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Abstract. Functional magnetic resonance imaging (fMRI) can be applied in mice and humans making
it a key technology in translational neuroimaging research. Yet, most neuroimaging studies in rodents
use anesthesia to limit subject motion and stress. This puts a hard boundary on the range of brain
and behavioral states that can be studied in animals, and deviates from the near-universal practice
of imaging people whilst awake. Recent years have seen a push towards the development of
acclimation protocols for imaging mice without anesthesia, but the results have been mixed. In
parallel, imaging mice without anesthesia has become routine for complementary neuroimaging
methods including wide-field fluorescence calcium (WF-Ca?*) imaging. We present the first
longitudinal protocol for simultaneous WF-Ca?* and fMRI in awake mice. Our approach is comprised
of a two-phase (biphasic) acclimation protocol that results in high-quality multimodal data, enabling
direct comparison of neuronal mesoscopic and hemodynamic signals across brain states and time.
Data from awake mice are compared with data from isoflurane-anesthetized imaging sessions to
unlock state-dependent differences in functional connectivity, which show both convergent and
divergent patterns between imaging modalities. Together, these results establish a framework for
longitudinal awake multimodal imaging and uncover new insights into the neural and vascular
functional organization of the mouse brain across states and time.
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1. Introduction

Functional magnetic resonance imaging (fMRI) is a noninvasive tool for mapping large-scale brain
networks that can be applied in both humans and animal models. These attributes make this modality
a keystone technology within basic and translational neuroscience research'”’. Yet, the blood-oxygen-
level-dependent (BOLD) fMRI signal is incompletely understood and offers low spatiotemporal
resolution, relative to other imaging modalities®. In animal models, invasive methods can be applied
in combination with fMRI to improve our collective understanding of brain function, and the BOLD
signal®. Although rare, due to the challenges of combining imaging methods with fMRI, much stands

to be gained through the development of strategic simultaneous multimodal imaging approaches®°.

Wide-field calcium (WF-Ca?*) imaging provides a cell-type specific measure of concert neuronal
activity at high spatiotemporal resolution, relative to fMRI'%'5. Yet, the WF-Ca?* imaging field-of-view
(FOV) is limited to the cortex, whereas fMRI can access the whole-brain. These methods, when
applied in combination, offer a unique opportunity to examine complementary measures of large-
scale brain function®. The first simultaneous acquisition of WF-Ca?* and fMRI data was described
recently by our group'®'®, offering a unique framework to shed light into the neuro-vascular

organization of the brain.

To-date, simultaneous WF-Ca?* and fMRI has only been implemented in anesthetized mice. This is
due to the significant challenges of performing BOLD-fMRI in awake animals. For a comprehensive
discussion, see our recent systematic review, “Where do we stand on awake fMRI in mice?"'®. Among
our suggestions for how a concerted effort can help establish standardized and validated approaches
for acclimating mice to undergoing fMRI whilst awake, we called for more studies which explicitly
compare data collected from awake and anesthetized animals given the surprisingly limited number

of direct comparisons in the literature'’2°.

Unlike in fMRI research, over the last decade it has become common to collect WF-Ca?* imaging data

from awake and behaving animals, e.g., 22122 (for a review, see 2%). Notably, much of what has
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motivated a shift away from using anesthesia, within both WF-Ca?* and fMRI applications, is a growing
appreciation of the pronounced influence of anesthesia on neurogliovascular coupling, as well as
large-scale brain activity patterns — much of which comes from the human and rodent fMRI
literature 624252629 |maging awake animals also allows for assessment of brain activity during
spontaneous behaviors as well as a broad range of tasks to be investigated. It is also noteworthy that
the vast majority of research on humans is conducted on awake subjects and that inter-species

translation may be improved by eliminating anesthesia from animal studies® 121630,

Here, we introduce and evaluate an experimental framework for acclimating mice to undergoing
longitudinal, simultaneous WF-Ca?* and fMRI data collection whilst in the awake state. We elected a
biphasic approach comprised of a naive animal training in incremental steps, followed by ‘refresher’
training prior to subsequent imaging sessions. Resultant subject motion, data exclusion, temporal
signal-to-noise ratio (tSNR), and multimodal connectome specificity ' (a measure of ‘biologically
plausible’ relative connectivity or inter-regional activity synchrony) are used to infer multimodal data
quality when data are acquired from awake or anesthetized mice. Differences in functional
connectivity between awake and anesthetized imaging sessions are quantified at the connectome,

network, and brain region level alongside inter-modality convergence.

Taken together, our findings indicate that the biphasic acclimation protocol successfully prepares
mice for undergoing simultaneous WF-Ca?* and fMRI awake imaging. The multimodal data acquired
from awake animals are high-quality, and reproducible. Our results unveil a range of differences in
multimodal connectivity spanning from connectome, to a priori network, to regional level. These show
substantial intermodal convergence, as well as some notable divergence. This unique dataset lays a

solid foundation for future studies aimed at dissecting large-scale brain function in awake mice.

2. Methods

All procedures were approved by the Yale Institutional Animal Care and Use Committee (IACUC) and

followed the National Institute of Health Guide for the Care and Use of Laboratory Animals. Both
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biological sexes were included. Mice were group housed in individually ventilated cages with access
to food and water ad libitum. Animals were on a 12h light/dark cycle. Data from awake mice are
compared with data from anesthetized animals. All data was acquired concurrently. MRI data from

anesthetized mice has been previously published .

2.1 Surgical procedures for multimodal imaging

See Fig. 1A for an experiment timeline. Mice undergoing multimodal imaging (N=11) underwent two

surgical procedures as described previously 3233,
2.1.1 Transverse sinus injections of a viral vector for uniform whole-brain fluorophore expression

To elicit whole-brain Ca?* indicator expression in pyramidal neurons, transverse sinus injections of
AAVy.Syn.GCaMP6s.WPRE.SV40 (Addgene plasmid #100843; http://n2t.net/addgene:100843;

RRID:Addgene_100843) were administered at birth (Po.1) 34, Fig. 1B.

Pups were anesthetized using ice for 2-3min then transferred to a cool metal plate. A light microscope
was used to visualize the transverse sinuses throughout the procedure. Sterilized fine scissors (Fine
Science Tools, CA, USA) were used to make two small incisions (~2mm) in the skin above each
transverse sinus. A glass capillary tube (3.5’ #3-000-203-G/X, Drummond Scientific Co, PA, USA),
pulled using a P-97 pipette puller (Sutter Instruments, CA, USA) was used for the injection. Pipettes
were filled with mineral oil (M3516, Sigma-Aldrich, NY, USA) and attached to a Nanoject llI
(Drummond Scientific Co) and MP-285 micromanipulator (Sutter Instruments). Most of the mineral oil
was ejected and replaced with vector solution. The pipette tip was lowered through the skull and into
the lumen of the transverse sinus (300—400mm below the skull surface). With no delay, 2uL of vector
solution was injected at a rate of 20nL/sec. The pipette was retracted after a 5sec delay, and the
procedure repeated targeting the opposite hemisphere. Delivery was verified by the observed
blanching of the sinus. With the two injections complete, the skin was sealed with VetBond, and the
pup placed on a warming pad. The procedure typically lasts 10min. The total volume (titer of

1x10"3vg/mL) of vector solution injected per pup was 4pL.
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To minimize rejection by the mother, the whole litter was removed from the home cage together and
kept on a warming pad while each pup underwent the procedure in sequence. Once all pups were
alert, they were returned to the home cage and gently rubbed with home-cage bedding to mask
foreign odors. This procedure resulted in cortex-wide GCaMP transfection and expression by
adulthood in 10/11 pups. No WF-Ca?* imaging was performed in the 11" animal due to hydrocephalus

being observed in the MRI data (2.6).
2.1.2. Skull-thinning and head-implant placement for optical access to the cortex and immobilization

At 3 months-of-age (m), animals were initially anesthetized with 5% isoflurane (70/30 medical air/O2)
and secured in a stereotaxic frame (KOPF) using ear bars and an incisor bar. Isoflurane was then
reduced to 2%. Eye ointment was applied; meloxicam (1-5mg/kg body weight) administered
subcutaneously, and bupivacaine (0.1%, 0.04ml/5mg) injected locally at the incision site. Fur was
removed and the scalp washed 3 times with betadine followed by ethanol (70%). The skin and soft
tissue overlying the desired field-of-view (FOV) was surgically removed and the skull cleaned and
dried. Antibiotic powder (Neo-Predef) was applied to the incision site, and isoflurane reduced further
to 1.5%. Skull-thinning of the frontal and parietal skull plates was performed with a hand-held drill
(FST, tip diameters 1.4 and 0.7mm), Fig. 1C.

Superglue (Locite) was applied to the exposed skull, followed by transparent dental cement C&B
Metabond (Parkell). A pre-cut (Neurotechnology Core, USA) all-glass head-plate was attached to the
dental cement prior to solidification. Animals were allotted 3 weeks to recover before any imaging
data were collected or acclimation procedures begun.

2.2 Data acquisition

The dataset is comprised of longitudinal simultaneously acquired WF-Ca?* and fMRI data (N=11)
collected using an apparatus and imaging protocol we have described previously %1315 as well as
cross-sectional unimodal (MRI-only) data (N=11) to offset animal attrition (2.5). Mice in the unimodal
dataset underwent head-plate implantation but not viral vector transfection (2.1). Imaging parameters
(for both modalities) do not vary across timepoints or between groups. Mouse body weight was

monitored, during acclimation training for awake imaging, as a proxy for chronic stress ¢, Fig. S1.
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A. Experimental timeline for longitudinal simultaneous multimodal imaging of awake and anesthetized mice
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Fig. 1. Experiment overview. A. Mice in the longitudinal multimodal imaging group (N=11) underwent transverse sinus
injections (2.1.1), head-implant placement (2.1.2), and two multimodal imaging sessions at 4 and 6m under anesthesia
(isoflurane) (2.2). Mice were then randomly assigned to an awake and anesthetized group. Animals in the awake group
underwent two phases of acclimation training for awake multimodal imaging (2.3) and were imaged after each phase at 9
and 12m. Two additional cross-sectional unimodal (MRI-only) groups were added at the 9 and 12m imaging timepoints
(2.5). B. At birth, the viral vector AAVy.Syn.GCaMP6s.WPRE.SV40 is injected to induce whole-brain fluorescence as
described previously 3. C. At 3m, mice in the longitudinal multimodal imaging group underwent skull-thinning and head-
implant placement. Mice in the unimodal (MRI-only) imaging groups also underwent head-implant placement one-month
prior to imaging (A.). D. Photographs of the in-house built saddle coil for multimodal imaging. E. Protocol for acclimating
mice to awake multimodal imaging (2.3.1). F. Protocol for re-acclimating mice to awake multimodal imaging (2.3.2). G.
MRI-noise measurement example. Measured volumes were comparable between the real scanner and the mock set-up
used for acclimation training (60-85dB). H. Additional photographs showing a mouse being prepared for awake multimodal
imaging.
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For mice that were imaged using anesthesia a free-breathing low-dose isoflurane regimen (~0.5-
0.75%, in 50/50 medical air/O,) was used as we have described previously '©'3* Mice that were
imaged whilst awake underwent a biphasic acclimation training protocol (2.3). This included both a
‘Progressive Training’ phase (2.3.1), conducted prior to the first awake imaging session, Fig. 1E, and

a ‘Refresher Training’ phase (2.3.2), conducted prior to the second awake imaging session, Fig. 1G.
2.2.1 (IMRI

Data were acquired on an 11.7T preclinical magnet (Bruker, Billerica, MA), using ParaVision v6.0.1.
Body temperature was monitored (Neoptix fiber), maintained with a circulating water bath (36.6-37°C),
and recorded (Spike2, Cambridge Electronic Design Limited). For acquisitions where anesthesia was
used, breathing rate was measured using a foam respiration pad (Starr Life Sciences Corp., USA).
During data acquisition, imaging and physiological measures were synchronized and recorded

(Master-8 A.M.P.l., Spike2 Cambridge Electronic Design Limited).
Structural MRI. For image registration %15

1) A multi-spin-multi-echo (MSME) image sharing the same FOV as the fMRI data. Acquired with
a repetition time (TR) of 2500ms and echo time (TE) of 20ms, 28 slices, two averages, and
resolution of 0.1x0.1x0.31mm?3 (10min and 40sec),

2) A whole-brain isotropic 3D image using a MSME sequence, with 0.2x0.2x0.2mm? resolution,
TR/TE of 5500/20ms, 78 slices, and 2 averages (11min and 44sec), and

3) A fast-low-angle-shot (FLASH) time-of-flight (TOF) angiogram (FOV, 2.0%1.0x2.5cm3,

covering the cortex), TR/TE of 130/4ms, and resolution of 0.05x0.05x0.05mm? (18min).

Functional MRI. Data were acquired using a gradient-echo echo-planar imaging (GE-EPI) sequence:
TR/TE of 1.8sec/11ms, 334 volumes, 25 slices, and resolution of 0.31x0.31x0.31mm? resulting in
near whole-brain coverage (~10min per run). For anesthetized imaging sessions, three runs were

acquired per session (30min per mouse per timepoint).

Following the ‘Progressive Training’ for awake imaging (2.3.1), two consecutive days of imaging were

performed. On day-one, mice underwent a truncated protocol that included only one functional
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imaging run (10min). On day-two, three functional imaging runs were acquired akin to the
anesthetized imaging protocol (30min), Fig. 1E. Following ‘Refresher Training’ (2.3.2), three
consecutive days of imaging were performed which included one, three, and three functional imaging

runs (10, 30, and 30min), Fig. 1G.
2.2.2. WF-Ca?* imaging

Data were acquired simultaneously with fMRI. The custom-built optical components which enable in-
scanner WF-Ca?* imaging were described by us previously %' Qur in-scanner WF-Ca?* imaging
set-up has a FOV of 1.4cm? and collects optical images with a 25x25um? resolution. Data were
recorded using CamWare version 3.17. As we have described previously '©'3'4 data were acquired
using two wavelengths: violet (395/25, GCaMP-insensitive) and cyan (470/24, GCaMP-sensitive)
interleaved (LLE 7Ch Controller, Lumencor) at 20Hz, to enable frame-by-frame background
correction, and a resultant effective sampling rate of 10Hz. Both wavelengths have an exposure time

of 40ms and are separated by 10ms of no illumination to avoid rolling shutter artifacts.
2.3 Biphasic training for awake multimodal imaging

2.3.1 Phase-one: ‘Progressive Training’

Performed prior to the first awake multimodal imaging session. Four sources of stress (stressors)
were introduced incrementally at increasing intensity and duration during a 14-day period, Fig. 1E.

Maximum duration (60min) and intensity were reached on day-13 (and repeated on day-14).
Stressors:

1) Experimenter handling (performed exclusively on day-1 through -4),
2) Head immobilization (with supported body suspension, i.e., hammock),
3) lllumination (necessary for WF-Ca2* imaging), and

4) MRI-noise (a recording of the scanner).

After 4-days of exclusive handling by a single (female) experimenter, mice were exposed to the

remaining stressors over a 10-day period. This was done within a mock-scanner environment
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comprised of a semi-circular tray which held the animal, a head-plate fixation apparatus, the MR-caill,
and the optical imaging equipment, as well as a black tube which slid overtop of the whole set-up to
mimic the scanner bore. The tray, and associated parts, were the actual components used during

subsequent imaging sessions. A food reward (condensed milk) was provided from day-3 onwards.

From the conclusion of handling (i.e., beginning of head immobilization on day-5), the mouse’s body
was suspended in a ‘hammock-like’ bed constructed from a hairnet, Fig. 1H. This design grants body
support without providing a surface for the mouse to effectively push against and likely helped

preserve the integrity of the head-plate. One instance of head-plate detachment was observed (2.5).

For MR-noise, we used an application (Android ‘Sound Meter’, Fig. 1F) to measure true scanner noise
(85-90dB). During training, the same application was used to monitor simulated scanning in the mock-
scanner environment (60—85dB). Simulated scanning included a recording played back on speakers

(Abramtek, China) placed next to the mock-scanner.

After 14-days of acclimation training, mice were given two days of rest (day-15 and -16), followed by
two multimodal imaging sessions on consecutive days (day-17 and -18). On day-17, a truncated
imaging protocol which included one functional run was performed (total scan time: 40min). On day-
18, the full imaging protocol which included three functional runs was performed (total scan time:
60min). All anatomical imaging data needed for multimodal data registration (2.4.3) was collected at

both imaging sessions.
2.3.2 Phase-two: ‘Refresher Training’

For animals that have previously undergone Phase-one: ‘Progressive Training’ (2.3.1) and are not
naive to awake multimodal imaging. The protocol consisted of 2 days in the mock-scanner with all
stressors reintroduced at full intensity and duration (60min), followed immediately by three multimodal
imaging sessions on consecutive days, Fig. 1G. As done on the first imaging day following Phase-
one, during the first imaging day following Phase-two (day-3), mice underwent a truncated imaging
protocol which included one functional run (total scan time: 40min). The full imaging protocol, which

included three functional runs (total scan time: 60min), was performed on the subsequent imaging
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days (day-4 and -5). All anatomical imaging data needed for multimodal data registration was

collected at all imaging sessions (2.4.3).

Analyses were performed using data collected from awake mice on the last imaging day following
Phase-one and Phase-two acclimation training. Specifically, data collected on day-18, following

Phase-one, and day-5 following Phase-two.

2.4 Data preprocessing
2.4.1 fMRI

Data preprocessing was performed as described previously *?, using RABIES (Rodent automated
BOLD improvement of EPI sequences) v0.5.0 *. All EPI data from each mouse (at each imaging
session) was averaged to create a mean image, corrected for intensity inhomogeneities, and non-
linearly registered to the corresponding isotropic MSME anatomical image. This reduces

susceptibility-induced distortions. Slice time correction was applied to the native space timeseries.

To move the EPI data to common space, four transformations were applied: (1) motion correction, (2)
mean fMRI —- MSME, (3) MSME — within-dataset template, and (4) within-dataset template — out-
of-sample template. We use an in-house out-of-sample template generated from N=162 datasets as
described previously 32 which has been publicly shared (2.4.3). Transformations were concatenated
then applied to each imaging frame. Data were resampled from the acquisition (0.31x0.31x0.31 mm?
isotropic) to the template (0.2x0.2x0.2mm? isotropic) resolution. Results were visually inspected using
the RABIES-QC (quality control) report. Motion parameters, as well as the global signal, CSF
(cerebral spinal fluid), and white matter (WM) signals were regressed, and framewise displacement
(FD) computed. Frames with FD>0.075mm were scrubbed and interpolation used to bridge any gaps

35 Data were smoothed using a 0.4mm Gaussian kernel.
2.4.2 WF-Ca?* imaging

Data were preprocessed as we have described previously '. Briefly, GCaMP-sensitive and -

insensitive channels were smoothed with a 0.1mm sigma, and down-sampled by a factor of two in
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each spatial dimension. The GCaMP-insensitive channel was regressed from the GCaMP-sensitive

channel and AF/Fo (F = fluorescence) computed for each run.
2.4.3 Multimodal data registration

Data from both imaging modalities were filtered (0.008-0.2Hz) and thirty seconds discarded from the
beginning and end of each run. This mitigates edge artifacts caused by temporal filtering in the fMRI
data 3® and eliminates the “photobleaching” artifact in the WF-Ca?* imaging data 4. Timepoints
censored based on MRI-measured FD were also removed from the WF-Ca?* imaging timeseries.

Thus, the data from both modalities were temporally matched.

To spatially register the multimodal data, the WF-Ca?* images were moved to the out-of-sample
template using three transformations: two linear (1) WF-Ca?* — Angiogram, and (2) Angiogram —
MSME and one nonlinear (3) MSME — in-house template, as described by us previously %315 This
procedure utilizes specialized tools developed for this purpose within Biolmage Suite, BIS
(https://bioimagesuiteweb.github.io/webapp/), see Fig. 2 in '°. Via the BIS platform, the tools, atlases

(2.6.3), and in-house out-of-sample template have been made freely available.

2.5 Exclusion criteria

N=11 pups underwent transverse sinus injections to elicit fluorophore expression (2.1.1). None were
rejected by mothers or excluded based on an absence of sinus blanching (necessary for good
transfection) 3. Of these, N=2 were excluded due to hydrocephalus at 4m. Between the 6 and 9m
imaging timepoints, N=2 mice died due to complications with housing. Before the 9m imaging
timepoint N=1 was euthanized due to an eye infection that did not result from the head-plate.
Remaining mice were randomly allocated to an awake (N=5), and anesthetized (N=1) multimodal
imaging group. Between the 9 and 12m imaging timepoints, N=1 was excluded from the awake group

due to poor head-plate integrity.

To augment the number of mice in the anesthetized group at the 9 and 12m imaging timepoints, MRI
data was collected from two additional cohorts: N=7 at 9m, and N=4 at 12m (total N=11). As these

mice did not undergo viral vector transfection to elicit fluorophore expression, no WF-Ca?* imaging
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data were acquired from these animals. All mice underwent head-plate implantation for immobilization
(2.1.2). Given the lack of WF-Ca?* imaging data collected from anesthetized mice at the 9 and 12m
imaging timepoints, these data were excluded from all analyses. From awake mice, only the n=3 runs

acquired on the final day following each phase of training were analyzed (2.3).
Cohort:

1) 4m, N=9 (n=27 runs) anesthetized multimodal datasets,
2) 6m, N=9 (n=27) anesthetized multimodal datasets,
3) 9m, N=5 (n=15) awake multimodal, and N=7 (n=21) MRI-only anesthetized datasets,

4) 12m, N=4 (n=12) awake multimodal, and N=4 (n=12) MRI-only anesthetized datasets,

No mice were excluded during Phase-one: ‘Progressive Training’ (2.3.1) or Phase-two: ‘Refresher
Training’ (2.3.2) due to weight loss, Fig. S1. At 6m, data from one mouse was excluded due to fMRI
imaging artifacts. At 9m, data from one mouse in the MRI-only anesthetized group was excluded
based on image registration failure. At the 4 and 6m imaging timepoints, no runs were excluded due
to motion (>% imaging frames >0.075mm FD) or the RABIES DVARS; (derivative of timecourses’
variance) criterion (|[DVARSZ|>2.5, °) which identifies imaging frames containing artifacts caused by
motion as well as other sources. At the 9m imaging timepoint, 5 runs from awake mice were excluded
due to FD or DVARS;. These came from two mice, thus all the data from one mouse was excluded.
In addition, one run was excluded from a third mouse due to WF-Ca?* imaging artifacts. At the 12m

imaging timepoint, no datasets or runs were excluded.
Additional dataset information is summarized in Table S1.
Final dataset used:

1) 4m, N=9 (n=27 runs) anesthetized multimodal datasets,
2) 6m, N=8 (n=24) anesthetized multimodal datasets,
3) 9m, N=4 (n=9) awake multimodal, and N=6 (n=18) MRI-only anesthetized datasets,

4) 12m, N=4 (n=12) awake multimodal, and N=4 (n=12) MRI-only anesthetized datasets,
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For the multimodal datasets, if data was excluded due to criteria applied to one modality (e.g., motion
measured in the fMRI timeseries, or imaging artifacts in one or the other modality) the corresponding

data in the second modality was also excluded. Thus, all the multimodal data are paired.

2.6 Data quality metrics
2.6.1 Temporal SNR

Functional MRI temporal signal-to-noise ratio (tSNR) was computed using RABIES 3° and [1] where
U is the mean signal intensity (Sl) of a voxel over the course of a run and g, is the standard deviation
(SD) of the voxel's Sl over the same period. Similarly, the WF-Ca?* imaging tSNR was computed
using [1] in MATLAB (v2021b) where u, is the mean Sl of a pixel within the frame range 1,000-1,500

(50sec extracted from the middle of each run).

He
tSNRvoxel/pixel = -

O

(1]

2.6.2 Motion

Motion in the fMRI data was estimated using RABIES while BIS was used to estimate motion in the
WF-Ca?* imaging data. When the 6 motion parameters, available from fMRI/RABIES, were
considered independently it became clear that the vast majority of subject motion was in the up/down
or dorsal/ventral direction, Fig. S2A. Given that WF-Ca?* imaging offers a 2D view from above, it
follows that these data were “blind” to these movements, Fig. S2B. Still, data excluded based on

motion in the fMRI timeseries were also excluded from the WF-Ca?* imaging dataset (2.5).
2.7 Functional connectivity

2.7.1 Brain atlases

Brain regions or nodes were based on the Allen Institute Common Coordinate Framework Reference
Atlas (CCFv3) % as described by us previously'. Results were generated using a 3D (whole-brain,
fMRI), 166-node, or 2D (cortical, multimodal), 46-node, bilaterally symmetric version of the atlas. Brain

regions included in the 2D version were based on coverage in the WF-Ca?* imaging FOV, Fig. S3;
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brain regions included in the 3D whole-brain version were based on EPI slice package coverage, Fig.

S3.
2.7.2 Connectomes and network definitions

To compute connectomes, WF-Ca?* or fMRI signals within each region were averaged, and the inter-
regional Pearson’s correlation computed, and Fisher transformed. Connectomes were computed for

each run using data residing in the in-house template space, as described by us previously 532,

Regions were subdivided into seven whole-brain networks 832 two of which were well represented
within the cortex, Fig. $3. To provide a more fine-grained analysis of cortical network organization,

these were further subdivided into four sub-networks.
2.7.3 Multimodal “specific connectivity”

Motivated by recent work which uses relative connectivity strengths to gauge ‘biologically plausible’
connectivity patterns 3!, connectivity between the right and left primary somatosensory cortices (SSp),
SSpr < SSp., were plotted against connectivity between SSpr and the right anterior cingulate area
(ACA), SSpr <> ACAR. In this framework, data with high connectivity strength (R>0.1) in SSpr <« SSpL
and coincident low connectivity strength (R<0.1) in SSpr <« ACARr are considered desirable. These
data were plotted alongside a reference distribution created from randomly chosen homotopic node

pairs, and inter-hemispheric node pairs with n=1000 iteration for each.

2.8 Statistics

Significance is indicated as follows: *p<0.05, **p<0.01, ***p<0.001.

2.8.1 Multimodal signal quality-control

Unless stated otherwise, for all analyses assessing motion and tSNR, Kruskal-Wallis tests (MATLAB)
were applied to test for differences across sessions. For any significant effects (p<0.05), post hoc
pairwise multiple comparisons were performed and Bonferroni correction applied. Equality of variance

was tested with Levene’s test.
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2.8.2 Connectome specificity

Session-specific shuffled distributions were generated as described in 2.7.3. Distributions were
compared using a two-sample Kolmogorov-Smirnov (KS) test, with Bonferroni correction applied to
account for multiple comparisons. Further, the proportion of runs exceeding or falling below a 0.1
correlation threshold was computed to quantify the frequency of ‘specific’ connectivity across

modalities.

2.8.3 Connectivity differences

Edge-wise changes across states. Pairwise functional connectivity values between cortical ROls

(main figures) or whole-brain ROIs (Supplementary Material) were compared across states
(anesthetized vs. awake) using two-sample t-tests (ttest2, MATLAB) for each edge, followed by
Benjamini-Hochberg correction to control for multiple comparisons; t-values are displayed without a
threshold (bottom left half) and with a threshold for statistical significance applied (top right half).

Cross-network analyses. For both fMRI and WF-Ca?*, the difference in functional connectivity

between the baseline (iso_4m, anesthetized) and both the awake timepoints (awake _9m or
awake_12m) was computed (AConnectivity) and a t-test (ffest2, MATLAB) was applied to test for
differences of AConnectivity across modalities (Benjamini-Hochberg).

Within _network analyses. Changes in functional connectivity were assessed between the

anesthetized baseline timepoint (iso_4m) and each awake timepoint, independently (awake_9m or
awake_12m), using a three-way ANOVA (factors: state (awake/anesthetized), hemisphere
(intra/inter), and network), with Benjamini-Hochberg correction and non-parametric permutation tests
(1,000 iterations) to evaluate shuffled-labels distributions.

Cross-modal correlation analyses. Two-sample t-tests to compare intra- versus inter-network

correlations and one-sample t-tests against zero to identify significant coupling within each session

were applied, with Bonferroni correction.
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3. Results

3.1 Longitudinal multimodal imaging of awake mice does not cause weight loss

Animal weight, measured daily during acclimation and imaging, was used as a proxy for chronic stress
6, Body weight was unaffected during both training phases and following awake imaging sessions,
Fig. S1. No differences were found between mice that were imaged whilst awake and under

anesthesia (p>0.05).

3.2 Multimodal signal quality

Data quality metrics, fraction of data excluded, motion, and tSNR, were compared between groups

(awake versus anesthetized) and across time.

J

3.2.1 Awake mice moved more than anesthetized mice, but less after Phase-two: ‘Refresher Training

The fraction of imaging frames excluded from anesthetized animals was low, stable across time, Fig.
2A, and in-line with previous work 1637 Fig. S4A. As expected, a greater fraction of imaging frames
was excluded in the awake group, based on motion and |DVARSZ|, relative to anesthetized animals
at both the 9 and 12m imaging timepoints '®. Overall, there was a significant session effect on fraction
of frames excluded based on FD and on |DVARS;| (Kruskal-Wallis, p<0.001 for both), whereby both
awake sessions resulted in a significantly higher number of frames excluded, compared to
anesthetized sessions (e.g. for 9m awake vs 4m anesthetized, p<0.001, corrected). Yet, between the
first and second awake imaging sessions, the amount of motion was reduced (area under the curve
12m awake vs. 9m awake, p<0.01, corrected), Fig. 2B&C. In general, motion in the data acquired

from both awake and anesthetized mice at all timepoints was in-line with previous work 6, Fig. S4.

3.2.2 Multimodal tSNR showed divergent patterns across modalities and dependence on whether

data were acquired from awake or anesthetized mice

The WF-Ca?* data showed a significant increase in tSNR across sessions, Fig. 2D, with higher signal
stability observed in later imaging sessions (x? p<0.001). Specifically, WF-Ca?*-tSNR in a

representative example cortical region (primary somatosensory, upper limb - SSp-ul) was significantly
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lower in 4m anesthetized mice compared to 9m awake (p<0.01, corrected) and to 12m awake
(p<0.001, corrected), and also lower in 6m anesthetized compared to 12m awake (p<0.01, corrected).
Conversely, the fMRI data showed the expected tSNR dependence on brain region (lower values
near ear canals and in WM), Fig. 85. In anesthetized mice, average fMRI-tSNR in the same example
cortical region, SSp-ul Fig. 2D, and other brain regions Fig. S5, was consistent across time and in-
line with previous work ¥. Mice imaged whilst awake showed lower fMRI-tSNR, relative to
anesthetized mice, at both the 9 and 12m imaging timepoints (e.g., 12m awake vs. 12m anesthetized,

p<0.01, corrected).

A. Fraction of frames excluded per run B. FD over time across sessions (measured using fMRI data and RABIES)
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Fig. 2. Multimodal signal quality measures. A. Based on fMRI data, using RABIES, the fraction of imaging frames per
run excluded based on motion FD>0.075mm (left), or IDVARSZz|>2.5 (right). More imaging frames were excluded, based
on either criterion, from awake relative to anesthetized imaging sessions. B. Also based on fMRI data, FD estimated by
RABIES, over time. Different runs/mice are color-coded. The 0.075mm FD threshold for frame exclusion is indicated by a
red dashed line. More motion was evident in awake relative to anesthetized imaging sessions. A reduction in motion was
seen following the second, relative to the first, awake imaging session. C. FD (mean + SD), measured using fMRI data
and RABIES, sorted from highest to lowest. A significant cross-session effect was recovered (area under the curve tested
with ANOVA and pairwise Bonferroni correction). D. Temporal SNR (tSNR) in a representative cortical region of interest
(ROI), primary somatosensory, upper limb (SSpr), computed for each run — after exclusion criteria were applied (2.5) —
using WF-Ca?* imaging (green, left) or fMRI (orange, right) data. Diverging patterns between imaging modalities were
observed. E. Inter-modality tSNR correlation across all cortical ROls (N=46). Corrected p-values are displayed: *p<0.05,
**p< 0.01, ***p<0.001.
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Importantly, while fMRI-tSNR variance was low and stable across all imaging sessions (p>0.05), WF-
Ca?" imaging data acquired from awake mice showed reduced tSNR variance relative to anesthetized
animals (Levene’s test, p<0.01), Fig. 2D. Finally, simultaneously acquired WF-Ca?* and fMRI cortical
tSNR were correlated (Pearson’s R, MATLAB) across modalities, Fig. 2E. High variance in
anesthetized relative to awake data was observed (p<0.01). Curiously, while no relationship between
modalities was observed at 9m (median Pearson’s R + SD, -0.12 + 0.06), a positive correlation was

recovered at 12m (0.34 + 0.16).

3.3 Multimodal “specific connectivity”

Connectivity between the right and left SSp (SSp-m), SSpr < SSp., were plotted against connectivity
between SSpr and ACAg, SSpr > ACAR, to gauge ‘biologically plausible’ connectivity patterns (2.7.3).
This was motivated by previous work 3!, which asserts—based on viral tracing experiments available
from the Allen Institute, Fig. 3A—that coincident high connectivity strength (R>0.1) in SSpr <> SSp.
and low connectivity strength (R<0.1) in SSpr <> ACARr should be recovered in ‘high quality’ data
yielding ‘specific functional connectivity’. To the best of our knowledge, this is the first application of
this framework in WF-Ca?* imaging data, Fig. 3B, and the first application in simultaneously acquired

WF-Ca?* and fMRI data.

3.3.1 Ample “specific connectivity” recovered in fMRI data acquired from anesthetized and awake

mice

In the majority of runs (>85%), the fMRI data showed the anticipated pattern: high SSp. < SSpr and
low, or absent, SSpr <> ACARr connectivity, Fig. 3C (data points appearing in the quadrant outlined in
yellow) indicating that, within this framework, these data would be considered ‘high-quality’, with
‘specific’ functional connectivity (FC). Relative to the reference distributions (2.7.3), anesthetized mice
(grey) showed greater SSp. <« SSpr connectivity than other homotopic node pairs (p<0.001,
corrected), and lower, or absent, SSpr «» ACAR connectivity relative to other intra-hemispheric node

pairs (p<0.001, corrected), with one exception: SSpr <« ACARrIn iso_4m (p<0.05, corrected). Awake
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mice also showed greater SSp. «+» SSpr connectivity than other homotopic node pairs (p<0.01 for

awake_9m and p<0.001 for awake_12m, corrected), significant difference also between SSpr <

ACAR connectivity at 9m (p<0.05, corrected) but no significant difference between SSpr <« ACAr and

other intra-hemispheric node pairs at 12m (p>0.05). This could indicate that, although SSpr«> SSp.

connectivity strength may help to separate ‘high’ from ‘low’ quality datasets — at least more so than

other inter-hemispheric node pairs — SSpr <> ACARr does not provide an equally useful second axis

relative to other intra-hemispheric node pairs in data acquired from awake mice.

A. Viral tracer maps for SSpr

B. Connectome specificity for WF-Ca2+ imaging data at all timepoints
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Fig. 3. Multimodal “specific connectivity”. A. Viral tracer map showing the physical connections of primary
somatosensory area, mouth, SSpr, based on viral vector injection (ID: 114290938, Allen Brain Connectivity Atlas)
overlayed on an MRI template (average_template_50.nrrd, https://download.alleninstitute.org/informatics-archive/current-
release/mouse_ccf/average template/). The histology-based anatomical connection shown in this experiment motivates

the “specific” functional connectivity (FC) framework for high versus low connectivity strengths SSpr <> ACAr and SSpr «
ACAR, respectively. B. Scatterplots showing “specific FC” (2.7.3) using WF-Ca?* imaging data. Data acquired from
anesthetized mice are plotted in grey (left), while data acquired from awake mice are color coded (right). In the “specific
connectivity” framework, high (R>0.1) SSpr < ACAR (x-axis) versus low (R<0.1) SSpr < ACAR (y-axis) connectivity
strength should isolate ‘high-quality’ datasets in the lower right quadrant (highlighted in yellow). Above and to the right of
the scatterplots, density distributions display kernel-smoothed observed (solid lines) and reference (dashed lines)
distributions. Here, the reference distributions were generated from randomly selected intra- and inter-hemispheric node
pairings. The fraction of runs identified as ‘high-quality’ are listed below the legend in each plot (highlighted in yellow). C.

As in (B.) for fMRI data. Corrected p-values displayed: *p<0.05, **p< 0.01, ***p<0.001.
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3.3.2 “Specific connectivity” was less present in simultaneously acquired WF-Ca?* imaging data

The same framework was applied to the simultaneously acquired WF-Ca?* imaging data, Fig. 3B. In
both anesthetized sessions (grey, 4m and 6m), there was a reproducible significant difference
between SSpr <> SSpL connectivity and random inter-hemispheric node pairs (p<0.001 and p<0.01,
corrected, respectively). Yet, somewhat surprisingly, a lower fraction (<73%) of WF-Ca?" imaging
datasets, relative to fMRI datasets, were considered ‘high-quality’ due to variable SSpr < ACARr
connectivity (p>0.05 for both anesthetized timepoints, 4 and 6m). Furthermore, WF-Ca?* imaging
datasets from awake mice (cyan and magenta)—which had higher tSNR than the anesthetized
datasets (see Fig. 2D)—had the lowest fraction of ‘high-quality’/’specific’ data within this framework
(<58%). Specifically, at neither awake timepoint, was SSp. <> SSpr connectivity strength greater than
other intra-hemispheric node pairings, or SSpr < ACARr connectivity strength less than other inter-

hemispheric node pairings.

No runs were excluded from further analyses based on whether the anticipated connectivity pattern

considered in this subsection was observed.

3.4 Connectivity differences between awake and anesthetized mice

Throughout this subsection, functional connectivity differences between data collected while mice
were awake, at 9 and 12m, and data collected while mice were anesthetized, at 4 and 6m, were
computed (t-test) and displayed as t-value maps (awake > anesthetized). Averaged connectomes are
shown in Fig. S3&S6. Cortical regions, visible with both WF-Ca?* and fMRI, Fig. S3, are considered
for the majority of the analyses, and results for whole-brain analyses are shown in Supplementary
Material. Results which use the 4m imaging timepoint, as the anesthetized baseline, are shown in
Fig. 4 for cortical regions and Fig. S7 for whole-brain (fMRI only), more details below. When the 6m
(anesthetized) imaging timepoint was used, in-place of 4m, very similar results were obtained, Fig.
S8, more details below. Finally, also using only the fMRI data, a linear mixed model which considered
whether mice were awake or anesthetized and mouse age, was generated, Fig. 89, more details later

in this section.
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Fig. 4. Differences in cortical WF-Ca?* and fMRI connectivity between anaesthetized and awake mice. A.
Differences in WF-Ca?* (left, green) and fMRI (right, orange) connectivity between the 9 (top, magenta outline) and 12m
(bottom, cyan outline) awake imaging timepoints and the 4m (anesthetized) imaging timepoint. Results from a whole-brain
analysis of the fMRI data are included in Fig. S7. An analysis which used the 6m (anesthetized) imaging timepoint, in-
place of 4m, showed similar results, Fig. S8. Here, cortical regions, appearing in both imaging modalities Fig. S3, are
shown. Matrices show significant connectivity differences (corrected, p<0.05) in the upper right half, and uncorrected
differences in the bottom left half. Node-degree maps generated from corrected results appear to the right and left of each
matrix (with a minimum of 5 edges as a threshold). Positive t-values (red, hot colors) indicate greater connectivity strength
in awake mice. Negative t-values (blue, cool colors) indicate greater connectivity strength in anesthetized mice. B.
Example of cross-networks connectivity differences between awake and anesthetized mice that were different between
imaging modalities (p<0.05, corrected (Benjamini-Hochberg), ttest2, MATLAB). Networks are indicated in (A.) by color
coded boxes. C. For a priori functional networks (2.7.2, Fig. 83), connectivity strength (median £ SD) intra- (left, solid
border) and inter-hemisphere (right, dashed border) at each imaging timepoint. Corrected p-values: *p<0.05, **p< 0.01,

***p<0.001.
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3.4.1 Widespread differences in cortical connectivity between awake and anesthetized mice were

observed with both imaging modalities

At both the 9 and 12m awake imaging timepoints, relative to the 4m (anesthetized) imaging timepoint,
WF-Ca?* and fMRI showed widespread differences in cortical functional connectivity, Fig. 4A.
Stronger connectivity was observed in awake relative to anesthetized mice in motor (MO),
somatosensory (SS), retrosplenial (RSP), and visual (VIS) areas, with fMRI at 9m (orange top panel,
magenta outline). At the same timepoint, weaker connectivity, in awake relative to anesthetized mice,
was observed predominantly in inter-hemispheric somatosensory connections. At the 12m imaging
timepoint (Fig. 4A, orange bottom panel, cyan outline), similar trends were recovered in the fMRI
data, but the effects were noticeably diminished and less widespread. Conversely, the WF-Ca?*
imaging data showed an overall increase in connectivity differences that were more widespread at
the 12 relative to the 9m imaging timepoint (Fig. 4A, green panels). These observations were all well
replicated when the 6m (anesthetized) imaging timepoint was used in-place of the 4m imaging
timepoint, Fig. S8. Of note, age-matched comparisons between awake and anesthesia (e.g. 9m
awake vs. 9m anesthetized)—only possible in fMRI data (see 2.5, and Table S1)—showed similar

results to Fig. 4A for both awake timepoints (data not shown).

3.4.2 Brain regions showed convergent and divergent changes in connectivity across modalities and

imaging timepoints in awake relative to anesthetized mice

Brain regions (or nodes) showing changes in connectivity in awake relative to anesthetized mice in
both WF-Ca?* (left) and/or fMRI (right) using data from the 9 (top) and/or 12m (bottom) imaging
timepoints (i.e., imaging data following the initial progressive training, or the refresher training,
respectively) were identified using the corrected matrices in Fig. 4A (upper right halves), and
displayed as node-degree maps for both positive edges (awake > anesthetized) and negative edges
(awake < anesthetized) (Fig. 4A, node-degree maps overlayed on brain templates, red and blue hues,
respectively). Further, common edges, across imaging modalities and timepoints, were identified by

taking the product of the binarized matrix pairs. Node-degree, and bilateral symmetry, were used to
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451 identify regions showing common or divergent differences in connectivity between awake and

452  anesthetized mice, across imaging modalities and timepoints, Table 1.

Table 1. Nodes showing connectivity differences in awake vs. anesthetized mice in multimodal data

‘ Common Modes 9m H Common Time WF-Ca?* H Common Time fMRI ‘

‘ Anterolateral visual area*™ ‘ ‘ Anterolateral visual area ‘

Rostrolateral visual area

‘ Posteromedial visual area ‘ Posteromedial visual area
Lateral visual area ‘ Lateral visual area ‘
Anterior area® ‘ Anterior area
Primary visual area* Primary visual area ‘ Primary visual area
Anteromedial visual area Anteromedial visual area

Retrosplenial area, dorsal part

Retrosplenial area, lateral agranular Retrosplenial area, lateral agranular

Awake>Anesthetized

Prelimbic area ‘ Prelimbic area ‘

‘ Anterior cingulate, dorsal part ‘

‘ Retrosplenial area, ventral part ‘

‘ ‘ Dorsal auditory area

‘ ‘ Secondary motor area

‘Retrosplenial area, lateral agranular

‘ Prelimbic area

‘ Anterior cingulate, dorsal part ‘

‘ Retrosplenial area, ventral part

§
3
A
H
g
£
[
@
c
<

*Also common at 12m  **Only common at 12m

453  Nodes that showed greater connectivity in awake relative to anesthetized mice at 9m in both imaging
454  modalities included visual areas and regions within the default mode network (DMN), Table 1 (column
455  1). At the 12m imaging timepoint, a subset of visual areas showed the same pattern. In the WF-Ca?*
456 imaging data, greater connectivity in awake relative to anesthetized mice was recovered at both
457  imaging timepoints in visual areas and regions within the DMN, Table 1 (column 2). The opposite
458 pattern, increased connectivity in anesthetized relative to awake mice, was also observed with WF-
459  Ca?"imaging within the DMN. In parallel, the fMRI data showed greater connectivity in awake relative
460 to anesthetized mice at both timepoints in visual areas and regions within the DMN as well as in the

461  dorsal auditory (AUD) area, and secondary motor area, Table 1 (column 3).
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Overall, there were several brain regions that showed consistent changes in connectivity between
awake and anesthetized mice across modalities and imaging timepoints. These were dominated by
increased connectivity in visual areas and regions within the DMN. However, there were also clear
instances when the two imaging modalities showed different or diverging patterns. As above (3.4.1),
these observations were well replicated when the 6m (anesthetized) imaging timepoint was used in-

place of the 4m imaging timepoint.

3.4.3 A priori cortical brain networks showed differences in connectivity between awake and

anesthetized mice that differed between imaging modalities

Brain regions were organized into networks, Fig. S3. In the previous subsection (3.4.2) brain regions
showing differences in connectivity between awake and anesthetized mice were identified alongside
the networks they belonged to (bottom-up). When a priori networks, or inter-network pairs, were
considered (top-down), differences in connectivity between awake and anesthetized mice within or

between networks revealed more divergent patterns between imaging modalities, Fig. 4B&C.

For WF-Ca?*, the comparison of the anesthetized baseline (iso_4m) with the 9m awake session
showed significant main effects for hemisphere (inter/intra) (F1267=19.81, p<0.05) and network
(Fs267=7.15, p<0.05), as well as significant interactions between state (awake/anesthetized) x
hemisphere (F1267=13.26, p<0.001), state x network (F3267=3.10, p<0.05), and hemisphere x network
(F3267=4.13, p<0.01). Similarly, the comparison of the anesthetized baseline with the 12m awake
timepoint showed significant main effects of hemisphere (F1291=24.13, p<0.05) and significant
interactions between state x hemisphere (F1201=17.25, p<0.001), state x network (F3291=7.08,
p<0.001), and hemisphere x network (Fs291=4.40, p<0.01). Overall, differences in a priori network
connectivity between awake and anesthetized mice were more prominent inter-hemisphere than intra-
hemisphere in the WF-Ca?* imaging data, Fig. 4C. Motor, somatosensory and auditory networks
showed decreases in inter-hemispheric connectivity at 9 and 12m awake timepoints, relative to 4m
anesthetized (Motor: p<0.05/p<0.001, respectively; somatosensory/auditory: p<0.05 for both,

pairwise post-hoc test, Benjamini-Hochberg, corrected). The default-mode network showed the same
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at 12m intra- as well as inter-hemisphere, whilst no other differences in intra-hemispheric network

connectivity were observed with WF-Ca?* imaging.

Dissimilarly, fMRI showed widespread increases in a priori network intra-hemispheric connectivity at
9 and 12m, relative to 4m, with the sole exception of the default-mode network at 12m. The
comparison between the anesthetized baseline (iso_4m) with 9m awake, revealed a significant main
effect of hemisphere (F1,267=98.58, p<0.001) and significant interactions between state x hemisphere
(F1267=28.15, p<0.001), state x network (F326=25.53, p<0.001), and hemisphere x network
(F3267=3.11, p<0.05). Very similar results were found for 12m awake compared to the 4m anesthesia
baseline (significant main effect of hemisphere (F1291=50.67, p<0.01) and significant interactions
between state x hemisphere (F1291=12.54, p<0.001), state x network (F3291=16.91, p<0.001), and
hemisphere x network (F3291=7.9, p<0.001). Further, fMRI inter-hemispheric connectivity in a priori
networks showed a divergent pattern, with motor areas being increased at 9 and 12m, while

somatosensory/auditory decreased.

The robustness of these observations, for both WF-Ca?* and fMRI, is supported by permutation tests
where subject and state (awake or anesthetized) were randomly shuffled in a permutation test and

compared to the true observed values (n=1000), across all networks, Fig. S10A.
3.4.4 Node and network analyses can lead to seemingly different conclusions

When brain regions (bottom-up) were considered (3.4.2), the nodes identified as playing a prominent
role in distinguishing awake from anesthetized mice included visual areas as well as regions within
the DMN, Table 1. Although some differences in the corresponding networks (visual and default-
mode networks, Fig. 4C) were recovered (3.4.3) — intra/inter-hemispheric default-mode connectivity
at 12m, in the WF-Ca?* imaging data, and intra-hemispheric visual connectivity at 9 and 12m in the
fMRI data — they were not among the more salient effects. This is a result of considering a network in
its entirety, which can obscure contributions from individual nodes, opposing contributions from
different nodes, or connections, within the same network (e.g., DMN, Table 1), and contributions from

inter-network connectivity, Fig. 4B.


https://doi.org/10.1101/2025.10.27.684863
http://creativecommons.org/licenses/by-nc-nd/4.0/

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

bioRxiv preprint doi: https://doi.org/10.1101/2025.10.27.684863; this version posted October 28, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

3.4.5 Whole-brain a priori networks observed with fMRI show widespread differences between awake

and anesthetized mice that are independent of mouse age

Seven a priori networks which span the whole-brain were evaluated using the fMRI data, Fig. S3. As
in the multimodal analyses of cortical connectivity, widespread differences in whole-brain connectivity
between awake and anesthetized mice were observed at the 9 and 12m imaging timepoints relative
to the 4m (anesthetized) imaging timepoint, Fig. S7. Similarly, an overall decrease in these
differences was apparent in the data collected at 12 relative to 9m, Fig. S7TA. When a priori network
connectivity, both intra- and inter-hemisphere, was compared across imaging timepoints, Fig. S7B,
both patterns of increased connectivity in awake relative to anesthetized mice and the opposite
pattern were observed. For the 9m awake vs 4m anesthetized comparison, the ANOVA showed a
significant main effect of hemisphere (F1465=58.44, p<0.001) and significant interactions between
state x hemisphere (F1,465=85.89, p<0.001), state x network (Fe46s=13.85, p<0.001), and hemisphere
x network (Fe, 468=9.61, p<0.001). Similarly, iso_4m vs. awake_12m showed a significant main effect
of hemisphere (F1510=62.96, p<0.001), network (F1s510=4.22, p<0.05) and significant interactions
between state x hemisphere (F1,510=36.57, p<0.001), state x network (Fs, 510=12.6, p<0.001), and
hemisphere x network (Fs, 510=9.44, p<0.001). Overall, intra-hemisphere, connectivity in awake
relative to anesthetized mice increased, with the exception of within the default-mode network, which
showed no effect, and the striatal network which showed increased connectivity in anesthetized
relative to awake mice. Conversely, inter-hemispheric connectivity was more widely increased in
anesthetized relative to awake mice. As above, the robustness of these observations was supported
by permutation tests where subjects and state (awake or anesthetized) were randomly permuted, Fig.
S10B. Furthermore, when the 6m (anesthetized) imaging timepoint was used, in-place of 4m, similar

results were obtained.

The properties of the dataset (2.5) allowed for a linear mixed model to be generated which jointly
accounted for differences in connectivity associated with animal state (awake or anesthetized) and
age based on fMRI, but not WF-Ca?* imaging, data. Two models were generated, one using data from

the cortex, matching the WF-Ca?* imaging FOV, and one using data from the whole-brain, Fig.
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S9A&B respectively. Both showed that the effects of age on differences in connectivity were minimal

compared to the effects of state (awake versus anesthetized).

3.5 Cross-modality correlation of WF-Ca?* and fMRI connectivity

Diverging patterns in intra- and inter-hemispheric connectivity across cortical networks in WF-Ca?*
and fMRI data (3.5.3) motivated an examination of cross-modality connectivity agreement within and
between networks, Fig. 5A, as well as intra- and inter-hemisphere, Fig. 5B. WF-Ca?* and fMRI
connectomes were separated into cortical networks within right and left hemispheres and vectorized.
Due to its small size (two regions per hemisphere), the motor network was excluded. Cross-modality
correlation (Pearson’s R) was computed for each pair of networks (and hemispheres) at each imaging

timepoint.

A. Correlation of WF-Ca2* and fMRI connectivity within and between cortical networks in each hemisphere at each imaging timepoint
iso_4m iso_6m awake_9m awake_12m
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B. Correlation of WF-Ca2* and fMRI connectivity intra- and inter-hemisphere within cortical networks at each imaging timepoint
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Fig. 5. Correlation of WF-Ca?* and fMRI connectivity across cortical networks and imaging timepoints. A. At each
imaging timepoint (4, 6, 9, and 12m), matrices showing the mean correlation of WF-Ca?* and fMRI connectivity within and
between cortical networks. Data from right and left hemispheres, as well as inter-hemisphere (black dotted lines), are
shown. B. Scatterplots showing intra- and inter-hemisphere cross-modality correlation of WF-Ca?* and fMRI connectivity
within cortical networks (intra/inter are denoted by triangles/circles, respectively) at each imaging timepoint. Corrected p-
values are displayed: *p<0.05, **p< 0.01, ***p<0.001.
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3.5.1 Patterns in cross-modality connectivity were well-preserved across imaging timepoints and

between awake and anesthetized imaging sessions

At both anesthetized, 4 and 6m, and awake, 9 and 12m, imaging timepoints, remarkably similar inter-
modality connectivity patterns were observed. Within cortical networks, in both the right and left
hemispheres, high inter-modality correlations were recovered — especially within the DMN, Fig. 5A
(values along the diagonal). Across hemispheres, there was much less inter-modality agreement, Fig.

5A (dashed line box).

3.5.2 Across cortical networks, and imaging timepoints, correlation strength between WF-Ca?* and

fMRI connectivity was lower inter- versus intra-hemisphere

Using connectomes generated from each run (10mins), correlation strength between WF-Ca?* and
fMRI connectivity for each cortical network, intra- and inter-hemisphere are shown in Fig. 5B. Across
cortical networks and imaging timepoints, intra-hemisphere connectivity across imaging modalities
was more correlated than inter-hemisphere connectivity, with the sole exception of the DMN at the
9m. This pattern was reminiscent of observations made in our previous work, which considered node -

connectivity across imaging modalities intra- and inter-hemisphere .

4. Discussion

This work establishes a biphasic acclimation protocol for longitudinal simultaneous WF-Ca?* and fMRI
data collection in awake adult mice. The experimental framework incorporates elements from a recent
systematic review where we highlighted the importance of comparing data collected from awake and
anesthetized animals alongside a critical evaluation of signal quality given the paucity of such
investigations in the current literature'®. Beyond the technical advancement needed for performing
these experiments, this work provides a novel characterization of large-scale brain connectivity
differences between awake and anesthetized mice using unique multimodal data. Coincident inter-

modal convergent and divergent patterns in large-scale functional organization are revealed and
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considered within the context of previously observed differences in data collected from awake and

anesthetized mice which used either WF-Ca?* 3839 or fMRI|'7-20,

4.1 Multimodal data quality
4.1.1. Motion

Each element of the biphasic acclimation protocol was based on evidence gleaned through our
systematic review'®. This included the 14-day duration of Phase-one: ‘Initial Progressing Training’,
gradual and incremental introduction of stressors, use of a food-reward, biphasic design, use and key
elements of a mock scanner environment (e.g., recorded scanner noise), as well as use of the real
system for acclimation purposes. These efforts contributed to achieving motion estimates (i.e., |FD|)
which were comparable to previous high-quality work at both timepoints where mice were imaged
whilst awake, Fig. S4. The decrease in subject motion which followed Phase-two: ‘Refresher
Training’, a full two-months following the initial phase, Fig. 2C, could motivate an investigation into a
more distributed, rather than intensive, acclimation protocol as part of future work. That the study
design implemented here did not include a group which underwent Phase-one: ‘Initial Progressive
Training’ prior to the 12m imaging timepoint precludes concluding that a biphasic protocol reduces

subject motion based on the current study results alone.

Simultaneous WF-Ca?* imaging showed minimal motion in the X—Z plane (the only estimate possible
using these 2D data). This is in-line with the observation that the majority of motion in the fMRI data
is along the Y-axis, which is “invisible” to WF-Ca?* imaging, Fig. S2. Body-induced B, inhomogeneities
are also likely contributors to perceived motion in the fMRI data that have no correlate in WF-Ca?*
imaging. A deeper phenotyping of how subject motion manifests in multimodal data and its impact on
measures of brain function will be the focus of future work. Other avenues include the future use of a
body restraint system'4%4" (as the mouse body was unrestricted in this study), magnetic field
correction #2, or the implementation of novel MRI-acquisition strategies that are insensitive to body

movement 4345,

4.1.2. Temporal SNR
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In the fMRI data, tSNR at all timepoints was comparable to estimates from anesthetized animals in a
recent multi-centre study (see Fig. 1 in ¥). Still, the tSNR in the fMRI data acquired from awake mice
was lower than in data acquired from anesthetized mice. In the corresponding WF-Ca?* imaging data,
tSNR showed the opposite pattern, Fig. 2D. This is unsurprising given the distinct signal and noise
sources, including head and body motion (4.1.1), which affect tSNR differentially in each modality 46
48 The positive correlation between WF-Ca?* and fMRI tSNR observed at the 12m imaging timepoint
is intriguing, Fig. 2E. This observation, alongside the mismatch at the 9m awake imaging timepoint,
may suggest that tSNR is dominated by common sources of signal and noise at 12m, but opposing

or mismatched sources at the earlier, 9m, awake imaging timepoint (e.g., body motion).
4.1.3. Stress

Acclimation protocols for undergoing imaging whilst awake aim to reduce animal motion, improve
tSNR, and reduce animal stress through exposure to the conditions of the experiment without any
adverse events. Ideally, through acclimation, the animal learns that the procedures are not harmful,
and this reduces stress. However, over-training has been posited as equally undesirable as it can
result in a depressive phenotype due to prolonged, low-level, stress*. Striking the ‘ideal’ balance
between these extremes—both of which have known effects on brain function “°*'—is a challenging
and currently unsolved problem. Stress, both acute and chronic, is difficult to measure in mice and
has not been thoroughly characterized in the existing mouse fMRI literature '®. Further, these concerns
have been typically ignored in WF-Ca?* imaging experiments due to the environment being
considered much less stressful overall, with a few notable exceptions 52%*. A thorough investigation
of the effects and presence of acute and chronic stress was beyond scope of this investigation.
However, animal body weight, measured daily during acclimation and imaging, was used as a proxy
for long-term stress °°. Every animal in this study maintained a stable weight throughout acclimation
and imaging, with no differences between awake and anesthetized groups, Fig. $1. Future work will
include more comprehensive measures of acute and chronic stress using behavioral monitoring, heart

rate variability 567, and/or blood corticosterone measurements 1618,

4.1.4. Specific connectivity
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This metric was recently introduced by Grandjean and colleagues (3'%") for assessing mouse fMRI
data quality. It is based on quantifying two “biologically plausible” measures of functional connectivity,
one posited to show high connectivity (SSpr <> SSp.), and the second posited to show low, absent,
or negative connectivity (SSpr <> ACAR), based on the physical/structural connectedness of these
brain regions, Fig. 3A. A large fraction of the fMRI data collected from anesthetized mice in this study
was categorized as “high-quality” based on this metric (85-100% depending on the imaging timepoint),
Fig. 3C. Functional MRI data acquired from awake mice, encouragingly, showed similarly high rates
(89 and 92%) despite lower tSNR. Notably, the specificity results across all fMRI data were aligned
with previous literature (~80% in a recent multi-centre mouse fMRI study 37). However,
counterintuitively, extending this assessment to the simultaneously acquired WF-Ca?* imaging data
collected from anesthetized mice, uncovered middling rates of “high-quality” data (67 and 73%) driven
by variability in SSpr <> ACARr connectivity. Further, low rates (33 and 58%) were observed in WF-
Ca?* imaging data acquired from awake mice despite these having higher and less variable tSNR,
Fig. 2D. Given that this metric is based on a viral tracer map, it should be more closely related to WF-
Ca?* imaging results, than those gleaned from fMRI data (despite this metric having been originally
developed for assessing fMRI data quality). That the opposite pattern is uncovered calls into question
using physical/structural connectedness to assess the quality of functional data. Overall, this weighs-
in on a long-standing debate regarding the relatedness of brain structure and function in both human®#

60 and mouse 8" |iterature.

4.2 Functional connectivity

4.2.1. Functional MRI

Data from awake, relative to anesthetized mice, showed widespread increases in intra-hemispheric
connectivity strength alongside decreases in inter-hemispheric connectivity strength within a priori
cortical and whole-brain networks, Fig. 4C, S7 & S9. With a few noted exceptions (3.4). Similar
patterns have been previously reported using both mice®®* and rats®®, and are purported to reflect

enhanced network segregation and reduced global synchrony with wakefulness 171820566667 ' ggg
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Table 3 in . Although these patterns were recovered at both the 9 and 12m imaging timepoints, the
effects were stronger at the 9m imaging timepoint following Phase One: ‘Initial Progressive Training’.
Using the fMRI data, it was inferred that the attenuation of these effects were not attributable to animal
age, Fig. S9. It is possible that the completion of additional acclimation (i.e., Phase Two), was

responsible, but this will need to be validated in a future study.
4.2.2. WF-Ca?" imaging

Relative to observations made using fMRI data, simultaneously acquired WF-Ca?* imaging showed
more stable intra-hemisphere connectivity strength between awake and anesthetized mice within a
priori cortical networks, while differences in inter-hemispheric connectivity strength showed a mixture
of convergent (motor and visual) as well as divergent (motor and DMN) patterns, Fig. 4C. It was also
apparent, that the WF-Ca?* imaging data showed more widespread differences in connectivity
strength between awake and anesthetized mice at the 12m imaging timepoint (whereas fMRI showed

the opposite pattern), Fig. 4A.

However, closer inspection of the matrices in Fig. 4A derived from the WF-Ca?* imaging data,
especially at the 12m imaging timepoint, revealed that averaging within a priori networks likely
obscured a range of differences in connectivity strength between awake and anesthetized mice. Most
networks contained nodes showing both increased and decreased connectivity strengths between
awake and anesthetized mice which canceled when averaged within network. There were also
noticeable differences between awake and anesthetized mice in inter-network connectivity. Some of
these features were captured when differences in in brain region connectivity was quantified (3.4.2)
but further investigation is warranted. In this study, both a priori networks, and brain regions (derived
from the Allen Atlas), were adopted for the purpose of comparing to the existing literature. In future
work, a less constrained approach will be implemented, as we have done previously '3, which will

support a more data driven characterization of these features.

4.3 Inter-modal connectivity correlation
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The correlation of WF-Ca?* and fMRI connectivity within and between a priori networks, separating
inter- and intra-hemispheric connections (Fig. 5), aligns well with our earlier work (see Fig. 6B in '°).
High inter-modality correlations are recovered within-network in both hemispheres (diagonal, Fig. 5A)
alongside lower or absent correlations between networks and across hemispheres (off-diagonal, Fig.
5A). In our previous work %, mice were imaged under anesthesia which was suspected as the reason
for the lack of inter-hemispheric connectivity agreement between WF-Ca?* and fMRI. In this study,
this hypothesis was disproven. Across cortical networks, and imaging timepoints, the same pattern
was reproduced regardless of whether mice were anesthetized or awake during imaging, Fig. 5B.
Further examination of this persistent effect will aim to quantify the role that connection length plays
in determining inter-modality connectivity agreement. As in the previous subsection, we anticipate
that this analysis will benefit from using a brain atlas comprised of smaller and more similarly sized

brain regions.

4.4 Summary of limitations and future directions

The sample size, while sufficient for detecting robust group-level effects, limited some of the analyses
that were performed. Specifically, insufficient WF-Ca?* imaging data from anesthetized mice at the 9
and 12m imaging timepoints as well as no group that underwent Phase-one: “Initial Progressive
Training” prior to the 12m imaging timepoint (which prevented a definitive demonstration that Phase-
two: “Refresher Training” was responsible for reducing subject motion). Future studies will provide
these answers alongside a more comprehensive characterization of acute and chronic stress.
Additional analyses, which will be supported by an increased cohort size, will include a more in-depth
characterization of inter-network connectivity, the role of connection length in inter-modality

connectivity agreement, as well as analyses of dynamic connectivity 41868,

5. Conclusions

This work introduces longitudinal, simultaneous WF-Ca?* and fMRI in awake mice, yielding high-

quality, reproducible multimodal data. Novel aspects of cortex-wide patterned activity in awake mice
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were captured. Convergent and divergent activity patterns in awake and anesthetized animals were
quantified and compared across imaging timepoints and modalities. This work sets the stage for future
studies in awake mice, where a wider spectrum of behaviors and brain states can be examined in

healthy animals and models of disease.
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