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Abstract 9 

Fluctuations in global arousal are key determinants of spontaneous cortical activity and 10 
function. Several subcortical structures, including neuromodulatory nuclei like the locus 11 
coeruleus (LC), are involved in the regulation of arousal. However, much less is known about 12 
the role of cortical circuits that provide top-down inputs to arousal-related subcortical 13 
structures. Here, we investigated the role of a major subdivision of the prefrontal cortex, the 14 
anterior cingulate cortex (ACC), in arousal modulation. Pupil size, facial movements, heart 15 
rate, and locomotion were used as non-invasive measures of arousal and behavioral state. 16 
We designed a closed loop optogenetic system based on machine vision and found that real 17 
time inhibition of ACC activity during pupil dilations suppresses ongoing arousal events. In 18 
contrast, inhibiting activity in a control cortical region had no effect on arousal. Fiber 19 
photometry recordings showed that ACC activity scales with the magnitude of 20 
spontaneously occurring pupil dilations/face movements independently of locomotion. 21 
Moreover, optogenetic ACC activation increases arousal independently of locomotion. In 22 
addition to modulating global arousal, ACC responses to salient sensory stimuli scaled with 23 
the size of evoked pupil dilations. Consistent with a role in sustaining saliency-linked arousal 24 
events, pupil responses to sensory stimuli were suppressed with ACC inactivation. Finally, 25 
our results comparing arousal-related ACC and norepinephrinergic LC neuron activity 26 
support a role for the LC in initiation of arousal events which are modulated in real time by 27 
the ACC. Collectively, our experiments identify the ACC as a key cortical site for sustaining 28 
momentary increases in arousal and provide the foundation for understanding cortical-29 
subcortical dynamics underlying the modulation of arousal states.    30 
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Main 31 

Fluctuations in waking global arousal are key determinants of spontaneous cortical activity 32 
and modulate sensory and task driven responses1-8. Global arousal has been measured in 33 
these recent studies predominantly as internally driven changes in pupil size, facial 34 
movements, and locomotion in the absence of changes in external (i.e., environmental) 35 
stimuli. In addition, pupil-linked arousal is associated with other physiological markers of 36 
sympathetic tone like heart rate and galvanic skin conductance response9,10. Cognitive and 37 
emotional behaviors are intimately linked with context-dependent modulation of 38 
physiological indicators of arousal11,12. Hence, prominent arousal modulation of cortical 39 
activity may represent a fundamental mechanism for coordinating central and bodily 40 
processes important for behavioral control13,14. 41 

Substantial evidence shows that several subcortical structures regulate arousal, 42 
including neuromodulatory nuclei that provide widespread cortical outputs like the 43 
norepinephrine releasing locus coeruleus (LC) and cholinergic basal forebrain15-21. State-44 
dependence of cortical activity is thought to arise in part from a confluence of diverse 45 
neuromodulatory influences and other long-range inputs20,22,23. Although mechanisms 46 
mediating state-dependent modulation of cortical activity have received intense scrutiny, 47 
how cortical activity itself modulates arousal and the behavioral state remains an 48 
outstanding question.       49 
 The anterior cingulate cortex (ACC) subdivision of the prefrontal cortex (PFC) is well-50 
positioned to modulate arousal and physiological states more broadly24-26. It provides direct 51 
and indirect outputs to multiple neuromodulatory nuclei that coordinate arousal15,27,28 and 52 
to other subcortical nuclei regulating autonomic function like the periaqueductal gray and 53 
the posterior hypothalamus29. Electrical stimulation of the human ACC increases the heart 54 
rate and engages the skin conductance response30. Neuroimaging studies in humans during 55 
the Stroop task show that ACC activity correlates with trial-by-trial variations in pupil-linked 56 
autonomic arousal31. Humans with ACC damage mostly recover their cognitive abilities but 57 
show a lasting deficit in task-driven modulation of arousal states26. Single-unit recordings in 58 
monkeys show increased activity in a small subset of ACC neurons before spontaneous 59 
increases in pupil-linked global arousal32. Moreover, ACC lesions in monkeys blunt 60 
anticipatory pupil arousal responses preceding rewards33, further supporting a role for this 61 
region in arousal modulation.  62 

Although much evidence supports a role for the ACC in task-driven arousal 63 
modulation, how the ACC modulates spontaneous fluctuations in global arousal is not 64 
known. Moreover, how arousal-related ACC activity compares to the activity of subcortical 65 
neuromodulatory nuclei requires further examination to determine whether the ACC plays a 66 
unique role in arousal modulation. We used pupil size, facial movement, heart rate, and 67 
locomotion as non-invasive measures of arousal and behavioral state in mice. To test the 68 
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role of the ACC in arousal modulation, we designed a system for closed loop ACC inhibition 69 
based on real-time tracking of the pupil. Optogenetic ACC inactivation after initiation of pupil 70 
dilations suppressed ongoing arousal events. In agreement with a role for the ACC in arousal 71 
modulation, bulk ACC calcium activity recorded via fiber photometry scaled with pupil size 72 
and amplitude of facial movements with a delay after the onset of arousal events and 73 
independently of locomotion. Arousal changes evoked by salient sensory stimuli scaled with 74 
ACC activity and were suppressed by ACC inactivation, suggesting that the ACC modulates 75 
both global and saliency-linked arousal responses. Finally, comparing arousal-related ACC 76 
and norepinephrine locus coeruleus (LC-NE) activity suggested that LC-NE activity triggers 77 
transient increases in arousal while ACC activity plays a role in sustaining these events. 78 
Together, our experiments show that ACC activity modulates the intensity of global and 79 
saliency-linked arousal states and establish this PFC region as a cortical site for arousal 80 
modulation. 81 

Results 82 

Open and closed loop optogenetic ACC inactivation decreases arousal  83 

We used open loop (Extended Data Fig. 1) and closed loop optogenetics (Fig. 1 and Extended 84 
Data Fig. 2) to test the role of ACC activity in modulation of global arousal, defined here as 85 
spontaneous fluctuations in pupil size occurring in the absence of any presented stimuli. We 86 
bilaterally injected VGAT-Cre mice with AAV5-Flx-ChR2 and implanted a fiber optic cannula 87 
above the injection sites to inhibit ACC activity via photostimulation of GABAergic neurons34 88 
(Extended Data Fig. 1A, B). Control mice were injected with AAV5-CaMKII-mCherry. We 89 
recorded the pupil of head-fixed mice with an infrared camera and used DeepLabCut35 to 90 
track eight key points around the perimeter of the pupil. Pupil size was quantified as the area 91 
of an ellipse fit to these key points (Extended Data Fig. 1C). ACC inactivation (20 Hz, 5s 92 
duration) decreased the average pupil size while there was no effect of photostimulation in 93 
mCherry expressing mice (Extended Data Fig. 1D, E). The effect of ACC inactivation was 94 
dependent on the pupil size at the time of photostimulation. Inactivation produced a larger 95 
effect when baseline pupil size was large (Extended Data Fig. 1F), suggesting that reducing 96 
ACC activity during ongoing pupil dilation events curtails momentary increases in arousal. 97 
Furthermore, the effect of ACC inactivation on the pupil size was dependent on the duration 98 
of photostimulation (0.5-5s), but we did not detect a significant effect of photostimulation 99 
frequency on the decrease in pupil size (Extended Data Fig. 1G, H). Together, these results 100 
show that ACC activity modulates spontaneous changes in arousal.   101 
 The above results suggest that ACC activity during ongoing pupil dilations is 102 
important for arousal modulation. To rigorously evaluate this idea, we developed an  103 
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104 
Figure 1. Closed loop ACC inactivation curtails ongoing pupil dilation events. (A) Schematic 105 
illustrating the experimental setup used to perform closed loop optogenetic stimulation based on 106 
real time pupil tracking. (B) Top, example trace from a calibration session. Circles show pupil dilation 107 
peaks. Horizontal dotted line shows the threshold value taken as 25% of the average peak height. 108 
Bottom, example trace from an experimental session. Vertical lines show online dilation detections 109 
for non-laser (black) and laser trials (blue). Horizontal line shows same threshold value as top. (C) 110 
Pupil size aligned to the time of dilation detection for non-laser and laser trials. Blue shading shows 111 
photostimulation time for laser trials. (D) Area under the curve (AUC) for non-laser and laser trials (n 112 
= 6 mice, p = 0.03, T = 0; Wilcoxon signed-rank test). (E) Peak pupil size reached during laser and non-113 
laser trials (n = 6 mice, p = 0.44, T = 6; Wilcoxon signed-rank test). (F) Time taken for pupil to decline 114 
to 50% of peak value (n = 6 mice, p = 0.03, T = 0; Wilcoxon signed-rank test). For all figures, the 115 
Wilcoxon signed-rank test T statistic refers to the number of ranks of differences that are greater than 116 
or less than 0 (depending on which is smaller). All error bars are standard error of the mean. 117 

experimental paradigm to perform closed loop optogenetic inactivation of the ACC during  118 
ongoing pupil dilations (Fig. 1A). We quantified the pupil size in real-time using DeepLabCut-119 
Live36 and photostimulated ChR2 expressing GABAergic neurons (20 Hz, 5s duration) on a 120 
random 50% of trials (laser) when pupil size was larger than a dilation threshold determined 121 
during a preceding calibration session (see Methods; Fig. 1B). The remaining trials were not 122 
photostimulated and treated as control (non-laser). We note that in our implementation of 123 
this method, photostimulation occurs after the onset of pupil dilations. As a test of the 124 
reliability of online detection, we compared the actual pupil size at the time of online 125 
detection to the expected size based on the dilation threshold determined during the 126 
calibration session. The actual pupil size was slightly higher than the expected size 127 
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(Extended Data Fig. 2A), which largely reflects the condition that online detected events 128 
surpass the threshold determined during calibration. Importantly, there was no difference in 129 
the pupil size at the time of online detection for laser and non-laser trials (Extended Data Fig. 130 
2B).  131 

We aligned pupil size to the time of online detection and compared the pupil AUC 132 
(area under the curve) between laser and non-laser trials. ACC inactivation significantly 133 
reduced the pupil AUC compared to non-laser trials (Fig. 1C, D). Although the average peak 134 
pupil size was similar between laser and non-laser trials (Fig. 1E), ACC inactivation led to a 135 
faster constriction of the pupil following the peak, as evidenced by a reduction in the time 136 
needed for the pupil size to decline to 50% of peak amplitude (Fig. 1F). Repeating this 137 
experiment with a shorter duration photostimulation (0.5s) also suppressed ongoing pupil 138 
dilation events (Extended Data Fig. 2C-F). There was a decrease in the pupil AUC for laser 139 
trials as compared to non-laser trials (Extended Data Fig. 2D), although we could not detect 140 
a change in the offset timing of the pupil event with this experiment. These results are 141 
unlikely due to virus expression or light delivery in the brain since closed loop optogenetic 142 
manipulations in mice injected with AAV-CaMKII-mCherry had no effect on arousal events 143 
(Extended Data Fig. 2G-J).  144 

We additionally tested whether the observed suppression of ongoing pupil dilations 145 
is specific to inactivation of ACC activity or could be generally observed by inhibiting activity 146 
in a control cortical region. We bilaterally injected AAV-Flx-ChR2 into the primary visual 147 
cortex (V1) of VGAT-Cre mice and performed the same optogenetic experiments as 148 
described above for the ACC. Open loop and closed loop inactivation of V1 activity had no 149 
systematic effect on the pupil size (Extended Data Fig. 2K-P). Together, these experiments 150 
show that real time ACC activity during pupil dilations is necessary for sustaining ongoing 151 
arousal events. 152 

Simultaneous recording of ACC activity and global arousal 153 

To further determine the relationship between ACC activity and global arousal, we measured 154 
bulk ACC calcium activity simultaneously with spontaneous fluctuations in the behavior of 155 
head-fixed mice. We injected AAV5-Syn-GCaMP8m into the ACC and implanted a fiber optic 156 
to record population level calcium activity. Video recordings of the face were used to 157 
quantify both pupil size and facial movement as metrics of global arousal (Extended Data 158 
Fig. 3A). We detected individual pupil dilations and quantified event metrics including time 159 
of onset, offset, and peak amplitude (dashed lines in Extended Data Fig. 3B; Extended Data 160 
Fig. 4; see Methods). Facial movement was defined by taking frame-by-frame differences in 161 
mean pixel intensity of an ROI centered around the whisker pad (Extended Data Fig. 3A). In 162 
addition, mice were allowed to run voluntarily on a wheel which                  163 
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was used to quantify running speed and determine spontaneous changes in the behavioral 164 
state (Extended Data Fig. 3B). Pupil size, facial movements, and running speed were 165 
moderately correlated with each other (Extended Data Fig. 3C). Cross-correlation analyses 166 
showed that, on average, an initial increase in facial movement was followed by an increase 167 
in pupil size and finally by an increase in wheel speed (Extended Data Fig. 3D, E). Applying a 168 
moving median filter to smooth the face signal increased the pupil-face correlation while 169 
smoothing the pupil signal had no effect (Extended Data Fig. 3F, G), suggesting that pupil and 170 
face metrics of arousal partly convey related arousal information but with different temporal 171 
dynamics.  172 

To better interpret how ACC activity modulates arousal, we further explored the 173 
interrelationship between pupil size, facial movements, and locomotion. Most pupil 174 
dilations were short lasting (<5s) and had small peak amplitude (<1 z-score; Extended Data 175 
Fig. 3H). Splitting pupil events into quartiles based on the dilation amplitude showed that, 176 
on average, large amplitude pupil dilations also had long durations (Extended Data Fig. 3I). 177 
Aligning the face signal to pupil dilation onsets showed that both small and large pupil 178 
dilations were preceded by facial movements, and the magnitude of facial movements 179 
increased progressively with pupil dilation amplitude (Extended Data Fig. 3J). In contrast, 180 
only large pupil dilations were associated with locomotion (Extended Data Fig. 3K-N). Like 181 
previous findings37, these analyses show that while spontaneous fluctuations in arousal can 182 
occur in the absence of locomotion, large increases in global arousal are associated with 183 
behavioral state shifts.  184 

We tested whether pupil size is a reliable indicator of autonomic arousal by 185 
measuring the resting heart rate via pulse oximetry simultaneously with pupil size in a subset 186 
of mice (Extended Data Fig. 5A). Spontaneous changes in resting heart rate coincided with 187 
pupil dilations (Extended Data Fig. 5B) and a dilated pupil state was associated with higher 188 
heart rate (Extended Data Fig. 5C). Splitting pupil events into quartiles based on the dilation 189 
amplitude showed that the heart rate increased with pupil size (Extended Data Fig. 5C, D). 190 
Hence, pupil size is a reliable readout of autonomic arousal.  191 

ACC activity scales with the magnitude of arousal events   192 

Our optogenetic results are consistent with the idea that ACC activity is important for 193 
sustaining arousal events (Fig. 1, Extended Data Fig. 1 and Extended Data Fig. 2). Next, we 194 
investigated how ACC population activity relates to naturally occurring spontaneous 195 
fluctuations in global arousal. Since arousal and locomotion are closely linked, we 196 
determined how arousal-related ACC activity depends on the locomotion state. We aligned 197 
ACC activity to pupil dilation onsets occurring during locomotion and non-movement. Both 198 
types of pupil dilations were coincident with increased ACC activity; however, arousal-199 
related activity was higher during locomotion than during non-movement (Extended Data 200 
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Fig. 6A-C). This effect could reflect larger dilation pupil events that occur during locomotion 201 
(Extended Data Fig. 3L). Alternatively, higher levels of ACC activity might reflect the 202 
locomotion state itself. We distinguished between these possibilities by comparing arousal-203 
related ACC activity during small and large pupil events occurring during locomotion and 204 
non-movement periods (Fig. 2A-D). Small and large dilations were defined using a median 205 
split of peak dilation amplitudes observed during each condition within single recording 206 
sessions. Compared to small dilation events, large pupil dilations were associated with 207 
higher ACC activity during locomotion and non-movement. Importantly,  there was no 208 
difference in the average locomotion speed for small and large pupil dilations in both 209 
conditions (Fig. 2B, D), suggesting that differences in movement speed do not account for 210 
increased ACC activity during larger pupil dilations. These findings show that ACC activity 211 
tracks the magnitude of arousal events regardless of the locomotion state.  212 

Figure 2. ACC activity scales with the magnitude of arousal events. (A) Top, pupil events occurring 213 
during non-movement aligned to the time of dilation onset. Events are separated into small and large 214 
events based on a median split of peak amplitudes. Bottom, ACC activity during non-movement 215 
small and large events (n = 6 mice). (B) ACC activity (left) and mean locomotion speed (right) for small 216 
and large pupil dilations during non-movement (activity: n = 6 mice, p = 0.03, T = 0, Wilcoxon signed-217 
rank test; speed: n = 6 mice; p = 0.09, T = 2; Wilcoxon signed-rank test). (C) Onset aligned pupil events 218 
(top) and ACC activity (bottom) for small and large events during locomotion (n = 6 mice). (D) ACC 219 
activity (left) and mean locomotion speed (right) for small and large pupil dilations during locomotion 220 
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(activity: n = 5 mice; p = 0.06, T = 0, Wilcoxon signed-rank test; speed: n = 5 mice; p = 1, T = 7; Wilcoxon 221 
signed-rank test). All error bars are standard error of the mean. 222 

As a further test of arousal-related ACC activity, we determined the relationship 223 
between ACC activity and facial movements. We aligned ACC activity and facial movements 224 
to the onset time of pupil dilation events and separated trials based on small and large facial 225 
movements (Extended Data Fig. 6D and 6E). Large facial movements were accompanied by 226 
higher ACC activity as compared to small facial movements (Extended Data Fig. 6F). Hence, 227 
ACC activity scales with the magnitude of pupil dilations and facial movements. Together 228 
with the open and closed loop optogenetic inactivation results (Fig. 1 and Extended Data Fig. 229 
1), these analyses show that the scaling of arousal-related ACC activity contributes to the 230 
magnitude of ongoing arousal events.                                    231 

  232 

 233 
Figure 3. Optogenetic ACC activation increases arousal and locomotion. (A) Schematic 234 
illustrating the experimental setup for measuring arousal and locomotion during optogenetic 235 
activation of CaMII-ChR2 expressing ACC neurons. (B) Coronal section showing CaMKII-ChR2-236 
mCherry expression and fiber optic placement in the ACC. (C) Single trial example for the effect of 237 
optogenetic activation on pupil size. Video images show the pupil at the beginning and the end of 5s 238 
long photostimulation. (D) Pupil size aligned to photostimulation onset for mice expressing ChR2-239 
mCherry or mCherry (n = 6 and 10 mice for ChR2 and mCherry conditions, respectively). Blue shading 240 
shows the photostimulation window. (E) Top, Photostimulation evoked change in pupil size for ChR2 241 
mice (n = 6 mice, p = 0.03, T = 0; Wilcoxon signed-rank test against zero). Bottom, Same as top but 242 
for mCherry controls (n = 10 mice, p = 0.85, T = 25 Wilcoxon signed-rank test against zero). (F) Left, 243 
Running speed aligned to photostimulation onset. Right, photostimulation evoked change in running 244 
speed (n = 6 mice, p = 0.03, T = 0; Wilcoxon signed-rank test against 0). (G) Left, Facial movement 245 
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aligned to photostimulation onset. Right, photostimulation evoked change in facial movement (n = 6 246 
mice, p = 0.03, T = 0; Wilcoxon signed-rank test against 0).  247 

Optogenetic activation of ACC neurons increases arousal and locomotion 248 

Our results show that ACC activity correlates with the magnitude of arousal events and 249 
inhibiting ACC activity suppresses ongoing pupil events (Fig. 1 and Fig. 2), suggesting that an 250 
increase in ACC activity should lead to higher arousal. We tested this by determining the 251 
effect of optogenetic ACC activation on arousal and locomotion. We virally expressed 252 
CaMKII-ChR2 and implanted a fiber optic in the ACC to deliver light and optogenetically 253 
activate ACC neurons (Fig. 3A, B). Optogenetic activation (20 Hz, 5s duration) increased 254 
pupil size, wheel running speed and facial movements (Fig. 3C-G). Pupil size and running 255 
speed generally increased throughout the duration of photostimulation and decreased after 256 
stimulation offset (Fig. 3D, F). However, facial movement peaked shortly after stimulation 257 
onset, declined during the photostimulation epoch and showed a second increase after 258 
stimulation offset (Fig. 3G). Importantly, photostimulation in mice expressing the mCherry 259 
control fluorophore did not change the pupil size (Fig. 3D, E). We found that the effect of 260 
photostimulation on arousal metrics was frequency dependent with higher frequencies 261 
evoking larger pupil dilations and facial movements as well as higher locomotion speeds 262 
(Extended Data Fig. 7A-D). The effect of stimulation on pupil size and running speed was also 263 
duration dependent with longer duration photostimulation leading to larger and longer 264 
lasting increases (Extended Data Fig. 7E-G).  In contrast, the effect of stimulation on facial 265 
movement was not duration dependent (Extended Data Fig. 7H). In a subset of mice, we also 266 
measured the resting heart rate and found that optogenetic ACC activation increased the 267 
heart rate (Extended Data Fig. 7I, J). These results demonstrate that seconds long ACC 268 
activation increases diverse metrics of arousal and leads to behavioral state shifts.  269 

Short duration ACC activation increases arousal independently of locomotion 270 

Optogenetic ACC activation evoked increases in both arousal and locomotion. Since 271 
locomotion is closely linked with high arousal levels (Extended Data Fig. 3L, M), it is possible 272 
that ACC activation primarily triggers locomotion and increased arousal is a secondary 273 
effect. We tested whether ACC activation can increase arousal independently of locomotion 274 
by delivering a single 10ms pulse of optogenetic stimulation. In this open loop experiment, 275 
photostimulation could occur during periods of wheel quiescence or locomotion. We 276 
concatenated data across mice and split trials based on locomotion state depending on the 277 
average wheel speed around photostimulation (window: -0.5s to 2s relative to stimulation). 278 
Short duration ACC activation increased pupil size and facial movement during non-279 
locomotion trials (Fig. 4A-C), demonstrating that ACC activity can modulate arousal 280 
independently of locomotion. ACC activation during locomotion also increased pupil and 281 
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 282 

Figure 4. Short duration ACC activation increases arousal independently of locomotion. (A) 283 
Running speed aligned to photostimulation onset for non-locomotion trials (n = 599 trials, p = 0.95, 284 
T = 69879; Wilcoxon signed-rank test). (B) Same as A but for pupil size (n = 599 trials, p = 0.0005, T = 285 
74984; Wilcoxon signed-rank test). (C) Same as A but for facial movement (n = 599 trials, p <0.00001, 286 
T = 63700; Wilcoxon signed-rank test). (D) Running speed aligned to photostimulation onset for 287 
locomotion trials (n = 424 trials, p = 0.16, T = 41483; Wilcoxon signed-rank test). (E) Same as D but 288 
for pupil size (n = 424 trials, p <0.00001, T = 26409; Wilcoxon signed-rank test). (F) Same as D but for 289 
facial movement (n = 424 trials, p = 0.03, T = 39517; Wilcoxon signed-rank test). Asterisks signify 290 
significant difference between the average value in pre-stim (-0.5s to 0s) and post-stim (0s to 2s) 291 
windows. All error bars are standard error of the mean. 292 

facial movement metrics of global arousal (Fig. 4D-F). The change in pupil size with ACC 293 
activation was greater during locomotion than during quiescence (n = 599 non-locomotion 294 
trials, 424 locomotion trials, p <0.00001, U = 63700; Mann-Whitney U rank test), suggesting 295 
that brief elevation of ACC activity during the high arousal state associated with locomotion 296 
produces a stronger effect. ACC activation in this experiment had no significant effect on 297 
wheel speed, ruling out the possibility that observed increase in pupil size following ACC 298 
activation were driven by changes in locomotion. These findings show that minimal ACC 299 
activation increases arousal independently of locomotion, mirroring our observations with 300 
ACC fiber photometry recordings (Fig. 2).  301 
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ACC activity modulates arousal associated with salient stimuli  302 

Arousal levels change in response to salient stimuli12 in addition to fluctuating 303 
spontaneously. Given the role of the ACC in modulating spontaneous changes in global 304 
arousal, we determined how the ACC contributes to stimulus evoked pupil dilations. We 305 
measured ACC population activity and pupil size during auditory stimulation consisting of 306 
pure tones at 3 different frequencies (Fig. 5A, B). On average, auditory stimulation increased 307 
pupil size and ACC activity (Fig. 5C). There was significant variability in the pupil response to 308 
the tone (Fig. 5D). There was no dependence of pupil or ACC responses on tone frequency; 309 
moreover, tone evoked pupil dilations and ACC responses were similar across the recording 310 
session (Extended Data Fig. 8). These results suggest that tone frequency-specific effects or 311 
habituation are unlikely contributors to the observed variability. To determine if the observed 312 
variability in the magnitude of the elicited pupil response was related to ACC activity, we split 313 
tone-evoked pupil dilations into quartiles. Comparing ACC activity across quartiles showed 314 
that higher ACC responses during auditory stimulation were associated with larger arousal 315 
events (Fig. 5E-G). These results show that ACC activity correlates with the magnitude of 316 
saliency-linked arousal responses. 317 

318 
Figure 5.  ACC activity modulates arousal associated with salient stimuli. (A) Schematic 319 
illustrating the experimental setup used to simultaneously record pupil size and population level 320 
ACC activity during presentation of auditory tones. (B) Example traces from a session showing pupil 321 
size and ACC activity during presentation of auditory tones. Vertical lines show tone onsets. (C) ACC 322 
activity and pupil size aligned to tone presentation (n = 6 mice). (D) Histogram showing the 323 
distribution of average changes in pupil size in response to tone presentation (n = 6 mice). (E) 324 
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Changes in ACC activity in response to tone presentation across quartiles of pupil size changes (n = 325 
6 mice; p = 0.002, H = 14.98; Kruskal-Wallis test). (F)  ACC activity and pupil size aligned to onset of 326 
tone presentation for trials in Q1 (first quartile) (n = 6 mice). (G) Same as F, but for Q4 (fourth quartile) 327 
(n = 6 mice). (H) Schematic illustrating the experimental setup used to record pupil size and 328 
optogenetically inhibit ACC activity during presentation of auditory tones. (I) Left, Pupil size aligned 329 
to tone presentation for non-laser and laser trials. Right, Change in pupil size for non-laser and laser 330 
trials during entirety of laser stimulation (n = 7 mice, p = 0.02, T = 0; Wilcoxon signed-rank test). (J) 331 
Left, Pupil size aligned to tone presentation for non-laser and laser trials (baseline corrected using 332 
1s preceding tone). Right, Change in pupil size for non-laser and laser trials in the 3s following tone 333 
presentation (n = 7 mice, p = 0.02, T = 0; Wilcoxon signed-rank test). All error bars are standard error 334 
of the mean. 335 

We directly tested how ACC activity contributes to tone-evoked arousal responses by 336 
inactivating the ACC using ChR2-expressing VGAT-Cre mice (Fig. 5H). On each laser trial, 337 
photostimulation began five seconds before tone onset and lasted for ten seconds. As we 338 
observed before (Extended Data Fig. 1), ACC inactivation decreased global arousal, which 339 
was marked by a decrease in the pupil size in trial-averaged traces (Fig. 5I). Because of this, 340 
baseline pupil size was lower on laser trials as compared to non-laser trials (Fig. 5I). To 341 
examine the effect of ACC inactivation on sensory evoked arousal specifically, we used a 1s 342 
period preceding tone onset to baseline correct all trials. This showed that while ACC 343 
inactivation did not abolish the sensory evoked arousal response, it decreased the 344 
magnitude of the response (Fig. 5J). This result further supports the idea that ACC activity is 345 
important for sustaining elevated arousal states elicited by salient stimuli.  346 

ACC and LC show unique patterns of arousal-related activity   347 

Inactivating the ACC decreased tone-evoked pupil dilations but did not entirely inhibit the 348 
arousal response (Fig. 5J). Moreover, in closed loop experiments showing suppression of 349 
ongoing arousal events with ACC inactivation (Fig. 1), we could only inactivate the ACC after 350 
an initial increase in pupil size. These findings suggest that under naturalistic conditions, 351 
ACC activity is important for sustaining increases in arousal rather than initiating arousal 352 
events, for which other brain areas may be more important. We tested this idea by recording 353 
the bulk calcium activity of norepinephrine releasing LC (LC-NE) neurons and comparing 354 
arousal-related LC-NE activity with ACC arousal responses. We injected AAV-Flx-GCaMP8 355 
into the LC of DBH-Cre animals and implanted a fiber optic above the injection site for 356 
photometry recordings (Fig. 6A). ACC activity showed higher correlation with pupil size than 357 
LC-NE activity (Fig. 6B), an effect possibly driven by the observed scaling of ACC responses 358 
with pupil dilation amplitude (Fig. 2). Conversely, facial movement showed a higher 359 
correlation with LC-NE activity than ACC activity (Fig. 6B). To directly examine the temporal 360 
relationship between ACC/LC activity and arousal events, we aligned neuronal activity to the 361 
onset time of pupil dilations (Fig. 6C). Both ACC and LC-NE activity preceded pupil dilations. 362 
However, LC-NE activity increased earlier and faster than ACC activity relative to pupil 363 
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dilation onset (Fig. 6C-E). ACC activity lagged facial movements, a faster readout of arousal 364 
than pupil (Extended Data Figs. 3F and 3G), while LC activity increased near simultaneously 365 
with facial movements (Fig. 6C). Hence, LC activity increases coincident with the onset of 366 
arousal while ACC activity increases with a delay after initiation of the arousal event.  367 

 368 
Figure 6.  ACC and LC show unique patterns of arousal-related activity. (A) Schematic illustrating 369 
the experimental setup used to record arousal and measure bulk calcium signals from ACC or LC-370 
NE neurons. (B) Left, Pearson’s correlation between pupil size and activity in ACC or LC (n = 6 LC 371 
mice, 6 ACC mice, p = 0.002, U = 0; Mann-Whitney U rank test). Right, same as Left but with facial 372 
movement (n = 6 LC mice, 6 ACC mice, p = 0.07, U = 30; Mann-Whitney U rank test). (C) Left, traces 373 
of ACC activity, facial movement, and pupil size aligned to the onset of pupil dilation (n = 6 mice). 374 
Right, same as left but for LC-NE activity (n = 6 mice).  (D) Onset of activity relative to the onset of 375 
pupil dilation for ACC or LC (n = 6 LC mice, 6 ACC mice, p = 0.005, U = 0; Mann-Whitney U rank test) 376 
(E) Time to reach 50% of peak activity relative to onset of pupil dilation in ACC or LC (n = 6 LC mice, 6 377 
ACC mice, p = 0.005, U = 0; Mann-Whitney U rank test). (F) Left, ACC activity and pupil size as a 378 
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function of pupil phase. Right, same as Left but for LC-NE activity. (G) ACC and LC-NE activity as a 379 
function of pupil phase. Red shaded rectangle represents the pre-peak (-π/2 to 0) window and blue 380 
shaded rectangle represents the post-peak (0 to π/2) window (n = 6 mice for ACC and LC 381 
respectively). (H) Left, Average activity during the pre-peak window for ACC or LC (n = 6 LC mice, 6 382 
ACC mice, p = 0.31, U = 11; Mann-Whitney U rank test). Right, same as Left but for post-peak window 383 
(n = 6 LC mice, 6 ACC mice, p = 0.002, U = 0; Mann-Whitney U rank test) (I) Post-peak/pre-peak ratio 384 
for ACC or LC (n = 6 LC mice, 6 ACC mice, p = 0.002, U = 0; Mann-Whitney U rank test). (J) Model 385 
illustrating a possible circuit for ACC interactions with the LC and other arousal-related regions to 386 
modulate arousal states. 387 

To better understand ACC and LC-NE activity relative to spontaneous fluctuations in 388 
pupil size, we aligned activity to a canonical cycle of pupil dilation and constriction 389 
determined using the Hilbert transform37 (Fig.6F, G). ACC and LC-NE activity both showed 390 
pupil phase-linked fluctuations. Activity in both regions increased around the peak of 391 
dilation and decreased during constriction, although LC-NE activity started declining earlier 392 
than ACC activity (Fig.6F, 6G). Comparing pupil phase aligned responses showed similar LC-393 
NE and ACC activity preceding peak dilation (Fig. 6H). However, we observed higher ACC 394 
activity during the post-peak phase of the dilation compared to LC-NE activity (Fig. 6H). We 395 
quantified the ratio of post-peak to pre-peak activity as an index for relative activity during 396 
these phases and found that ACC had a higher ratio than LC (Fig. 6I). These findings suggest 397 
that compared to LC activity, ACC activity is well placed to modulate the amplitude of 398 
already initiated pupil dilation events. 399 

Given the temporal difference in arousal-related ACC and LC-NE activity, we next 400 
compared how activity in these regions scales with the magnitude of pupil dilation events. 401 
We aligned activity to the time of pupil dilation onset and compared pre-onset and peri-event 402 
responses across quartiles of pupil dilation amplitude (Extended Data Fig. 9). Examining the 403 
average pupil-aligned responses showed that LC activity started declining around the time 404 
of the peak pupil dilation (Extended Data Fig. 9A). This was unlike ACC activity which 405 
remained elevated, especially for larger amplitude events (Extended Data Fig. 9C). There 406 
was no relationship between pre-onset ACC activity and peak pupil amplitude (Extended 407 
Data Fig. 9A and 9B). However, the average level of ACC activity quantified during the pupil 408 
event (i.e., from pupil dilation onset to offset; Extended Data Fig. 4) increased with dilation 409 
amplitude (Extended Data Fig. 9A, B). These results support our earlier findings that ACC 410 
activity scales with the magnitude of arousal events (Fig. 2). We found no systematic 411 
relationship between pre-onset LC-NE activity and peak pupil amplitude (Extended Data Fig. 412 
9C, D). In contrast to the ACC, arousal-related LC-NE activity did not scale across the range 413 
of observed pupil dilation amplitudes (Extended Data Fig. 9D). Quantifying the difference in 414 
activity at the peak of the dilation event from activity at the onset of the event showed that 415 
ACC activity changed only slightly following the dilation, but LC-NE activity was drastically 416 
reduced (Extended Data Fig. 9E).  417 
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In combination with our temporal analysis of arousal-related ACC and LC-NE activity 418 
(Fig. 6), results from closed loop optogenetic ACC inactivation experiments, and previous 419 
studies15,38, these results support a role for the LC in initiation of arousal events which are 420 
further modulated in real time by ongoing levels of ACC activity. 421 

Discussion 422 

There is a growing appreciation for widespread arousal state-dependent modulation of 423 
cortical activity. Our experiments demonstrate that in addition to being modulated by 424 
arousal, cortical activity in the ACC itself regulates spontaneous and saliency-linked arousal 425 
states. Using a closed loop optogenetic design, we show that real-time inhibition of ACC 426 
activity during pupil dilations suppresses ongoing arousal events (Fig. 1). Fiber photometry 427 
recordings showed that bulk ACC calcium activity scales with the magnitude of arousal 428 
events independently of locomotion (Fig. 2). Long duration optogenetic ACC activation 429 
drives robust increases in arousal which lead to behavioral state shifts as evidenced by 430 
increased locomotion (Fig. 3). However, short duration ACC activation increases arousal 431 
without an effect on locomotion (Fig. 4). This demonstrates that ACC modulates arousal 432 
independently of behavioral state shifts and increased locomotion, when observed, is a 433 
secondary effect to arousal. We found that ACC activity also modulates saliency-linked 434 
arousal. ACC activity scales with the amplitude of auditory tone evoked pupil dilations, 435 
which are suppressed by optogenetic ACC inhibition (Fig. 5). Comparing arousal-related 436 
ACC and LC-NE activity suggests that LC-NE activity may trigger arousal events which are 437 
modulated in real time by ACC activity (Fig. 6).   438 

We used pupil size, facial movement, heart rate, and running speed as non-invasive 439 
readouts of arousal level and behavioral state. The correlation between pupil size and heart 440 
rate (Extended Data Fig. 5) shows a close correspondence between physiological and video-441 
based metrics of arousal. Like previous work37, we found that although locomotion is 442 
associated with large pupil dilations, spontaneous fluctuations in pupil size and facial 443 
movement also occur during periods of non-movement. These findings indicate that arousal 444 
and locomotion are related but separate states, an idea further supported by studies 445 
showing differential modulation of visual cortical activity by pupil size and running4. Pupil 446 
size, heart rate, and facial movement may represent observable features of a latent arousal 447 
variable. However, to what extent each of these variables represents distinct and 448 
overlapping information is unclear. Smoothing the facial movement signal increases its 449 
correlation with pupil size (Extended Data Fig. 3G), suggesting that it partly resembles the 450 
pupil variable but operates with faster temporal dynamics. The difference in temporal 451 
dynamics may be in part due to the muscles involved in controlling each response. One 452 
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practical consequence is that the slower nature of the pupil signal may allow it to integrate 453 
internal state and other information over longer time periods than facial movement. 454 

We took advantage of this temporal feature in this study to design a closed loop 455 
optogenetic system based on real-time pupil tracking. In our implementation of this 456 
technique, optogenetic manipulation occurs after the pupil dilation event has already 457 
started. Yet, we observed that ACC inactivation reliably curtailed ongoing pupil dilation 458 
events (Fig. 1). Consistent with our fiber photometry results (Fig. 2 and Extended Data Fig. 459 
9), this finding shows that ACC activity after the onset of arousal events is important for 460 
arousal modulation. More broadly, our results show that neuronal manipulations based on 461 
real time measurement of behavioral signals can give valuable insights on the functional role 462 
of specific brain circuits.  463 

The activity of LC-NE neurons has long been implicated in arousal modulation 464 
11,15,16,20,32,38. Comparing bulk calcium activity of ACC and LC-NE neurons showed that LC-NE 465 
activity increases near simultaneously with the onset of facial movements while ACC activity 466 
increases after a delay, suggesting that ACC activity lags LC activation (Fig. 6). This sequence 467 
of events suggests that under typical conditions, ACC activity does not contribute to the 468 
initiation of arousal events. In contrast to LC-NE activity, ACC activity scales with the size of 469 
pupil dilations, suggesting that ACC activity modulates ongoing arousal events (Extended 470 
Data Fig. 9). This relationship between ACC activity and arousal event amplitude was 471 
observed during both non-movement and locomotion (Fig. 2), demonstrating that ACC 472 
modulates arousal independently of the behavioral state. One possibility is that ACC activity 473 
before pupil dilation onset reflects neuromodulatory inputs from LC-NE neurons and other 474 
sources. Indeed, several studies have shown that increases in arousal are associated with 475 
widespread increases in both cholinergic and noradrenergic activity across the cortex22,23. In 476 
this interpretation, neuromodulatory inputs trigger the initial increase in ACC activity during 477 
arousal events, with subsequent arousal-related modulation resulting from integration 478 
within the ACC (Fig. 6J). This idea is also consistent with previous work showing only 479 
moderate coupling between moment-by-moment variations in LC activity and pupil-linked 480 
arousal39. Our work further suggests that variability in pupil-linked arousal partly reflects 481 
ACC activity.  Future experiments are needed to determine how neuromodulatory inputs 482 
contribute to ACC modulation of arousal and how the ACC regulates activity in arousal-483 
related neuromodulatory nuclei.  484 

While the above results show that ACC activity is important for modulating ongoing 485 
arousal events, we also found that direct optogenetic ACC activation triggers de novo pupil 486 
dilations and facial movements (Figs. 3 and 4). Activation of numerous subcortical brain 487 
areas including the lateral hypothalamus, nucleus incertus, amygdala, ventral midline 488 
thalamus and PAG is associated with increased autonomic arousal18,19,21,40. The ACC sends 489 
direct and indirect projections to many of these subcortical regions29 which when recruited 490 
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by optogenetic activation could result in pupil dilation. Regardless of the exact circuit 491 
mechanisms underpinning these results, our fiber photometry experiments show that 492 
average ACC activity increases after facial movement. This finding suggests that under 493 
naturalistic conditions arousal events are not initiated by ACC activity. At the same time, 494 
these experiments also demonstrate the possibility of triggering arousal events directly via 495 
increased ACC activity, a pathway which may be recruited under pathological conditions. 496 
Further experiments are needed to clarify the exact output projections from the ACC that 497 
can modulate global and saliency-linked arousal. 498 

In recent years, increased attention has been placed on the influence of arousal and 499 
behavioral state on cortical activity. Multiple studies have shown that variability in cortical 500 
activity is explained to a high degree by spontaneous fluctuations in arousal1-8. Our results 501 
imply the possibility that the ACC can exert large-scale effects on cortical processing by 502 
modulating arousal.   503 
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Extended data figures 504 

 505 
Extended Data Fig. 1: Open loop optogenetic ACC inactivation decreases arousal. (A) 506 
Schematic illustrating the experimental setup used to record pupil size and optogenetically 507 
inhibit ACC activity. Inhibition of ACC neurons was done by activating GABAergic neurons in 508 
VGAT-Cre mice injected with Flx-Chr2. (B) Coronal section of the ACC showing Flx-ChR2-509 
mCherry expression and fiber optic placement in the ACC. (C) Example video frame of the 510 
face used for quantifying pupil size (dashed blue line). (D) Pupil size aligned to 511 
photostimulation onset for experimental mice expressing ChR2-mCherry or control mice 512 
expressing only mCherry (n = 7,10 mice for ChR2 and mCherry conditions respectively). (E) 513 
Left, photostimulation evoked change in pupil size for ChR2 mice (n = 7 mice, p = 0.02, T = 0; 514 
Wilcoxon signed-rank test against zero). Right, same as left but for mCherry controls (n = 10 515 
mice, p = 0.85, T = 25; Wilcoxon signed-rank test against zero). (F) Photostimulation evoked 516 
change in pupil size plotted as a function of pre-laser (baseline) pupil size in quartiles for 517 
ChR2 and mCherry (n = 7 mice for ChR2 group, 10 mice for mCherry group; main effect of 518 
baseline pupil size quartile F (3,45) = [53.27], p = 7.5e-15; main effect of virus group F (1,15) 519 
= [15.24], p = 0.001; two-way mixed measures ANOVA). (G) Change in pupil size evoked by 520 
photostimulation at varying durations (n = 6 mice; p = 0.0003, H = 13.99; Kruskal-Wallis test). 521 
(H) Change in pupil size evoked by photostimulation across varying frequencies (n = 7 mice; 522 
p = 0.09, H = 6.6; Kruskal-Wallis test).   523 
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 524 
Extended Data Fig. 2: Closed loop optogenetic inactivation of the ACC, but not V1, 525 
suppresses ongoing pupil dilations.  (A) Threshold value used for sessions (expected) 526 
compared to the average pupil size when dilation was detected (actual) (n = 18 mice; p < 527 
0.0001, T = 0; Wilcoxon signed-rank test). (B) Average pupil size when dilation was detected 528 
for non-laser and laser trials (n = 18 mice; p = 0.14, T = 51; Wilcoxon signed-rank test). (C) 529 
Pupil size aligned to time of dilation detection for non-laser and laser trials. Blue shading 530 
shows photostimulation time for laser trials. For these experiments, a 0.5s laser duration 531 
was used. (D) Area under the curve (AUC) for non-laser and laser trials (n = 6 mice, p = 0.03, 532 
T = 0; Wilcoxon signed-rank test). (E) Time taken for pupil to decline to 50% of peak value (n 533 
= 6 mice, p = 0.09, T = 0; Wilcoxon signed-rank test). (F) Peak pupil size reached for laser and 534 
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non-laser trials (n = 6 mice, p = 0.16, T = 0; Wilcoxon signed-rank test). (G) Same as C but for 535 
mCherry controls. For these experiments, a 5s laser duration was used. (H) Same as D but 536 
for mCherry controls (n = 6 mice, p = 1.0, T = 10; Wilcoxon signed-rank test). (I) Same as E 537 
but for mCherry controls (n = 6 mice, p = 0.16, T = 3; Wilcoxon signed-rank test). (J)  Same as 538 
F but for mCherry controls (n = 6 mice, p = 0.22, T = 4; Wilcoxon signed-rank test). (K) Pupil 539 
size aligned to photostimulation onset for mice expressing VGAT-ChR2 in the primary visual 540 
cortex (V1; n = 6 mice). (L) Photostimulation evoked change in pupil size for mice shown in K 541 
(n = 6 mice, p = 1, T = 10; Wilcoxon signed-rank test against zero). (M) Same as C but for mice 542 
expressing VGAT-ChR2 in V1. For these experiments, a 5s laser duration was used. (N) Same 543 
as D but with V1 inactivation (n = 6 mice, p = 0.84, T = 9; Wilcoxon signed-rank test). (O) Same 544 
as E but for V1 inactivation (n = 6 mice, p = 1, T = 10; Wilcoxon signed-rank test). (P)  Same as 545 
F but for V1 inactivation (n = 6 mice, p = 1, T = 10; Wilcoxon signed-rank test). All error bars 546 
are standard error of the mean.  547 
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Extended Data Fig. 3: Analysis of behavioral metrics for arousal. (A) Example frame taken 548 
from a face video during a recording session. Blue outline shows the ellipse that was fit to 549 
the pupil using DeepLabCut tracked key points. Dashed purple rectangle shows the ROI 550 
used to quantify facial movement. (B) Example traces from a session showing pupil size, 551 
facial movement, and running speed. Dashed lines indicate onsets of pupil dilations. (C) 552 
Pearson’s correlation of facial movement (F) or running speed (S) with pupil size (P) (n = 6 553 
mice). (D, E) Cross-correlation of changes in facial movement/running speed relative to 554 
pupil size. (F) Example trace showing traces of pupil size, and raw and smoothed face 555 
movements (G) Pearson’s correlation between facial movement and pupil size using 556 
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different window sizes for smoothing either facial movement or pupil size. (n = 6 mice; main 557 
effect of window size F(5,25) = [77.83], p = 2e-14; main effect of smoothed condition F(1,5) = 558 
[125.43], p = 9.9e-5; interaction F(5,25) = [85], p = 7e-15; two-way repeated measures 559 
ANOVA). (H) Left, Histograms of pupil event durations (left) and amplitudes (right). (I) Pupil 560 
event durations across quartiles of pupil event amplitude (n = 6 mice; p = 0.0003, H = 19.04; 561 
Kruskal-Wallis test). (J) Left, facial movement aligned to onset of pupil dilation for pupil 562 
events in quartiles 1 (Q1) and 4 (Q4). Right, mean facial movement across quartiles of pupil 563 
event amplitude (n = 6 mice; p = 0.0003, H = 19.11; Kruskal-Wallis test). (K) Left, Running 564 
speed aligned to onset of Q1 and Q4 pupil dilation. Right, Mean running speed across 565 
quartiles of pupil event amplitudes (n = 6 mice; p = 0.027, H = 9.18; Kruskal-Wallis test). (L) 566 
Left, Pupil size aligned to onset of pupil dilations during non-movement and locomotion. 567 
Right, Pupil dilation amplitude for non-movement and locomotion conditions (n = 6 mice; p 568 
= 0.03, T = 0; Wilcoxon signed-rank test). (M) Left, traces of facial movement aligned to onset 569 
of non-movement and locomotion dilation events. Right, mean facial movement for non-570 
movement and locomotion pupil events. (n = 6 mice; p = 0.03, T = 0; Wilcoxon signed-rank 571 
test). (N) Left, Running speed aligned to onset of pupil dilation for non-movement and 572 
locomotion pupil events. Right, mean wheel speed for non-movement and locomotion pupil 573 
events. (n = 6 mice; p = 0.03, T = 0; Wilcoxon signed-rank test). All error bars are standard 574 
error of the mean. 575 
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Extended Data Fig. 4: Method for detection of individual pupil dilation events. (A) Raw 576 
pupil trace taken from an example session. (B) Pupil trace after filtering with a 1st order low-577 
pass Butterworth filter with a cutoff frequency of 1Hz. (C) Shaded blue areas show regions 578 
in which pupil size continually increases for at least 750ms. Dashed line shows the median 579 
pupil size for this session. Only regions with onset values below the session’s median pupil 580 
size were used. Regions within 1s of each other were merged. (D) The onset of the dilation 581 
event was taken to be the onset of the region. The offset of each event was taken to be the 582 
first point between the end of the region and the start of the next region where pupil size was 583 
lower than the onset pupil size. If pupil size did not decrease below the onset size in that 584 
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window, offset was taken to be the lowest value in that window. Blue rectangles show 585 
individual pupil events. Blue circles show the maximum value or peak during each event.   586 
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 587 
Extended Data Fig. 5: Pupil size is correlated with resting heart rate. (A) Schematic 588 
showing the experimental setup used to measure heart rate (HR) and pupil size. (B) Example 589 
trace of simultaneously recorded pupil size and HR . (C) Comparison of average HR 590 
when pupil is either dilated (z-score > 1.5) or constricted (z-score < 0). HR is significantly 591 
higher when pupil is dilated (n = 16 mice, p = 0.004, T = 15; Wilcoxon signed-rank test). (D) 592 
Average HR across quartiles of pupil dilation amplitude (n = 16 mice; p = 0.0009, H = 16.46; 593 
Kruskal-Wallis test). All error bars are standard error of the mean.  594 
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 Extended Data Fig. 6: Relationship of ACC activity to locomotion and facial 595 
movements. (A) For all non-movement dilation events, pupil size (blue) and ACC activity 596 
(green) aligned to onset of pupil dilation (n = 6 mice). (B) Same as A but for locomotion 597 
dilation events (n = 6 mice). (C) Pupil related ACC activity during non-movement and 598 
locomotion (n = 6 mice; p = 0.03, T = 0; Wilcoxon signed-rank test). (D) Facial movement 599 
aligned to onset of pupil dilation for events with low or high facial movement (determined by 600 
median split) (n= 6 mice). (E) Same as D but for ACC activity (n = 6 mice). (F) ACC activity 601 
during events with low or high facial movement (n = 6 mice; p = 0.03, T = 0; Wilcoxon signed-602 
rank test).  603 
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 604 
Extended Data Fig. 7: Effect of optogenetic ACC on pupil size, facial movements, 605 
locomotion, and heart rate. (A) Pupil size aligned to photostimulation at variable 606 
frequencies stimulation frequencies. (B) Change in pupil size with varying photostimulation 607 
frequencies (n = 6 mice; p = 0.0001, H = 20.94; Kruskal-Wallis test). (C) Same as B but for 608 
locomotion speed (n = 6 mice; p = 0.003, H = 13.99; Kruskal-Wallis test). (D) Same as B but 609 
for facial movement (n = 6 mice; p = 0.016, H = 10.35; Kruskal-Wallis test). (E) Pupil size 610 
aligned to photostimulation onset for varying durations. (F) Change in pupil size with varying 611 
photostimulation durations (n = 6 mice; p = 0.0005, H = 15.16; Kruskal-Wallis test). (G) Same 612 
as F but for locomotion speed (n = 6 mice; p = 0.001, H = 13.05; Kruskal-Wallis test). (H) Same 613 
as F but for facial movement (n = 6 mice; p = 0.83, H = 0.36; Kruskal-Wallis test). (I) Heartrate 614 
aligned to photostimulation onset (n = 171 trials from 3 mice). (J) Pre-stim heartrate versus 615 
post-stim heartrate (n = 171 trials from 3 mice, p <0.00001, T = 2587; Wilcoxon signed-rank 616 
test). All error bars are standard error of the mean.  617 
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 618 

Extended Data Fig. 8: ACC activity and pupil size do not depend on tone frequency or 619 
habituation to auditory stimuli. (A) Tone-evoked ACC activity for each auditory tone 620 
frequency. Evoked ACC activity responses were not dependent on tone frequency (n = 6 621 
mice; p = 0.95, H = 0.11; Kruskal-Wallis test). (B) Same as A but for tone-evoked changes in 622 
pupil size (n = 6 mice; p = 0.98, H = 0.05; Kruskal-Wallis test). (C) Tone-evoked changes in 623 
ACC activity at different points throughout session. ACC activity did not show habituation to 624 
the auditory tones (n = 6 mice; p = 0.74, H = 0.61; Kruskal-Wallis test). (D) Tone-evoked 625 
changes in pupil size at different points throughout session. Pupil size did not show 626 
habituation to the auditory tones (n = 6 mice; p = 0.93, H = 0.15; Kruskal-Wallis test). All error 627 
bars are standard error of the mean. 628 
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 629 

Extended Data Fig. 9: ACC and LC activity differentially scales with pupil size. (A) Top, 630 
Pupil size aligned to onset (left) and peak (right) of pupil dilations for events in quartiles 1 631 
(Q1) and 4 (Q4). Bottom, same as top but showing ACC activity(n = 6 mice). (B) Left, ACC 632 
activity before pupil dilation onset shown across quartiles of pupil event amplitude (n = 6 633 
mice; p = 0.69, H = 1.49; Kruskal-Wallis test). Right, ACC activity during dilation events across 634 
quartiles of pupil event amplitudes (n = 6 mice; p = 0.0002, H = 20.25; Kruskal-Wallis test). 635 
(C) Same as A but for LC recordings (n = 4 mice). (D) Left, Pre-onset LC activity across 636 
quartiles of pupil event amplitudes (n = 6 mice; p = 0.96, H = 0.29; Kruskal-Wallis test). Right, 637 
LC activity during dilation events across quartiles of pupil event amplitude (n = 6 mice; p = 638 
0.60 H = 1.85; Kruskal-Wallis test). (E) Difference between activity at peak of dilation versus 639 
onset of dilation in ACC or LC (n = 6 LC mice, 6 ACC mice, p = 0.005, U = 0; Mann-Whitney U 640 
rank test).  641 
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Methods 661 

Animals 662 

Behavioral experiments were performed on male and female C57/BL6J mice maintained on 663 
a reversed light/dark circadian cycle with ad libitum access to standard mouse chow and 664 
water. Mice of either sex were at least 10 weeks old at the start of behavioral experiments. 665 
Optogenetic activation of ACC GABAergic neurons were done using transgenic VGAT-Cre 666 
mice. All animal procedures were performed in strict accordance with protocols approved 667 
by the Rutgers Comparative Medicine Resources and conformed to NIH standards. 668 

Surgical procedures 669 

Surgical methods were as described previously41,42. Briefly, all animals received stereotactic 670 
viral injection, optic fiber implant, and headplate implant. Surgeries were performed under 671 
isoflurane anesthesia (4% induction, 1-3% maintenance). Body temperature was 672 
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maintained at 37.5◦C via a heating pad integrated into the base of the stereotaxic frame and 673 
a temperature controller (53800, Stoelting). Mice were given a subcutaneous injection of 674 
extended-release buprenorphine (Ethiqa-XR, 3.25mg/kg) before surgery to provide analgesia 675 
for up to 72 hours post-surgery; meloxicam (10 mg/kg) was provided if additional analgesia 676 
was required during the recovery period. Anesthetized mice were head-fixed in a stereotaxic 677 
frame (51500D, 140 Stoelting). Scalp hair was removed using a depilatory cream (Nair) and 678 
the scalp was disinfected using 3x alternating scrubs with betadine and 70% ethanol 679 
solution. A portion of the scalp was removed, and conjunctive tissues cleared after 680 
treatment with 3% hydrogen peroxide. The skull was abraded with a dental drill to improve 681 
adhesion of dental cement.  682 

For viral injections, a burr hole was made in the skull above the injection site (ACC: 683 
0.3mm AP, 0.3mm ML, -0.9mm DV; V1: -3.5mm AP, 2.5mm ML, -0.5mm DV; LC: -5.1mm AP, 684 
0.9mm ML, -2.8mm DV). Viruses were pressure injected using a Nanoject III (Drummond) or 685 
a Nanoliter 2020 Injector (WPI) through a glass pipette slowly lowered into the craniotomy. 686 
The following viruses were used at the specified injection volumes: AAV1-syn-jGCaMP8m-687 
WPRE, 120nL (Addgene catalog # 162375); AAV9-syn-FLEX-jGCaMP8s-WPRE (Addgene 688 
catalog #162377-AAV9), 300 nL; AAV5-EF1a-double floxed-hChR2(H134R)-mCherry-WPRE-689 
HGHpA, 120nL (Addgene catalog # 20297); AAV5-CaMKIIa-hChR2(H134R)-mCherry, 100-690 
120nL (Addgene catalog # 26975); and AAV5-CaMKIIa-mCherry (Addgene catalog # 114469), 691 
120nL. 692 

Following virus injections, a fiber optic was slowly inserted into the brain ~0.1mm 693 
above the injection site. Unilateral fiber optic cannulae were used for fiber photometry 694 
experiments (400µm core, 0.5 NA, RWD Life Science) and custom-made bilateral cannulae 695 
were implanted for ACC optogenetic experiments (200µm, 0.39NA, 0.7mm distance 696 
between fiber optics, Doric Lenses). For optogenetic experiments in V1, single fibers were 697 
implanted in each hemisphere (200µm, 0.39NA, RWD). The fiber optic cannula and a 698 
headplate was secured adhered to the skull using Metabond dental cement (C&B)   699 

Animals were allowed to recover in their home cage over a warm water blanket until 700 
they recovered from anesthesia. Moistened food chow and hydrogel was provided. Animals 701 
were monitored post-operatively for 3-4 days. Mice were singly housed for the remainder of 702 
the experiment and recovered from surgery for 3-8 weeks before beginning experiments. 703 

Quantification of behavioral variables 704 

During all behavioral experiments, an infrared camera was used to record videos of the 705 
mouse’s face including the pupil. An infrared light source (LN-3, ORDRO) was used to 706 
illuminate the face, and an ambient light source was used to keep the pupil sufficiently 707 
constricted (lux). Closed loop optogenetic experiments were done using a USB Camera (Day 708 
& Night Vision, ArduCam) and separate LED light (Book Light, Vont). All other experiments 709 
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were done using an OpenMV camera (H7) with ambient light coming from an LED on the 710 
camera. Pupil videos were then processed using DeepLabCut to track eight points on the 711 
perimeter of the pupil, and frames with low confidence estimations (<0.95) were dropped. 712 
Least squares fitting was used to fit the eight points to an ellipse. Pupil size was then 713 
quantified by finding the area of this ellipse. Finally, pupil measurements were interpolated 714 
at 20hz. To quantify facial movement, an ROI was drawn over the whisker pad, and facial 715 
movements were quantified as the difference in average pixel intensity between ROIs of 716 
consecutive frames. Facial movements were interpolated at 20hz. In experiments that 717 
included locomotion measurements, animals were head fixed onto a wheel attached to a 718 
rotary encoder (Yumo). Locomotion speed was sampled at a rate of 20 Hz. Animals were 719 
habituated to the entire head-fixed setup including the wheel for at least 3 days before their 720 
first session.  721 

Optogenetic stimulation 722 

Bilateral photostimulation of CaMKII-ChR2 expressing ACC neurons was performed by 723 
connecting the output of two 470nm fiber coupled LEDs (M470F3, Thorlabs) to a dual fiber 724 
optic patch cord (Doric Lenses). The patch cord was connected to the mouse’s ferrule 725 
implant using a sleeve. Bilateral optogenetic stimulation in VGAT-cre mice was done using a 726 
470nm laser (MBL-III-470, Optoengine). The laser was coupled to a beam splitter (Doric 727 
Lenses mini cube), the output of which was connected to the dual fiber patch cord. The 728 
patch cord was then connected to the implanted ferrule with a coupling sleeve (Doric Lenses 729 
or RWD). For these experiments, black electrical tape was wrapped around the sleeve to 730 
prevent light leakage. For stimulation of CaMKII-ChR2 expressing ACC neurons, combined 731 
light power at the end of the fiber tip was ~1 mw. Higher light intensity (10 -12 mw) was used 732 
for stimulation of ACC GABAergic neurons.  733 

Open-loop optogenetic experiments were carried out using custom-made MATLAB 734 
and Arduino scripts. The MATLAB and Arduino interface was used to synchronize timings of 735 
behavioral variables and optogenetic stimulation. Stimulation frequency and duration were 736 
specified by the MATLAB script. For optogenetic experiments involving stimulation of CaMKII 737 
ACC neurons, sessions were carried out using 10ms pulses either at different durations 738 
(250ms, 1000ms, 3000ms) or different frequencies (3hz, 5hz, 10hz, 20hz). Sessions using 739 
different durations were done using a 20hz stimulation, and sessions using different 740 
frequencies were done using 5s stimulation. All sessions were 30 minutes long and had an 741 
inter-trial-interval of 20s. For experiments in Fig. 4, additional sessions were carried out 742 
using a single 10ms pulse with an inter-trial-interval of 10s. 743 

For optogenetic experiments involving stimulation of ACC GABAergic neurons, 744 
sessions were carried out using 10ms pulses at 20Hz with a 5s train duration. Additional 745 
sessions were carried out either at different durations (500ms, 1000ms, 2000ms) or different 746 
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frequencies (5hz, 10hz, 20hz, 30hz). Sessions using different durations were done using a 747 
20hz stimulation, and sessions using different frequencies were done using 5s stimulation. 748 
All sessions were 30 minutes long and had an inter-trial-interval of 20s. 749 

Closed loop optogenetic experiments were performed using DeepLabCut-Live! 750 
GUI36, a software package for real-time pose estimation. DeepLabCut model trained for 751 
offline pupil size quantification was used for online detection. A custom-made Python script 752 
integrated with DeepLabCut-Live! GUI was used to trigger optogenetic stimulation based on 753 
detection of real-time pupil dilation events. A pupil dilation event was detected each time 754 
pupil size increased beyond a preset threshold pupil size. On 50% of detected trials, 755 
optogenetic stimulation was given. The threshold pupil size was determined through a 756 
calibration session (10-20 min) in which the mouse’s pupil was recorded. Pupil traces were 757 
z-scored and peaks in pupil size were then found using the Python function findpeaks with a 758 
prominence of 2 z-scores. The threshold was set to be 25% of the average prominence value 759 
of detected peaks. The threshold z-scored value was converted back to pixel size and used 760 
as the threshold for identifying pupil dilations for each session. For analysis of closed loop 761 
experiments, only trials where the slope of the pupil size preceding trial onset was positive 762 
were used.  763 

Fiber photometry  764 

Fiber photometry recordings of bulk ACC calcium activity were carried out using the Tucker-765 
Davis Technologies RZ10X system and Synapse software. Excitation light was sinusoidally 766 
modulated for 465nm (330 Hz) and 405nm (210 Hz) wavelengths used for obtaining calcium-767 
dependent and isosbestic emission signals, respectively. Excitation light and emitted light 768 
from the sample was routed to/from the TDT system and the animal with a fluorescence 769 
minicube (Doric Lenses). Videos of the face were taken with an OpenMV camera (H7) 770 
running custom micropython scripts at 20 fps. Simultaneously, an Arduino Uno was used to 771 
sample wheel speeds from a rotary encoder at 20hz. A custom MATLAB script was used to 772 
record the wheel speeds from the Arduino. To ensure synchronization of fiber photometry 773 
recordings and behavioral measurements, each time a video frame was acquired, a TTL 774 
signal was sent to the Synapse software. Each time the Arduino sampled running speed, a 775 
separate TTL signal was sent to the Synapse software. The timepoints for each stream of TTL 776 
signals were used to interpolate each behavioral signal at 20Hz. This ensured that facial 777 
videos, wheel speeds, and photometry signals were synchronized to the same clock. For 778 
analysis, ∆F/F (see below) was resampled to 20hz at the interpolated time points for wheel 779 
speed and facial videos. 780 

For LC recordings, we used a custom-built, camera based system adapted from a 781 
previously published design43. Excitation light from 405 and 470 nm wavelengths were 782 
coupled into the microscope and interleaved at a rate of 40 Hz, for a final acquisition rate of 783 
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20 Hz. For both recordings, a ceramic coupling sleeve (Doric Lenses) was used to couple the 784 
patch cord to the implant. Videos of the face were taken with a Blackfly Camera (BFS-U3-785 
04S2M-CS) using the Spinview software. To synchronize face videos with calcium 786 
recordings, a custom Python script was used to send a TTL signal to the photometry system. 787 
The same TTL signal also toggled a red LED placed in the camera field of view. Video and 788 
calcium recordings were synchronized by aligning the onset of the TTL signal with the onset 789 
of the red light in the face recording.  790 

A custom Python script was used to process photometry recordings. For calculating 791 
ΔF/F, a first degree least squares polynomial was used to fit the isosbestic channel (405nm 792 

excitation) to the signal channel (465nm excitation). ΔF/F was calculated as ∆𝐹

𝐹
= 100 ∗793 

𝑆𝑖𝑔𝑛𝑎𝑙−𝑓𝑖𝑡𝑡𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑓𝑖𝑡𝑡𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 794 

Auditory tones 795 

Auditory stimuli were created using the MATLAB package PsychToolBox-3 and presented 796 
using dual speakers (Pebble V2, Creative) placed approximately 20 cm from the mouse. For 797 
all experiments, sound intensity was measured to be 80dB using an SPL meter (CM-130, 798 
Galaxy Audio). Tone frequencies randomly varied throughout the session and tone duration 799 
was set at 0.5s. For optogenetic experiments, frequencies of 8khz, 9khz and 10khz were 800 
used with an interstimulus interval of 20 seconds. For fiber photometry experiments, 801 
frequencies of 7khz, 8khz and 9khz were used with a random interstimulus interval drawn 802 
from an exponential distribution with a mean of 15s with cutoffs of 10s and 20s. For 803 
optogenetic experiments, laser stimulation started 5 seconds before tone onset and lasted 804 
for 5 seconds after tone onset (10 seconds total laser duration). For fiber photometry 805 
recordings, analysis was restricted to trials where there was an increase in pupil size 806 
following auditory tones relative to the preceding baseline.  807 

Heartrate measurement 808 

Heartrate was measured using a pulse oximeter (Starr Life Sciences). Mice were briefly 809 
anesthetized with isoflurane (4% induction, 1-3% maintenance). Depilatory cream (Nair) 810 
was used to remove hair from the mouse’s neck. Experimental sessions were performed at 811 
least 1 day following anesthesia. Head-fixed mice were fitted with a collar sensor to collect 812 
oximetry signals from the carotid artery. During recording, heartrate samples were sent to an 813 
Arduino as an analog input using an Analog Data Output Module (Starr Life Sciences). To 814 
synchronize measurements and adjust for lag between heartrate measurements and pupil 815 
recordings, heartrate measurements were shifted backwards by 1.57s. To convert analog 816 
inputs to heartrate, inputs were mapped to 0V to 5V and multiplied by a scalar (200). The 817 
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Analog Data Output Module also sent inputs to the Arduino regarding the error status of each 818 
heartrate sample. Samples with pulse related error codes were dropped.  819 

Pupil event classification 820 

Detection of pupil dilation events was adapted from a recent method 44 and done through 821 
the following steps: 1) Pupil trace was filtered using a 1st order low-pass Butterworth filter 822 
with a cutoff frequency of 1hz; 2) Regions in which pupil size was continually increasing for 823 
at least 750ms were identified. Only regions whose onset value was below the session’s 824 
median pupil size were used. Regions within 1s of each other were considered to be one 825 
region; 3) The onset of the dilation event was taken to be the onset of the region. The offset 826 
of each event was taken to be the first point between the end of the region and the start of 827 
the next region where pupil size was lower than the onset pupil size. If pupil size did not 828 
decrease below the onset size in that window, offset was taken to be the lowest value in that 829 
window; 4) Event duration was taken to be the time between onset and offset. Event 830 
amplitude was taken to be the maximum pupil size between onset and offset subtracted by 831 
the onset pupil size.  832 

Classification of locomotion and pupil state 833 

For a subset of analyses, pupil dilations were classified as non-movement or running dilation 834 
events. Since the max running speed varied between mice, the speed thresholds used to 835 
classify events were calculated for each session. Running dilation events included pupil 836 
dilations for which the mean running speed during the dilation (defined by time of onset to 837 
offset) was greater than 65th percentile of running speed recorded in the session. Quiet 838 
dilation events included pupil dilations for which the absolute value of mean running speed 839 
during the dilation was less than the 45th percentile of running speed. The absolute value of 840 
running speed was used here to ensure that events with little movement in either the forward 841 
or backwards direction were identified.  842 

In Fig. 4, trials were classified as non-locomotion trials or locomotion trials based on 843 
the mean running speed in a -0.5s to 2s window around each trial onset. Trials with a mean 844 
running speed less than 1AU were classified as non-locomotion trials, while trials with a 845 
mean running speed greater than 5AU were classified as locomotion trials. 846 

In Extended Data Figs. 3 and 9, pupil dilation events were split into quartiles. 847 
Importantly, quartiles were computed within individual sessions. For clarity, plots show 848 
traces aligned to only the first and fourth quartile. 849 

Other analyses 850 

Trial aligned z-scored traces were baseline corrected except in Figs. 1, 4A, 4D, 5I and 851 
Extended Data Fig. 2. In Extended Data Fig. 3, running speed, pupil size and facial movement 852 
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were aligned to the onsets of pupil dilation. For each mouse, the session-averaged onset 853 
aligned trace was calculated (window: -2s to 2s) and used for normalized cross correlation 854 
analysis. 855 

In Fig.6, we quantified the onset of neural activity in relation to the onset of pupil 856 
dilation in either the ACC or LC. To account for high levels of noise in single trials, onsets 857 
were calculated based on traces of session-averaged pupil sized aligned to the time of 858 
dilation onsets. Activity onset was defined as the first ΔF/F point in each session-averaged 859 
trace where activity increased continuously for at least 0.25s. The t50 was also quantified 860 
using the session-averaged trace. To calculate the t50, session-averaged traces were first 861 
baseline corrected by subtracting the minimum. The t50 was defined as the timepoint relative 862 
to pupil dilation onset where activity reached 50% of its maximum value.  863 
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