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Extended Data Fig. 6 | Blockade of a- and b-adrenergic receptors. a) Schematic 
of the experimental paradigm. A cocktail of prazosin, propranolol, and 
atipamezole (PPA) was delivered IP. b-c) Example Ca2+ and HbT time courses 
along with behavior readouts recorded during the baseline (pre-PPA, b) and 
post-injection (post-PPA, c). d) Coherence between Ca2+ and HbT pre- (orange) 
and post-PPA (cyan) coherence (n = 3 subjects; mean ± SEM). e) Left: Coherence 
in the <0.1 Hz and 0.1-0.5 Hz frequency band for each cortical region comparing 
pre- and post-PPA. Right: difference between the pre- and post-PPA (averaged 
across 3 subjects). f ) Lag cross-correlation between Ca2+ and HbT comparing 

pre- (orange) and post-PPA (cyan; averaged across 3 subjects; mean ± SEM). g) 
Estimated IRFCa2+ using the Variant IRF model from SSp-tr and SSp-ll (top) and 
MOs (bottom) comparing pre- (orange) and post-PPA (cyan; averaged across 3 
subjects; mean ± SEM). h) Accuracy of the Variant IRF model comparing pre- and 
post-PPA along with the difference between the two (n = 3 subjects). i) Average 
Variant IRF performance pre- and post-PPA (orange and cyan, respectively) 
in SSp-bfd. Each dot shows an average across runs for one subject (*p < 0.05 
two-sample, two-sided Kolmogorov-Smirnov Test; n = 3 subjects; mean ± SEM; 
r  = 0.30 ± 0.01, 0.53 ± 0.04 for pre- and post-PPA, respectively, p  = 3.3e-2).
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Extended Data Fig. 7 | Comparison of FC results for high and low frequency 
Ca2+ activity and HbT. a) Low frequency ( < 0.1 Hz) Ca2+ connectivity matrices, 
averaged across subjects, comparing connectivity during low NE ( < 30th 
percentile; left) and high NE ( > 70th percentile; middle). Right: Difference 
between the high and low NE (‘+’ indicates p < 0.05, two-sided linear mixed-
effects model, comparisons between low and high NE were performed separately 

for each region pair, n = 123 sessions, 8 subjects). P-values are provided in figure 
source data. b-c) Same as (a) but for 0.1-0.5 Hz and 0.5-5 Hz frequency bands.  
d-e) Same as (a-b) but for HbT. f ) Low frequency ( < 0.1 Hz) Ca2+ seed correlation 
maps, averaged across subjects, comparing connectivity during low NE and  
high NE for MOs, SSp-ll, and VISp regions (n = 8 subjects). g-h) Same as (f) but for 
0.1-0.5 Hz and 0.5-5 Hz frequency bands. i-j) Same as (f-g) but for HbT.

http://www.nature.com/natureneuroscience
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Extended Data Fig. 8 | Spectral analysis of Ca2+ and HbT during low and high 
NE. a) The average of detected global NE “events” (see Methods) (n = 301 events 
accumulated from 8 subjects; mean ± SEM). b) Averaged event-triggered global 
Ca2+ spectrogram corresponding to the NE events from (a) (n = 301 events, 8 
subjects). The power is multiplied by frequency to correct for the 1/f relationship. 
c) Same as (b) but for global HbT (n = 301 events, 8 subjects). d) Comparison 
between subject-averaged, global Ca2+ and HbT spectra (top and bottom, 

respectively) during periods of low NE ( < 30th percentile; cyan) and high NE 
( > 70th percentile; orange) (n = 8 subjects; mean ± SEM). The power is multiplied 
by frequency to correct for the 1/f relationship. e) Maps of the average Ca2+ 
spectral power (corrected for 1/f) during periods of low (top) and high (middle) 
NE. Bottom: The difference between high and low NE; n = 8 subjects). f ) Same as 
(e) but for HbT (n = 8 subjects).

http://www.nature.com/natureneuroscience
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Extended Data Fig. 9 | Regression of NE from HbT increases the similarity 
between FCCa and FCHbT. a) Excerpt from Fig. 3a: Example Ca2+, NE, and HbT 
time-courses derived from two cortical regions, MOs and SSp-ll, along with 
behavior readouts. The dashed vertical lines indicate several NE peaks to 
facilitate visual inspection. b) Top: Excerpt from Fig. 3b: Dynamic functional 
connectivity between MOs and SSp-ll for Ca2+ (red) and HbT (blue) computed as 
the correlation between the respective time-courses using a 30-s sliding window. 
Bottom: Dynamic functional connectivity between MOs and SSp-ll for HbT after 
regression of the NE signal using the Linear regression model weights and lag. 
c) Left: Subject-averaged correlation between Ca2+ and HbT connectivity time 
courses (see Methods). Middle: the same after regression of region-specific  

NE signal from HbT using the Linear regression model. Right: the same as 
the left panel after direct regression of global NE from HbT (n = 8 subjects, 
n = 123 sessions, 8 subjects). d) Average HbT connectivity matrices comparing 
connectivity during low NE ( < 30th percentile; left) and high NE ( > 70th percentile; 
middle) after regression of region-specific NE signal using the Linear regression 
model. Right: Difference between the high and low NE (‘+’ indicates p < 0.05,  
two-sided linear mixed-effects model, comparisons between low and high NE 
were performed separately for each region pair, n = 123 sessions, 8 subjects). 
P-values are provided in figure source data. e) Same as (d) but regressing global 
NE from HbT.

http://www.nature.com/natureneuroscience
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Extended Data Fig. 10 | The eye pupil diameter measurement, illumination, 
and hemodynamic correction. a-b) Agreement between automated and manual 
eye pupil measurements. Example time-course of estimated pupil diameter  
using the algorithm described in Methods (a) and manual eye pupil 
measurement (b) corresponding to the time points marked in (a). The video 
frames in (b) (179 and 243 s) show manual annotations of the eye and eye pupil 
diameter and the calculated ratio. c) Variability in Ca2+ signal amplitude does not 
follow variation in the illumination intensity. Left: An example map of the average 
raw jRGECO fluorescent intensity (F) for a single run reflecting variation in the 
illumination intensity. Right: A map of the standard deviation of the Ca2+ ∆F/F 
signal for the same run. d) Example time courses of Ca2+ ∆F/F from the MOs and 

SSp-bfd. e) The pixel-by-pixel standard deviation of the Ca2+ ∆F/F signal across 
time plotted against the average raw jRGECO fluorescent intensity for the same 
pixels within the exposure outlined in (c). f ) Top: A 2-photon imaging field of view 
230 µm below the cortical surface with a diving arteriole labeled with Alexa 680 
(blue) and GRABNE-mutant (gray). Time-courses at the bottom show spontaneous 
activity acquired at ~15 Hz. g) Example widefield HbT (blue), uncorrected  
GRABNE-mutant signal (red), and corrected GRABNE-mutant signal (gray) time-courses 
from SSp-ll. h) Average cross-correlation function between 2-photon  
GRABNE-mutant vs. vessel diameter for the imaging session shown in (f). i) Subject-
averaged cross-correlation functions between widefield GRABACh, GRABNE, and 
GRABNE-mutant vs. HbT (n = 8,8,3 subjects, respectively; mean ± SEM).

http://www.nature.com/natureneuroscience
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 

in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 

Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 

AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 

Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Widefield imaging was done on a custom-built system operated with the Solis software (Andor). Acquisition was done using custom MATLAB-

scripts which utilize a National Instruments DAQ system to control LED triggers and record accelerometer readouts. Two photon imaging was 

performed with a Discovery 2-photon laser scanning microscopy system from Bruker Fluorescence Microscopy operated with PrairieView.

Data analysis Custom MATLAB (Mathworks, v2022a) code, built-in MATLAB functions, and the Chronux toolbox (Bokil et al. 2010) were used for data 

analysis. Algorithms used include convolution and deconvolution using custom MATLAB scripts, regression analysis using custom MATLAB 

scripts, Student's t test (ttest2.m), and multitaper method for spectral analysis (mtspectrumc.m and coherencyc.m from the Chronux toolbox). 

All code used to analyze widefield data is available at: https://github.com/NIL-NeuroScience/Neuromodulation. Adobe Illustrator (26.3.1) was 

used for figure preparation.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 

reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 

- A description of any restrictions on data availability 

- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The data that supports the findings of this study can be accessed through DANDI archive using the following link: https://dandiarchive.org/dandiset/001543/.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 

and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or 

other socially relevant 

groupings

N/A

Population characteristics N/A

Recruitment N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size of mice with similar fluorescent sensors for neuronal Ca2+ activity and hemodynamic imaging was determined empirically based 

on previous study samples (Shahsavarani et al. 2023. "Cortex-wide neural dynamics predict behavioral states and provide a neural basis for 

resting-state dynamic functional connectivity". Cell Reports, 42, 112527) and aimed to minimize the number of live animals.

Data exclusions Runs which contained no significant dynamics in pupil diameter or NE release were excluded.

Replication Results were verified between animals.

Randomization No randomization was used in this study. All mice received GRAB virus injections and were subject to the same conditions and tests.

Blinding Experimenters were not blind to the imaging because all mice were subject to the same conditions.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 

system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Materials & experimental systems

n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies

Antibodies used Anti-GFP (1:1000; Abcam, ab13970).

Validation Anti-GFP: This antibody has been extensively validated by the manufacturer (Abcam). CiteAb lists over 4,500 citations.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 

Research

Laboratory animals For this study Thy1_jRGECO1a mice from the GP8.20 line under a C57BL/6 background were used. Mice were typically between 4 

and 6 months old when imaged.

Wild animals This study did not involve wild animals.

Reporting on sex In this study, 5 male mice and 15 female mice were used. Sex was not considered in analysis or study design.

Field-collected samples This study did not involve samples collected from the field.

Ethics oversight All experimental procedures were performed in accordance with the guidelines established by the Boston University Institutional 

Animal Care and Use Committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Novel plant genotypes N/A

Seed stocks N/A

Authentication N/A

Plants




