct rejection (CR). Implementing catch trials 521 

and randomized ITI ensured that animals could not solve the task by adopting a time-based 522 

strategy. To facilitate learning, during the first training session the frequency of stimulus/catch 523 

trials was set to 90 / 10 %, respectively. The frequency of catch trials was progressively increased 524 

up to 40 % and maintained at this ratio until mice could reliably perform at expert level (≥ 80 525 

correct response rate). On average, mice reached expert level within 4.38 ± 0.37 training sessions. 526 

Action-suppression goal-directed task: Background white noise (~40 DB) was played for the 527 

duration of each trial to indicate task onset and mask non-task related sounds. As in the action 528 

goal-directed task, tactile stimulation (200 Hz, 500 ms) was delivered after a 3-sec baseline period. 529 

However, following stimulus presentation, mice were trained to withhold their licking for a 1.5-530 

sec interval. Mice were then given a 2-sec time window to retrieve the reward after which the trial 531 

terminated followed by an inter trial interval (ITI) of randomized duration (between 4 – 7 sec). 532 

Correct suppression of licking during this epoch was rewarded with sucrose water (10 µl, 10 %). 533 

Conversely, if mice licked during this interval (early lick) no reward was delivered and the trial 534 

was aborted. Catch trials were used as in the action goal-directed task. Mice learned to reliably 535 

suppress licking (≥ 80 % correct response rate) after an average 6 ± 0.85 training sessions (Figure 536 

5 – figure supplement 2). Switch goal-directed task. Recordings were performed as mice 537 

transitioned from the goal-directed task to the action-suppression task. On average, mice expert in 538 

the action-task decreased performance to chance level after 2.25 ± 0.47 training sessions on the 539 

action suppression task, at which point recordings were performed.  540 
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 541 

Two photon Ca2+ imaging. Imaging of POm axons in forepaw S1 expressing the Ca2+ indicator 542 

GCaMP6f was performed in awake behaving mice through a chronic cranial window 543 

approximately 3 weeks after virus injection. Head-fixed mice were placed under a two-photon 544 

microscope (Thorlabs A-scope) and POm axons located 48 ± 6.8 m below the pia surface were 545 

excited using a Ti:Sapphire laser (SpectraPhysics MaiTai Deepsee) tuned to  = 940 nm and passed 546 

through a 16x water immersion objective (Nikon, 0.8 NA). GaAsP photomultiplier tubes 547 

(Hamamatsu) were used for detection. The field of view spanned 512 x 512 pixels and images 548 

were acquired at 30 Hz. To minimize photo-damage, the excitation power was adjusted online to 549 

the minimal value sufficient to record Ca2+ transients and the number of imaged trials for a given 550 

field of view (FOV) was restricted to a maximum of 40. During each trial, animal behavior was 551 

monitored with an infrared sensitive camera (Microsoft Lifecam). Forepaw position on the tactile 552 

stimulator was recorded using an infrared webcam and analyzed post-hoc. Due to the low 553 

resolution of the video recording, the video quality does not allow for detailed tracking of the paw, 554 

however, gross forepaw location on the tactile stimulator could be determined and any trials where 555 

the forepaw was not in contact with the stimulator were removed from further analysis. 556 

 557 

Cannula implant and photo-inactivation of POm complex during learning and expert 558 

behavior. For optical inactivation of the POm complex, mice were injected ipsilaterally into the 559 

left POm with the inhibitory opsin AAV1.CAG.ArchT.GFP.WPRE.SV40 (60 nl; see virus 560 

injection). Following virus injection, a custom-made fiber optic cannula (FT400EMT, 400 um 0.39 561 

NA, 2.5 mm fiber, Thorlabs) was slowly lowered down the injection track using a stereotaxic arm 562 

until the desired depth was reached (2.5 mm from pia). Dental cement (C&B metabond, Parkell 563 

Inc) was then applied around the edges of the cannula to secure it to the skull and left to dry for ~ 564 

5 minutes. The same dental cement was used to attach a custom-made aluminum head bar (2 x 1 565 

x 0.1 cm) to the skull for head-fixation. Meloxicam (3 mg/Kg) was injected i.p. for additional post-566 

operative analgesia and anti-inflammatory action. Mice were then returned to their cages to recover 567 

until behavioral training (~ 3 weeks). Behavioral procedures: After recovery, mice were trained 568 

on the Action goal-direct task (see Habituation and Behavior). All behavioral procedures were 569 

performed using the Bpod behavioral platform (Bpod State Machine r1, Sanworks). Photo-570 

inactivation: Photo-inactivation of the POm complex was achieved by delivering a light pulse 571 
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(565 nm, 5 mW) through a 400 µm optical fiber (FT400EMT, Thorlabs) directly inserted into the 572 

cannula (FT400EMT, 400 um 0.39 NA, 2.5 mm fiber, Thorlabs). A LED light source (LEDD1B, 573 

Thorlabs) coupled to a 565 nm LED filter (M565F3, Thorlabs) was used to generate the photo-574 

stimulus. A custom-made light shield was placed over the animal’s head to prevent scattered light 575 

from entering the animal visual field. Custom routines in Matlab were used to operate the 576 

behavioral platform and data acquisition. Photo-inactivation was either performed during learning, 577 

or once mice reached expert level (≥ 80% correct response rate). During expert performance, the 578 

light pulse was delivered to inactivate the POm during the stim/response epoch (2 s duration; onset 579 

500 ms prior to stimulus onset) or during  the reward epoch (2 s duration; onset at reward delivery). 580 

During a typical experimental session (~300 trials), LED-ON and LED-OFF trials were randomly 581 

interleaved at a rate of 50% each. To photo-inactivate the POm during learning of the goal-directed 582 

task, the LED was delivered during the stimulus and response epoch in all trials throughout 583 

learning (2s duration; onset 500 ms prior to stimulus onset) until mice had reached expert 584 

performance or for a maximum of 10 consecutive days of training. For control experiments, mice 585 

were stereotaxically injected into their left POm (see virus injections) with AAV1-PAM 586 

MuseeGFP (kindly provided by Daniel Scott, 60 nl) and experiments carried out as above. 587 

 588 

Pupil tracking and analysis. To monitor engagement during the task, pupil tracking was 589 

performed in a subset of mice  previously trained on the Action goal-directed task for the ArchT 590 

experiments (see above). Pupil tracking was performed when mice were expert on both the Action 591 

task and the Action-Suppression task (see Habituation and Behavior). Pupil tracking was also 592 

performed during the transition between these tasks (switching) when their correct response rate 593 

dropped to chance level (~50 %). Mice were head-fixed and the right eye illuminated with infrared 594 

light (850 nm LED, Thorlabs). This illumination did not affect pupil diameter. Behavioral sessions 595 

were performed on the same apparatus used for two photon imaging inside an aluminum 596 

soundproof optical enclosure. However, some illumination (3.48 lux) was provided as we found 597 

that the pupil became maximally dilated and a-dynamic in complete darkness. An IR sensitive 598 

camera (Basler aCA1300-200 um) mounting a 50 mm lens (Kowa 50mm / F2.8) was used to image 599 

pupil dynamics at 15 frames per second. Frames were triggered externally using an Arduino 600 

microprocessor connected to a Bpod (Bpod State Machine r1, Sanworks) which was then used to 601 

operate the behavioral paradigm. Changes in pupil diameter were recorded and measured online 602 
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using custom routines kindly provided by Bahr, Kremkow, Sachdev and colleagues (Bergmann, 603 

2019). 604 

 605 

Ex vivo whole cell recordings and photo-inhibition of POm neurons by ArchT activation. 606 

Mice (P40 – P45) previously injected with ArchT in the POm (>14 days prior) were anaesthetized 607 

with isoflurane (3 – 5 % in 0.75 L/min O2) before decapitation. The brain was then rapidly 608 

transferred and cut in an ice-cold, oxygenated solution containing (in mM): 110 choline chloride, 609 

11.6 Na-ascorbate, 3.1 Na-pyruvate, , 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 7 MgCl2 and 610 

10 D-Glucose (sigma). Coronal slices of the POm (300 µm thick) were cut with a vibrating 611 

microslicer (Leica Vibratome 1000S) and incubated in an incubating solution containing (in mM): 612 

125 NaCl, 3 KCl, 1.25 NaH2PO4, 25 NaHCO3, 1 CaCl2, 6 MgCl2 and 10 D-Glucose at 35 ºC for 20 613 

minutes, followed by incubation at room temperature for at least 30 minutes before recording. All 614 

solutions were continuously bubbled with 95%O2/5%CO2 (Carbogen). Whole-cell patch clamp 615 

somatic recordings were made from visually identified pyramidal neurons using Differential 616 

Interference Contrast (DIC) microscopy. During recording, slices were constantly perfused at ~1.5 617 

ml/min with carbogen-bubbled artificial cerebral spinal fluid (ACSF) containing (in mM): 125 618 

NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4, 1.2 CaCl2, 0.7 MgCl2 and 10 D-Glucose maintained at 619 

30-34 ºC. Patch pipettes were pulled from borosilicate glass and had open tip resistance of 5-7 MΩ 620 

filled with an intracellular solution containing (in mM):135 potassium gluconate, 70 KCl, 10 621 

sodium phosphocreatine, 10 HEPES, 4 Mg-ATP, 0.3 Na2-GTP and 0.3% biocytin adjusted to pH 622 

7.25 with KOH. Photoinhibition of POm neurons was achieved by shining a 565 nm LED light (1 623 

s) onto the slice surface during somatic current injection steps (2s). Firing rates before and during 624 

light application were quantified and compared to the same time period of the current step injection 625 

when no light was applied (Figure 5 – figure supplement 1). 626 

 627 

Histology. At completion of each experiment, mice were transcardially perfused with phosphate 628 

buffer (PB 0.1M) and 4% paraformaldehyde (PFA) solution. Brains were collected and post fixed 629 

overnight (~12 hrs.) in 4 % PFA at 4 oC before being cut into 200 μm coronal slices using a 630 

vibratome (Leica VT1000 Automated Vibratome) and mounted on glass slides using mounting 631 

medium containing nuclear staining dye DAPI (Fluoroshild, Sigma). Images of the brain slices 632 

were acquired using wide-field fluorescent microscopy (Zeiss Axio Imager 2).  Images were taken 633 
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such that excitation light (EYFP, 555 nm; DAPI, 430 nm) was optimized below the maximum 634 

pixel saturation value for each fluorophore. To evaluate virus (GCaMP6f, ArchT) expression 635 

profiles in the POm complex, images of brain sections were registered to the corresponding coronal 636 

plates of the Paxinos mouse brain atlas (Paxinos and Franklin, 2001). Data from out of target 637 

injections or failed viral expression were removed from further analysis.  638 

 639 

Data analysis and statistical methods. 640 

Ca2+ data. All analysis was performed using ImageJ and custom written routines in Matlab or 641 

Python. Horizontal and vertical drifts of imaging frames due to animal motion were corrected by 642 

registering each frame to a reference image based on whole-frame cross-correlation. The reference 643 

image was generated by averaging frames for a given field of view (FOV) in which motion drifts 644 

were minimal (> 15 pixels). Region of interests (ROIs) of axonal shafts or buttons were selected 645 

using the standard deviation of the entire imaging session (~ 6000 – 8000 frames) and manually 646 

drawn using the freehand tool in ImageJ. ROIs were selected so that each ROI represented a single 647 

POm axon. The activity profile was compared across all ROIs in a FOV. ROIs with similar activity 648 

profiles (where events were temporarily correlated in greater than 95 % of trials) were presumed 649 

to be axonal branches or boutons of the same neuron and replicates were excluded from analysis. 650 

On average each FOV had 19 ± 2 ROIs. Across sessions the FOVs were overlapping, however, 651 

due to the size and shear density of axonal projections, individual axons were not imaged across 652 

sessions. To calculate the baseline fluorescence (F0) for each ROI, first the average baseline 653 

florescence intensity (across 60 frames prior to stimulus onset, 2 seconds) of each trial was taken. 654 

Second, the rolling median of these average baseline values was measured and used as F0. 655 

Fluorescence traces are expressed as relative fluorescence changes, ∆F/F = (F – F0)/F0. Only 656 

Ca2+transients which were greater than 2x the baseline standard deviation (F0 + (2x s.d.)) and 657 

above the threshold for a period longer than 200 ms were selected. ROIs were only considered for 658 

analysis if there was at least one Ca2+ transient reported during the trial (termed ‘active axons’). 659 

The onset of a Ca2+ transient was defined as the time point at which a transient crossed the detection 660 

threshold ((F0 + (2x s.d.)). Both peak amplitude and probability of an evoked Ca2+ transient per 661 

trial was typically measured. According to previous studies assessing the relationship between 662 

Ca2+ transients and action potential firing (Wei et al, 2020), Ca2+ transient amplitude may reflect 663 

the number of action potentials whereas Ca2+ transient probability is independent on the number 664 
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of evoked action potentials. Average Ca2+ transient probability was measured as ((
𝛴 𝑒𝑣𝑒𝑛𝑡𝑠

𝑡𝑖𝑚𝑒
) / 𝛴 665 

trials). The peak amplitude (∆F/F) was measured as the local maxima between the event onset and 666 

offset (i.e. when the falling edge of the transient crossed the threshold again). The duration (ms) 667 

of a Ca2+ transient was calculated as the time between the event onset and offset.  668 

Three behaviorally relevant epochs were selected (1 second duration) for spontaneous activity (-2 669 

to -1 sec, relative to stimulus onset); for response activity (0 to +1 sec, relative to stimulus onset) 670 

and for reward activity (0 to +1 sec, relative to reward delivery). In a subset of axons (n = 107 671 

axons, 3 mice), Ca2+ transients were further sub-categorized as either occurring during the stimulus 672 

(0 - 500 ms) and response epochs (500 – 1000 ms) during the goal-directed task. Here, only a small 673 

portion of the axons (6 %) were active only during the stimulus, whereas most axons were active 674 

during the response (only, 38 % or combined, 56 %). Therefore, to ensure accurate analysis of 675 

Ca2+ transients by using an expanded temporal window, the stimulus and response epoch were 676 

merged in the reported results. For probability comparisons, all ROIs were used, while only the 677 

subset of ROIs (i.e. axons) with detectable events (greater than the threshold) were used to measure 678 

amplitude and duration. This determines the difference in number of axons used for each analysis. 679 

For direct comparison of POm activity during different epochs/behaviors, the subset of active 680 

axons with detectable Ca2+ events were typically used for analysis. On occasion, a mass average 681 

Ca2+ response was instead used, which is a mass average of all axons whether or not they had a 682 

response. Where appropriate, the variance of the peak Ca2+ amplitudes were compared using a F 683 

test. For displaying population activity, each row of the Ca2+ activity pattern is an individual axon, 684 

which is sorted by the timing of the peak amplitude for the particular behavioral condition.  685 

Pupil tracking. Videos of pupil tracking and animal behavior were acquired and checked post hoc 686 

to remove potential artifacts due to sudden eyelid closing. Analysis of pupil dynamics were 687 

performed using a custom written algorithm in python. Briefly, pupil tracking for the entire session 688 

was split into single trials (11-sec duration) according to behavioral outcome. The average 689 

response profile was then calculated for each trial type for each mouse. Pupil dilation was 690 

monitored during a 4-sec baseline period preceding the beginning of each trial. The average peak 691 

diameter was measured as the local maxima of the average pupil response during the baseline 692 

epoch (-4 to 0 sec, relative to trial start; baseline), pre-tactile epoch (-3 to 0 sec, relative to stimulus 693 

onset, pre-tac) and post-tactile epoch (0 to +4 sec relative to stimulus onset, post-tac). 694 
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Behavior. The correct response rate was determined as d prime (the z transforms of HIT rate and 695 

FA rate d' = z(H) - z(F)) or as the fraction of correct trials over the total number of trials (HIT trials 696 

+ correct rejection trials)/(stimulus trials + catch trials). The behavioral effects of POm photo-697 

inactivation were quantified by comparing correct responses of photo-inactivation (LED-ON 698 

trials) vs. control (LED-OFF) trials, typically 150 each per experimental session. LED-ON trials 699 

and LED-OFF trials were randomly interleaved. The latency to first lick was calculated as the time 700 

of first lick occurrence after stimulus onset.  701 

Statistical analysis. No pre-determined sample sizes were calculated prior to experiments. All 702 

statistics were performed using Prism software. The 𝛼 significant level was set at 0.05. Normality 703 

of all value distributions was assessed by Shapiro-Wilk test (𝛼 = 0.05). Standard parametric tests 704 

were used only when data passed the normality test (p > 0.05). Non-parametric tests were used 705 

otherwise. Only two-sided tests were used. Specific statistical tests used and sample sizes are 706 

shown in figure captions or text.707 
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FIGURE CAPTIONS: 877 

 878 

Figure 1 | Ca2+ activity of POm axonal projections in forepaw S1 during tactile goal-879 

directed behavior. 880 

(A) The Ca2+ indicator GCaMP6f was locally injected into the POm (bottom) which sends axonal 881 

projections to layer 1 and layer 5 of the forepaw S1 (top). Inset, In vivo two-photon Ca2+ image of 882 

POm axonal projections in forepaw S1 (depth, 60 m; scalebar, 10 m). (B) Two-photon Ca2+ 883 

imaging of GCaMP6f-expressing POm axons in forepaw S1 was performed in head-restrained 884 

mice trained to report the detection of a tactile stimulus (200 Hz, 500 ms) by licking a reward port. 885 

Correct responses (HIT) were rewarded with sucrose water reward (10µl, 10% sucrose). (C) Top, 886 

Raster plot showing a typical behavioral response (licks) sorted into correct HIT performance and 887 

Catch (no-stimulus) trials. Grey, spontaneous; red, tactile stimulus; green, response epoch; blue, 888 

reward epoch. Blue line, reward delivery. Bottom, example of Ca2+ activity pattern during correct 889 

performance and Catch trials from the POm axon in (A). Each row represents a single trial, sorted 890 

according to trial number. (D) Mass average with SEM (shaded area) of all stimulus-evoked Ca2+ 891 

transients in all axons during correct goal-directed performance (HIT; black). Behavioral epochs 892 

indicated by color bars (red, stimulus; green, response; blue, reward) (E) Probability of evoking a 893 

Ca2+ response during correct HIT behavior (black) compared with tactile-evoked activity in the 894 

naïve state (grey, n = 113 axons; Mann-Whitney test). (F) Top, Ca2+ activity pattern during HIT 895 

performance in the tactile goal-directed task. Each row is an independent axon normalized to 896 

maximum fluorescence and sorted by the timing of the peak amplitude (grey, baseline; red, 897 

stimulus; green, response epoch; blue, reward epoch). Red lines, stimulus delivery. Dashed line, 898 

reward delivery. Bottom, Average Ca2+ response in POm axons active during the stimulus and 899 

response epoch (green), reward epoch (blue); baseline (no behavior; grey). (G) The probability of 900 

a Ca2+ transient in POm axons during baseline (grey), response epoch (green), reward epoch (blue). 901 

n = 418 axons, 11 mice. Friedman test + Dunn’s multiple comparisons test. (H) The amplitude of 902 

Ca2+ transients in POm axons evoked during baseline (grey), response epoch (green), reward epoch 903 

(blue). n = 239 axons, 11 mice with evoked Ca2+ transients. Friedman test + Dunn’s multiple 904 

comparisons test. (I) Top, Average lick frequency during spontaneous (grey), stim/response 905 

(green) and reward (blue) epochs during correct HIT behavior. Bottom, Histogram of Ca2+ 906 

transient probability in POm axons. * P < 0.05, *** P < 0.001, **** P < 0.0001.  907 



 36 

Figure 2 | POm axonal projections in forepaw S1 have greatest activity during correct 908 

behavioral performance in a tactile goal-directed task. 909 

(A) Behavioral task design. Two-photon Ca2+ imaging of GCaMP6f-expressing POm axons in 910 

forepaw S1 was performed in head-restrained mice trained to report the detection of a tactile 911 

stimulus (200 Hz, 500 ms) by licking a reward port. Mice received sucrose water reward (10µl, 912 

10% sucrose) during correct responses (HIT), whereas incorrect responses (MISS) were 913 

unrewarded. (B) Ca2+ activity patterns in POm axons with Ca2+ transients evoked during HIT (top) 914 

and MISS (bottom) behavior during the tactile goal-directed task (n = 159 axons, 6 mice). Grey, 915 

baseline; Red, stimulus; Green, response epoch; Blue, reward epoch. Each row is an independent 916 

axon normalized to maximum fluorescence and sorted by the timing of the peak amplitude for both 917 

HIT and MISS trials. Orange bar denotes axons that were ‘active’ during the behavior. (C) The 918 

probability of a Ca2+ transient evoked during the response epoch in HIT (solid), MISS (empty) and 919 

false alarm (FA; dark grey) behavior. Wilcoxon matched-pairs signed rank test (HIT vs MISS) and 920 

Mann-Whitney test (FA vs HIT and MISS). (D) The probability of a Ca2+ transient evoked during 921 

the same time period as the reward epoch in HIT (solid), MISS (empty) and baseline (light grey). 922 

Friedman test + Dunn’s multiple comparisons test. * P < 0.05, *** P < 0.001, **** P < 0.0001. 923 

 924 

Figure 3 | Ca2+ dynamics in POm axonal terminals during suppression of a goal-directed 925 

action.  926 

(A) Behavioral task design. Two-photon Ca2+ imaging of POm axon terminals was performed in 927 

head-restrained mice trained to suppress a previously learned goal-directed action. Mice were 928 

trained to withhold licking in response to forepaw stimulation (200 Hz, 500 ms) for 1.5 seconds to 929 

get a reward (10 µl, 10 % sucrose water). (B) Top, Average pupil diameter with SEM (shaded 930 

area) during correct performance in the ‘suppression’ goal-directed task (red) and ‘action’ goal-931 

directed task (black). Bottom, Comparison of pupil dilation during the ‘action’ and ‘suppression’ 932 

goal-directed tasks in baseline, pre-tactile stimulus (pre-tac) and post-tactile stimulus (post-tac) 933 

epochs (n = 6 mice: Wilcoxon matched-pairs signed rank test). Grey line, trial start; red line, 934 

stimulus, blue line, reward delivery. (C) Top, Raster plot showing the typical licking response 935 

during correct performance of the task. Grey, spontaneous; Red, stimulus; Green, response epoch; 936 

Blue, reward epoch. Blue line, reward delivery. Middle, Ca2+ activity pattern in an example axon 937 

during HIT trials. Bottom, Average Ca2+ activity pattern with SEM (shaded area) in HIT trials for 938 



 37 

the example axon (n = 17 trials). Red line, stimulus delivery; Blue line, reward delivery. (D) 939 

Probability of evoking a Ca2+ transient during HIT (correct suppression of licking behavior; red) 940 

and MISS (no suppression of licking behavior; red empty). n = 144 axons, 6 mice; Wilcoxon 941 

matched-pairs signed rank test. (E) Overlay of the mass average with SEM (shaded area) of the 942 

normalized Ca2+ activity pattern during correct performance in the Suppression goal-directed task 943 

shown in (C) (red) and Action goal-directed task (black). (F) Probability of evoked Ca2+ transients 944 

during baseline, response, and reward epochs in the ‘suppression’ goal-directed task (red) and 945 

‘action’ goal-directed task (black). Mann-Whitney test. ** P < 0.01, *** P < 0.001, **** P < 946 

0.0001. 947 

 948 

Figure 4 | Ca2+ activity of POm axonal projections in forepaw S1 during chance performance 949 

and behavioral switching.   950 

(A) Behavioral task design. Ca2+ imaging from POm axons in forepaw S1 was performed as mice 951 

transitioned from the ‘action’ goal-directed task to the ‘action-suppression’ goal-directed task (50 952 

% correct performance, green). (B) Average pupil dilation during baseline, pre-tactile stimulation 953 

(pre-tac) and post-tactile stimulation (post-tac) during the ‘switch’ (green) and ‘action’ task (black; 954 

n = 6). Red bar, tactile stimulus; blue bar, reward delivery. (C) Example licking behavior and 955 

associated Ca2+ responses from an example axon during HIT (top) and MISS (bottom) trials. (D) 956 

(left) Individual and (right) Overlay of average with SEM (shaded area) of evoked Ca2+ transients 957 

during correct (green) and incorrect (light blue) performance from example in (C)). (E) The 958 

probability of a Ca2+ transient in MISS (grey) and HIT (green) trials during chance performance 959 

(grey), and expert HIT performance in ‘action’ (black) and ‘suppression’ (red) tasks. (F) Peak 960 

amplitude of evoked Ca2+ transients during HIT trials in the action (black), switch (green) and 961 

suppression (red) behavioral task. Error bars indicate the mean ± SEM. **P < 0.01, ***P < 0.001, 962 

****P < 0.0001.  963 

 964 

Figure 5 | Optogenetic inactivation of the POm during an active goal-directed task 965 

(A) Left, Experimental design. The inhibitory opsin, archaerhodopsin (ArchT) was unilaterally 966 

injected into the POm and a fiber-optic cannula was chronically inserted into the brain. Right, 967 

Localized ArchT spread in POm and fiber optic track (dotted line), bar = 1 mm. POm was photo-968 

inactivated (590 nm, 5 mW, 2 s) either 500ms prior to, and during the stimulus (S) and response 969 
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(Rs) epochs (Stim/Resp), or during the reward epoch (Rw) in expert mice performing the ‘action’ 970 

goal-directed task. (B) Behavioral performance (d prime) for LED OFF versus LED ON during 971 

the stim/response epoch (n = 9 mice). Wilcoxon matched-pairs signed rank test. (C) Z score during 972 

(left) HIT and (right) False Alarm for LED OFF versus LED ON during the stim/response epoch 973 

(n = 9 mice). Wilcoxon matched-pairs signed rank test. (D) Latency to the first response lick in 974 

LED OFF versus LED ON during the stim/response epoch. Wilcoxon matched-pairs signed rank 975 

test. (E) Behavioral performance (d prime) during LED OFF and LED ON during the reward epoch 976 

in expert mice performing the ‘action’ goal-directed task (n = 5 mice). Wilcoxon matched-pairs 977 

signed rank test. (F) Normalized latency to the first response lick during LED ON in the 978 

stim/response epoch (solid) and reward (empty) epoch (normalized to the latency to the first lick 979 

during LED OFF). Line, Median. Mann-Whitney test. Individual values are shown. *P < 0.05.  980 

 981 

Figure 6| Optogenetic inactivation of the POm during learning of a goal-directed task 982 

(A) Mice were injected with either a control AAV (GFP; green) or the inhibitory opsin, 983 

archaerhodopsin (ArchT) into the POm and trained in the ‘action’ goal-directed task. A fiber optic 984 

cannula was inserted to the POm and LED (590 nm, 5 mW, 2 s) was either ON (ArchT, orange; 985 

GFP, green) or OFF (ArchT, grey) during all training sessions. Dotted line indicates expert (>80 986 

% correct) performance. (B) Number of training sessions required for mice to reach expert (>80 987 

% correct) performance in mice injected with ArchT (LED OFF, grey; LED ON, orange) or GFP 988 

(LED ON, green). Kruskal-Wallis Test. (C) The number of sessions for mice to reach expert (>80 989 

% correct) performance. **P < 0.01. 990 

 991 

992 
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Figure 1 – Figure supplement 1 | Targeting and spread of AAV injections in the POm 993 

nucleus. (A) Representative example of injection site in the mouse thalamus illustrating localized 994 

viral expression in the POm nucleus. (B) Overlay of the virus expression profile from the injection 995 

of ChR2-EYFP (left), GCaMP6f (middle) and ArchT-GFP (right) into the POm (green). The 996 

location of the other thalamic nuclei which primarily projects to forepaw S1, the ventral 997 

posterolateral nucleus (VPL, red) is included for comparison. (C) Plot comparing the virus spread 998 

for the different injections.  999 

 1000 

Figure 1 – Figure supplement 2 | Mice rapidly learn the tactile goal-directed task.  1001 

(A) Behavioral task design. Mice were habituated to head-restraint and trained to report the 1002 

detection of a tactile stimulus (200 Hz, 500 ms) by licking a reward port. Correct responses were 1003 

rewarded with sucrose water reward (10 ul, 10 % sucrose). Incorrect responses were punished with 1004 

a time-out. (B) Performance of mice in the tactile goal-directed task improved in subsequent 1005 

sessions, taking on average 4 days to reach expert performance (> 80 % correct; n = 11 mice). 1006 

 1007 

Figure 1 - Figure supplement 3 | AAV mediated expression of ChR2-eYFP in the POm 1008 

nucleus of the thalamus and its axonal projections in forepaw S1. 1009 

(A) Representative example of ChR2-eYFP in the mouse thalamus illustrating localized viral 1010 

expression in the POm nucleus. Left, outline of cortical slices at different rostra-caudal locations 1011 

indicating the POm nucleus (green) from Paxinos and Franklin, 2001. Right, Corresponding brain 1012 

sections showing the virus expression profile in the thalamus. Scale bar, 1 mm. (B) Top, enlarged 1013 

fluorescence image showing ChR2-eYFP expression profile in POm nucleus from example in a. 1014 

The location of the ventral posteromedial nucleus (VPM) and ventral posterolateral nucleus (VPL) 1015 

are illustrated for comparison. Bottom, POm axonal projection profile in the forepaw area of S1 1016 

(FPS1) from example in a). Inset, Fluorescence intensity (F
int

) measured as a function of cortical 1017 

depth (in pixels (px)) in forepaw S1 (FPS1; rectangle). (C) Plot comparing the intensity profiles 1018 

within FPS1 in 10 different animals with injections localized in the POm nucleus.  1019 

 1020 

Figure 1 - Figure supplement 4 | ROI selection and exclusion criterion.  1021 

(A) Example FOV, ROIs are selected using the standard deviation (STD) image from the 1022 

concatenated images of the entire imaging session. (B) Fluorescence traces for ROIs shown in (A). 1023 
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ROI1 and ROI
excluded 

have similar fluorescence activity and ROI
excluded 

is excluded from further 1024 

analysis. (C) Spearman correlation matrix of the activity profile of all ROIs from the example FOV 1025 

in (A). ROIs that have a correlation greater than 95% have been removed from further analysis. 1026 

Spearman correlation is performed on all FOVs to exclude correlated ROIs.  1027 

 1028 

Figure 1 - Figure supplement 5 | Tactile-evoked activity of POm axons projecting to forepaw 1029 

S1 in naive and expert mice. 1030 

(A) Example Ca2+ responses from a typical POm axon in (top) a naive mouse during forepaw tactile 1031 

stimulus (200 Hz, 500 ms) and (bottom) an expert mouse during correct HIT performance in an 1032 

action goal-directed task. (B) Peak amplitude (left) and duration (right) of evoked Ca2+ transients 1033 

in expert (black) and naive (grey) mice. Expert data was randomised and a sample of equal size to 1034 

Naive was used for statistical analysis. Mann-Whitney test was performed for significance testing.  1035 

 1036 

Figure 5 - Figure supplement 1 | POm neurons are partially photo-inhibited by 590 nm LED. 1037 

(A) The inhibitory opsin, archaerhodopsin (ArchT) was unilaterally injected into the POm and 1038 

after 10-14 days, the brain was sectioned into 300 m thick slices. Whole-cell patch clamp volt- 1039 

age recordings were then performed in POm neurons expressing ArchT. (B) Voltage recording 1040 

during 590 nm light exposure from an example POm neuron (top) at rest and (bottom) during a 1041 

current step injection (30 pA; 2 s). (C) Photo-inhibition caused a decrease in evoked action 1042 

potentials during different current steps (20 pA, 30 pA, 60 pA) for example in (B). Control (Ctrl) 1043 

firing was determined during current step injection in the absence of LED. (D) Action potential 1044 

firing evoked during current step injections (0 - 100 pA, 100 - 200 pA, 200 - 300 pA) was partially 1045 

inhibited during LED (0 - 100 pA, p = 0.031; 100 - 200 pA, p = 0.016; 200 - 300 pA, p = 0.004; 1046 

Wilcoxon matched-pairs signed rank test). (E) Voltage response at rest at the start of the LED 1047 

pulse (300 ms, light orange) normalized to the steady-state ‘end’ voltage (300 ms prior to end of 1048 

pulse; p = 0.031; Wilcoxon matched-pairs signed rank test). Note, photo-suppression would be 1049 

less effective in vivo than in vitro due to greater light penetration and scattering.  1050 

 1051 

 1052 

Figure 5 - Figure supplement 2 | LED in POm does not alter goal-directed behavior. 1053 

(A) Behavioral task design. Mice were either injected with the inhibitory opsin, AAV-ArchT or 1054 
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the Green Fluorescent Protein control, AAV-GFP. Mice were then habituated to head-restraint and 1055 

trained to report the detection of a tactile stimulus (200 Hz, 500 ms) by licking a reward port. 1056 

Correct responses were rewarded with sucrose water reward (10μl, 10% sucrose). Incorrect 1057 

responses were punished with a time-out. (B) Number of training sessions required to reach expert 1058 

performance (>80% correct) in the tactile goal-directed task in mice previously injected with 1059 

AAV-ArchT (orange) or AAV-GFP (green). (C) Performance, measured as percent correct, in 1060 

expert mice (p = 0.15; Unpaired t test). (D) Behavioral performance (d prime) for LED OFF versus 1061 

ON trials (n = 9 mice) in mice previously injected with AAV-GFP (green). (E) Hit rate in expert 1062 

mice (p = 0.11; Unpaired t test). (F) False alarm (FA) rate in expert mice (p = 0.21; Unpaired t 1063 

test). Mice are considered expert when > 80% correct performance in the tactile goal-directed task. 1064 

AAV-ArchT, orange, n = 9 mice; AAV-GFP, green, n = 9 mice. All data passed normality test 1065 

(Shapiro-Wilk test).  1066 

 1067 
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