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A B S T R A C T   

Functional ultrasound (fUS) is a new tool enabling the imaging of brain activity through the regional monitoring 
of cerebral blood volume (CBV) dynamics. This innovative technique has not yet demonstrated its full potential 
in pharmacological applications and drug development. In the current proof-of-concept study, the impact of 
atomoxetine (ATX), a potent norepinephrine reuptake inhibitor and non-stimulant treatment marketed in 
attention-deficit/hyperactivity-disorder, was evaluated in anesthetized rat using pharmacological functional 
ultrasound (pharmaco-fUS) at increasing doses (0.3, 1 and 3 mg/kg). Using regions of interest (acute changes of 
CBV and functional connectivity) or pixel-based (general linear modeling and independent component analysis) 
analysis, we here demonstrated that ATX consistently displayed a hemodynamic effect in the visual cortex, the 
dentate gyrus and thalamus, especially visual areas such as lateral posterior thalamic nuclei and lateral genic
ulate nuclei (LGN). The time profile of ATX effects was dose-dependent, with fastest CBV increases at the highest 
dose, and longer CBV increases at the intermediate dose. Standardizing the use of pharmaco-fUS could improve 
our understanding of the mechanism of action of drugs active in the brain and might constitute a new step to 
move forward in drug development for neurological disorders.   

1. Introduction 

Functional neuroimaging refers to diverse in vivo brain imaging 
modalities and classically to functional Magnetic Resonance Imaging 
(fMRI) and Positron Emission Tomography (PET). Both allow molecular 
and functional exploration and are widely used in non-clinical and 
clinical studies. However, the last few years have seen the emergence of 
a new neuroimaging tool, functional Ultrasound (fUS) (Mace et al., 
2011), able to locally monitor cerebral blood dynamics. Based on ul
trasonic plane wave emissions, fUS allows the capture of more than 20, 
000 frames per second, boosting the power Doppler signal-to-noise ratio 
(up to 50 compared to conventional Doppler ultrasound techniques) and 
thus enhancing the temporal resolution compared to fMRI and PET 
(~400 ms for fUS; ~2 s for fMRI and several minutes for PET - see 
Catana, 2019; Mandino et al., 2019; Urban et al., 2017 for review). 
Unlike conventional Doppler ultrasound, cerebral blood volume (CBV) 

measurements using fUS are achievable in microvasculature such as 
arterioles and venules, even in the deepest brain areas (Blaize et al., 
2020; Mace et al., 2011), with an excellent spatial resolution (~100 μm) 
in comparison to fMRI and PET (~300–400 μm and 1–2 mm, respec
tively - (Lancelot and Zimmer, 2010; Logothetis, 2008)). In rodents, 
applications of fUS technique were demonstrated for sensory signal 
processing either after visual (Gesnik et al., 2017; Mace et al., 2018), 
olfactory (Osmanski et al., 2014), forepaw (Urban et al., 2014) or 
whiskers (Mace et al., 2011) stimulations. Apart from rodents, different 
species have been evaluated using fUS, such as birds (Rau et al., 2018), 
rabbits (Kohlhauer et al., 2015), ferrets (Bimbard et al., 2018), 
non-human primates (Dizeux et al., 2019) and humans (Demene et al., 
2017; Imbault et al., 2017). To the best of our knowledge, this tech
nology has not yet fully demonstrated its potential as a tool to charac
terize central effects of systemic administrations of central nervous 
system (CNS) drugs, despite a previous study on pharmacological 
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stimulation by local injections of 4-aminopyridine in rat brain to induce 
epileptiform seizures (Mace et al., 2011). 

To highlight the potential of this neuroimaging tool, we selected 
atomoxetine (ATX), a norepinephrine (NE) reuptake transporter (NET) 
inhibitor (Bymaster et al., 2002; Gehlert et al., 1995; Tatsumi et al., 
1997), and the first non-stimulant prescribed treatment for patients with 
Attention Deficit Hyperactivity Disorder (ADHD) (Pliszka, 2003; Walker 
et al., 2015). ATX improves various executive functions in patient with 
ADHD (Brown et al., 2011; Cubillo et al., 2014; Gau and Shang, 2010; 
Walker et al., 2015) and reduces both impulsivity in wild-type rats and 
locomotor hyperactivity in different animal models of ADHD (Arime 
et al., 2011; Fernando et al., 2012). A pre-clinical fMRI study (Easton 
et al., 2007) revealed that ATX administration was associated with 
changes in brain regions associated with the caudate putamen, 
cortico-basal thalamic loop circuits and other behavioral control areas, 
underlining the relevance of the use of this drug in ADHD. Thus, in the 
present study and as proof of concept, we investigated the pharmaco
logical effect of ATX, on CBV responses using fUS in anesthetized rats. 

2. Materials and methods 

2.1. Animals 

Fifteen Wistar-Kyoto (8-week old) male rats were used in the study, 
that were purchased from Janvier labs (France) and maintained under 
controlled environmental conditions (12/12 h light-dark cycle, light on 
at 7 a.m., 22 ± 1 ◦C ambient temperature, 60% relative humidity) with 
food and water ad libitum. Animal surgery and experimentations were 
conducted in strict accordance with the recommendations and guide
lines of the European Union (Directive 2010/63/EU) and strictly fol
lowed the policies of the French ethic committee for preclinical research. 
Procedures and protocols herein described were authorized by the 
French Ministry of Research (authorization reference: APAFIS19829). 
All efforts were made to improve animal welfare and minimize animal 
sufferings. 

2.2. Drugs and administration procedures 

Atomoxetine (Sigma-Aldrich) was dissolved in saline and adminis
tered intraperitoneally (2 mL/kg) at 0.3 (n = 4), 1 (n = 3) and 3 mg/kg 
(n = 4). For the control group, only saline was administered at the same 
volume (n = 4). 

2.3. Functional ultrasound imaging 

One day prior to ultrasound imaging, a thin-skulled surgery was 
performed under isoflurane (4% in 1 L/min) and with buprenorphine 
(0.05 mg/kg; (Buprecare, Axience)) pretreatment. After shaving and 
cleaning with betadine, the scalp was incised and the skin was pulled in 
order to visualize the lateral sides of the skull from the bregma to the 
lambda anatomical landmarks. The bone was thinned from − 3.00 mm to 
− 7.00 mm (AP) and +5.00 to − 5.00 mm (L) from bregma using a drill at 
low speed with a micro drill steel burr (Harvard Apparatus, 75–1887). 
Saline was frequently added between drilling sessions to avoid over
heating until the skull was thin enough to be flexible. The scalp was then 
sutured, betadine and lidocaine were locally applied and the rats were 
allowed to recover from anesthesia. During fUS imaging procedure, rats 
were maintained under anesthesia with isoflurane (2%). A catheter was 
placed intraperitoneally for pharmacological injection during the scan. 
The rats were then placed in a stereotaxic frame. The body temperature 
was rectally monitored and maintained using a heating blanket, and 
respiratory and heart rates were also continuously monitored (TCMT, 
Minerve, France). The thinned skull was covered with ultrasound gel. 
The rats were scanned with a prototype system dedicated to small ani
mal ultrasound neuroimaging (Iconeus, Paris, France). Doppler vascular 
images were obtained using the Ultrafast Compound Doppler Imaging 

technique (Bercoff et al., 2011). Each frame was a Compound Plane 
Wave frame (Montaldo et al., 2009) resulting from the coherent sum
mation of backscattered echoes obtained after successive tilted plane 
waves emissions. A stack of hundreds of such compounded frames was 
acquired with very high frame rate. Then, the blood volume signal was 
extracted from the tissue signal by filtering the image stacks with a 
dedicated spatiotemporal filter using Singular Value Decomposition 
(Demene et al., 2015). Each transcranial Doppler image was obtained 
from 200 compounded frames acquired at 500 Hz frame rate. A 
fast-anatomical scan with successive images taken on several coronal 
planes was first performed to identify the vascular landmarks for further 
positioning of the probe, as previously described (Tiran et al., 2017). For 
fUS imaging acquisitions, a Doppler image was acquired every second 
during 15 min at bregma − 5.3 mm (Fig. 1a and b). The pharmacological 
challenge was performed at 5 min by injection of atomoxetine or saline. 

2.4. Data analysis 

2.4.1. Analysis on the regions of interest 
For each scan, the regions of interest (visual cortex, retrosplenial 

cortex, LGN, hippocampus, superior colliculus, thalamus, and midbrain) 
were manually assigned according to the stereotaxic atlas of the rat 
brain (Paxinos and Watson, 1998), as shown in Fig. 1c, and the CBV time 
courses were extracted. The signal was expressed as percentage of the 
baseline and averaged between the scans (Fig. 1e). The mean CBV 
changes were calculated for the first 5 min after injection, for each re
gion. In the same time period, we also determined the maximal CBV 
increase, Emax, and its corresponding time point, Tmax (Fig. 2a and b). 

A functional connectivity analysis was also performed. After low- 
pass filtering (cut-off frequency of 0.2 Hz) and removal of linear trend 
calculated from the baseline, the temporal CBV correlations were 
measured by the Pearson correlation coefficient for each pair of regions 
from 0 to 5 min (baseline period) and from 5 to 15 min (post-injection 
period). For each condition, the connectivity changes occurring after 
injection were calculated by the difference of correlation coefficients 
[post-injection - baseline] (Fig. 2c). 

2.4.2. Pixel-based analysis 
Pixel-based analysis was performed using several modeling and 

preprocessing approaches. The first approach (Fig. 3a) used spatial 
preprocessing and statistical comparisons across time-bins with the 
software SPM12 (Wellcome Trust Center for Neuroimaging, London, 
UK). In the preprocessing, all images were automatically realigned 
together and an isotropic Gaussian filter was applied (0.4 × 0.4 × 0.4 
mm3 Full Width at Half Maximum (FWHM), with a spatial resolution of 
100 × 100 × 400 μm3). A first-level analysis was performed on each scan 
using a flexible factorial dividing the scan into three time-bins of 5 min 
each. The first-level parametric contrast images (comparing the post- 
injection time-bins with the baseline) were then used in the second- 
level analysis, enabling to quantify at the group level the CBV changes 
after injection of atomoxetine as compared to the vehicle injection. 

The second approach (Fig. 3b) used the same statistical analysis, 
after a denoising step was added in the preprocessing, based on indi
vidual independent component analysis (ICA) of each scan (Fig. 3c). 
After the realignment step, the ICA analysis was carried out using FSL 
software (FMRIB’s Software Library). A high-pass temporal filter was 
applied to the data and a cut-off frequency of 0.0067 Hz; the Probabi
listic Independent Component Analysis (Beckmann and Smith, 2004) 
was performed in MELODIC Version 3.15. The following data 
pre-processing was applied to the input data: pixel-wise de-meaning of 
the data; normalization of the pixel-wise variance. Pre-processed data 
were whitened (i.e., corrected for temporal autocorrelation) and pro
jected into a 25-dimensional subspace using Principal Component 
Analysis. The corrected data were decomposed into sets of vectors which 
supported signal variation across the temporal domain (time-courses) 
and spatial (maps) domains (Hyvarinen, 1999). Components were 



reviewed and non-relevant components were removed (spatial domain 
outside the brain, scanner-related artefact - see Fig. 3c). As previously, 
an isotropic Gaussian filter was then applied to the denoised data before 
the time-bins analysis in SPM12. The first and second-level analyzes 
were the same as previously. 

In the last approach (Fig. 3d), we used the same preprocessing steps, 
with a different statistical approach to model the effects of atomoxetine. 

An ICA analysis was performed on the preprocessed data at the group 
level to identify components of interest from which the time courses 
could then be used as regressors for general linear modeling. Analysis 
was carried out using Tensorial Independent Component Analysis 
(Beckmann and Smith, 2005) as implemented in MELODIC. 
Pre-processed data were whitened and projected into a 3-dimensional 
subspace using Principal Component Analysis. Estimated Component 

Fig. 1. Pharmaco-fUS imaging of atomoxetine in anesthetized rats. (A) Schematic representation of the experimental setup during fUS imaging. (B) Position of the 
fUS probe in a coronal brain plan (− 5.3 mm from bregma). (C) Typical coronal slice of a rat brain with segmented regions of interest (white) based on the Paxinos and 
Watson rat brain atlas. (D) Mean CBV changes occurring in single scans during 5 min after injection of VEH (vehicle) or ATX as compared to the baseline signal. (E) 
Time curves of CBV changes in the different regions of interest (n = 4 rats per group, except n = 3 rats for ATX1; mean curves ± S.E.M). The injection time is shown 
by a dashed line. Corresponding mean CBV changes during the 0–5 min post-injection period (grey rectangle on the curves) are shown for each region (means ± S.E. 
M). One ANOVA followed by Dunnett’s multiple comparisons test, *p < 0.05; **p < 0.01; ***p < 0.001. 



maps were thresholded by fitting a mixture model to the histogram of 
intensity values (Beckmann and Smith, 2004). Each of the components 
were then used as regressors for a first-level analysis in FEAT to produce 
statistical activation maps. 

2.5. Statistical analysis 

For the analysis of CBV changes in the ROIs, post-injection changes 
induced by atomoxetine were compared to the saline injection using 
one-way ANOVA followed by Dunnett’s post-hoc tests. Emax and Tmax 
values were compared between groups using two-way ANOVA with 
Tukey’s post-hoc tests. The statistical significance was set at p < 0.05. 

For the analysis of functional connectivity, the correlation co
efficients were transformed by Fisher Z-transformation to ensure normal 
distribution. The post-injection changes of correlation coefficients were 
statistically compared to the saline injection for each dose of atom
oxetine using a two-way ANOVA followed by Dunnett’s multiple com
parisons tests. The statistical significance was set at p < 0.05. 

For pixel-based analyses, the contrast data obtained in the first-level 
analyses were used for the second-level analysis in SPM12 using one- 
way ANOVA for the inter-group comparison. The resulting maps of T- 
scores were converted into Z-scores and the statistical significance was 
set at p < 0.01. 

3. Results 

ATX – and not saline - induced widespread increases of CBV after 

injection, as shown in Fig. 1d with individual maps of raw CBV changes. 
The hemodynamic effects of ATX were further characterized using re
gion of interest or pixel analyzes. 

3.1. Analysis on the regions of interest 

The CBV changes induced by ATX were variable across regions 
(Fig. 1e), with a large impact on the visual cortex and the thalamus, at 1 
and 3 mg/kg. A transient increase was also noted in the lateral genicu
late nucleus, the only region with CBV changes proportional to the dose. 
Other regions showed similar time courses but to a less extent, such as 
the superior colliculus and the hippocampus (Table 1). 

Interestingly, we also noticed that the peak of CBV increase (Tmax) 
was reached faster when increasing the dose, especially in the retro
splenial cortex, the superior colliculus and the thalamus (Fig. 2a). 
Similarly, Emax was dose-proportional in the lateral geniculate nucleus 
(Fig. 2b, Table 1). 

3.2. Functional connectivity analysis 

Functional connectivity was calculated for each group as changes 
compared to the baseline. Atomoxetine did not induce significant 
changes in connectivity between the regions of interest at the high doses 
tested (1 mg/kg and 3 mg/kg), as compared to saline (Fig. 2c). On the 
contrary, the low dose of atomoxetine globally decreased connectivity, 
with a significant effect between the retrosplenial cortex and the visual 
cortex (p = 0.0066) or the hippocampus (p = 0.0054), and between the 

Fig. 2. Time profiles of CBV changes 
following atomoxetine injection in re
gions of interest. (A) Time to reach the 
maximal CBV increases (Tmax) after 
injection of ATX. Two-way ANOVA fol
lowed by Tukey’s post-hoc test, *p <
0.05; **p < 0.01. (B) Maximal CBV in
creases after the pharmacological chal
lenge. Two-way ANOVA followed by 
Tukey’s post-hoc test, **p < 0.01; ***p 
< 0.001; ****p < 0.0001. (C) Func
tional connectivity changes after the 
pharmacological challenge. For each 
group, matrices of the correlation coef
ficient variations after injection 
compared to baseline are shown. For 
statistical comparisons, a Fisher Z- 
transformation was applied to the cor
relation coefficients before two-way 
ANOVA followed by Dunnett’s multiple 
comparisons test (*p < 0.05; **p <
0.01).   



Fig. 3. Pixel-based analyses of CBV changes induced by ATX. (A) Significant CBV changes maps obtained after spatial realignment, smoothing and time-bins sta
tistical comparisons between the first 5 min after the pharmacological challenge and the baseline time-bin, for each dose of ATX versus vehicle (p < 0.01). Z scores in 
color scale (increases in red/yellow, decreases in blue). (B) Significant CBV changes maps obtained after spatial realignment, individual ICA for identification of 
spatio-temporal components and removal of non-relevant components, smoothing and time-bins statistical comparisons between the first 5 min after the pharma
cological challenge and the baseline time-bin, for each dose of ATX versus vehicle (p < 0.01). Z scores in color scale (increases in red/yellow, decreases in blue). (C) 
Example of components identified by an individual ICA. (D) CBV changes maps correlated with different temporal regressors, obtained after spatial realignment, 
individual ICA for identification of spatio-temporal components and removal of non-relevant components, smoothing and identification of the regressors based on a 
group ICA analysis for further modeling of the temporal response, for each dose of ATX versus vehicle (p < 0.01). Z scores in color scale on the bottom figures. . (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article). 



LGN and the midbrain (p = 0.0148). 

3.3. Pixel-based analysis 

Several approaches were used to characterize the hemodynamic ef
fects of atomoxetine at the pixel level. First, different time-bins were 
compared on non-denoised and non-filtered data (Fig. 3a). Consistently 
with the results obtained in the regions of interest analysis, all doses of 
ATX significantly increased CBV in several areas during the first 5 min 
compared to saline. Clusters were found within the visual cortex 
(especially at 1 mg/kg), dentate gyrus, and the thalamus (Fig. 3a). 

Secondly, statistical comparisons were made between the different 
time-bins, after high-pass filtering and exploratory ICA analysis with the 
pulling out of non-relevant components of the data (Fig. 3b). Subject- 
level ICA enabled decomposition of the data into a series of spatial 
components with distinct time courses (Fig. 3c). Results were consistent 
across the different scans with i) recurrent identification of the left and 
right visual cortex as one of the first components (top of Fig. 3c), ii) 
identification of the retrosplenial cortex as a distinct component with a 
different time profile (middle of Fig. 3c), and iii) other components that 
were likely related to the drug effects on brain activity given the spatial 
maps, the low frequency fluctuations and clear signal changes that 
appeared few minutes after the injection. Similarly, this analysis enabled 
to identify components that were unlikely related to specific cerebral 
effects of the drug, as the spatial components were found outside the 
brain and/or with signal fluctuations unrelated to the time of injection. 
A typical non-relevant and further removed component is shown in 
bottom of Fig. 3c, with a spatial component located above the cortex 
boundaries. This resulted in different statistical maps of hemodynamic 
effects of ATX as compared to the saline injection (Fig. 3b). Differences 
between doses are evidenced more precisely, with few activated clusters 
found with ATX at 0.3 mg/kg in the visual cortex, the hippocampus, the 
lateral posterior thalamic nucleus and the LGN. The most significant 
increases of CBV were found at 1 mg/kg of ATX, with large clusters in 
the visual cortex, the thalamus and the hippocampus. At the dose of 3 
mg/kg of ATX, increases of CBV were less widespread. 

Thirdly, instead of comparing time-bins, ICA was performed at the 
group level to identify regressors that could be used to model the effects 
of ATX using general linear modeling (Fig. 3d). Three components were 
modelled, they all displayed a rapid increase of CBV, reaching peak 
between 400 and 500 s. The first component, supporting 44.4% of 
variance, returned to baseline after 700 s. The second component, 

(28.3% of variance), showed a slow decrease of CBV that persisted above 
baseline after 900 s. The third component, (27.3% of variance), was the 
most transient, with a return to baseline at 600 s. 

Each of these components was used as a regressor for the intra-scan 
general linear modeling and the groups were statistically compared with 
saline. The maps of CBV changes following these regressors provided 
more precise and significant effects of ATX compared to the time-bins 
comparisons, notably regarding the duration of CBV changes across 
regions (Fig. 3d). At the dose of 0.3 mg/kg, all regressors highlighted a 
significant effect of ATX in the visual cortex, with larger clusters 
compared to the time-bins analysis and similar small clusters in the 
dentate gyrus and thalamus. The maps were similar for the three re
gressors. At the dose of 1 mg/kg, highly significant activations were 
found with the three regressors. The second regressor described best the 
effects of ATX 1 mg/kg, with widespread clusters covering most of the 
brain. At the dose of 3 mg/kg, maps were similar to those obtained with 
the time-bins analysis, but effect was more significant in the LGN and 
more widespread in the cortex. When comparing the different re
gressors, more transient effects (third regressor) were observed in the 
LGN and the deeper parts of the cortex, whereas more persistent effects 
(second regressor) were found in the superficial layers of the medial 
parts of visual cortex. 

4. Discussion 

fUS is a new functional neuroimaging technique that relies on plane 
wave transmission, enabling to capture and average thousands of frames 
per second to finally obtain Power Doppler images, directly proportional 
to the cerebral blood volume, of high spatial resolution (about 100 μm). 
Therefore, fUS allows the monitoring of cerebral activity changes (see 
Deffieux et al., 2018 for a review). fUS imaging presents several ad
vantages compared to fMRI. First, its spatial and temporal resolution are 
higher (100 μm and 1s in the current study, compared to typically 300 
μm and 2–3 s with fMRI - (Logothetis, 2008)), enabling to detect faster 
events within smaller clusters, a crucial point in non-clinical imaging 
considering the limited size of functionally important brain regions in 
small species such as mice and rats. Secondly, fUS enables a direct 
measurement of CBV changes, whereas fMRI monitors the 
Blood-Oxygen-Level-Dependent (BOLD) signal, this latter being a less 
straightforward index relying on the local concentration of deoxy
hemoglobin, which is impacted in opposite ways by CBV changes and 
local oxygen consumption, both increasing during neuronal activation 

Table 1 
Mean signal changes after atomoxetine administration in anesthetized rats.   

Treatment Regions of interest 

Visual cortex Retrosplenial cortex LGN Hip Superior colliculus Thalamus Midbrain 

CBV changes All F (3, 11) 5,39 1,13 4,3 1,11 3,44 11,1 0,55 
P value 0,016 0,379 0,031 0,387 0,056 0,001 0,656 

ATX 0.3 change % 5,95 7,6 3,59 1,11 0,64 2,85 0,71 
P value 0,117 0,299 0,418 0,627 0,886 0,052 0,635 

ATX 1 change % 11 7,58 5,82 1,84 3,44 6,06 0,85 
P value 0,008 0,356 0,151 0,321 0,034 0,001 0,566 

ATX 3 change % 7,81 3,79 9,15 1,68 1,98 4,58 0,66 
P value 0,036 0,767 0,013 0,329 0,217 0,003 0,678 

Tmax All F (2, 56) 22 
P value <0,0001 

ATX 0.3 Tmax (s) 179,9 204,4 231,9 132,4 189,4 204,9 121,4 
ATX 1 Tmax (s) 148,4 158,4 138,4 192,4 149,7 147,1 119,7 
ATX 3 Tmax (s) 126,9 119,4 128,9 103,4 90,4 108,9 85,4 

Emax All F (3, 77) 6,64 
P value 0,0005 

VEH Emax % 20,1 13,8 10,1 4,53 3,96 3,3 0,92 
ATX 0.3 Emax % 23,6 23,5 16,9 5,55 6,59 7,03 1,79 
ATX 1 Emax % 30 19,2 18,4 6,81 9,65 11,9 2,05 
ATX 3 Emax % 24,2 22,9 39,6 7,37 10,5 11,6 2,85 

Note: ATX: atomoxetine; CBV: cerebral blood volume; Hip: hippocampus; LGN: lateral geniculate nuclei; VEH: vehicle. 



(Mandeville et al., 2014). Although it is possible to measure CBV using 
fMRI, it is necessary to inject iron oxide contrast agents, which can 
accumulate in tissues if used several times on the same animal, with a 
compromise that still needs to be made in terms of temporal resolution 
to achieve a sufficient spatial resolution (Mandeville et al., 2014). Be
sides, using fUS, it is possible to measure CBV changes in freely-moving 
animals (see Blaize et al., 2020 and Dizeux et al., 2019 for nonhuman 
primates, and Sieu et al., 2015 and Urban et al., 2015 for rodents). 
Despite these advantages, and with the exception of work using local 
administration (Mace et al., 2011), no study has yet shown the possi
bility to apply fUS to the neuropharmacology field using systemic 
administration to monitor acute CBV changes, similarly to pharmaco
logical MRI (Jenkins, 2012). 

The aim of this proof-of-concept study was to evaluate the sensitivity 
of fUS in a pharmacological challenge by ATX. Hence, several method
ological approaches have been used. Quantification of signal changes in 
several region of interests provided important information regarding the 
spatial and temporal effects of the drug, both in terms of acute effects on 
CBV and functional connectivity. As the assignment of the ROIs is crucial 
and can impact the results, complementary pixel-based analyses were 
reported, to fully characterize the drug effects. We used SPM12 software 
to realign the different sets of data, enabling statistical comparisons 
between the different doses of ATX and saline injection. Time-bins 
comparisons were performed, similarly to pharmacological MRI pro
tocols (McKie et al., 2005; Vidal et al., 2019) and provided 
high-resolution mapping of CBV changes following ATX injection that 
was consistent with results of the ROIs analysis. As a further step to
wards drug characterization, we used ICA to analyze the data without 
making any assumption on time-bins or temporal regressors. This 
analysis has been shown as promising for pharmacoMRI studies (Hoff 
et al., 2010; Mandeville et al., 2014; Rauch et al., 2008). Here, we 
successfully used ICA for different purposes: individual ICA as a way to 
identify non-relevant components and remove them from the data, and 
group ICA to identify temporal regressors for further comparisons be
tween saline and ATX. Conclusively, and as observed across the different 
analyses, atomoxetine produced a robust CBV increase in different re
gions of interest, including visual (and retrosplenial) cortex, thalamus 
and more specifically lateral geniculate nuclei. We also found a CBV 
increase in the dentate gyrus and a CBV decrease in the ventral 
tegmental area at low dose of ATX (on the denoised data). Group 
ICA-based modeling showed local variations in the persistence of CBV 
increases. These results are unlikely related to possible peripheral effects 
of ATX, as we found no significant changes in heart or respiratory rates 
following injection (data not shown). We here show that both time-bins 
and ICA-based modeling can provide meaningful and complementary 
information regarding the effect of central drugs; the former is easier to 
perform but requires an hypothesis regarding the duration of the 
time-bins, while the latter is entirely exploratory and more informative 
regarding the time course of drug effects (as shown here by the three 
different regressors). In addition, ICA can also be used to perform 
denoising of the data which proves useful to remove artifacts and 
therefore increase the sensitivity of the analysis, but requires a careful 
selection of non-relevant components. Conclusively, both pixel and 
ROIs-based analyses shown that ATX increased CBV mostly in LGN and 
thalamic structures, and also in cortical areas. The pixel-based analyses 
also enabled to show a consistent increase in the dentate gyrus at every 
dose. 

NET is expressed in rat thalamus, hippocampus and cortex (Schroeter 
et al., 2000; Tejani-Butt, 1992). Meanwhile, ATX administration result 
in an increase of extracellular NE concentration in various cortical and 
hippocampal areas (Swanson et al., 2006). Coherently, the effects of 
ATX in our study were focused in the dentate gyrus of the hippocampus, 
which is consistent with the strong noradrenergic innervation (Pickel 
et al., 1974) and functional importance of NE in this region (Harley, 
2007). Concerning the thalamus, LGN were particularly impacted by 
ATX. An electrophysiological study performed in anesthetized rats also 

revealed that ATX (0.5 mg/kg; i.p.) enhanced the responses of the dorsal 
LGN neurons (Navarra et al., 2013). In addition, ATX also induced CBV 
increases in the lateral posterior thalamic nuclei, which are also 
involved in visual stimuli processing (Allen et al., 2016), the superior 
colliculi and the visual cortex. 

Previous studies have already investigated the effect of ATX on brain 
hemodynamic parameters. Our data are consistent with the pharma
coMRI study by Easton and collaborators that showed positive BOLD 
changes in lateral posterior thalamic nucleus or dentate gyrus after 
intraperitoneally acute administration of ATX 2 mg/kg in anesthetized 
rats (Easton et al., 2007). These regions were found to be among the 
most significantly impacted at all doses of ATX in the pixel-based ana
lyses, but we were also able to detect additional changes in other 
thalamic areas and in the visual cortex, potentially explained by the 
higher sensitivity of fUS. On the contrary, Easton et al. found a relative 
increase of BOLD signal in the ventral tegmental area (VTA) and the 
substantia nigra (SN), whereas the results in the ventral midbrain were 
not consistent in our own study. This may be explained by mixed effects 
of ATX in these regions, as complex interactions exist between norad
renergic and dopaminergic systems (Avery and Krichmar, 2017). 
Another clinical study focused on the effect of 60 mg of ATX on the 
cerebral blood flow (CBF) measured by arterial spin labeling (Marquand 
et al., 2012). This study showed that ATX decreased CBF in the thalamus 
and the midbrain. Due to the methodological differences - conscious 
humans vs. anesthetized rats, CBF vs. CBV, and different result analysis 
methodologies - these findings are difficult to compare with our own 
results. 

We also evaluated the effects of ATX on functional connectivity. We 
showed a significant decrease of functional connectivity between ret
rosplenial cortex and visual cortex or hippocampus at low dose of ATX, 
and non-significant increases of global connectivity at higher doses. 
Although the influence of the dose of ATX on connectivity is unclear, a 
low dose of ATX may induce more subtle changes in NE levels that would 
be observed only in discrete regions as opposed to a more global and 
uniform effect at higher doses, which may explain the present findings. 
Interestingly, a fMRI study in human also showed a decrease of func
tional connectivity by a single oral dose of atomoxetine, especially 
involving the visual cortex (van den Brink et al., 2016). The authors 
interpreted their findings based on the known interaction between NE 
and glutamate levels (Mather et al., 2016). When there is no incoming 
sensory information, when glutamate levels are low, NE would decrease 
functional connectivity, whereas connectivity would be increased by NE 
during task performance when glutamate levels are higher. This hy
pothesis is supported by a study using the alpha-2 adrenergic agonist 
clonidine, that showed a decrease of connectivity at rest whereas 
clonidine increased connectivity during a task (Coull et al., 1999). 

Several conclusions can be driven from this first pharmaco-fUS 
study. First, our results are consistent with the known effects of atom
oxetine on noradrenergic system and previous fMRI and electrophysio
logical data in terms of regions involved. This is in line with other fUS 
studies that reported consistency between the measurement of CBV 
changes and fMRI BOLD changes (Boido et al., 2019) or simultaneous 
EEG recordings (Bergel et al., 2018; Mace et al., 2011). Secondly, our 
data also supports the much higher sensitivity of fUS imaging compared 
to BOLD signal imaging using fMRI in the context of pharmacological 
challenges. For instance, Easton and colleagues reported a maximal 
BOLD signal increase of about 1.5–2% in the thalamus (Easton et al., 
2007), whereas we found maximal CBV increases that ranged from 7 to 
12% in the same region. Our data also brings new information regarding 
the pronounced effect of atomoxetine in cortical areas, which was not 
found in the same previous study, and may be very relevant to explain its 
therapeutic potential in ADHD. Indeed, both visual cortex and retro
splenial/cingulate cortex have been shown to display abnormalities in 
ADHD (Ahrendts et al., 2011; Vogt, 2019). Although other studies need 
to confirm the high potential of pharmaco-fUS, it appears therefore as a 
promising tool for neuropharmacology that will be complementary with 



fMRI, especially when there are prior hypotheses regarding the regions 
of interest that need to be studied. 

There are some limitations to our study. We chose to investigate the 
effect of a single acute dose, similarly to other studies (Easton et al., 
2007; Marquand et al., 2012), while efficacy of atomoxetine was re
ported after several weeks of treatment (Hutchison et al., 2016; Montoya 
et al., 2009). Our study is therefore a first characterization of acute ATX 
effects rather than an explanation of the long-term pharmacological and 
therapeutic effects of the drug. On a similar aspect, we used wild type 
rats but future studies regarding the therapeutic potential of ATX could 
focus on relevant models such as spontaneously hypertensive rats for 
ADHD. Finally, animals were anesthetized and the possibility to explore 
CBV changes in conscious animals could be the next step in 
pharmaco-fUS imaging. 

In the current study, we confirmed the potential of fUS imaging to 
characterize dynamic profiles of CNS drugs, in particular ATX, in rats. 
We reported the high-resolution mapping of CBV changes induced ATX 
using multiple ROI-based or pixel-based analyses, and application of 
independent component analysis for data denoising and as a method to 
model drug hemodynamic effects. Therefore, our study demonstrates 
that pharmaco-fUS data can be analyzed using the same strategies and 
softwares that were previously used for pharmacoMRI studies, opening 
large possibilities for future studies. The high sensitivity and portability 
of the technique could greatly improve our understanding of hemody
namic profiles of drugs. Therefore, pharmaco-fUS may constitute a new 
step to move forward in drug development for neurological disorders. 
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