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1 INTRODUCTION
Anesthesia is a required and necessary evil in functional preclinical neuroimaging studies to prevent motion and
alleviate stress experienced by the animals during the scanning procedure. Anesthesia, however, directly affects
physiology and homeostasis of the animals and, more importantly - brain functions. This complicates data
interpretation and limits the translational value of the studies in a preclinical setting, potentially undermining
usability of the results for decision-making in drug discovery.

A lot of effort has been put into development of non-anesthetized imaging protocols for functional magnetic
resonance imaging (fMRI) in rats. However, all of the protocols developped to date still require initial anesthesia
and strict immobilization of the animals by wrapping, swaddling or fixating the head and body of the animal. The
debate is still ongoing whether this approach induces chronic stress, learned helplessness and other
confounding factors into the data.

In this work we present our development and implementation of the awake imaging system in mice for preclinical
drug testing that utilizes:

• Functional Ultrasound (fUS) - a state-of-the-art neuroimaging technology, that employs high-speed
Doppler imaging of cerebral perfusion for non-invasive measurements of the functional changes in brain
hemodynamics.

• Surgery and training paradigm for mice that allows anesthesia-free, short and cost-effective preparation
for imaging.

• Imaging in head-fixed, otherwise non-restrained animals in a MobileHomecage (MHC) with behavioral
tracking like an open field system but with stimulation and reward capabilities.

This approach enables a previously unseen opportunity to combine behavioral readouts with functional imaging
measurements that are unobstructed by anesthesia. Implemented in mice, this protocol allows repeated imaging
in transgenic animal models of CNS disorders, neuropathic pain, demyelination as well as chronic psychiatric
models, such as chronic social defeat.

4 DATA ANALYSIS
Head plate mount implantation surgery

Data analysis was performed using common pipeline for resting-state data analysis (Figure 4): 
1) Raw signal timeseries was extracted from set of symmetrical ROIs selected from Paxinos atlas (Figure 3)
2) Several 5-10 minutes long intervals of artifacts-free blocks were selected from available data
3) Baseline correction was performed by fitting of 4th order polynomial and subtracting it from the signal
4) Low-pass filtering of the signal with 0.1Hz cut-off to remove physiological and hardware noise and focus on 

the frequency range specific to the functional network communication band.
5) Pearson’s correlation coefficient calculated for all combinations of the ROIs for individual connectivity matrix
6) Group data was calculated as mean functional connectivity

SURGERY TRAINING IMAGING UPKEEP

2 MATERIALS AND METHODS
Functional ultrasound experiments were performed using a prototype fUS system (Iconeus, Paris, France),
consisting of ultra-fast ultrasound imaging system, miniature probe with 128 ultrasonic transducers and acoustic
lens, motorized positioning system allowing precise positioning of the probe in 3 orthogonal planes. Plane-wave
illumination of the brain at high frame rate (500 Hz compounded sequence with three tilted plane waves, PRF =
1500Hz with a 15 MHz linear transducer) sequence was used to acquire the Power Doppler signal.

Custom, 3D-printed X-shaped headplates made of ABS plastic and titanium alloy were used to mount the
animals in MobileHomecage (MHC) V5 with tracking capability (Neurotar OY, Helsinki, Finland). Pressurized air
was delivered to the MHC and adjusted for each mouse to lift the carbon fiber cage ~1 mm off the base.

Full protocol for the study consisted of four stages (Figure 1) described in the sections below: surgery, training,
imaging and upkeep of the acquired training.
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5 CONCLUSION
Here we presented an overview of a framework and methodology for awake functional ultrasound imaging with
resting state functional connectivity analysis in mice for longitudinal measurements, implemented in Charles
River Discovery Services for preclinical testing of novel CNS-related drugs.

With just 5 days of high-throughput training, our cost-efficient paradigm allows longitudinal, repeated data
collection sessions at multiple timepoints without any animal welfare issues for up to 9 months. Moreover, in-
vivo imaging can be combined with simultaneous behavioral monitoring via built-in activity-tracking.

Resting state data analysis revealed strong functional connectivity patterns as in literature reports (bilateral
cortical and sub-cortical structures) in rodents. High correlation values, unobstructed using anesthesia, provide
enough of a window for resting state networks modulation by pharmacological, physical or behavioral factors.

Overall, this approach is currently the only available alternative for functional MRI (fMRI) in awake mice, that
offers high sensitivity, resolution and several options for concurrent readouts (e.g. behavior, electrophysiology).
Direct measurement of relative cerebral blood volume (rCBV) provide insight into brain activity in resting
condition, while performing behavioral tasks or when presented with a wide range of stimuli (visual, auditory or
somatosensory).

3 PREPARATIONS AND IMAGING
Head plate mount implantation surgery

For the surgery, animals were anesthetized with intraperitoneal injection of Ketamine-Medetomidine solution
(75 mg/kg + 1 mg/kg) and placed into custom stereotactic holder, with O2-enriched air delivered to the nose
cone. Core temperature and respiration rate were continuously monitored to ensure good physiological
condition of the animals throughout the surgery. Head hair was removed and skin in the back of the scull
was cut to expose the occipital bone. Surface of the bone was cleaned from tissues, filed with a dental drill,
degreased by acetone and dried for better adhesion. Cyanacrylate glue was used to prime the surface of the

Figure 4. (A). Raw functional ultrasound signal extracted from set of anatomical Paxinos atals-based ROIs. Red 
dotted lines represent the motion artefact-free portion of the signal used for following processing and analysis of 
the functional connectivity. (B) Individual functional connectivity matrix showing strong corticao-cortical and 
subcortical connectivities.

Aim of this work was to validate our approach for robust and reproducible acquisition of the resting state
functional ultrasound data. Thus our functional imaging protocol consisted of only one continuous scan with
no stimuli presented to the animal. We acquired 2 x 20 minutes scans to limit the total duration of the
experiment to 45 minutes, corresponding to the maximum duration of the training.

bone and headplate before permanent fixation using dental
acrylic cement (C&B Permabond, Sun Medical, Japan). Care was
taken to align the front edge of the headplate along the Lambda
suture of the scull to leave enough space to accommodate the
probe for the fUS imaging (Figure 2).

Post-operative care consisted of dexamethasone, rymadyl and
antisedan dosing for reversal of anaesthesia and pain relief.
Repeated post-op care and careful monitoring by the Animal
Welfare team was continued for next 72h. Animals were allowed
to recover for 1 full week in individual cages before any imaging-
related procedures.

Awake fUS maging

On the imaging day (D5) mice were brough to the fUS
imaging lab in the morning, following the training
procedures routine. After mounting in MHC ultrasound
gel was applied to the skin of the head and receiver
probe positioned over the imaging area of interest
(approx. -1.5 mm from bregma). After adaptation when
behavior returned to normal (indicated by grooming and
slower moving in the MHC) structural image was
acquired to localize the plane for the functional scan.
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Figure 1. Four general stages of awake fUS imaging study in mice explained in the following sections.

Figure 2. The fUS head plate mount.

Training procedure for MHC imaging

Training for awake imaging in fUS was conducted by a dedicated technician in the fUS laboratory over the
course of four days to keep the ambient sounds, smell and environment identical to imaging session. On D1
repeated handling and brief gentle wrapping (required for initial fixation in MHC) was performed repeatedly
for each subject. Starting from D2 animals were exposed to MHC cage, fixed in the headplate mount with
gradually increasing session durations (from 5-15 min on D2 to 45 min on D4).

To minimize the motion artifacts and signal
contamination coming from the surrounding
tissues, especially face and neck muscles, only
subset of the ultrasond transducer elements were
used (typiclly 96 of 128 central elements).

Figure 3. Raw Power Doppler fUS image of the
mouse brain with Paxinos atlas overlaid over it for
the regions of interest (ROI) deliniation and signal
time series extraction for further resting state
funcitonal connectivity analysis.
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Tolerability

For this particular validation study mice were implanted with a head plate for 9 months
and monitored by the veterinarian and animal welfare team in regular intervals. Seven
out of eight mice that went through the procedure showed no signs of inflammation and
had their headplates firmly attached to the scull. One animal developped inflammatory
complication that caused deformation of the scull under the headplate.

At the nine-month end-point, animals were sacrificed after which headplate attachment
and condition of the brains were examined at necropsy. In all seven cases, glue and
cement formed an extremely strong bond with the occipital bone while underlying
meninges, brain surface and its anatomical structures remained visually pristine
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