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Abstract  17 

Even in the absence of specific sensory input or a behavioral task, the brain produces structured 18 

patterns of activity. This organized activity is modulated by changes in arousal. Here, we use 19 

wide-field voltage imaging to establish how arousal relates to cortical network voltage and 20 

hemodynamic activity in spontaneously behaving head-fixed male and female mice expressing 21 

the voltage-sensitive fluorescent FRET sensor Butterfly 1.2. We find that global voltage and 22 

hemodynamic signals are both positively correlated with changes in arousal with a maximum 23 

correlation of 0.5 and 0.25 respectively at a time lag of 0 seconds. We next show that arousal 24 

influences distinct cortical regions for both voltage and hemodynamic signals. These include a 25 

broad positive correlation across most sensory-motor cortices extending posteriorly to the 26 

primary visual cortex observed in both signals. In contrast, activity in prefrontal cortex is 27 

positively correlated to changes in arousal for the voltage signal while it is a slight net negative 28 
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correlation observed in the hemodynamic signal. Additionally, we show that coherence between 29 

voltage and hemodynamic signals relative to arousal is strongest for slow frequencies below 30 

0.15 Hz and is near zero for frequencies greater than 1Hz. We finally show that coupling patterns 31 

are dependent on the behavioral state of the animal with correlations being driven by periods of 32 

increased orofacial movement. Our results indicate that while hemodynamic signals show strong 33 

relations to behavior and arousal, these relations are distinct from those observed by voltage 34 

activity.  35 

 36 

Significance Statement 37 

We leverage wide-field voltage imaging to examine the relation between cortical changes in 38 

membrane potential dynamics and hemodynamics. These two signals are then examined with 39 

respect to changes in arousal, as measured by pupil diameter, in awake head fixed mice. Our 40 

results show similarities as well as important differences in the correlation of arousal with 41 

neuronal population activity dynamics and the hemodynamic signal.  Further, the spatial activity 42 

correlation maps with arousal depended differentially on the behavioral state of the animal in a 43 

frequency dependent manner.  Our results indicate that the modulation of brain networks by 44 

arousal is dynamically regulated, and only partly overlap between functional networks 45 

determined from hemodynamic or voltage activity. 46 

 47 

48 
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Introduction 49 

The cerebral cortex shows constant activity even in the absence of overt behaviors. This 50 

spontaneous resting state activity has been used in humans, primates, and rodents to study the 51 

functional architecture of the brain (Biswal, Zerrin Yetkin, Haughton, & Hyde, 1995; Fox, Zhang, 52 

Snyder, & Raichle, 2008; Meyer-Baese, Watters, & Keilholz, 2022). Distinct synchronization 53 

existing between brain regions is interpreted to represent the connectivity of intrinsic functional 54 

neural networks. The study of these resting state functional connectivity networks is 55 

predominantly done using functional magnetic resonance imaging (fMRI). Despite its 56 

widespread use, fMRI is dependent on measured changes in the blood oxygen level-dependent 57 

(BOLD) signal which serves as a surrogate measurement of neural activity (Buxton, 2013). A 58 

fundamental assumption in most studies is that spontaneous hemodynamic signals are related 59 

to neural activity through a neurovascular coupling mechanism that is similar across various 60 

cortical areas and behavioral states (Gao et al., 2017). However, this contrasts with some studies 61 

in the field that observed variations in the BOLD response across brain regions and individuals 62 

(Gonzalez-Castillo et al., 2012; Handwerker, Ollinger, & D'Esposito, 2004).  63 

Behavioral states such as changes in movement and pupil diameter are proposed to be encoded 64 

in spontaneous resting state fluctuations (McGinley et al., 2015; Reimer et al., 2014).  Previous 65 

studies have validated pupil diameter changes as a measure for arousal both in human and 66 

animal models (Alnaes et al., 2014; DiNuzzo et al., 2019; P. R. Murphy, O'Connell, O'Sullivan, 67 

Robertson, & Balsters, 2014; Reimer et al., 2016). In rodents, a direct relationship is known to 68 

exist between increases in arousal and increases in pupil diameter at a short time lag (McGinley 69 

et al., 2015; Reimer et al., 2014; Shimaoka, Harris, & Carandini, 2018; Vinck, Batista-Brito, 70 

Knoblich, & Cardin, 2015). Animal movement, often measured by periods of locomotion, has 71 

also been observed to influence arousal levels. Such locomotion leads to long dilations in pupil 72 

diameter and periods of desynchronized cortical activity (McGinley M.; Shimaoka et al., 2018; 73 

Vinck et al., 2015). Quiescent periods that exist between bouts of exploratory behaviors are also 74 

known to represent transitions in cortical activity, with these state transitions tightly linked to 75 

changes in pupil diameter (Reimer et al., 2014). Recent findings suggest that there are 76 

observable differences in neurovascular coupling as a function of the animal's behavioral state 77 

(Winder, Echagarruga, Zhang, & Drew, 2017) making it critical to determine how behavioral state 78 

is represented spatially across multiple cortical areas for both neural activity and hemodynamics.   79 

 80 
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In this work, we examined the detailed relationship between neuronal population activity and 81 

hemodynamics with respect to changes in pupil diameter and spontaneous orofacial movements 82 

in waking mice. We used wide-field voltage imaging in voltage-sensitive fluorescent protein 83 

(VSFP) expressing mice using the Butterfly 1.2 sensor (W. Akemann et al., 2012).  Butterfly 1.2 84 

mice were crossed with EMX1 cre to yield strong expression across the dorsal cortex. Butterfly 85 

1.2 imaging reflects changes in subthreshold population-level activity in excitatory neurons 86 

biased towards the upper layers of dorsal cortex (Walther Akemann et al., 2012) while the 87 

hemodynamic signal reflects the change in total hemoglobin from the superficial blood vessels 88 

(Ma, Shaik, et al., 2016). We simultaneously monitored changes in pupil diameter and orofacial 89 

movements to enable us to parse their spatial and temporal contributions on cortical activity.  90 

Our results show similarities as well as important differences in the correlation of arousal with 91 

neuronal population voltage activity and the hemodynamic signal.  We find that global signal 92 

changes for voltage and hemodynamic activity are both positively correlated with changes in 93 

pupil diameter. We next show that arousal influences distinct cortical regions for both voltage 94 

and hemodynamic signals. These two signals are both positively correlated with pupil diameter 95 

across most sensory-motor cortices extending posteriorly to the primary visual cortex observed 96 

in both signals. In contrast, activity in prefrontal cortex is positively correlated to changes in pupil 97 

diameter for the voltage signal while it is a slight net negative correlation observed in the 98 

hemodynamic signal. Our results indicate that arousal-related brain networks are dynamically 99 

regulated, and only partly overlap between functional networks determined from hemodynamic 100 

or voltage activity.   101 

Materials and Methods 102 

In this study, we used a voltage-sensitive fluorescent protein to record both membrane voltage 103 

and hemodynamic activity bilaterally across a large extent of mouse dorsal cortex. Unlike 104 

traditional voltage-sensitive dye imaging, voltage-sensitive fluorescent proteins enable us to 105 

record from cell-type specific circuits (W. Akemann et al., 2012; Isabelle Ferezou, Bolea, & 106 

Petersen, 2006). The voltage-sensitive fluorescent protein used here is optimized to show the 107 

greatest changes in fluorescence in the sub-threshold voltage range (W. Akemann et al., 2012) 108 

which is important when studying the influence of pupil diameter on cortical activity because 109 

these changes may be primarily coupled across sub-threshold fluctuations as observed in 110 

intracellular recordings (McGinley M., 2015; McGinley et al., 2015). The hemodynamic signal 111 

JN
eurosci

 Acce
pted M

an
uscr

ipt



 5 

captured here is most sensitive to changes in total hemoglobin which is similar but not identical 112 

to BOLD, which is sensitive to changes to deoxyhemoglobin concentration (Ma, Shaik 113 

Mohammed, et al., 2016). 114 

Animal model 115 

Mice expressing the VSFP-Butterfly 1.2 voltage indicator in excitatory neurons in all layers of 116 

cortex were bred at Emory University. To do so, Camk2a-tTA;Ai78(TITL-VSFPB) double-cross 117 

Tg mice were obtained from Dr. Hongkui Zeng. These mice were further crossed with a 118 

homozygous Emx1-cre line expressing cre in excitatory neurons across all cortical layers (Jax 119 

005628). Triple positive mice robustly express VSFP Butterfly 1.2 fluorescence throughout the 120 

cell bodies and neuropil of excitatory neurons in the entire cerebral cortex (Figure 1A).  Note that 121 

VSFP mice can also be derived from first crossing the cre/tTa dependent VSFP-Butterfly reporter 122 

line (Madisen et al., 2015) (Ai78-Jax 023528) with a CamK2a-tTa line expressing tTa in 123 

excitatory neurons (Jax 007004), followed by a cross with the EMX1 cre-line. 124 

Voltage imaging 125 

For voltage imaging of excitatory neurons, mice (n=5, 3 male and 2 female) were prepared with 126 

a clear-skull window as previously described (Silasi, Xiao, Vanni, Chen, & Murphy, 2016). The 127 

cranial window consisted of a custom-cut glass coverslip cemented over the cleaned skull 128 

surface. A thin layer of cyanoacrylate glue was placed in between the bone and cement interface. 129 

Mice were administered 0.1mg/kg of buprenorphine SR as a long-lasting analgesic before 130 

starting the surgery and anesthetized with 1-2% isoflurane (3-4% for induction). All experimental 131 

procedures were approved by the Emory University Institutional Animal Care and Use 132 

Committee. 133 

VSFP signals were imaged from awake, head-fixed mice, using a macroscope (MiCAM Ultima, 134 

Brainvision Inc.) based on the tandem lens and epi-illumination system design (Ratzlaff & 135 

Grinvald, 1991). The imaging plane of the macroscope was focused through the intact skull 136 

slightly below (~100 m) the most superficial blood vessels. Excitation light was provided by a 137 

blue LED (LEX2-B, Brainvision Inc.), through a band-pass filter at 482nm (FF01-482/35, 138 

Semrock Inc.) and a dichroic mirror (FF506-Di03, Semrock Inc.). VSFP-Butterfly FRET is a 139 

unimolecular sensor that contains two different-colored chromophores which act as the FRET 140 

donor (mCitirine) and acceptor (mKate2). The emission of mCitirine and mKate2 was imaged 141 

through two CMOS cameras (MiCAM-Ultima). The first camera recorded the emitted green 142 
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fluorescence from mCitrine, which was reflected by a second dichroic mirror (FF580-Di03, 143 

Semrock, Inc.) and passed through an emission filter (FF01-542/27, Semrock Inc.). The second 144 

camera recorded the emitted red fluorescence from mKate2, passed through the second dichroic 145 

mirror and an emission filter (BLP01-594R-50, Semrock Inc.). The camera acquisition was 146 

controlled by the MiCAM Acquisition Software. Acquisition frame rates varied between 25-200Hz 147 

with a spatial resolution of 100x100 m per pixel for a 100x100 pixel array. The power of the 148 

LED light was 4.195 mW (intensity of 0.059 mW/mm2).  149 

An additional camera was set up to monitor and record changes in behavioral state and pupil 150 

diameter (acA1920-150um, Basler Camera, pixel size 4.8 mx4.8 m). This was done by 151 

acquiring a 10-25Hz video of the side of the mouse face during each imaging session. The 152 

camera was positioned to capture the left side of the mouse's face as well as the left eye and 153 

the area where the forelimbs often rest underneath the mouse's body.  154 

Animals were put on water restriction and habituated to the head fixation set-up gradually over 155 

the course of 4 days (Guo et al., 2014). All 5 mice were imaged during multiple imaging sessions 156 

for multiple trials (n = 65 trials in total, mean per mouse = 13, std = 4) where each imaging trial 157 

ranged from 20 to 160 seconds (mean = 115s, std = 41s).  158 

Cortical local field potential (LFP) recording in conjunction with VSFP imaging in lightly 159 

anesthetized mice 160 

LFP activity was recorded from barrel cortex in lightly anesthetized mice (n = 2 males). 161 

Animals underwent surgery for the cranial window and a head-bar implant at least a week prior 162 

to the recording. At the day of LFP recording, the animals were first put under 2% isoflurane 163 

anesthesia for drilling a craniotomy. The glass cover and dental cement above barrel cortex 164 

were carefully removed using a dental drill. After the skull was successfully exposed, a small 165 

craniotomy with the size of 1 x 2 mm was drilled by the edge of the imaging window. The 166 

exposed dura was then covered with a thin layer of Dura Gel (Cambridge Neurotech). For data 167 

collection, animals were transferred and head-fixed under the imaging setup. The isoflurane 168 

level was lowered to 1%, and the temperature of a heating pad below the mouse was 169 

maintained at 37°. A 32-Channel silicon probe with sharpened tip (Part H7b from Cambridge 170 

Neurotech) was slowly lowered into the craniotomy at a 45-degree angle to a depth of around 171 

900µm. Acute LFP data were recorded via an RHD USB interface board (Intan Technologies) 172 

at 20 kHz. For LFP analyses, the signals across all 32 channels were low-pass filtered with a 173 
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 7 

cut-off frequency of 50 Hz, while the voltage and hemodynamic signals were bandpass filtered 174 

between 0.5-50Hz. 175 

 176 

Whisker air puff stimulation in conjunction with VSFP imaging in awake mice 177 

Animals were head-fixed and presented with trains of air puff stimulation to either the right or left 178 

side of their face (n = 2 males). Animals underwent the same surgical and habituation 179 

procedures as outlined above. Imaging was performed with a 200Hz frame rate, and a single 180 

session consisted of a series of 100 trials (50 on each side) of whisker air-puff trains of various 181 

frequencies (duty cycle = 50%) that were delivered to the side of the animal's face. Each trial 182 

consisted of 5 s of baseline activity, 6 s of 1 Hz stimulation, 6 s of 2 Hz stimulation, and 3 s of 5 183 

Hz stimulation.   184 

 185 

VSFP image processing 186 

Raw images from both the donor and acceptor cameras were first aligned and registered to the 187 

first frame of the green channel for any given trial to perform within trial image registration. The 188 

red and green fluorescence signals from the two cameras were analyzed to extract the voltage 189 

and hemodynamic signals using the gain-equalization method as previously described (W. 190 

Akemann et al., 2012; Carandini et al., 2015; Shimaoka et al., 2018). The gains at the heartbeat 191 

frequency were equalized between the two cameras. The gain equalization factors were 192 

obtained once per recording for each pixel, using the first trial of the session. The ratio of the two 193 

cameras captures FRET signals linked to membrane voltage variations (Carandini et al., 2015) 194 

while the sum of the two signals captures large co-fluctuations linked to the hemodynamic 195 

response (Shimaoka et al., 2018). To exclude possible residual contamination of the 196 

hemodynamics in the ratiometric voltage signal, the sum (hemodynamic) signal was filtered 197 

below 5Hz and then scaled by the regression coefficient with the ratiometric signal, then 198 

regressed out from the ratiometric voltage signal (hemodynamic signal regression). 199 

Hemodynamic signals used for analysis were lowpass filtered below 5Hz to remove 200 

physiological noise from the signal (Carandini et al., 2015), except for the hemodynamic signal 201 

presented in Figures 2 and 4, which was not filtered for analysis.  202 

An increase in the raw hemodynamic signal reflects increases in total hemoglobin which shows 203 

up as a decrease in ΔR/R (Shimaoka et al., 2018). To relate these changes to increases in 204 
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 8 

neural activity all hemodynamic signals used for analysis have been sign inverted, to show 205 

increases in neural activity and increases in hemodynamic activity both through a positive 206 

change in ΔR/R. Photobleaching of Butterfly 1.2 in wide-field imaging conditions is negligible 207 

and therefore was not accounted for (W. Akemann et al., 2012).  208 

To perform analyses across trials and mice, the base image used to register within trial frames 209 

was aligned to a template cortical map derived from the Allen Brain Mouse Atlas v3 (brain-210 

map.org). A 2D top projection of the annotated Allen Brain Atlas volume was created in MATLAB 211 

(MathWorks) and a template image from each mouse was registered to the atlas using an affine 212 

transformation computed from two control points that were selected manually: the mid-point at 213 

the top of the front portion of dorsal cortex and the base of the cortex at the midline of the 214 

retrosplenial cortex. Once all frames were aligned, a mask of the 2D Allen Atlas was created in 215 

MATLAB and applied which set all pixels outside of cortex to zero.  216 

Pupil diameter 217 

To determine the pupil diameter, video frames showcasing the side of the mouse face were first 218 

cropped to include only the eye. Pupil diameter was often acquired through the whisker field with 219 

whisker motion in front of the pupil limiting the use of existing methods for determining pupil 220 

diameter (Reimer et al., 2014; Stringer et al., 2019). A fast pupil detection method using custom-221 

made MATLAB scripts was developed to determine diameter of the pupil frame-by-frame. First, 222 

the pixel intensity threshold was set through an interactive user interface to binarize the darkest 223 

regions representing the pupil; then the edges of the pupil (which may be composed of multiple 224 

objects if whiskers obstruct continuous object isolation) were determined and the distances 225 

between all of the edge points was used to calculate the maximum projection across the object(s) 226 

representing the pupil diameter. This method is both fast and robust to objects crossing the pupil 227 

and creating discontinuities in the elliptical shape of the pupil. Lastly, the pupil diameter trace 228 

was smoothed with a 10th order median filter. This removed artifacts such as a portion of the 229 

whiskers occluding the pupil across 1-2 frames during diameter detection. 230 

Orofacial movements 231 

Periods of movement and quiescence were estimated from video capturing the side of the mouse 232 

face including: snout, whiskers, and jaw. The onset and offset of movement periods were 233 

detected based on average changes in pixel intensity between frames. Orofacial movement 234 

signals of each pixel were differentiated and squared. Periods when the frame movement was 235 

JN
eurosci

 Acce
pted M

an
uscr

ipt



 9 

2SD above the motion estimate were classified as periods of orofacial movement. Across a 236 

single trial, movement periods were classified as points in time where the orofacial movement 237 

signal remained above threshold for at least 2 seconds. Rest periods where those periods in 238 

which the movement signal remained below threshold for at least 2 seconds. 239 

Frequency analysis 240 

The time varying power of different frequencies was calculated for all signals using wavelet 241 

spectrograms with the Morlet Wavelet. To assess coherence between different pairs of signals 242 

we used the built in MATLAB function wcoherence() again using the Morlet Wavelet. The 243 

obtained scalograms are susceptible to edge-effect artifacts. These arise from areas where the 244 

stretched wavelets extend beyond the edges of the observation interval. Only information within 245 

the unshaded region delineated by the white line presents an accurate time-frequency 246 

representation of the data. Therefore, all trial-averaged data was obtained by disregarding the 247 

data outside of these bounds. For cross-trial comparisons, the magnitude squared coherence 248 

values for each single trial was calculated and averaged across trials as a function of frequency. 249 

Plots show the mean magnitude squared coherence value, within an ROI or across the whole 250 

brain, with error bars representing the standard error.  251 

Cross-correlation 252 

Unless otherwise indicated all correlation values represent the maximum correlation value 253 

obtained from calculating the cross-correlation between two discrete-time sequences using the 254 

built in MATLAB function [r,lag] = xcorr(x,y). The cross-correlation measures the similarity 255 

between vector x, which is always either the voltage or hemodynamic signal, and shifted (lagged) 256 

versions of vector y which in most cases represents the pupil diameter. For figures showing the 257 

cross-correlation between voltage and hemodynamic activity we chose x = hemodynamic activity 258 

and y = voltage, so that final outputs represent how voltage is shifted in time with respect to 259 

hemodynamic activity.  260 

Global Signal 261 

For whole brain analysis, the global signal was used for both voltage and hemodynamic signals. 262 

Global signal represents a timeseries of signal intensity averaged across all pixels in cortex. For 263 

each animal and imaging session, global voltage and hemodynamic traces were obtained by 264 

averaging the z-scored signal from each pixel located within the cortex while masking pixels 265 

outside. Z-scored signals were used to ensure each pixel contributed equally to the calculation 266 
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 10 

of the global signal and that local transients of activity (either noise or physiological) did not bias 267 

the global signal calculation. 268 

ROIs  269 

For ROI specific analysis the signals represent the local averaged signal that represents the 270 

shared dynamics of the defined region. ROIs were manually selected once for each animal 271 

based on specific areas that show clear signals in the obtained average pupil - voltage activity 272 

cross-correlation coefficient map.    273 

Significance testing 274 

Statistical significance between correlation maps was calculated using Mann-Whitney U-tests 275 

which were further Bonferroni corrected to calculate adjusted p-values. Since statistical 276 

comparisons were calculated for the extent of the imaging area (10,000 pixels), to guarantee a 277 

global error probability at a given threshold (0.05, 0.01, etc.) the significance level for a single 278 

test (pixel) was obtained by dividing the global error probability by the number of independent 279 

tests. For example, if the p-value was initially significant at p<0.05, the p-value corrected for 280 

multiple comparisons would be p<0.05/10000 or p<0.000005.  281 

Shuffled controls  282 

Correlation maps were tested against chance correlations by randomly selecting the pupil data 283 

series along with the voltage and hemodynamic signals for a total of 100 times. Correlation 284 

coefficients were calculated on the shuffled data. The original data was then tested against the 285 

shuffled data using Mann-Whitney U-tests. 286 

The coherence was also tested against chance by similarly randomly selecting a pupil trace, an 287 

orofacial trace, a global voltage trace and a global hemodynamic trace. The magnitude squared 288 

coherence for 100 of these new signal pairs was calculated and compared against the original 289 

data.  290 

Code and data availability 291 

All code used for analysis will be made available on our GitHub upon publication. The imaging 292 

data presented here will be published on DANDI (https://dandiarchive.org/) in Neural Data 293 

Without Borders (NWB) format (https://www.nwb.org/). 294 

Limitations of the study  295 
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Our analysis treats the effects of changes in the vasculature as a time-varying signal that equally 296 

influences the donor and acceptor channels. This is a simplification because we know that the 297 

absorption spectrum of oxyhemoglobin (HbO) and deoxyhemoglobin (HbR) is different at the 298 

donor fluorescence wavelength (542nm) compared to the acceptor fluorescence wavelength 299 

(594nm)(Carandini et al., 2015; Ma, Shaik, et al., 2016). While the donor fluorescence 300 

wavelength is only slightly less absorbed by HbR the acceptor channel is ~3 times more strongly 301 

absorbed by HbR than by HbT. Given that the ratio of HbO and HbR is constantly changing 302 

during ongoing activity, the fractional absorbance of HbO and HbT would differentially affect the 303 

donor and acceptor signals. Our analysis method does provide two signals that are separated 304 

and follow temporal trajectories that one would expect to see in the characteristic voltage and 305 

hemodynamic signals, particularly as can be seen with the whisker air-puff response. We are 306 

also not the first to use this sensor to study both voltage and hemodynamics (Carandini et al., 307 

2015; Pisauro, Benucci, & Carandini, 2016; Shimaoka et al., 2018). Yet the degree of separation 308 

of the two signals as slower frequencies which are primarily used here for our resting state data 309 

remains unknown. More precise measurements of hemodynamic activity could be obtained by 310 

using a third camera to record changes at an isosbestic point where the absorption of HbO and 311 

HbR is equal (Ma, Shaik, et al., 2016).  In some trials, we observe fast transients in the 312 

hemodynamic signal that are globally distributed which is an additional source of noise that is 313 

present in both channels and subsequently ends up in the hemodynamic signal. Due to its fast 314 

nature and its widespread distribution,  it does not influence the interpretation of our results.  315 

Another limitation of our study is the low frame rate for our behavioral tracking (25Hz) which 316 

limits the types of orofacial movements we can record, along with the relatively short periods of 317 

orofacial movement that we can identify and analyze within our trials. With a mean trial duration 318 

of 115s, movement bouts were very short. We therefore were not able to look at the influence of 319 

arousal on different periods of motion, despite knowing that the strength of neurovascular 320 

coupling changes as a function of the duration of spontaneous movements (Winder et al., 2017). 321 

The short nature of our movement periods and the fact that we’re looking at slow frequencies 322 

additionally means that what the animal is doing ±4 seconds could contribute to what we were 323 

seeing during the movement and rest periods. Future work with longer imaging trials and higher 324 

frame rate cameras will allow us to further study the relationship between resting state voltage 325 

and hemodynamic activity. 326 

 327 
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 12 

Results  328 

Wide-field cortical imaging of voltage activity across dorsal cortex 329 

We used wide-field voltage cortical voltage imaging to record from excitatory neural populations 330 

primarily in layer 2/3 over the dorsal surface of the brain during spontaneous behavior in head-331 

fixed mice (see Methods). The VSFP Butterfly protein in transgenic animals was expressed 332 

throughout the cortex (Fig. 1A) as previously observed (Carandini et al., 2015; I. Ferezou et al., 333 

2007; Madisen et al., 2015; Ratzlaff & Grinvald, 1991). Wide-field optical signals are very 334 

sensitive to physiological variables such as blood flow, blood oxygenation, and intrinsic 335 

autofluorescence (Ma, Shaik, et al., 2016; Pisauro et al., 2016). A ratiometric equalization 336 

technique (Carandini et al., 2015) was used to compare the two combined fluorescent signals 337 

from both the acceptor and donor channel of VSFP Butterfly to estimate average local membrane 338 

voltages separately from the hemodynamic signals (Fig. 1C - D). Video of the face was recorded 339 

to track changes in orofacial movements and pupil diameter (Fig. 1E ). Our algorithm picks up 340 

changes in orofacial movements when there is a noticeable differences between individual 341 

frames induced by movements of jaw, tongue or nose (Fig. 1F). The pink boxes highlight which 342 

regions in the frame change which show up as a change in orofacial movement using our 343 

method.  344 

To validate the calculated voltage and hemodynamic signals we tracked the response to a 345 

whisker air puff train delivered to the left side of the face (Fig. 2A, n= 2 awake mice). The air puff 346 

stimulus consisted of a 6 s long 1 Hz train, with a duty cycle of 50% (Fig. 2B – C). Single trial 347 

activity traces represent the average activity from an ROI in right barrel cortex while the trial 348 

average is the average activity across both mice in right barrel cortex (n = 100 trials). Following 349 

the onset of the first air-puff stimulation both green and red fluorescence channels experience a 350 

slow decrease superimposed on large pulsations associated with heart beats (Fig. 2D), when 351 

averaging across multiple stimulus presentations the large pulsations which are not phase 352 

locked to the stimulus presentation are averaged out (Fig. 2E) leaving a clear stimulus-triggered 353 

hemodynamic response (common signal in green and red fluorescence). These slow responses 354 

to the stimuli do not reflect neural activity as responses to whisker air puff stimulation in awake 355 

mice have an onset latency of only a few ms (Petersen, 2019). Using the ratiometric method we 356 

were able to resolve a similarly fast clear bi-phasic voltage response that is triggered by the 357 

onset of the air puff stimulation (Fig. 2H) The hemodynamic signal obtained from the ratiometric 358 
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method contained the characteristics that would be expected from changes in blood volume and 359 

oxygenation that occur in response to the onset of the stimulus. For a single trial a strong 360 

oscillatory component overlaid on top of a slow hemodynamic response was present (Fig 2I). 361 

When averaging across trials a slow response peaking at ~1.2 seconds after stimulus onset 362 

remained (Fig. 2J). This is consistent with an increase in total hemoglobin that resulted in a 363 

decrease in reflectance caused by arterial and capillary dilations (Winder et al., 2017). Note that 364 

we are showing a hemodynamic signal that has been sign-inverted to show both increases in 365 

voltage activity and increases in hemodynamic activity with positive signals (dark blue traces, 366 

Fig. 2I and J). Additionally, we compared the voltage and hemodynamic signals obtained using 367 

both the ratiometric and projection method (Fig. 2-1 B and C). As expected both methods 368 

produce comparable voltage and hemodynamic traces for both the single trial air puff case (Fig. 369 

2-1 D, F, H, J, L and N) as well as for the trial averaged case (Fig. 2-1, E, G, I, K, M and 370 

O)(Carandini et al., 2015).  371 

When comparing these two global signals directly in the anesthetized relative to the awake 372 

condition, we observe an increase in the maximum correlation (0.17, anesthetized versus 0.12, 373 

awake) and increased latency for the anesthetized state relative to the awake condition (1.69s 374 

versus 0.65s), as would be expected (Fig. 2F and 2N).   375 

Furthermore, we looked to determine the relationship between the voltage and hemodynamic 376 

imaging signals as they relate to electrophysiological voltage activity across cortical layers. To 377 

this end we recorded laminar LFP signals simultaneously with voltage imaging (Fig. 2k). A linear 378 

array of recording sites of a 32-channel silicon electrode was placed to span multiple layers in 379 

the barrel cortex in lightly anesthetized mice (Fig. 1L). LFP waveforms showed a clear similarity 380 

with voltage imaging traces determined with the ratiometric method from our raw signal from 381 

adjacent areas of cortex, while the hemodynamic signal contained the same underlying slow 382 

frequency oscillations but was dominated by larger heartbeat pulsations (Fig. 2L). We found 383 

barrel cortex LFP was also strongly coupled to voltage imaging traces in contralateral barrel 384 

cortex as well as ipsilateral and contralateral motor cortex with a maximum correlation of 0.5 385 

(Fig. 2M), revealing a sensorimotor network of co-activity under light isoflurane anesthesia. 386 

Hemodynamic activity on the other hand was much less correlated, with a maximum of 0.1 (Fig. 387 

2O). These findings indicate a clear relationship between LFP activity and layer 2/3 voltage 388 

imaging, though voltage imaging is showing signal averages across 0.1 x 0.1 mm areas of 389 

cortex, and contributions from deeper layers likely differ between the two methods.  390 
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Pupil diameter is tightly coupled to global cortical signal changes in voltage and to a 391 

lesser extent to hemodynamics 392 

First, we were interested to determine whether cortical signal changes might globally fluctuate 393 

with arousal as measured by pupil diameter. When plotting the global voltage signal and pupil 394 

diameter activity together, a strong similarity in the resulting waveform is readily apparent (Fig. 395 

3A), with a possible delay between voltage and pupil signal. To quantify and examine the 396 

variability of time lag between the pupil diameter and the global voltage, a cross-correlation 397 

between the global signal and the pupil diameter was calculated (see Methods). A lag was not 398 

observed when data from all mice were averaged. What remained consistent, however, was the 399 

strong correlation between the two signals with a peak correlation of ~0.5 (Fig 3C). These results 400 

indicate a strong relation between average cortical activation and arousal as measured by pupil 401 

diameter. Previous work imaging noradrenergic and cholinergic axons in layer 1 of visual cortex 402 

showed a delay of 0.5-1 s between activation of these arousal-related neuromodulatory systems 403 

and pupil diameter in rats (Reimer et al., 2016), suggesting that global cortical depolarization 404 

increases we observed have a similar lag to neuromodulation, given that our lag with relation to 405 

pupil diameter was close to zero.   406 

Global changes in hemodynamic activity were far less correlated to changes in pupil diameter 407 

than global voltage was (Fig. 3B). The peak correlation between hemodynamics and pupil 408 

diameter was determined by fixing each trace of global hemodynamics and shifting the pupil 409 

trace. When shifted traces yielding maximal peak correlations were averaged, a similar 410 

temporal relationship between hemodynamics and pupil diameter was observed with a 411 

maximum correlation of ~0.25 (Fig. 3D), suggesting that global hemodynamic changes were 412 

also correlated to changes in pupil diameter but to a lesser degree. This result matches what 413 

was previously found for the “global” hemodynamic signal in primary visual cortex in awake 414 

mice using intrinsic optical imaging where an average net zero time lag with a maximum 415 

correlation of 0.36 was observed (Pisauro et al., 2016). In contrast more recent work looking at 416 

hemodynamic activity and pupil diameter in somatosensory cortex for awake mice found a 417 

peak correlation of -0.37 ± 0.25 with a delay of 1.3 seconds (Turner, Gheres, & Drew, 2023) 418 

which implies that there is an inverse relationship between these two signals during resting 419 

state. These authors further showed that the orientation and degree of correlation was state 420 

dependent.  Overall results suggest that the correlation between the two signals is spatially 421 

variant and perhaps dependent on behavioral state.  422 
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Cortical activity and pupil diameter are differentially coupled across functional cortical 423 

areas 424 

Our data analysis so far supports a link between changes in arousal as measured by pupil 425 

diameter and changes in global cortical voltage and to a lesser extent the hemodynamic signal. 426 

To probe for a differential contribution of different cortical areas on the observed correlations, 427 

we calculated correlation maps between pupil diameter and changes in cortical voltage and 428 

hemodynamics signal at each pixel. Spanning dorsal cortex, we identified 4 specific ROIs (Fig 429 

1B) that displayed a distinct relationship between voltage and arousal bilaterally. We found that 430 

the maximum correlation coefficients between voltage and pupil diameter were highest around 431 

medial somatosensory and secondary somatosensory and auditory cortex (Fig. 3E, max 432 

correlation 0.6). Voltage activity of medial aspects of frontal cortex corresponding to parts of 433 

secondary motor and anterior cingulate cortex was also strongly coupled with pupil diameter 434 

(Fig. 3E ROIs 1,3 and 4).  In contrast, there was on average zero correlation between pupil 435 

diameter and voltage signal in more lateral areas of motor cortex (Fig. 3E, ROI 2). Overall, 436 

however, positive correlations predominated, explaining the positive correlation of global voltage 437 

signal with pupil diameter. To assess the statistical significance of observed correlations with 438 

voltage, we compared average correlation maps across all trials (n = 65) to a shuffled control (n 439 

=100), where voltage traces and pupil diameter traces were taken from different trials.  This 440 

analysis revealed a significant correlation between voltage activity and pupil diameter for ROIs 441 

1,3 and 4 (Fig. 3F). A net zero correlation was observed in ROI 2.  442 

We observed a much weaker relationship between pupil diameter and global hemodynamics. 443 

However, it is possible that the correlation between pupil diameter and hemodynamics could be 444 

more spatially heterogenous. Like voltage, hemodynamics also showed a significant positive 445 

correlation with pupil diameter in barrel cortex and more medial somatosensory areas (Fig. 3H). 446 

The maximal correlation coefficient was lower with 0.2 as opposed to 0.6 for voltage, however. 447 

Hemodynamic activity in contrast showed larger and stronger negative maximal correlation 448 

peaks than voltage with pupil diameter in frontal medial cortex (Fig. 3H, blue areas). We 449 

assessed the statistical significance of observed correlations with hemodynamics, using a 450 

shuffled control (n =100), where hemodynamic traces and pupil diameter traces were taken from 451 

different trials.  This analysis revealed a significant correlation between hemodynamic activity 452 

and pupil diameter for all 4 ROIs, with ROI 1 and 3 being positively different and ROI 2 and 4 453 

negatively different (Fig. 3I).  We plotted the cross-correlation function for each ROI to determine 454 
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the detailed time relationship between pupil diameter changes compared to voltage or 455 

hemodynamic activity changes (Fig. 3G,J).  We found that all positive correlations had their peak 456 

with a delay near zero, indicating no average time shift between voltage, hemodynamics, and 457 

pupil diameter changes.  In contrast, negative correlations between hemodynamics and pupil 458 

diameter had a peak correlation at a delay of about 1s, indicating that increases in pupil diameter 459 

preceded decreases in hemodynamic activity in these ROIs.  460 

Another widely used metric for tracking changes in arousal state, and for breaking up awake 461 

resting imaging data into different behavioral states, is to use the self-generated movements as 462 

a proxy for arousal (Drew, Winder, & Zhang, 2019; Winder et al., 2017). We wanted to see how 463 

the correlations would change if we used spontaneous orofacial movements rather than pupil 464 

diameter as our metric of arousal. As expected, these two signals were correlated with each 465 

other, with changes in orofacial movements preceding changes in pupil diameter by 1.16 466 

seconds (Fig. 3-1A). Spontaneous behavioral changes are known to drive neural activity through 467 

various mechanisms, resulting in temporally varying activations of multiple brain regions (Drew 468 

et al., 2019). In agreement with such variable neural activation, we observed a lower spatial 469 

correlation with voltage activity than we found with pupil diameter (Fig. 3-1B, max of 0.4).  But 470 

we still found significant differences related to the shuffled control across all cortical areas (Fig. 471 

3-1C). In contrast the hemodynamic maximal spatial correlation was not noticeably different than 472 

what we observed with pupil diameter (Fig. 3-1E) (Musall, Kaufman, Juavinett, Gluf, & 473 

Churchland, 2019; Stringer et al., 2019). However, we did observe a decrease in the number of 474 

pixels in prefrontal cortex that were negatively correlated (Fig. 3-1F).  475 

Overall, voltage correlation with pupil diameter showed widespread significant positive 476 

correlations including medial prefrontal areas, whereas hemodynamics showed a negative 477 

correlation in the same frontal network while maintaining positive correlations in more posterior 478 

areas. We also observed similar patterns when using orofacial movements rather than pupil 479 

diameter as a proxy for arousal. It is important to note, however, that changes in pupil diameter 480 

also occur in the absence of orofacial movements.  481 

Low frequency dependence for pupil diameter, cortical activity, and neurovascular 482 

coupling  483 

Next, we sought to determine whether the observed correlations depend on coupling at specific signal 484 

frequencies. Visual inspection of both voltage and hemodynamic signals from an ROI in relation to 485 
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changes in pupil diameter suggests that the observed coupling was driven by slow frequency 486 

components present in each of the signals (Fig 1D).  Looking at the average amplitude power spectrum 487 

for the global voltage and hemodynamic signals up to 14Hz we see that most of the power is 488 

concentrated at the lower frequencies (Fig. 4 A). With the exception of the hemodynamic signal which 489 

has a clear peak centered at 12 Hz which coincides with the heartbeat frequency of awake mice (Fig. 490 

4B) and reflects the hemodynamic change related to heartbeat. 491 

We further analyzed frequency dependence of voltage and hemodynamic activity related to arousal 492 

using wavelet coherence analysis. When looking at voltage and pupil, these two signals were most 493 

coherent in the low frequency bands below 0.25Hz for ROIs 1,3 and 4 (Fig. 4D), except for ROI 2 that 494 

showed a zero-overall coherence between voltage and pupil (Fig. 4C). The three ROIs where voltage 495 

positively correlated with pupil diameter showed very similar coherence with a peak magnitude squared 496 

coherence of ~0.8 just below 0.1 Hz. Hemodynamics showed a similar frequency relationship to pupil 497 

diameter as voltage, though the peak below 0.1 Hz was smaller with a peak ~0.6, while the coherence 498 

between 0.2 and 0.6 Hz was of similar amplitude of 0.4. Higher frequencies not plotted showed no 499 

significant coherence when compared to the shuffled control (Fig 4C and D).  Coherograms between 500 

voltage and hemodynamics (Fig. 4E), showed a peak at low frequencies centered around 0.2 Hz.  In 501 

addition, voltage and hemodynamics showed a plateau of strong coherence between ~1.5 to ~6 Hz 502 

(Fig. 4E).  A shuffle control (Fig. 4 E, grey lines) showed no such coherence and indicated that the 503 

coherence between voltage and hemodynamics was highly significant up to 9 Hz. This finding indicates 504 

that voltage and hemodynamics share higher frequency dynamics that are not related to pupil diameter 505 

changes.  506 

Patterns of cortical coupling to pupil diameter are dependent on behavioral state 507 

Previous studies have described large effects of behavioral state on membrane voltage, 508 

hemodynamics, and neurovascular coupling across multiple brain regions (I. Ferezou et al., 509 

2007; Poulet & Petersen, 2008; Shimaoka et al., 2018; Winder et al., 2017). Brain activity varies 510 

with arousal, attention, and behavior (Winder et al., 2017). The quiescent periods between bouts 511 

of exploratory behaviors in the absence of an overt task, termed “resting periods,” are known to 512 

also exhibit stereotyped patterns of brain activity. In primary sensory areas these fluctuations in 513 

brain activity are tracked by small fluctuations in pupil diameter (Reimer et al., 2014). To 514 

characterize the effects of behavior on the coupling between cortical voltage and hemodynamic 515 

activity and pupil diameter, we separated cortical activity between periods of movement and rest. 516 

Movement periods were determined from a video of the face as periods of spontaneous orofacial 517 

movements. These orofacial movements consisted of changes in whisker, jaw, or snout position 518 
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(Fig. 1F) and occurred in distinct bouts (Fig. 5A). Pronounced pupil diameter changes were 519 

frequently associated with periods of movement, whereas such changes were more modest, but 520 

still present, in the absence of movement (Fig. 3-1A, Fig. 5A).  521 

The data was further split into two frequency bands, a low passed (LP) infraslow signal <0.15Hz 522 

and a band passed (BP) 0.15 – 1 Hz (Fig 4D) slow activity signal. These two frequency bands 523 

displayed distinct coherence with pupil diameter (Fig. 4C, D) and are also within the range of 524 

frequencies that can be resolved with fMRI.   525 

Our analysis revealed substantial differences between cortical voltage and hemodynamic activity 526 

coupling to pupil diameter dependent on the presence of spontaneous movements. When 527 

animals were resting, correlations between pupil and voltage or hemodynamic activity were 528 

near-absent in most cortical areas for activity below 0.15Hz. The strongest correlations that were 529 

observed during rest for this low frequency range were at 0.2 (Fig. 5B and 5D, left panels) and 530 

localized to primary somatosensory areas close to the midline and posterior parietal cortex.  531 

In the presence of orofacial movement, large areas of cortex showed correlations between 532 

voltage and pupil diameter below 0.15 Hz, while the correlations between hemodynamics and 533 

pupil diameter were much more restricted to medial somatosensory areas (Fig. 5B, right panels).  534 

The highest correlations were confined to the upper and lower limb somatosensory areas. 535 

Statistical comparison between rest and movement periods compared to a shuffled control 536 

revealed a significant influence of medial sensory areas during both behavioral states for 537 

voltage, with movement periods driving also significant correlations in prefrontal and more 538 

anterior spanning sensory, visual, and auditory cortices (Fig 5C, top panels). In comparison 539 

hemodynamic signal correlations were most significant during movement, with strong positive 540 

changes observed in medial sensory cortex and significant negative changes in prefrontal cortex 541 

(Fig 5C, bottom panels).  542 

Cortical activity signals at frequencies between 0.15 and 1 Hz showed a substantially different 543 

relationship with orofacial movements than the infraslow signal.  Here, a pronounced widespread 544 

correlation was found between hemodynamics and pupil diameter at rest (Fig. 5D, bottom left), 545 

which was largely absent during movement (Fig. 5D, bottom right).  A relation between voltage 546 

and pupil diameter was also present in this frequency band, but this was spatially limited to barrel 547 

cortex (Fig. 5D and 5E, top left). This relationship may be due to whisker movement during rest 548 

which we were not able to detect with our code due to the few numbers of pixels that contain 549 
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whiskers. Changes in these pixels did not induce large enough changes in frame-by-frame 550 

variance to be detected as a movement bout. Interestingly, during orofacial movement periods, 551 

this relationship disappeared in barrel cortex, but instead a different area more medially now 552 

correlated strongly with pupil diameter (Fig. 5D and 5E, top right).  These findings indicate the 553 

presence of two distinct functional relations between pupil diameter and cortical voltage activity 554 

between periods of absence or presence of orofacial movements.  In marked contrast, 555 

hemodynamic activity was more exclusively and globally related to pupil diameter at rest, and 556 

only weekly during movement.  557 

Overall, these data reveal a clear dissociation between how the hemodynamic signal relates to 558 

pupil diameter in comparison to brain voltage activity.  Further, the relationship for both signals 559 

is distinctly different for infraslow frequencies than frequencies between 0.15 and 1 Hz.  560 

Discussion  561 

In this work we characterized the temporal and spatial components of cortical coupling to arousal 562 

as measured through changes in pupil diameter by looking at both changes in voltage activity 563 

and hemodynamics across dorsal cortex.  564 

Cortical networks linking spontaneous fluctuations to changes in arousal  565 

Spontaneous fluctuations in the global brain state have been described to encode changes in 566 

cognitive variables such as changes in arousal state (Jacobs, Steinmetz, Peters, Carandini, & 567 

Harris, 2020; Pisauro et al., 2016) and are known to contribute to the apparent noisiness of 568 

sensory responses at both the neural and behavioral levels (McGinley et al., 2015). While the 569 

global signal is often considered a nuisance variable in fMRI imaging, we found that the global 570 

signal for voltage activity, and to a lesser extent hemodynamics, was coupled throughout cortex 571 

to changes in arousal as measured by pupil diameter (Fig. 3) (Fox et al., 2008; Macey, Macey, 572 

Kumar, & Harper, 2003). Furthermore, our results show that arousal influences distinct cortical 573 

regions for both voltage and hemodynamic activity. For both signals there is a broad positive 574 

correlation across most sensory-motor cortices, extending posterior all the way to primary visual 575 

cortex. The strongest positive correlations stem from the medial sensory-motor areas 576 

corresponding to the upper and lower limbs, posterior partial cortex, along with more lateral 577 

regions in secondary sensory/auditory cortices. In contrast in frontal motor/cognitive cortical 578 

areas, we observe differences between the voltage and the hemodynamic signals. For the 579 

voltage activity we see a strong positive correlation along the midline in secondary motor cortex 580 
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which corresponds broadly to eye/eyelid movements as well as the primary motor 581 

representations for the rostral and caudal forelimb. In contrast the hemodynamic activity shows 582 

a small net negative correlation to pupil diameter across most of secondary motor cortex 583 

including the midline. Thus, removal of global signal during pre-processing should be carefully 584 

considered because its influence is spatially variant and serves as a covariate for changes in 585 

arousal or attention (K. Murphy, Birn, Handwerker, Jones, & Bandettini, 2009; Xu et al., 2018). 586 

The largest network difference between the voltage and hemodynamic signals, when related to 587 

changes in arousal, is observed in the pre-frontal cortex. Voltage activity in pre-frontal cortex is 588 

positively correlated with arousal while there is a net negative correlation observed in these 589 

same areas for hemodynamic activity. In human BOLD-fMRI research pupil-related activations 590 

are known to influence cortical areas that regulate selective attention, salience, and decision-591 

making (DiNuzzo et al., 2019). To what degree resting-state networks assessed with fMRI reflect 592 

electrical neuronal population activity, and whether electrical activity shows the same 593 

relationship to behavioral and cognitive variables as hemodynamics is not well understood. Our 594 

results highlight the possibility that arousal has differential influences on pre-frontal cortex during 595 

resting state for hemodynamics and voltage activity which can have subsequent implications for 596 

how resting state networks are identified and interpreted. 597 

Temporal profiles of resting state signals 598 

The spectral decomposition of our observed arousal signals fluctuates across both fast and slow 599 

timescales. We found that arousal changes as reflected by fluctuations in pupil diameter were 600 

differentially coupled to voltage and hemodynamic activity across distinct frequencies (Fig. 4). 601 

The spectral decomposition revealed the strong coupling between pupil with voltage and 602 

hemodynamic activity up to 0.2 Hz. This is particularly relevant for BOLD-fMRI which typically 603 

cannot capture frequencies > 0.5 -1 Hz due to limitations of the imaging system and inherent 604 

low-pass filter properties of the vasculature (Kim, Richter, & Uǧurbil, 1997).The slow fluctuations 605 

on the order of seconds that were observed in both voltage and hemodynamic activity therefore 606 

track the slow fluctuations in arousal (Reimer et al., 2014).  Distinct time courses for each 607 

frequency band could represent state fluctuations between periods of low and high arousal. Low 608 

arousal represented by pupil constriction was characterized by an increased low-frequency 609 

oscillations and higher ensemble correlations (Chan, Mohajerani, LeDue, Wang, & Murphy, 610 

2015; Reimer et al., 2014). Pupil dilation, representing an increase in arousal and a subsequent 611 
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increase in locomotion results in a suppression of a low frequency (<4Hz) band (McGinley et al., 612 

2015).  613 

Patterns of cortical coupling to pupil diameter are dependent on behavioral state  614 

Expanding on initial attempts to link arousal related to voltage activity across cortex for periods 615 

of locomotion, we demonstrate that pupil dynamics were coupled to neural activity also in the 616 

absence of locomotion (Fig 6) (Shimaoka et al., 2018; Vinck et al., 2015). While there is no 617 

locomotion in our experiments, these head-fixed mice do undergo periods of complete 618 

stillness/rest and periods of prolonged uninstructed orofacial movements.  Such orofacial 619 

movements have been shown with wide-field calcium imaging to be associated with strong 620 

neural activity changes over complex cortical networks (Musall et al., 2019).  We find that like 621 

locomotion, orofacial movement is associated with periods of heightened arousal indicated by 622 

increased pupil diameter (Fig. 3-1A, 5A). Changes in arousal as measured by locomotion are 623 

known to lead to increased neural activity in motor areas, retrosplenial cortex, and sensory 624 

cortices (Clancy, Orsolic, & Mrsic-Flogel, 2019). We found that in a similar manner periods of 625 

uninstructed orofacial movements resulted in increases in correlation between voltage and pupil 626 

in medial sensory-motor areas and decreased correlations in lateral motor and sensory areas.  627 

Additionally, we find that activity from movement periods drives the correlations we see during 628 

the trial average response, when not accounting for differences in the behavioral state of the 629 

animal (Fig. 3). Movement periods result in the strongest correlations seen in the upper and 630 

lower limb somatosensory areas. This activation pattern corresponds to increases in limb 631 

movements that accompany periods of fidgeting (Winder et al., 2017). Looking at correlations in 632 

distinct frequency bands results in different spatial representations. Note that the differences 633 

between resting state activity for low pass and band-pass filtered activity is likely explained by 634 

the fact that whisker deflections in the absence of other overt movements are not detected by 635 

our method.    636 

The largest difference we observe across states when comparing the voltage and hemodynamic 637 

correlation maps with pupil diameter was in prefrontal cortex. Previous work has revealed some 638 

intricacies between neurovascular coupling and the behavioral state of the animal as a function 639 

of explicit sensory cortical areas (Cardoso, Lima, Sirotin, & Das, 2019; Huo, Smith, & Drew, 640 

2014; Winder et al., 2017).  One study showed that in prefrontal cortex during voluntary 641 

locomotion there was a decrease in cerebral blood volume (CBV) despite recording increases 642 
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in multiunit activity. Our voltage imaging results complement this by finding a similar dissociation 643 

between our hemodynamic signal and our voltage activity map in prefrontal cortex during periods 644 

of increased orofacial movements (Fig. 5). In addition, we determined that this effect was due to 645 

changes in infraslow frequency correlations between pupil diameter and hemodynamics. This 646 

indicates that neurovascular coupling is heterogenous across cortex and brings to attention the 647 

fact that changes in CBV in prefrontal cortex is modulated by behavioral state.  648 

While we saw a decrease in our hemodynamic signal in prefrontal cortex, we did not measure 649 

changes in oxygen concentration in these regions in response to an increase in orofacial 650 

movement which has been shown during voluntary movement periods to be modulated 651 

homogenously across cortex through an increase in respiratory rate (Zhang et al., 2019).  652 

Changes in arousal as measured by pupil diameter are also known to be an indicator of locus 653 

coeruleus activity which controls the release of norepinephrine (NE) through its expansive 654 

projections across the brain (Bekar, Wei, & Nedergaard, 2012; Reimer et al., 2016). Enhanced 655 

cortical NE is associated with a decrease in vessel diameter.  Such vasocontraction could also 656 

drive the slight net negative correlation we observe between the two (Bekar et al., 2012; Turner, 657 

Gheres, & Drew, 2022).  658 

In the context of rodent fMRI, most areas within the brain correlate negatively with changes in 659 

pupil diameter size at relatively short time lags, as do changes in calcium activity between 2-3 660 

Hz (Pais-Roldán et al., 2020). However single trial analysis revealed that a fair bit of variability 661 

exists between this pupil-fMRI linkage highlighting the complex dynamic nature of arousal state 662 

on fMRI during resting state (Sobczak, Pais-Roldán, Takahashi, & Yu, 2021). In fMRI decreases 663 

in the BOLD signal are often interpreted as a decrease in neural activity in these areas with no 664 

consideration of behavioral state (Buckner, Andrews-Hanna, & Schacter, 2008; Fox et al., 2008). 665 

A mechanistic understanding of how fMRI recording of resting-state activity is influenced by 666 

arousal is critical both for the interpretation of future resting-state data and for understanding 667 

how cortical states influence behavior and functional network configurations (Drew et al., 2019). 668 

This will help us further understand to what degree resting-state spontaneous hemodynamic 669 

signal changes reflect local neural activity and non-neuronal responses (Winder et al., 2017). 670 

Future work should also carefully delineate the influence of cholinergic and adrenergic signals 671 

that control arousal on hemodynamic signaling. Studies to date suggest a significant spatial and 672 

temporal heterogeneity in this regard (DiNuzzo et al., 2019; Lohani et al., 2021; Schneider et al., 673 

2016; Winder et al., 2017). 674 
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 828 

Figure 1 Expression of VSFP protein along with imaging set-up and raw data A. A coronal section 829 

of one hemisphere at bregma -1.5 mm depicting combined red and green fluorescence channels 830 

reveals cortical VSFP Butterfly 1.2 expression across dorsal cortex. Barrel cortex (white box in left 831 

panel) is expanded in resolution to show the membrane associated expression of Butterfly 1.2. Note 832 

that voltage imaging is not dependent on even expression of VSFP 1.2 across areas since local 833 

ratiometric signals are evaluated. B. Cortical map derived from the Allen Brain Mouse Atlas v3. Four 834 

ROIs that contained regional differences, used in subsequent analysis. C. Imaging set-up to record 835 

voltage activity across wide extents of dorsal cortex, using an epi-illumination macroscope containing a 836 

482nm excitation LED and two cameras to capture fluorescent light for both green and red 837 

wavelengths, which corresponds to the donor and acceptor fluorophores of the FRET based VSFP-838 

Butterfly 1.2 sensor. D. Example traces from one trial showing the average voltage and hemodynamic 839 

activity for 4 ROIs depicted in B. E. The top image shows the cropped region of interest for calculating 840 

the pupil diameter during cortical imaging. The red line represents the maximum width across the pupil 841 

used as the measure of pupil diameter. The bottom image shows an example frame from video 842 

acquisition of the mouse face during cortical imaging. The region of interest used for analysis of 843 

spontaneous facial movements is depicted by the surrounding purple box. Visible areas of the mouse 844 

face contributing to movement signal include the nose, snout, jaw, and whiskers. F.  Example traces of 845 

the pupil diameter and orofacial movement from the same trial depicted in D. Frames at the bottom 846 

show different types of orofacial movement that the analysis is sensitive to. Pink boxes highlight 847 

changes which includes in this example movement of the tongue/jaw, twitches of the nose and a 848 

combination of both. For all panels that contain the hemodynamic signal, it has been inverted and 849 

lowpass filtered at 1 Hz. 850 

 851 

Figure 2 Validation of voltage and hemodynamic signals A. Schematic of mouse representing air 852 

puff stimulus delivered to the left side of the face (n=2 mice). B. C.  Show the time course of the 1Hz air-853 

puff train that was used, duty cycle 50%. D. Single trial trace of normalized changes in fluorescence for 854 

the raw donor and acceptor channel taken from an ROI over right barrel cortex. Dotted lines represent 855 

the onset of the air puff. E.  Same as in F but for a trial average response (n=100 trials, from 2 mice). F. 856 

Cross correlation between global hemodynamic and voltage signal. Max correlation of ~ 0.13 at a lag of 857 

0.53s. Shaded lines represent standard error. G. and H. The single trial and trial averaged voltage trace 858 

obtained from the ratiometric method. Arrow represents the onset of the voltage response. I. and J. The 859 

single trial and trial average hemodynamic response obtained from the ratiometric version. The arrow 860 

represents the peak in changes in HbT in response to the air puff stimulation. K. Schematic showing the 861 

set-up for simultaneous LFP and wide-field imaging. L. The top trace (black) shows the average voltage 862 
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signal from a 2-by-2-pixel ROI next to the LFP electrode as shown to the right on the cortical map (black 863 

square). The second row represents the hemodynamic trace for the same ROI. The 4 signal traces below 864 

correspond to the positioning of 4 channels on the laminar probe, which was inserted at an angle of 45 865 

degrees into the left barrel cortex at various depths. M. The average correlation map shows the 866 

correlation between voltage activity and activity from channel 8 of the LFP signal (n = 9 trials at depth 867 

~1500um). More widely, barrel cortex and an area more anterior in the motor cortex are highly correlated 868 

with the LFP trace. N. Same as in panel F but for the anesthetized condition. Max correlation is 0.2 at a 869 

lag of 1.55s. O. Same as in M but for the correlation between hemodynamic activity and LFP. Similar 870 

spatial representation as in G, but with a much lower correlation. For all panels that contain the 871 

hemodynamic signal, it has been inverted, except for panels I and J. For the cross-correlation in panels 872 

F and N the global hemodynamic signal was lowpass filtered <0.1Hz. Panels A and K were created using 873 

Biorender.com. For a comparison of our ratiometric method to another commonly used projection method 874 

see extended data Figure 2-1. 875 

 876 

Figure 3 Region dependent coupling of pupil diameter to voltage and hemodynamic activity 877 

across functional cortical areas  878 

A. All pixels from the cortical surface are laid out in a 2D plane such that the changes in voltage activity 879 

for each pixel (y-axis) is represented as a function of time (x-axis). The global signal is obtained by taking 880 

the z-score of each pixel and averaging across all pixels. The global voltage signal (yellow) fluctuates in 881 

a similar manner to pupil diameter (grey). B. Same as in panel A but for cortical hemodynamics signal. A 882 

relationship between changes in pupil diameter (grey) and subsequent changes in global hemodynamics 883 

(blue) can be observed. Correlation between pupil diameter and global signal is consistent across trials 884 

and animals. Where shaded area represents the standard error. C. Average cross-correlation between 885 

voltage and pupil diameter results in a high correlation of 0.5 centered at ~0s. D. Average cross-886 

correlation between hemodynamics and pupil diameter also shows a positive coupling. With max 887 

correlation of 0.25 also centered at ~0s. Panels C- D show average across n=65 trials for 5 mice. Grey 888 

trace indicates shuffled control. The shaded area in all figures represents standard error. E. The panel 889 

on left represents the average correlation map obtained from all 5 animals (n = 65 trials) between voltage 890 

traces and pupil diameter. Strong correlations between voltage activity and pupil diameter can be 891 

observed within the medial sensory-motor cortical areas as well as more laterally in the secondary 892 

sensory/ auditory cortices (ROI 1 and 3). There exists also a slight negative correlation with pupil diameter 893 

in the more lateral areas of motor cortex (ROI 2). The panel on the right represents the correlation map 894 

obtained between 100 randomly selected imaging trials and 100 randomly selected pupil video files. 895 

There are no areas that are strongly correlated by chance. F. This map shows the significantly different 896 

JN
eurosci

 Acce
pted M

an
uscr

ipt



 28 

areas between the trial average map and the shuffled control at p < 0.05 adjusted for multiple 897 

comparisons with Bonferroni Correction (BF). Blue and Yellow represent areas that have a significant 898 

negative and positive difference to the control respectively, while green is areas with no significant 899 

difference. The map highlights significance across most areas, including ROIs 1,3 and 4. ROI 2 which 900 

corresponds to the more lateral area of motor cortex was not statistically different when comparing to the 901 

average map. G. Average cross-correlation between voltage and pupil diameter per ROI shows region 902 

dependent coupling. H. Panel on the left shows the average coupling between hemodynamic signal and 903 

pupil from cross-correlations shows similar positive correlations as seen in voltage activity (ROI 1 and 3). 904 

Most notably however is the reduction in correlation, now with a peak slightly above 0.3 as well as the 905 

stronger negative correlation of -0.4 that spans primary and secondary motor areas (ROI 2 and 4). Right 906 

shows the same as panel E but for hemodynamics. I. Same as in panel F but for the relationship between 907 

the average trial hemodynamics map and the shuffled control.  J. Same as in panel G but for 908 

hemodynamics and pupil diameter. Note the difference in response for ROI 4 and the different lags for 909 

negative peaks. Grey line indicates the shuffled control for ROI 1. Controls for all other ROIs were nearly 910 

identical and therefore are not plotted. For all panels that contain the hemodynamic signal, it has been 911 

inverted and lowpass filtered at 1 Hz. For a similar analysis done using the orofacial movement trace see 912 

extended data Figure 3-1.  913 

 914 

Figure 4 Region dependent frequency coupling of pupil diameter to voltage and hemodynamic 915 

activity A. Average amplitude spectrum from the global voltage signal (n = 65 trials). Signal shown is 916 

truncated between 0.7 – 14 Hz to improve visibility of the higher frequencies. B. Same as in A but for 917 

hemodynamic activity. Clear peak can be seen centered around 12 Hz corresponding to heat beat. C. 918 

Plot shows the average magnitude squared coherence for all trials for pupil and voltage within the cone 919 

of influence. D.  Average magnitude squared coherence for all trials for pupil and hemodynamics within 920 

the cone of influence. Allen Atlas is for referencing ROI location. E. The magnitude squared coherence 921 

between hemodynamics and voltage across all trials within the cone of influence. Each line represents 922 

the average values from each ROI with bars indicating the standard error.  For panels E,F and G each 923 

line represents the average values from each ROI with the bars indicating the standard error (n = 65 924 

trials, 5 mice). Due to edge effects, less credence is given to areas of apparent high coherence that are 925 

outside or overlap with the cone of influence. Plots therefore disregard the first and last 20 seconds. 926 

The 4 grey lines for panel C-E represent the average magnitude coherence (n = 100) obtained by 927 

comparing a randomly selected hemodynamic traces with a randomly selected voltage trace from 928 

different trials for each ROI. The error bars represent standard error. For all panels that contain the 929 

hemodynamic signal, it has been inverted but no lowpass filer has been applied. 930 
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Figure 5 Patterns of cortical coupling to pupil diameter are dependent on behavioral state A. 932 

Example trial showing pupil diameter (red) and orofacial movement (purple). Example movement periods 933 

(shaded gray) were classified based on the movement signal remaining above the threshold (dashed 934 

line) for at least 2s. Periods of rest were instead identified when the movement signal remained below 935 

the threshold for at least 2 seconds. B. Top left shows the average correlation map (n = 65 trials) for 936 

cortical voltage activity (lowpass filtered <0.15Hz) and pupil diameter for periods of rest. Top right shows 937 

the voltage correlation map during periods of facial movement. The bottom panels show the same 938 

analysis for hemodynamic activity. C. Statistical map showing significantly different areas between what’s 939 

displayed in panel B with a shuffled control, adjusted for multiple comparisons. D. Same activity and 940 

behavior trials as in C but now bandpass filtered (0.15- 1 Hz). E. Same statistical significance as shown 941 

in panel C but for band pass filtered data in E. For panels C and E the areas labeled in blue and yellow 942 

represent areas that have a significant negative and positive difference to the control respectively, while 943 

green is areas with no significant difference.  944 

Figure 6 Summary Figure With wide-field voltage imaging we were able to track changes in both 945 

neural activity and hemodynamics across dorsal cortex in waking mice. Changes in arousal state as 946 

measured by pupil diameter are differentially correlated with different cortical areas during rest versus 947 

during periods of orofacial movement. As a measure of behavioral state, orofacial movements can be 948 

used to separate "resting state” data into true rest and movement periods. This reveals that cortical 949 

coupling to pupil diameter is dependent on the behavioral state of the animal.   950 
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