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Abstract

Whole-brain imaging approaches and optogenetic manipulations are powerful tools to map brain-
wide neural circuits in vivo. To date, functional magnetic resonance imaging (fMRI) provides

the most comprehensive evaluation of such large-scale circuitry. However, functional ultrasound
imaging (fUSI) has recently emerged as a complementary imaging modality that can extend such
measurements towards the context of diverse behavioral states and tasks. Nevertheless, in order
to properly interpret the fUSI signal during these complicated scenarios, it must first be carefully
validated against well-established technologies, such as fMRI, in highly controlled experimental
settings. Here, to address this need, we compared subsequent fMRI and fUSI recordings in
response to direct neuronal activation via optogenetics in the same animals under an identical
anesthetic protocol. Specifically, we applied various intensities of light stimulation to the primary
motor cortex (M1) of mice and compared the spatiotemporal dynamics of the elicited fMRI

and fUSI signals. Overall, our general linear model analysis (t-scores) and time series analysis
(z-scores) revealed that fUSI was more sensitive than fMRI for detecting optogenetically-induced
neuronal activation. Local field potential recordings in the bilateral M1 and striatum also better co-
localized with fUSI activation patterns than those of fMRI. Finally, the fUSI response contained
distinct arterial and venous components that provide vascular readouts of neuronal activity with
vessel-type specificity.
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1. Introduction

Functional ultrasound imaging (fUSI) is a promising technology for studying large-scale
neural dynamics with high spatial-temporal resolution (Brunner et al., 2020; Macé et al.,
2011, 2018; Rabut et al., 2019; Urban et al., 2015). This technique is based on insonifying
biological tissue at ultrafast frame rates to measure the power Doppler (PD) hemodynamic
signal that proportional to cerebral blood volume (CBV) (Macé et al., 2011; Rubin et al.,
1994). Ultrafast imaging reconstructs a full ultrasound image based on the echoes produced
by a single plane-wave emission using software beamforming. This approach is attractive as
it can be used to excite biological tissue much faster (up to ~40 kHz) than traditional beam
scanning (up to ~300 Hz). The combination of ultrafast imaging and coherent compounding
(a form of synthetic focusing that combines plane waves from multiple angles) for PD
imaging dramatically reduces noise and increases sensitivity by a factor of nearly 50 (Mace
et al., 2013; Macé et al., 2011). When ultrasound images are acquired at a sampling rate on
the order of hundreds of Hz, the Doppler shift of red blood cells (RBCs) moving within the
cerebral vasculature can be indirectly detected. This is done by examining the phase shift of
the echo signal in each voxel (termed the Doppler signal) that is generated over the course of
hundreds of images. While RBC velocity and direction can be inferred from this information
by examining individual frequency components of the Doppler spectrum, the integral of this
spectrum correlates with the CBV. Therefore, collecting multiple PD frames in succession
provides a time-resolved hemodynamic readout of brain activity.

For the past few decades, functional magnetic resonance imaging (fMRI) has been the
standard for measuring brain-wide hemodynamic activity. In recent years, fMRI has also
uniquely enabled cell-type specific investigation of brain-wide neural circuits with the aid
of optogenetic stimulation (Lee et al., 2010). Exemplary work identifying and dissecting
global brain networks underlying neurological diseases such as Parkinson’s disease and
epilepsy has demonstrated the utility of this approach (Bernal-Casas et al., 2017; Duffy et
al., 2020; Lee et al., 2016; Liu et al., 2015; Weitz et al., 2019). Even though fMRI remains
the benchmark for the brain-wide mapping of neural circuits, fUSI has recently achieved
whole-brain recordings at a similar spatial-temporal resolution (Brunner et al., 2020; Rabut
etal., 2019). While such volumetric measurements make fUSI an interesting candidate

for complementary circuit recordings, whole-brain imaging is still in a stage of infancy
compared to fTMRI and is not widely available. Thus, some key features of fMRI, such as
brain-wide connectivity analyses are not yet ideally suited for fUSI and have been mostly
limited to a single slice field-of-view (Ferrier et al., 2020; Osmanski et al., 2014; Rabut et
al., 2020). Also contrary to fMRI, in some scenarios, such as experiments involving adult
rats (Macé et al., 2011; Sieu et al., 2015; Urban et al., 2015), fUSI requires the installation
of a cranial window, which can impact the structure and function of the brain. However, this
procedure is not always needed, as has been successfully demonstrated by transcranial fUSI
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in young rats (Mairesse et al., 2019; Rideau et al., 2016) and mice (Deffieux et al., 2021,
Tiran et al., 2017).

Despite the invasiveness of fUSI, it has the potential to extend the scope of brain-wide
optogenetic-based circuit mapping by utilizing a portable device that facilitates recording

in behaving animals (Dizeux et al., 2019; Sieu et al., 2015; Tiran et al., 2017; Urban et

al., 2015). Nevertheless, only two studies to date have investigated the combination of
circuit-based optogenetics and fUSI, whereby the activation of different cell populations in
the superior colliculus of mice revealed different brain-wide responses that were linked to
defensive behaviors (Brunner et al., 2020; Sans-Dublanc et al., 2021). This innovative work,
along with the variety of fUSI studies examining brain activity during different functional
states (Bergel et al., 2020, 2018), foreshadow the impending investigation of neural circuits
underlying complex or even freely moving behaviors. Nevertheless, as an initial step towards
this goal and to ensure proper interpretation of such work, the fUSI signal must first be
validated alongside well-established and comparable imaging modalities such as fMRI.

To address this need in the current work, we investigated and characterized the sensitivity
of both the fUSI and fMRI response to optogenetic stimulations applied to the primary
motor circuit of mice. In particular, optogenetic manipulations are attractive for such an
investigation (compared to sensory stimulation) because direct neuronal activation creates
highly reproducible stimulation conditions. To obtain ground-truth evidence of neuronal
activation and to cross-validate the different hemodynamic signals at these stimulus
intensities, we also acquired local field potential recordings across the motor circuit in
response to the same optogenetic stimulations. Overall, our results indicate that fUSI is
more sensitive than fMRI for detecting optogenetically-induced neural activity and elicits
activations patterns that better co-localize with neuronal activity.

2. Materials and Methods

2.1 Animals

Seven healthy Thy1-ChR2-YFP mice (4 male, 8-12 weeks old at implantation; The Jackson
Laboratory, Bar Harbor, ME, stock no. 007612) were used for all experiments. Animals
were not used for any previous procedures. Animals were housed in groups prior to surgery
and individually after surgery in a 12-hour light-dark cycle. Animals were provided with
food and water ad /ibiturm; Uniprim antibiotic feed containing 67 mg Trimethoprim and 333
mg Sulfadiazine per gram was provided to the animals starting one week before and up until
two weeks after cranial window surgery. Animal husbandry and experimental procedures
were performed according to the guidelines of the National Institutes of Health and Stanford
University Institutional Animal Care and Use Committee (IACUC).

2.2 Fiber Implantation

Mice were anesthetized with 3-4 % isoflurane in 100 % oxygen and fixed in a stereotactic
frame. The subcutaneous administration of slow-release buprenorphine (0.5 mg/kg) was then
provided to alleviate post-surgical discomfort. After shaving the head of the animal, it was
cleaned by means of a triple scrub, alternating the application of 70% ethanol and Betadine.
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Body temperature was maintained at 37 °C using a thermoresistive heating pad (PHC Inc.,
Bowdoin, ME, USA). Petrolatum ophthalmic ointment was applied to the eyes to prevent
dryness. 250 pL of 0.5 % bupivacaine was injected under the scalp followed by a midline
scalp incision. A small craniotomy was made in the skull and a custom-made 200 pm
diameter fiber-optic implant was inserted into the primary motor cortex (+1.5 mm ML +0.86
mm AP —0.65 mm DV) at an angle of 30° from the horizontal. The implant was secured to
the skull with Clearfil AP-X light-cured dental cement (Kuraray Noritake Dental Inc, Tokyo,
Japan, stock no. 1721-KA). The skin was approximated around the implant and sutured. The
animals recovered for at least three days before imaging.

2.3 Cranial Window Surgery

Animals were initially administered an intraperitoneal bolus of a ketamine-xylazine cocktail
(80 mg/kg ketamine hydrochloride, Vedco Inc., St. Joseph, MO, USA; 5 mg/kg xylazine,
Akorn Inc, Lake Forest, IL, USA) with additional injections given as needed to maintain
surgical depth. At this point, animal preparation was identical to that described previously in
the Fiber Implantation section, where applicable. A5 mm AP x 8 mm ML cranial window
was then cut into the skull using a dental drill; sterile saline was periodically applied to

the skull to prevent overheating. The skull was then removed, and the dura was left intact.
A 3D printed custom head mount was secured to the remaining skull surface with dental
cement approximately 1 mm above the brain. The head mount cavity was filled with 2 %
agarose and covered with a 50 um thick polymethylpentene (PMP) film. A locking frame
was attached to the inner ridge of the head mount to secure the PMP film and seal the
window. A protector plate was then placed on top of the window and secured to the head
mount with plastic screws. The animals recovered for up to one week before imaging.

2.4.1 Functional Ultrasound Imaging Data Acquisition

Functional ultrasound imaging data was acquired with a Vantage 128 (Verasonics Inc,
Kirkland, WA, USA) using a custom-made 128-channel linear ultrasound array with a
central frequency of 15 MHz and pitch of 0.1 mm (Vermon, Tours, France). This probe
provided a 100 x 100 um in-plane resolution. Animals were initially anesthetized with 3—4
% isoflurane (Sigma-Aldrich, St. Louis, MO, USA) in 100 % O, and secured in a stereotaxic
frame. At the beginning of each imaging session, the anesthetic mixture was then switched
to 1.5% isoflurane in a combination of 20 % O, and 80 % medical air. The protector

plate was then removed and the cranial window was washed with sterile saline solution. A
thin layer of sterile ultrasound gel (Medline Industries, Inc., Northfield, IL, USA) was then
applied between the cranial window and the linear ultrasound array, which was adjusted to
fully encompass the boundaries of the brain. A high-resolution anatomical power Doppler
image (PDI) was then collected in the coronal plane at bregma + 0 mm.

PDI acquisition is based on the concept of plane wave compounding. Accordingly, every 2
ms the brain was insonified with multiple plane waves and the backscattered echoes were
coherently summed to form a single compound ultrasound image (CUI). Anatomical CUls
were created using plane wave emissions at 15 tilt angles (12, +10, +8, £6, +4, +2, 0°),
and 200 CUIs were acquired at 500 Hz for a total acquisition time of 400 ms per PDI.
Time-resolved PDI data were collected in the same way but utilized 9 tilt angles (£8, 6,
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+4, +2, 0°) and 100 CUIs (500 Hz frame rate, 200 ms acquisition). A total of 240 CUI
stacks were acquired every 1500 ms (for a run time of 6 min) and saved to a file on the

host computer for subsequent analysis. The field of view was constrained to the brain; an
apodization scheme was utilized to blind specific array elements that would transmit/receive
signals outside of the brain, resulting in an image size of 160 x 220 voxels for anatomical
data and of 80 x 110 voxels for functional data.

2.4.2 Functional Ultrasound Imaging Data Preprocessing

Functional ultrasound data pre-processing was performed in MATLAB (MathWorks, Inc.,
Natick, MA, USA) using custom scripts. Anatomical and functional CUI stacks from each
frame were subjected to singular value decomposition where the first 20 singular vectors
pertaining to static tissue components were removed and the remaining singular vectors
were used to reconstruct the vascular signal (Demené et al., 2015). This reconstructed CUI
stack was then high-pass filtered at 30 Hz with a 5" order butterworth filter. Finally, the
individual CUls were squared and averaged across the image stack to form a single PDI.
In particular, this clutter filter technique removed low-frequency information associated
with cardiac pulsatility and tissue motion. This process was performed for the anatomical
acquisition and at each time point within the time-resolved functional data. Functional data
were smoothed with a 300 pm median filter for the sensitivity analysis. Unsmoothed data
were utilized to analyze characteristics of venous and arterial signal components. The first
10 brain volumes were removed from each data set before further analysis.

2.5.1 Functional Magnetic Resonance Imaging Data Acquisition

Functional magnetic resonance imaging (fMRI) data was acquired with a Bruker BioSpec
70/30 USR small animal MR system (Bruker BioSpin MR, Ettlingen, Germany) operating
at 300MHz (7T). Animals were initially anesthetized with 3-4% isoflurane (Sigma-Aldrich,
St. Louis, MO, USA) in 100% O2 and secured in a MRI-compatible cradle. At the beginning
of each imaging session, the anesthetic mixture was then switched to 1.5% isoflurane in

a combination of 20 % O, and 80 % medical air. The MR system was equipped with an

86 mm volume resonator (Bruker, Ettlingen, Germany) for transmission and a single-loop
surface coil for signal reception. Global 15t order shimming was followed by fieldmap-based
local shimming (MAPSHIM) to maximize the homogeneity of the static By magnetic field.
fMRI data were acquired using a Gradient Echo Planar Imaging sequence (GE-EPI) with
the following parameters: field-of-view (FOV) = 24 x 10.5 mm? and matrix size = 80 x

30 yielding an in-plane voxel dimension of 300 um x 300 pm, echo time/repetition time
(TE/TR) = 12/1500 ms, number of averages (NA) = 1, flip angle (FA) a = 60°, number of
slices = 24, slice thickness = 500 um, number of repetitions = 240, for a total acquisition
time of 6 minutes.

T2-weighted anatomical reference images were acquired using a Rapid Acquisition with
Rapid Enhancement (RARE) sequence with the following parameters: TE =33 ms, TR =
2671 ms, RARE factor = 8.24, axial slices of 500 pm thickness with a FOV =24 x 10.5 mm,
and a matrix of 256 x 256. These images produced a nominal resolution of 93 x 41um. The
acquisition time was 5 min 42 sec.
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2.5.2 Functional Magnetic Resonance Imaging Data Processing

Functional MRI data pre-processing was performed in Matlab using the SPM12 toolbox
and custom scripts. The first 10 brain volumes were removed from each dataset, and

the remaining volumes were subjected to slice-timing correction, realignment to the first
volume, and smoothing witha 1 x 1 x 1 voxel (FWHM, 300 um) Gaussian kernel.

2.6 Optimal fMRI and fUSI in the same subjects

To fairly compare fMRI and fUSI, we ensured that experimental conditions were optimal
for each imaging modality. For fMRI, the implanted optic fiber protruded from the skull
and accommodated a loop surface receive coil. In general, with only a fiber implanted, a 1
cm loop coil rested flush with scalp of the animal with minimal air gaps. After the cranial
window was installed, a 2 cm coil was required due to the increased height and diameter

of material extending upward from the skull. We computed the signal-to-noise (SNR) and
temporal-SNR (tSNR) for both setups to determine the optimal fMRI setup. The 1 cm coil
setup produced higher SNR and tSNR values (cortical region-of-interest) compared to the 2
cm coil setup. Therefore, for fMRI, we used the 1 cm coil before cranial window installation
to compare with fUSI and the 2 cm coil after cranial window installation to ensure the
integrity of brain function after skull removal. Only one standard fUSI experimental setup
was available for the imaging parameters and orientation utilized in the current study.

2.7.1 Electrophysiological Data Acquisition

Electrophysiological recordings were acquired at a sampling rate of 40 kHz with a Plexon
OmniPlex Neural Recording Data Acquisition System (Plexon Inc., Dallas, TX, USA)

and the PlexControl software. Animals were initially anesthetized with 3-4 % isoflurane
(Sigma-Aldrich, St. Louis, MO, USA) in 100 % O, and secured in a stereotaxic frame.

At the beginning of each recording session, the anesthetic mixture was then switched

to 1.5% isoflurane in a combination of 20 % O, and 80 % medical air. The cranial

window head mount was then removed. Bregma was identified from markings made on
the head mount during installation and from vascular landmarks on the exposed brain. Two
16-channel linear electrode arrays (A1x16-5mm-50-703-A16 electrode array) (NeuroNexus
Technologies, Ann Arbor, MI, USA) were then inserted into the bilateral primary motor
cortex and striatum.

2.7.2 Electrophysiological Data Processing

Local field potential (LFP) processing was performed in MATLAB using custom scripts.
LFP traces were downsampled to 1 kHz and bandpass filtered between 8 and 12 Hz using
a 5t order Butterworth filter. This frequency band was chosen to specifically examine
the brain-wide neuronal activity, if present, that was driven by the exogenous optogenetic
stimulation (10 Hz, see section 2.8). Filtered LFP traces were then averaged across
stimulation blocks and electrodes within a single animal for each stimulation intensity.
Individual trials for all electrodes were visually inspected for transient artifacts which, if
detected, were subsequently removed.
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2.8 Optogenetic Stimulation

Prior to both fUSI and fMRI data collection, a 200 um diameter optical fiber was connected
to a 473 nm laser source (LaserGlow Technologies, Toronto, Canada) and coupled to the
fiber-optic implant. For electrophysiological recordings, the removal of the head mount also
removed the original optic fiber. Therefore, an optical fiber was coupled to the electrode
inserted in the original stimulation site. Once the animal was secured in the stereotaxic
frame (fUSI and electrophysiology) or the animal cradle (fMRI), an initial bolus of 0.1
mg/kg of dexmedetomidine was administered subcutaneously and the isoflurane level was
reduced to 0.25%. Throughout a functional imaging/recording session, dexmedetomidine
was also continuously infused subcutaneously at 0.2 mg/kg/hr. Body temperature was
maintained at 37 °C using a thermoresistive heating pad (PHC Inc., Bowdoin, ME, USA)
for fUSI and electrophysiological recordings or using a heating fan for fMRI. For fUSI

and fMRI, breathing rate was continuously monitored using a MR-compatible Monitoring
and Gating System for Small Animals (Model 1030, Small Animal Instruments, Inc., Stony
Brook, NY, USA). The breathing rate was within the normal physiological range of 80 — 120
breath/min for all recordings.

At the beginning of each session, optical power was calibrated to 0.1, 0.5 or 1.0 m\W at

the implanted fiber’s tip for different imaging scans/electrophysiology recordings. A single
scan consisted of a block design with 60 s of baseline measurement followed by five (fUSI
and fMRI) or 10 (electrophysiology) 12 s pulse trains (10 Hz, 20 ms pulse width) of light
delivered every 60 s. This long stimulation period was used to ensure that the relatively
slow hemodynamic response could be sufficiently sampled using both fUSI and fMRI under
the current experimental conditions (0.67 Hz sample rate, see sections 2.4.1 and 2.5.1).

This protocol was also chosen based on similar fMRI-based block stimulation paradigms
previously used in our lab (Lee et al., 2016; Weitz et al., 2019) and others (Chan et al., 2017;
Schmid et al., 2017). The MRI scanner was synchronized with the laser using a Master 8
stimulator (A.M.P.1., Jerusalem, Israel) and the ultrasound controller and electrophysiology
recording system with dual function generators (Keysight Technologies, Santa Rosa, CA,
USA). 1-2 scans/recordings were collected at each optical power in pseudo-random order
for each modality.

2.9 Activation Maps and Time Series Analysis

Fixed effect analyses were performed at the animal and group level using a general linear
model. Functional data was registered to an average anatomical image using a simple
affine transformation. The design matrix was constructed by convolving the block stimulus
with fourth-order gamma functions. The contrasts used to compute the activation maps

for fUSI and fMRI contained 1’s for the 15t and 2"d order gamma functions, respectively,
and 0’s elsewhere. Active voxels at the animal and group level were identified as those
exhibiting a t-score magnitude greater than 2.84 and 2.81, respectively, after correcting for
false-discovery rate. These thresholds were determined based on identifying the t-score
corresponding to p < 0.005 in a t-distribution with /-2 degrees of freedom, where 7
represents the number of independent measurements. At the individual animal level r7is
equal to 230 (see sections 2.4 — 2.5 for details on run length) and at the group level (n =
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7 animals) equal to 1610. Active voxels are overlaid on top of representative anatomical
images.

Regional analyses were performed at the individual animal level. Each fMRI (the slice
containing bregma + 0 mm) and fUSI dataset was registered to the Paxinos Atlas and
segmented into 18 regions-of-interest. Time series from each voxel within a region were
averaged together and then bandpass filtered with a 51 order Butterworth with cutoff
frequencies of 0.005 and 0.1 Hz. Therefore, for each animal, stimulation intensity and
region, two time series were calculated, one for fMRI and one for fUSI. Time series were
then converted to percent modulation or z-scores relative to a 30 s pre-stimulation baseline.
The time series from each region was then averaged across animals.

2.10 fUSI Blood Flow Analysis

As previously mentioned, a power Doppler (PD) image is constructed as the incoherent
summation of a temporally filtered CUI stack. However, this time-resolved image stack

is specifically collected at a frame rate that can also capture the Doppler shifts of red
blood cells traveling through the vasculature. The upper limit of measurable Doppler shifts
corresponds to the maximum detectable blood flow velocity. Therefore, prior to incoherent
summation, blood flow direction and velocity can also be extracted.

Blood flow velocity is calculated according to Eq. 1, where Vv is the axial blood velocity, £
is the pulsed central frequency of the acoustic wave, cis the speed of sound in neural tissue
(1540 m/s), and 7p is the doppler shifted frequency of the moving red blood cells (Mace et
al., 2013).

c*fp

=257,

Eq. 1

We used an ultrafast PD acquisition frame rate of 500 Hz. Therefore, according to Nyquist’s
theorem, the maximum resolvable Doppler frequency was 250 Hz. When insonifying neural
tissue at 15 MHz, the PD signal in the current work contained information from blood
moving at a speed of up to 12.83 mm/s. Importantly, optical and photoacoustic imaging
modalities have shown that cerebral blood flow velocities are well within this range
(Santisakultarm et al., 2012; Yao et al., 2015).

Blood flow direction was identified from the anatomical PD images from each animal by
separating the positive and negative power spectra of the compound ultrasound image stack.
Individual voxels were then classified as containing blood flowing towards or away from the
transducer based on if the positive or negative power spectrum, respectively, was stronger.
These binary maps were used to mask, for each animal, significantly active voxels for each
flow direction. This procedure is equivalent to assigning each active voxel a binary direction
using the power spectrum, as previously described. The corresponding time series for each
flow component within a brain region were then subjected to the same analysis as previously
described.
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2.11 Histology

To confirm ChR2 expression in the Thyl mouse model used, we anesthetized a
representative animal with pentobarbital, followed by transcardial perfusion with 0.1M
phosphate-buffered saline (PBS) and chilled 4% paraformaldehyde (PFA) in PBS. The brain
was extracted and fixed in 4% PFA overnight at 4 °C, followed by submersion in 20%
sucrose in PBS for 48 hours at 4 °C. 40 um thick coronal brain sections were acquired
using a Microm 550 cryostat (Thermo Fisher Scientific, Waltham, MA, USA). Free floating
sections were washed three times with 0.1M PBS for ten minutes at room temperature and
then exposed to 200 ng/ml of DAPI in PBS for 20 min at room temperature. Sections were
washed once more with 0.1M PBS for ten minutes and then mounted on glass slides with
Fluoromount-G (SouthernBiotech, Birmingham, AL, USA).

2.12 Statistical Analysis

Statistical analysis was performed using custom R and Matlab scripts. Exact values of N

for all tests can be found in the text, figures, and figure legends. A one-way ANOVA with

a main effect of stimulation intensity was used to compare the average t-scores at different
stimulation intensities for fMRI and fUSI. Post-hoc analysis was performed with Tukey’s
HSD test. A Wilcoxon rank-sum test was used to compare the voxel-wise linear model
outputs for fUSI and fMRI. A two-way ANOVA with main effects of stimulation intensity
and vessel type or imaging modality was used to compare the area under the curve or z-score
and active voxel count for the arterial and venous fUSI responses and the fUSI and fMRI
evokes responses, respectively. For these analyses, the false discovery rate correction was
applied to the main effect p-values to correct for multiple comparisons.

3. Results

3.1 Optogenetically-induced fUSI responses can be detected through chronic cranial

windows

For direct neuronal control, we used optogenetics that enable on-demand modulation of
neural activity using the light-sensitive transmembrane protein Channelrhodopsin-2 (ChR2)
(Boyden et al., 2005; Lee et al., 2016, 2010). Thy1-ChR2 mice were chosen due to the
robust and well-characterized endogenous expression of ChR2 in layer V cortical neurons
(Wu et al., 2015) (Figure 1D). To combine optogenetics and fUSI, we installed a custom
chronic cranial window and implanted an optical fiber in the primary motor cortex (M1)

of Thy1-ChR2 mice (n = 7) (Figure 1A—C). This setup targeted the stimulation of the
well-defined M1 circuit that contains known projections to both contralateral and subcortical
motor regions (e.g. striatum), all of which can easily be seen in a single coronal brain

slice acquired by fUSI (Anderson et al., 2010; Li et al., 2015). Circuit activation was
confirmed by examining the sequential activation of such downstream motor regions using
local field potential recordings (Figure S1A). The chronic cranial window was filled with 2
% agarose, sealed with an acoustically transparent film and, during imaging, covered with
a thin layer of sterile ultrasound gel. This setup enabled the acquisition of 5 x 7 mm single
plane PD images (Figure 1E). To validate fUSI against fMRI in the same animals, fMRI
was performed after fiber implantation, and fUSI was performed after subsequent cranial
window installation. At the end of the experiment, electrophysiological recordings were
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acquired to verify neuronal activity (Figures 1F). This longitudinal experimental design was
specifically chosen to reduce important sources of variability, such as fiber location and
response to both stimulation and anesthesia, which can arise during cross-sectional studies
with different animals. By doing so, we aimed to minimize factors that could potentially bias
the comparison between fMRI and fUSI.

For both fUSI and fMRI, repeated optogenetic stimulation in lightly anesthetized mice
(0.25 % isoflurane, 0.2 mg/kg/hr dexmedetomidine) produced robust evoked activity of the
ipsilateral M1 that grew in magnitude with increasing stimulation intensity (Figure 1G).
For fMRI, the spatial extent of activation was mostly constrained to the site of stimulation,
which is consistent with previous results using the same transgenic line (Kahn et al., 2013,
2011). Only for the largest stimulation intensity did we also observe modulation in the
contralateral M1 for fMRI. By contrast, for fUSI we observed evoked responses throughout
the M1 circuit (bilateral M1 and striatum) (Figure 1G), consistent with Thy1-ChR2 axonal
projections (Wu et al., 2015). Importantly, we also recorded fMRI in a subset (n = 5)

of these animals after the initial fMRI, cranial window installation, and fUSI to ensure

that stimulus-evoked brain function was preserved after skull removal (Figure 1F). The
physical presence of the cranial window required fMRI to be performed under suboptimal
and lower SNR conditions (see section 2.6 and Figure S1B-E), which resulted in noisier
time series and sparser activation maps compared to the first fMRI time point (Figure S1G,
Figure S2D). Despite these differences, the results revealed activity patterns similar to those
observed before cranial window installation in that we again observed robust modulation
near the site of stimulation and little evoked response in the contralateral M1 and bilateral
striatum (Figure S1G).

3.2 fUSI detects optogenetically-evoked neural activity with high sensitivity

Examination of the recorded fUSI and fMRI time series revealed a markedly different
shape of the evoked response for the two modalities. The fMRI response rose quickly and
was followed by a characteristic undershoot that resembles the 2" order gamma function
commonly observed in fMRI research (Buxton et al., 2004). On the contrary, while the fUSI
response also rose quickly, it subsequently fell back to the baseline activity level, supporting
the recently characterized 15! order gamma-like response (Aydin et al., 2020). Therefore,
the hemodynamic responses for fUSI and fMRI were modeled as 15t and 2" order gamma
functions, respectively, in a general linear model to quantify brain activity voxel-wise for
each modality and stimulation intensity (Figures 2B and S2A). These activation maps were
divided into 18 regions of interest (ROIs) according to the Paxinos histological brain atlas
(Paxinos and Franklin, 2008) to examine how different brain regions reacted to varying
stimulation intensities (Figures S2B). The regions investigated belong to the M1 circuit
within the field-of-view and consist of bilateral motor, sensory, and cingulate cortices, as
well as the striatum.

We found that the t-scores of many voxels covaried linearly with stimulation strength.
Applying exogenous stimuli, such as tactile whisker stimulation, to rodents has been shown
to elicit such a linear relationship with neural activation (Devor et al., 2003), however,

this association can become asymptotically nonlinear at very high intensities (Cardoso et
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al., 2012). Nevertheless, with the low light intensities used in this study (power: 0.1 —

1 mW, irradiance: 0.8 — 8 mW/mm?), this nonlinear behavior was not observed. We fit
additional linear regression models to the activation maps at the voxel level and found that
across all cortical regions (16) examined, 48 % and 50 % of voxels were significantly
correlated with stimulus intensity for fMRI and fUSI, respectively (Figure 2C-D). These
values are reasonable considering only 59 % of fMRI and 60 % of fUSI cortical voxels were
activated across all stimulation intensities. Despite a similar proportion of cortical voxels
being linearly modulated for each modality, the absolute number of voxels was notably
different and is likely due to the different within-plane spatial resolution of the fUSI (100 x
100 pm) and fMRI (300 x 300 um) techniques employed in the current work (see Methods).

Linear models are valuable for examining the sensitivity to exogenous stimuli by describing
two complementary properties: a modulation index (slope) and a minimum modeled
activation value (Figure 2C). Specifically, the modulation index describes how the detection
of neural activation changes in response to changes in stimulation intensity. Similarly,

the minimum modeled activation describes the strength of neural activity elicited at the
lower bound of stimulation intensities (power: 0.1 mW, irradiance: 0.8 mW/mm2) in which
linear modulation was observed. A higher sensitivity is therefore represented by both a
larger modulation index and minimum modeled activation. When observing the voxel-wise
modulation index (Figure 2E) and minimum modeled activation (Figure 2F) maps, it was
evident that the values for both properties were generally larger for fUSI compared to

fMRI throughout the field-of-view. To clearly examine the sensitivity of each modality,

we plotted the modulation indexes against the minimum modeled activation values for all
cortical voxels that exhibited a significant linear coupling with stimulation intensity (Figure
2G). While there was an overlap between the fMRI and fUSI distributions, both the average
modulation index value and minimum modeled activation value (Wilcoxon rank-sum text,
both p < 0.001) were significantly larger for fUSI compared to fMRI (Figure 2G), indicating
an overall increase in sensitivity for detecting neural activity. For this analysis, we did not
compare voxel sensitivity in the striatum as no fMRI voxels in this region were significantly
modulated at all intensities.

We performed the same analysis at the region level using significantly modulated voxels
and found an analogous overall effect regarding the higher sensitivity of fUSI compared to
fMRI. The ipsilateral M1, being directly activated, exhibited a similar modulation index for
both modalities (fUSI: 9.0, fMRI: 9.3) but displayed a larger minimum modeled activation
for fUSI (5.7) compared to fMRI (2.6) (Figure S2E-G). However, for downstream circuit
components, we found that the average regional modulation index was 1.6 times larger and
that the average regional minimum modeled activation value was 1.4 times larger for fUSI
compared to fMRI (Figure S2E-F). These results parallel previous human and animal fMRI
studies that describe the increased sensitivity of the CBV signal compared to the BOLD
signal for detecting evoked neural activity (Huber et al., 2017; Zhao et al., 2006).

In addition to the general linear model analysis, we also compared the amplitude of the
evoked fUSI and fMRI time series responses. To account for the difference in modality-
specific baselines, we transformed the time series into z-scores relative to the corresponding
30 seconds of pre-stimulation recordings. At the voxel level, we found that the average
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evoked z-score also increased with stimulation strength across the bilateral M1 for both
modalities but were generally larger for fUSI (Figure 3A). When examining these responses
at the region level across stimulation intensities, we found that the average z-score was
significantly larger for fUSI compared to fMRI in both the ipsilateral and contralateral M1
(two-way ANOVA, p < 0.005 both) (Figure 3B). These results were further supported when
examining the evoked signals recorded from the ipsilateral striatum (two-way ANOVA,;
ipsilateral p < 0.005, contralateral p > 0.05) (Figure S3A). The magnitude of the z-scores
during stimulation in a noise ROI outside of the brain show similarly low noise values for
both modalities (Figure S3B), suggesting that the larger fUSI z-scores represent enhanced
signal detection.

Finally, to verify that the observed vascular measurements represent the underlying neuronal
activity, we acquired local field potential (LFP) recordings from the bilateral M1 (Figure
3C) and striatum (Figure S3C) of the same mice in which we recorded fMRI and fUSI

(n = 4). As expected, we observed a growing % baseline change of the LFP in the

ipsilateral and contralateral M1 (Figure 3D) and striatum (Figure S3D) with increasing
stimulation intensity. Specifically, we observed activation across the M1 circuit for both
electrophysiological and fUSI recordings, indicating a strong co-localization of these
signals. In general, these results show that the fUSI response was larger in amplitude

than that of fMRI and better reflected neuronal activation, further supporting the increased
sensitivity of the fUSI signal.

We confirmed that all these signals were generated in response to optogenetically-induced
neuronal activity by acquiring fMRI, fUSI and electrophysiological recordings in non-ChR2
expressing animals (n = 2). We found no evoked response in these animals for any of

the three techniques in response to low intensity optogenetic stimulations (power <1 mW,
irradiance < 8 mW/mm?) (Figure S3E-F). This indicates that the optogenetic protocol used
in the current work did not cause heating-induced artifacts or unexpected neurophysiological
responses that have previously been described for both fMRI and fUSI at higher stimulation
intensities (power = 2 mW, irradiance = 18 mW/mm?) (Albers et al., 2019; Christie et al.,
2013; Rungta et al., 2017; Schmid et al., 2017).

3.3 Functional ultrasound imaging reveals vessel-specific hemodynamic responses to
optogenetic stimulation

To examine the specificity of the fUSI signal, we decomposed the hemodynamic response
into arterial and venous components by identifying the blood flow direction of individual
vessels. Imaging the functional response of individual vessels and vessel types can also be
performed using fMRI and photoacoustic techniques, however, such exemplary approaches
offer notably less portability and spatial coverage of the circuit of interest (Yao et al., 2015;
Yu et al., 2016). Functional ultrasound imaging can detect the axial movement (to or from
the transducer) of red blood cells in the vasculature by examining the PD power spectrum
of individual brain voxels (Figures 4A) (Macé et al., 2011). This blood flow information
and the well documented neurovascular architecture can aid in identifying arterial and
venous vessel networks throughout the brain. Specifically, blood vessels that perpendicularly
penetrate the cortex are the primary pathways for perfusion between the pial vessels running
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along the dorsal surface of the brain and subcortical vascular networks (Blinder et al.,
2013; Shih et al., 2015). At the individual vessel scale, optical imaging techniques have
consistently shown that descending arterioles and ascending venules in the mouse cortex
carry blood away from and towards the brain surface, respectively (Baran et al., 2015).

By expanding this finding to the field-of-view offered by fUSI, we used the voxel-wise
flow direction and vessel orientation throughout the cortex to identify significantly activated
arterial and venous voxels (Figure 4B—C). When examining the activation dynamics across
cortical regions, we observed a significant increase in the area under the curve (AUC) of
the evoked response for arterioles compared to venules in the ipsilateral and contralateral
M1 (two-way ANOVA, p < 0.05 both) (Figure 4D-E). Interestingly, the difference between
the arterial and venous AUC was detected despite similar numbers of arterial and venous
voxels being activated (Figure 4F-G), excluding the potentially confounding effects of a
vessel-type activation bias. We observed strikingly similar results in the striatum (two-way
ANOVA, ipsilateral p < 0.01, contralateral p < 0.005) (Figure S4), however, the relationship
between axial blood flow direction and vessel type in subcortical structures has yet to

be fully defined due to high vessel tortuosity in deeper brain regions. Nevertheless, these
results show that fUSI can identify distinct dynamic features of vascular subunits within
neural circuits, which may in the future help better understand the processes underlying
neurovascular coupling.

4. Discussion

Functional ultrasound imaging is a tool that has recently emerged as a strong complement
to other popular neuroimaging modalities such as fMRI (Boido et al., 2019) and two-
photon imaging (Aydin et al., 2020; Boido et al., 2019; Rungta et al., 2017). These
techniques exhibit distinct advantages that include spatial coverage and non-invasiveness
(fMRI), portability (fFUSI), and spatial resolution (two-photon) that, when combined, can
facilitate the investigation of key scientific questions involving the brain-wide neurovascular
responses. Functional MRI has been the standard for characterizing brain-wide neural
circuits in animals due to the distinct ability to measure whole-brain dynamics driven by

the activity of individual cell types. Nevertheless, we show in the current work that fUSI can
detect optogenetically-induced neural activity with higher sensitivity than fMRI. Overall,
when neural activation (t-scores) was modeled as a linear function of stimulation intensity,
we found that fUSI exhibited not only a larger minimum modeled activation than fMRI,

but also a larger modulation index in response to adjustments in stimulus intensity (Figure
2, S2). This heightened sensitivity was further supported by a significant increase in the
magnitude of the evoked circuit-wide response (z-scores) of fUSI compared to that of fMRI
(Figure 3, S3).

These results fall in line with a recent study that also investigated the fUSI and BOLD fMRI
response (Boido et al., 2019). In Boido et al., low-intensity olfactory stimulation induced
widespread activation of the olfactory bulb for fUSI, but only sparse activation for fMRI.
Interestingly, this effect was observed when using a very high field strength (17.2T) and
supports our data that was collected at a lower, albeit more common field strength (7T).
While optogenetic stimulations are able to directly and consistently elicit neuronal activity,
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light intensity cannot be increased as easily as olfactory stimulation due to potential imaging
and/or physiological confounds (Albers et al., 2019; Christie et al., 2013; Rungta et al.,
2017; Schmid et al., 2017). Therefore, in the current work we used only low intensity
optogenetic stimulations that are below thresholds known to cause thermal complications,
and confirmed the lack of such activity in naive animals (Figure S2E-F). Overall, the

use of both optogenetic and olfactory stimulations suggest that fUSI is a more sensitive
reporter of neural activity than fMRI, however, the different intensity limits of these stimulus
types indicate that experimental settings must be considered when choosing which imaging
modality to use. This is particularly true for anesthetized experiments without implanted
optic fibers, as more advanced fMRI equipment such as CryoProbes can increase the SNR
and quality of fMRI data but offer restricted space above the head (Schlegel et al., 2018).

The investigation of neurovascular coupling is a particularly interesting application for
combining micro- and mesoscale signals associated with various imaging modalities,
including fUSI. Along these lines, while detailed investigations have characterized the
relationship between spiking, synaptic, and LFP activity with the BOLD fMRI signal
(Magri et al., 2012; Viswanathan and Freeman, 2007), such associations are only starting to
emerge for fUSI. For example, simultaneous micro- and mesoscale recordings have recently
linked calcium levels and RBC velocities recorded from individual neurons and vessels,
respectively, with the CBV response recorded from individual fUSI voxels (Aydin et al.,
2020). Other work examining simultaneous or sequential fUSI and electrical recordings
have also established a direct relationship between these two signals (Boido et al., 2019;
Nunez-Elizalde et al., 2021). While the current work did not specifically examine such

a relationship, we observed electrophysiological activity across all stimulation intensities
that strongly co-localized with the activity patterns of fUSI (Figure 3). We also found that
different vessel types exhibit distinct vascular responses to evoked neuronal activity in a
circuit-dependent manner (Figure 4), suggesting that universal brain-wide transformations
may not fully explain the mesoscale representation of local neuronal activity. In fact,
two-photon studies have shown that the hemodynamic response is mostly influenced by
arterial vasodynamics, which highlight the importance of examining neurovascular coupling
in the context of arterial and venous components separately (Devor et al., 2008, 2007).
Therefore, complementary fUSI-based approaches involving direct neuronal activation via
optogenetics, as was performed in the current work, as well as super-resolution vascular
microscopy (Errico et al., 2015) may help expand this research area in the future to the
investigation of global neural responses with vessel-type specificity.

Furthermore, the different hemodynamic response shapes observed between fUSI and
BOLD fMRI (Figure 2A) indicate that different hemodynamic readouts may be useful

for identifying various neurovascular mechanisms. Specifically, the fUSI signal (and the
CBV-based fMRI signal) is most sensitive to the influx and subsequent dissipation of
localized blood volume recruited due to the metabolic demands of neuronal activation
(Figure 1G) (Mace et al., 2013). By contrast, the BOLD fMRI signal is most sensitive to

the deoxygenated hemoglobin (Hbr) content within this blood volume. As neuronal firing
consumes oxygen, the Hbr level within the blood increases and is considered the main
contributor to the BOLD undershoot (Figure 1G) (Buxton et al., 2004). This disparity further
highlights the need for multimodal approaches that bridge neuronal and vascular signals to
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map the micro- and meso-representations of brain activity (Chen et al., 2019; Schulz et al.,
2012).

Portability is a principal characteristic of fUSI that is becoming increasingly utilized for
investigating brain functions in behaving rodents (Brunner et al., 2021, 2020; Macé et al.,
2018; Urban et al., 2015). Here, in a head-fixed and anesthetized context, we quantified
and cross-validated the ability of fUSI to image large-scale activity patterns elicited by the
manipulation of specific neuronal populations. This work may in the future extend to the
context of behaving or freely moving optogenetic studies as the footprint and weight of
ultrasound probe technology becomes smaller and more easily paired with head fixation
or tethering setups. Thus, this study contributes to a framework whereby combining fUSI
and optogenetics can help answer systems neuroscience questions by linking brain-wide
networks to corresponding behavioral readouts (Brunner et al., 2020; Edelman and Macé,
2021; Sans-Dublanc et al., 2021).

Transcranial fUSI in rodents has recently gained significant popularity (Deffieux et al.,
2021; Mairesse et al., 2019; Rideau et al., 2016; Tiran et al., 2017), establishing this
approach alongside similar noninvasive imaging modalities such as fMRI (Duffy et al.,
2020; Lee et al., 2016, 2010; Liu et al., 2015; Weitz et al., 2019, 2015) and photoacoustic
imaging (Yao et al., 2015). Nevertheless, in the current work, we chose to utilize a chronic
cranial window for fUSI to eliminate the risk of ultrasound attenuation through the skull and
to ensure that high-quality signals were acquired across the same field-of-view in which we
acquired fMRI. It is therefore important to note that various works have reported minimal
damage caused by similar skull manipulations (Ghanbari et al., 2019; Urban et al., 2014).
Nevertheless, others have found that such a procedure can lead to dysfunctions of natural
vasomotor oscillations and the excitation-inhibition balance of the brain (Drew et al., 2010;
Kato et al., 2017). To determine if skull removal significantly affected the optogenetically-
induced neural activity detected in the current work, we acquired fMRI data at a second time
point, after cranial window installation and fUSI. This post-cranial window fMRI exhibited
lower SNR due to the physical constraints associated with accommodating both an MR loop
receive coil and the implant (see Section 2.6 and Figure S1B—F for details). The lower SNR
manifested as higher fluctuations in the observed time series compared to the pre-cranial
window fMRI (Figure S1G), which further translated to sparser and weaker activation maps
(Figure S2D). Nevertheless, we still observed similar overall activation patterns for both
fMRI time points in the sense that optogenetic modulation was mainly observed near the
site of stimulation. Thus, the post-cranial window fMRI was considered suboptimal and was
used merely to verify intact stimulus-evoked brain activity whereas the pre-cranial window
fMRI was performed under optimal conditions and used to compare with fUSI.

5. Conclusion

Overall, fUSI continues to be a promising approach to brain-wide functional imaging

that can complement an array of other micro- and mesoscale imaging modalities. In

the current work, we found that fUSI is a more sensitive hemodynamic readout of
optogenetically-induced neuronal activity compared to fMRI. By isolating the arterial and
venous components of the vascular response, we also found that fUSI can map large-scale
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neural circuit activity with vessel-type specificity. Techniques such as the fUSI approach
demonstrated in the current work, in addition to the inherent portability of fUSI systems,
may in the future facilitate neural-circuit analysis underlying behavior at an unprecedented
scale and coverage.
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Figure 1. Optogenetically-induced fUSI responses can be detected through chronic cranial
windows.

(A) Computer-aided design schematic of the cranial window and optic fiber installation. (B)
Image of a chronic cranial window installed on a mouse. (C) Coronal (left) and sagittal
(right) view of a structural magnetic resonance image (MRI) with a cranial window and
optic fiber implanted in the right primary motor cortex (M1). (D) Representative histological
image of endogenous ChR2-YFP expression in layer V of M1. (E) Power Doppler image
depicting the coronal field of view at bregma +0 mm. (F) Experimental timeline for fUSI,
fMRI, and electrophysiological recordings in response to optogenetic stimulations. (G)
Average fMRI (pre-cranial window; top, purple) and fUSI (bottom, green) time series from
the bilateral primary motor cortex (M1) and striatum during right M1 stimulation at 10

Hz. Data are presented as mean (color) = SEM (shaded region). Increasing darkness of the
lines represents increasing stimulation intensities. The blue vertical bars indicate stimulation
periods.
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Figu_rt_a 2 Functional ultrasound imaging detects optogenetically-evoked neural activity with high
sensitivity.

(A) The }(;voked fMRI and fUSI responses clearly depict 2"d and 15 order gamma functions,
respectively, and were used to model the activation dynamics voxel-wise throughout the
field-of-view. (B) Group-level fMRI (top) and fUSI (bottom) activation maps for 0.1 mwW
(left), 0.5 mW (middle), 1.0 mW (right) stimulation were generated using a general linear
model (n = 7 animals; p < 0.005, FDR corrected). Warm and cool colors indicate positive
and negative t-scores, respectively. (C) Linear regression models were fit to the activation
maps in (B) to determine a modulation index (slope) and minimum modeled activation
(power: 0.1 mW, irradiance: 0.8 mW/mm?) value for each voxel. (D) Normalized histograms
of model p-values of all cortical voxels indicate that 48% and 50% of cortical voxels were
linearly modulated by stimulation intensity for fMRI (left) and fUSI (right), respectively.
Inlays show t-scores and models for example voxels that were significantly modulated and
unmodulated. The red dotted line indicates the significance threshold of p = 0.05. (E-F)
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Voxel-wise fMRI (top) and fUSI (bottom) modulation index (slope) (E) and minimum
modeled activation (F) maps. (G) Sensitivity was evaluated for fMRI (purple) and fUSI
(green) by plotting the minimum modeled activation values (x-axis) against the modulation
index values (y-axis) for linearly modulated voxels. Boxplots plots indicate that the voxel-
wise modulation index and minimum modeled activation values were significantly larger for
fUSI than for fMRI (n = 7 animals, *** p < 0.001, Wilcoxon rank-sum test). Boxplots show
the median (center line), 251 and 75™ percentiles (boxes) and the 15t and 99™ percentile
(whiskers).
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Figure 3. Evoked M1 fUSI responses co-localize with the underlying neuronal activity.
(A) Functional MRI and fUSI time series were converted to z-scores using a 30 second

pre-stimulation baseline. Voxel-wise maps for the ipsilateral (top) and contralateral (bottom)
M1 revealed an increase in the z-score of the evoked response across stimulation intensities
for both fMRI and fUSI. (B) The average z-score during stimulation was significantly larger
for fUSI (green) than for fMRI (purple) in the bilateral M1 (n = 4 animals, *** p < 0.005,
two-way ANOVA, * p < 0.05, Tukey’s HSD post hoc). (C) Local field potentials (LFP)

were recorded from the ipsilateral (top trace) and contralateral M1 (bottom trace) (n =4
mice) in response to optogenetic stimulations. (D) LFP response amplitude (% A Baseline)
increased with stronger stimulation intensities in the bilateral M1. Boxplots in B and D show
the median (center line), 25t and 75™ percentiles (boxes) and the 15t and 99t percentile
(whiskers).
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Figure 4. Functional ultrasound imaging reveals vessel-specific hemodynamic responses to
optogenetic stimulation.

(A) Positive (I*, top) and negative (17) power Doppler (PD) spectrum images indicate

blood flow to and from the transducer, respectively. Example power spectra from individual
voxels (yellow box) containing blood flowing towards (top) and away from (bottom) the
transducer. Tissue content (<30 Hz) is removed from the PD image. (B) Blood flow
direction masks were generated for each animal by assigning a binary direction to each
voxel based on the stronger portion (positive or negative) of its power spectrum. (C) Blood
flow direction masks were then applied to the activation maps of the corresponding animal
to identify activated voxels in which blood flowed towards and away from the transducer.
(D-E) Representative estimated average single-cycle arterial and venous evoked activity
(%APD) in response to varying levels of optogenetic stimulation in the ipsilateral (D) and
contralateral (E) primary motor cortex (M1). Data are presented as mean (color) + SEM
(shaded region). Horizontal blue lines indicate the stimulation period. (F-G) The area under
the response curve (ZPD) is significantly larger for arterioles (red) than for venules (blue) in
the ipsilateral (F) and contralateral (G) M1 despite a similar number voxels being activated
(n =7 animals, * p < 0.05, two-way ANOVA). Boxplots in F and G show the median (center
line), 25t and 75t percentiles (boxes) and the 15t and 99t percentile (whiskers).
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