
Journal of Neural Engineering

ACCEPTED MANUSCRIPT

DiUecW acWiYaWiRQ Rf ]ebUafiVh QeXURQV b\ XlWUaVRQic VWimXlaWiRQ UeYealed
b\ ZhRle CNS calciXm imagiQg
To cite this article before publication: Nicolo Meneghetti et al 2020 J. Neural Eng. in press https://doi.org/10.1088/1741-2552/abae8b

Manuscript version: Accepted Manuscript
Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2020 IOP Publishing Ltd.

 

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.
As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 147.162.3.230 on 28/09/2020 at 11:27

https://doi.org/10.1088/1741-2552/abae8b
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1741-2552/abae8b


IOP Publishing Journal Title 
Journal XX (XXXX) XXXXXX  https://doi.org/XXXX/XXXX 

xxxx-xxxx/xx/xxxxxx 1 © xxxx IOP Publishing Ltd 
 

Direct activation of zebrafish neurons by ultrasonic 
stimulation revealed by whole CNS calcium 
imaging 

N. Meneghetti1,2,+, F. Dedola1,2,+, V. Gavryusev3,4,+, G. Sancataldo4,5, L. Turrini3,4, G. 
de Vito4,6, N. Tiso7, F. Vanzi4,8, J. Carpaneto1,2, A. Cutrone1,2, F. Saverio Pavone3,4,9, S. 
Micera1,2,10, A. Mazzoni1,2 
 
1 The Biorobotics Institute, Scuola Superiore Sant’Anna, 56025 Pisa, Italy 
2 Department of Excellence for Robotics and AI, Scuola Superiore Sant’Anna, 56025 Pisa, Italy 
3 Department of Physics and Astronomy, University of Florence, 50019 Sesto Fiorentino, Italy 
4 European Laboratory for Non-Linear Spectroscopy (LENS), 50019 Sesto Fiorentino, Italy 
5 Department of Physics and Chemistry, University of Palermo, 90128 Palermo, Italy 
6 Department of Neuroscience, Psychology, Drug Research and Child Health, University of Florence, 
50139 Florence, Italy 
7 Department of Biology, University of Padova, 35131 Padova, Italy 
8 Department of Biology, University of Florence, 50019 Sesto Fiorentino, Italy 
9 National Institute of Optics, National Research Council, Florence, Italy  
10 Bertarelli Foundation Chair in Translational Neuroengineering, Center for Neuroprosthetics and 
Institute of Bioengineering, School of Engineering, École Polytechnique Federale de Lausanne, 
Switzerland 
+these authors share same first author contribution 
 
E-mail: a.mazzoni@santannapisa.it 
 
Received xxxxxx Accepted for publication xxxxxx Published xxxxxx 

Abstract 

Objective: Ultrasounds (US) use in neural engineering is so far mainly limited to ablation through high intensity focused 
ultrasound (HIFU), but interesting preliminary results show that low frequency low intensity ultrasound (LILFU) could be 
instead used to modulate neural activity. However, the extent of this modulatory ability of US is still unclear, as in in vivo 
studies it is hard to disentangle the contribution to neural responses of direct activation of the neuron by US stimulation and 
indirect activation due either to sensory response to mechanical stimulation associated to US, or to propagation of activity from 
neighboring areas. Here, we aim at showing how to separate the three effects and assess the presence of direct response to US 
stimulation in zebrafish. Approach: We observed in zebrafish larvae brain-wide US-induced activity patterns through calcium 
imaging microscopy. Sensory response to mechanical stimulation was assessed with a US shield. Activity propagation was 
assessed with inter-area latency evaluation. Main results: We prove that in selected brain regions zebrafish neural response is 
mainly due to direct activation, later spreading to the other regions. Shielding the neurons from direct US stimulation resulted 
in a significantly attenuated response, showing that sensory stimulation does not play a prominent role. Significance: US non-
invasive neuromodulatory approach might lead to novel ways to test and control neural activity, and hence to novel 
neuromodulatory therapies. Future studies will focus on the biophysical structure of directly responsive neurons to capture the 
mechanisms of US induced activity. 

Keywords: neuromodulation, zebrafish, ultrasounds, calcium imaging 

1. Introduction 

The use of low intensity low frequency ultrasound (LILFU) to 
non-invasively modulate neuronal activity has been the focus 
of intense interest in the neural engineering communities over 

the last decade [1,2]. Studies have been performed 
investigating ultrasound (US) stimulation both in the 
peripheral [3–6] and specially in the central nervous system 
(CNS). In the CNS many animal models have been adopted 
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for such investigations: human [7–10] and non-human [11–
13] primates, pigs [14,15], sheep [16], cats [17,18], 
lagomorphs [19], guinea pigs [20], rats [21–26], and mice [27–
31]. 
A crucial open issue in US neuromodulation studies is to 
which extent observed responses are due to direct effects of 
US on neuronal channels [32] and membranes [33,34], rather 
than mechanical stimulation of sensory pathways propagating 
to other areas [20,28].  Current literature, however, lacks a 
thorough study on direct cortex-wide neuronal responses to 
US stimulation, able to map such propagation. Many works in 
this field have indeed adopted intracranial electrical 
recordings [14,15,20,31,35–37] that are logistically limited in 
the number of neurons, hence central nervous system (CNS) 
regions that can be simultaneously monitored. Fewer works 
have instead selected metabolic or hemodynamic acquisition 
paradigms (first and foremost PET and fMRI) [11,12,19,38–
40] that, despite having the potential of recording the whole 
brain activity, only indirectly access neurons’ activity. 
Recently, the use of transgenic zebrafish larvae pan-
neuronally expressing the calcium indicator GCaMP6s [41], 
coupled with wide-field fluorescence imaging, has proven an 
effective means to non-invasively investigate neuronal 
activity. This experimental choice can indeed directly access 
brain-wide CNS activity patterns with relatively high 
spatiotemporal resolution [42]. 
Here we report the US-evoked activity patterns of larval 
zebrafish’ encephalon gathered through wide-field calcium 
imaging microscopy. We devised an experimental paradigm 
enabling to carefully study the activity propagation across 
multiple brain areas and to discriminate mechanical sensory 
stimulation from direct activation. 

2. Methods 

2.1 Sample preparation 

The analysis was performed on zebrafish larvae at three 
different (3,4 and 5) days post-fertilization (dpf). Unless 
otherwise stated all results refer to 5 dpf larvae. Adult and 
larval zebrafish were maintained for breeding at 28 °C on a 
14/10 hours light/dark cycle according to standard procedure 
[43]. Larvae were raised up to 5 dpf in fish water (150 mg/L 
Instant Ocean, 6.9 mg/L NaH2PO4, 12.5 mg/L Na2HPO4, pH 
7.2) in a Petri dish kept at 28 °C. We used 3 to 5 dpf transgenic 
Tg(elavl3:GCaMP6s) zebrafish larvae [44,45] in homozygous 
albino background to avoid the presence of skin pigments. 
Following [45], each larva was then transferred into an 
Eppendorf tube, containing in 1.5% w/v low gelling 
temperature agarose (A9414, Sigma) dissolved in fish water 
kept at 38 °C, and introduced into a glass capillary tube (O.D. 
1.5mm) with a pipette. After gel polymerization, the larva was 
extruded from the capillary, laid in the center of the bottom of 
a small modified Petri dish (5 cm diameter with the central 

part of 2 cm diameter replaced by a 25 µm thin polystyrene 
membrane (Goodfellow, Hungtinton, Cambridge, UK)) and 
this position was blocked with a drop of melted agarose. After 
solidification the dish was filled with fish water. Fish rising 
and experiments were carried in accordance with European 
and Italian law on animal experimentation (D.L. 4 March 
2014, n.26), under authorization n. 407/2015-PR from the 
Italian Ministry of Health. 

2.2 US stimulation setup and transducer 

US stimulation was applied by placing a 44 mm diameter PZT 
(Lead Zirconate Titanate) unfocused transducer (Precision 
Acoustics LTD, Dorchester, UK, S/N PA886, central 
frequency equal to 490 kHz, -3 dB bandwidth equal to 160 
kHz, -6 dB X-profile beamwidth 19.88 mm, -6 dB Y-profile 
beamwidth 18.66 mm) at a distance of 165 mm from the 
animal specimen. The transducer was driven by a waveform 
generator (Agilent33220A Keysight Technologies, Santa 
Rosa, CA, USA) in series with a 50 dB gain radio frequency 
power amplifier (240L, Electronics & Innovation, Rochester, 
NY, USA) and it was immersed in the polymethyl 
methacrylate (PMMA) tank. The US transducer was 
characterized in free field conditions both in terms of 
ultrasonic pressure field mapping and intensity vs. driven 
voltage calibration. The pressure signals were detected by a 2 
mm PVDF (Polyvinylidene Fluoride) needle hydrophone 
(Precision Acoustics LTD, Dorchester, UK, model number: 
NH2000) at different locations, using a three-axis step-by-step 
motorized positioning frame (XYZ BiSlide, Velmex, 
Bloomfield, NY, USA), thereby producing maps that provide 
information on the geometry of the generated acoustic field. A 
dedicated LabVIEW program (National Instruments, Austin, 
TX, USA) allowed synchronization between the wave 
generator, motors and signal acquisition from an oscilloscope 
(7034 B, InfiniiVision, Agilent Technologies). The root mean 
square pressure (Prms) and the spatial peak pulse average 
intensity (Isppa = Prms

2/(ȡ c)) were evaluated at the experimental 
distance of 165 mm at different driving voltages, each 
measured at the output of the power amplifier. The medium 
density ߩ ൌ 1000 𝐾𝑔/𝑚ଷ and the wave speed 𝑐 ൌ 1484 𝑚/ݏ 
are approximated to the density and speed of sound of water, 
respectively. The spatial peak temporal average intensity (Ispta) 
was defined as 

 
𝐼௦௧ ൌ  𝐼௦ ∗ 𝐷𝐶 ൌ

𝑃௦
ଶ

𝑐ߩ
∗ 𝐷𝐶 (1) 

where DC is the duty cycle used in the stimulation protocol. 
Finally, in order to consider possible acoustic reflections and 
attenuations phenomena, additional intensity measurements 
were performed by positioning the hydrophone tip inside the 
Petri dish used during experiments (see Figure S3 of [46] for 
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the results of the hydrophone measurements). These 
measurements yielded the Ispta calibration reported in Figure 1.  

2.3 Stimulation protocol  

Pulsed ultrasound stimulations of 490 kHz were delivered in 
blocks of three stimuli of 100 ms each, with a duty cycle of 
25, 50, 75 or 100%. A stimulus duration of 300 ms with a pulse 
repetition frequency of 10 Hz was chosen. Pressure amplitude 
varied from 8 to 40 kPa in nine discrete steps. The Ispta, 
therefore, varied from 1.5 to 120 mW/cm2. Each recording 
session consisted of three identical US stimulation windows 
delivered every 15 s. The overall acquisition time for every 
recording session was fixed at 60 s. We tested 12 3-dpf, 10 4-
dpf, and 8 5-dpf larvae. Each larva has undergone two sets of 
nine recording sessions, one for each pressure amplitude. For 
each pressure amplitude, the duty cycle was first set at either 
25% or 50% and then increased to 100% or 75%. 
Following the results of a previous work of our group [46], we 
analysed the responses as function of the US spatial-peak 
temporal-average intensity Ispta, (see Eq.1 in section 2.2). To 
facilitate reading, we divided the stimulation acoustic 
intensity (Ispta, measured in mW/cm2) into 5 balanced groups 
ranging from very low to very high (Figure 1c). 

 2.4 Imaging setup 

Imaging of the agarose restrained larvae was performed using 
a custom-made upright fluorescence microscope in epi 
configuration. Fluorescence was excited in wide-field 
approach using an LED with emission centered at 470 nm 
(M470L3, Thorlabs), followed by a tube lens of 200 mm focal 
length (AC508-200-A, Thorlabs) and by an excitation band-
pass filter (FF01-469/35 nm, Semrock). The fluorescence 
signal was collected by an air objective (Nikon, 10x, NA 0.3, 
WD 16 mm). The detection path was implemented with a 
dichroic mirror (DC FF495-DI02, Semrock), an emission 
band-pass filter (FF03-525/50nm, Semrock) and a tube lens  
of 200 mm focal length (AC508-200-A, Thorlabs) that created 
an image on a sCMOS camera (OrcaFlash 4.0 v3, Hamamatsu 
Photonics) with 16-bit dynamic range at a frame rate of 20 Hz. 

2.4.1 X-Y dƌifƚƐ coƌƌecƚion of calciƵm imaging ǀideoƐ͘൮ 
Due to US-induced fish water movements, our measurements 
were affected by x-y and z drifts, producing both in-plane and 
out-of-focus artifacts, respectively. To correct for these 
artifacts, we used an open access algorithm programmed in 
Java and compatible with ImageJ, namely moco [47]. This 
choice was due to its accuracy (that is comparable to that of 
established community-used algorithms), its speed and its 
large stability to large translational motions (fundamental for 
our calcium imaging videos). Briefly, moco corrects every 
image in the video by comparing every possible translated 
version of it with a template image. In our case, the template 
was set to be the first frame of the video. The algorithm then 

identifies the translation term that minimizes the L2 norm of 
the difference between the images in the overlapping region, 
D, divided by the area of D. As output, besides the corrected 
video frames, the algorithm provides for each image the 
amount of adjustment, in pixels, applied to correct for the in-
plane x-y drifts, computed as the root mean square of the 
translation in the x and the y direction. This metric was used 
as an indirect measure of the water movements caused by the 
US stimulation. 

2.5 Experimental design 

2.5.1 US shielded experiments. In the experimental set-
up larvae are placed in a Petri dish containing water (Figure 
1). US stimulation induced waves in the water. On one hand 
the observed response could therefore be due to direct 
stimulation on ionic channels [32] and/or on neuronal 
membranes [33,34]. On the other hand, however, the recorded 
activation could be the consequence of the animal sensitivity 
to the US-induced water movements and/or to a vestibular 
stimulation [48]. Furthermore, the envelope of the three pulses 
composing each US stimulation window can be assimilated to 
a sound source centered at 10 Hz, although the auditory 
response of larval zebrafish in this low range is expected to 
present a much lower sensitivity than above 50 Hz [49]. To 
verify whether the induced neuronal activity was attributable 
to a direct US neuromodulation effect or to US-induced 
sensory stimulation, we performed control experiments, 
referred to as US-shielded. We placed in the path between the 
US transducer and the Petri dish a 10 mm thick soundproofing 
rectangular element. We used a blue polyurethane sheet 
(AptFlex F28, Precision Acoustics) with density and wave 
speed similar to that of water, but with significant absorption 
(acoustic impedance equal to 1.5 MRayls; insertion loss equal 
to 16 dB resulting in the transmission of the 15.85% of the 
incident acoustic pressure). This protocol allowed us to image 
larval CNS fluorescence dynamics without the brain being 
directly hit by the US, but while still making the surrounding 
watery media moving due to the sound stimulation waves.  
The set of stimulations applied was the same as in the 
unshielded case. However, as the presence of the 
soundproofing element decreased the magnitude of water 
movements in the control experiments, compared to US-
unshielded case, rather than comparing responses to the same 
stimulation, we compared four selected pressure level pairs 
that lead to similar amplitude of water movements for the two 
groups, as observed indirectly from the applied motion 
adjustment to the fluorescence images (see 2.4.1). In this way, 
we ensured that the difference in the response was solely due 
to direct activation. For example, we compared the post-
stimulus ǻF/F0 of the US-shielded group at PRMS=40 kPa with 
the ones of the US-unshielded experiments at PRMS=28 kPa. 
Specifically, in Figure 3 the PRMS corresponding to the water 
movement labels are: low: 16 kPa for US-unshielded and 24 
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kPa for US-shielded ; moderate: 20 kPa for US-unshielded and 
28 kPa for US-shielded; considerate: 24 kPa for US-
unshielded and 36 kPa for US-shielded; high: 28 kPa for US-
unshielded and 40 kPa for US-shielded. Table 1 lists the 
estimated amplitude of water movements corresponding to the 
aforementioned US pressure amplitudes for both the 
experimental paradigms. The US-shielded group is made up  
of 8 3-dpf, 8 4-dpf, and 6 5-dpf larvae. 

Table 1: Estimated amplitude of US-induced water 
movements in the US-shielded and US-unshielded 
experiments.  
 

2.6 Data analysis 

2.6͘ϭ Relaƚiǀe flƵoƌeƐcence ǀaƌiaƚion͘൮As common 
practice in calcium imaging video analysis, the fluorescence 
dynamics was expressed as: 

𝐹߂ 
𝐹

ሺݐሻ ൌ
𝐹ሺݐሻ െ 𝐹ሺݐሻ

𝐹ሺݐሻ
 (2) 

where F(t) is the fluorescence intensity and F0(t) is the baseline 
fluorescence intensity at a given time instant t. To compute the 
baseline fluorescence, we used a running-window average of 
the 8th percentile of the fluorescence intensity F(t) [50]. We 
used a time window of 5 seconds, approximately 25 times 
larger than the decay time constant of the adopted calcium 
reporter [51]. (ǻF/F0)max was defined as the difference 
between the maximal value of ǻF/F0 traces following US 
stimulation and the ǻF/F0 value at stimulation onset.  
Significant statistical differences in this value are assessed 
with Kruskal-Wallis test (p=0.05) and multiple comparison 
have been accounted for by the Dunn approach. The 
dependence of the response by multiple factors and their 
interaction was assessed by two-way analysis of variance 
(ANOVA) [52]. The same analysis was performed for the 
latency of the response (i.e., the time from US stimulus onset 
to maximal amplitude of ǻF/F0). 

Ϯ͘ϲ͘Ϯ SpoƚƐ of maǆimal and minimal acƚiǀaƚion͘൮ We 
identified, separately for every recording, the spots of 
maximal and minimal activation in the zebrafish encephalon 
following US stimulation considering the pixels (1.6×1.6 ȝm2) 
whose summed fluorescence variation ǻF/F0 after the 
stimulus trigger was greater/lower than the 99-/1- percentile 
of the global relative fluorescence. The global relative 
fluorescence was defined as: 

 

where k is the US stimulus number (every recording 
consisted in three US stimuli), ݐ

∗ is the corresponding US 

stimulus trigger instant and 
ிబ

ሺݐሻ is the relative fluorescence 

variation. After an imaging registration onto a common brain 
orientation step employing a roto-translation transformation, 
the binary maps of the spots obtained for different larvae with 
the same US intensity Ispta were summed and normalized to 

compute the spatial probability maps. 

3. Results 

US stimulations were tested on non-pigmented larval stages of 
zebrafish which ensured optimal visibility of calcium imaging 
response. All larvae belonged to a transgenic line expressing 
GCaMP6s [42] in all CNS neurons in order to visualize whole-
CNS response. We devised a setup (Figure 1a) able to perform 
wide-field calcium imaging during simultaneous whole-brain 
stimulation through an ultrasound planar transducer.  

3.1 Neural sensitivity to ultrasound stimulation is 
region-dependent 

We observed simultaneously the response to US stimulation, 
measured as fluorescence variation (see Methods), in four well 
characterized regions of the CNS (Figure 2a). Both region and 
intensity played a significant role in determining the response 
(two-way ANOVA, p<0.001 for each factor, p<0.001 for their 
interaction). The cerebellum displayed the strongest response 
((ǻF/F0)max=7.1% for very high stimulation, Figure 2b bottom 
left) and the highest sensitivity to ultrasound stimulation, with 
significant differences between the response to most stimulus 
levels (Figure S1). The optic tectum and the medulla displayed 
a lesser response ((ǻF/F0)max=5.8% and 5.45% respectively 
for very high stimulation, Figure 2b top and bottom right). The 
telencephalon displayed the weakest response 
((ǻF/F0)max=2.1% for very high stimulation, Figure 2b top left) 
with significant differences only between high/very high and 
low/very low intensity (Figure S1). We also identified for each 
stimulation pattern the spots of maximal and minimal 

PRMS for 
US-

unshielded 
experiments 

PRMS for 
US-

shielded 
experiments 

Maximal 
US-

induced 
water 

movements 

Figure 3c 
water 

movement 
labels 

16 kPa 24 kPa 19.2 µm low 

20 kPa 28 kPa 29.6 µm moderate 

24 kPa 36 kPa 43.2 µm considerable 

28 kPa 40 kPa 54.4 µm high 

 

 

൬
𝐹߂
𝐹

ሺݐሻ൰


ൌ  
𝐹߂
𝐹

ሺݐሻ
௧ೖ

∗ ାହ௦

௧ୀ௧ೖ
∗

ଷ

ୀଵ

 (3) 
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activation. Briefly, we defined as spots of maximal (minimal) 
activation those calcium imaging video pixels whose 
fluorescence variation after stimulus trigger was greater 
(lower) than the 99- (1-) percentile of global relative 
fluorescence (see Methods for details). Coherently with 
previous results, maximal and minimal activation spots were 

located for all animals in the cerebellum and in the 
telencephalon, respectively. 
 

 

Figure 1: Experimental setup and stimulation parameters. (a) Illustrative scheme (left) and photo (right) of the experimental 
setup composed of a PMMA tank full of degassed deionized water (3) in which the 44 mm diameter PZT unfocused US 
transducer was immersed (4). On top of the tank a custom-made interlocking housing (2) contained a Petri dish filled with 
fish water in which the zebrafish larvae were immobilized with agarose (5). Above the setup, a custom-made upright 
fluorescence microscope in epi configuration (1) was used for imaging the encephalon of the mounted larvae. Each 
recording sessions lasted for 60 seconds during which 3 stimulations were triggered every 15 seconds by a waveform 
generator in series with a 50 dB gain radio frequency power amplifier.  (b) Temporal protocol of US stimulation: duty cycle 
(DC) 25% (blue) with TON=25 ms and TOFF=75 ms;  DC 50% (yellow) with TON =50 ms and TOFF=50 ms;  DC 75% (orange) 
with TON=75 ms and TOFF=25 ms; DC 100% (red) with TON=100 ms. The tone burst duration (TBD) is equal to TON and the 
pulse repetition period (PRP) is equal to 100 ms; the stimulation duration (SD) is of 300 ms for the four chosen temporal 
protocols. Each stimulation was repeated three times during every recording session with an inter stimulation interval of 15 
s. In the inset it is shown the temporal evolution of US stimulation waves produced by a transducer with central frequency 
equal to 490 kHz. (c) Stimulation acoustic intensity (spatial peak temporal average measured in mW/cm2) for each 
experimental protocol divided into 5 balanced groups. The set of used US intensities is within the range suggested by the 
FDA for diagnostic US imaging. 
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3.2 Comparing responses between unshielded and 
shielded US stimulation 

Animals were positioned in a Petri dish filled with fish water 
during imaging. The US stimulation produced non negligible 
movements in such media. Consequently, the observed 
response could be due to a combination of direct stimulation 
on the ionic channels [32], on the neuronal membranes [33,34] 
and/or of the animal sensitivity to the US-induced water 
movements and sound perturbation at few Hz. 
To elucidate how the calcium fluorescence activity patterns 
induced by the sonication could be accounted for by these two 
factors, we performed then US-shielded control experiments 
(see Methods) in which the larval brain was not directly hit by 
the US, but the surrounding watery media moved due to the 
incoming stimulation sound waves. We used the same set of 
US stimulations used in the unshielded animals and then we 
compared responses associated to the same level of sensory 
stimulation (see Methods). This allowed to estimate the 
response due to neuronal activation, while removing the 
contribution of sensory stimulation.  
Responses to US stimulation were found to be much weaker 
in the US-shielded experiments as compared to the US-
unshielded scenario and were elicited for a shorter time by a 

narrower set of stimulations (compare Figure 3a and 3b). In 
both experimental conditions, however, the cerebellum was 
the most responsive area, and we therefore compared the 
maximal amplitude of the two responses for the same levels 
of water movement (see Methods). We found that for all levels 
the response was significantly stronger in the unshielded 
condition (p<0.01) with an average of +199±94% (mean ± 
standard deviation) relative increase with respect to the 
shielded condition (Figure 3c). 

3.3 Relative latency of US responses 

We analysed then the temporal evolution of the response over 
the whole CNS in the US-unshielded experiments. We 
observed qualitatively that the first response in every Ispta 
group arose close to the maximal activation spot within the 
cerebellum, to later spread to other areas while increasing in 
intensity within the cerebellum (Figure 3a and Supp. Movie 
1). We hypothesized then that at least for low stimulation 
intensities only these spots are activated by US stimulation, 
and all other responses are due to propagation of the activity. 
To test quantitatively this hypothesis, we calculated the 
latency of the response (i.e., the time from US stimulus onset 
to maximal amplitude of ǻF/F0) in each region, observing that 
it depended on both intensity and region (p<<0.001, two-way 

Figure 2: Neural sensitivity to ultrasound stimulation across regions (a) Wide-field fluorescence image of the encephalon 
of a representative larva expressing GCaMP6s. Scale bar: 100 ȝm. The four principal zebrafish brain regions used here for 
the analysis are highlighted (Telencephalon, red; Optic tectum, green; Cerebellum, blue; Medulla, yellow). (b) Boxplots of 
(ǻF/F0)max amplitude as a function of Ispta (divided into 5 groups) of four encephalon regions (schematically represented 
within the insets) for 5 dpf zebrafish larvae. Top left: Telencephalon; Top right: Optic tectum. Bottom left: Cerebellum; 
Bottom right: Medulla. 
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ANOVA), but not on their interaction (p=0.13, two-way  
ANOVA). We found that the spots of maximal activation were 
triggered significantly before all the other regions at very low 
intensity (Figure 4a top left and S2). This suggests that activity 
in all other regions at least for this intensity is not directly 
elicited by US, but by inputs from cerebellar afferences. The 
latency for the maximal activation spots did not depend on the 
intensity of the stimulation and was on average 1.5 s (Figure 
4b). For the other areas the latency varied with the stimulation 
intensity. For higher intensities cerebellum, optic tectum and 
medulla displayed latencies closer to the one at the maximal 
activation spots (Figure 4a, 4c, and S2), which is compatible 
with direct US activation at these intensities.  The 
telencephalon, instead, displayed an average latency which 
was always significantly higher than that of the other areas 
(Figure S2) and reached a minimum value of 3.7 s for the 
highest stimulation intensity (Figure 4a bottom right). In 
particular, the region of minimal activation within the 
telencephalon showed for all intensities a low-amplitude 
response starting more than one second after the end of US 
stimulation (Figure S3). This strongly suggest that the 
telencephalon is not activated directly by the US stimulation, 
but only by the propagation of activity from other areas 
(Figure 4c). 

3.4 Evolution of US response with development 

All results in the previous sections refer to 5 dpf larvae. As 
both single neuron properties and connectivity are expected to 
change during development [53,54], progressively expanding 
the larval cognitive and processing skills, we probed whether 
the sensitivity to US was present since the first tested larval 
stage and if it showed an increasing trend along dpf. To this 
end, we performed a finer analysis of the spots of maximal and 
minimal activation across the three tested days post 
fertilization. 
The spots of minimal activation were confined to the larval 
telencephalon for every applied stimulus parameter and 
animal development stage (Fig 5a, right columns). The 
location of the spots of maximal activation (see Methods) 
confirmed instead that the strongest sensitivity to the US was 
confined to the cerebellum for every dpf (Figure 5a, left 
columns). More precisely, maximal activation was 
stereotypically (across animals and recordings) located near 
the border between the cerebellum and the upper portion of 
the medulla. Of note, the sensitivity to US of these subregions 
grew with the dpf (Figure 5b), confirming our expectation. 

4. Discussion 

4.1 Direct neural response vs sensory activation 

The main aim of this work was to observe, isolate and 
characterize a direct neural response to US stimulation. By 
comparing neural responses in US-unshielded and US-

shielded conditions, we were able to evaluate the extent of 
sensory contribution to such responses, and hence highlight 
the prominent role of direct response to US stimulation 
(Figure 3). The entanglement between direct and sensory 
mediated neural response to US stimulation has been debated 
in several recent works, examining, in particular, the 
neuromodulation activity triggered by transcranial US brain 
stimulation. Wide-field calcium imaging of transgenic mice 
brains was used to observe the neuronal activation  due to US 
stimulation on the visual cortex, at a central frequency of 500 
kHz [55]. While the US focus was on the visual area, the first 
strong activation was observed on the auditory cortex, starting 
from the contralateral hemisphere, with a response similar to 
the one elicited by audible sounds. The excitation effect 
increased with the stimulation intensity in this region, but the 
activation spread onto a larger cortical area. This suggested 
that the observed neural activation was due to acoustic 
stimulation of the inner ear, rather than direct neural 
activation. Moreover, the response to both US and sound was 
attenuated in chemically deafened animals and disappeared 
when the transducer was not coupled to the head. 
The companion study [20] investigated the effect of 220 kHz 
US stimulation on guinea pig brain, recording local field 
potentials (LFPs) from auditory cortex and inferior colliculus. 
Responses occurred whenever the transducer was in contact 
with the animal head or the eyeball. However, the first spike 
latency was shorter in the inferior colliculus, suggesting that 
the recorded signal in the auditory cortex should be the 
consequence of sensory stimulation. The response of the 
somatosensory cortex was largely independent from the 
transducer focus, suggesting that motor cortex elicitation 
might be caused by startle reflex. This US-induced cortical 
activation was completely abolished by auditory nerve 
transection and removal of cochlear fluids. Such results are in 
contrast with other works reporting the activation of a 
functional circuit associated to tactile sensation due to US 
stimulation in the somatosensory area [8,12]. Moreover, other 
studies have found a significant effect of the ultrasound 
stimulation target location [56,57].   
These results are far from being conclusive. A work focusing 
on confounding activation of auditory pathways [58] observed 
auditory brainstem response that elicited EMG in forelimbs 
triceps in transgenic deaf mice. Another recent work observed 
US response in deep brain areas of macaques and their 
propagation to other brain regions [59]. They ruled out 
auditory stimulation confounding by an analysis of the 
correlation of such responses with auditory cortex activity. For 
zebrafish larvae there was no possible direct auditory 
confounding as the animal at this stage is not sensitive to such 
high frequency [60]. Nevertheless, auditory stimulation within 
its hearing range [61] may be produced by the pulsed 
stimulation sequence envelope that can be assimilated to a 
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Figure 3.  Comparison between responses in US-unshielded and US-shielded condition. (a) Mean pixel-wise ǻF/F0 maps 
following US stimulation for 5 dpf larvae, binned in 400 ms time windows, of the five ISPTA families for the US-unshielded 
(i.e., without the soundproofing element) experiments. White bar in bottom row indicates 100 Pm scale. (b) Same as (a), 
but for US-shielded experiments. (c) US-unshielded (light blue) and US-shielded experiments (green) comparison at equal 
magnitude of water movement. The boxplot depicts the distribution of cerebellar ǻF/F0 amplitude. The inset schematically 
represents the cerebellum within the zebrafish encephalon. Statistically significant differences are represented through 
asterisks (Wilcoxon’s rank-sum test adjusted with Bonferroni correction, hence p<0.01). 
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weak noisy sound source centered at 10 Hz. A recent hearing 
assessment study in larval zebrafish [49] has found that 20 Hz 
frequencies can be perceived with an approximately hundred 
times lower sensitivity than above 50 Hz. Consequently, we 
cannot exclude that zebrafish larvae are able to perceive sound 
even below 20 Hz, but with a further reduced sensitivity. 
Furthermore, we still had to investigate the possibility of 
mechanosensory confounding to tactile perception of US-
induced waves in the water (Figure 3a). Moreover, despite our 
efforts into immobilizing the animals during recording, we 
could not discard the possible contribution of a vestibular 
response in the unshielded experiments [48].  Responses due 
to mechanical (and possibly vestibular and auditory) 
stimulation in the US-shielded condition were found to be 
significantly smaller than those induced in the US-unshielded 
case for all intensities (Figure 3b). 
 
4.2 Area specificity 

We have shown selective activation of zebrafish brain areas. 
Such a selectivity is not a complete novelty: for instance, in 
their seminal work [19] Yoo and colleagues observed that the 
US stimulation effect was stronger in motor than in visual 

cortex. In a more recent work [62], the mice awake cortex was 
stimulated while monitoring the hemodynamic change of the 
whole cortex due to the different stimulation protocols and 
observed local responses. However, to the best of our 
knowledge, our study is the first to exploit the simultaneous 
monitoring of the whole CNS to discriminate between direct, 
primary activation and secondary activation. In a much 
narrower context, propagation of US response was observed 
in experiments with stimulation of primary somatosensory 
cortex on monkeys [12]. It was indeed found that US 
stimulation not only activated the cortical area corresponding 
to the focus, but also spatially distant regions corresponding 
to the touch processing circuitry. The observed increase in 
response strength with dpf is consistent with the progressive 
development of the larval CNS with age. 

4.3 Inter-area propagation of the response 

The aim of our analysis of temporal evolution was to assess 
whether neurons in different regions were activated directly 
by US stimulation or were rather triggered by functionally 
connected regions. We noted that, as a consequence of US 
stimulation, the cerebellar area was the first one to respond. 

Figure 4.  Temporal evolution of response to US stimulation. (a) Response latency in the 4 regions and in the spots of 
maximal activation in 5 dpf larvae for the five applied families of stimulation intensity Ispta. The inset schematically 
represents the region position in the zebrafish encephalon. (b) Fluorescence variation ǻF/F0 of the spots of maximal 
activation as a function of Ispta. (c) Fluorescence variation ǻF/F0 between encephalic areas for middle Ispta. 
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Right after cerebellar response, we observed a consistent 
activation of striped nuclei spanning the entire medulla down 
to the spinal cord (see Figure 3a, 4, S2 and Supp. Movie 1), 
presumably signs of functional connection with a motor 
circuit. The telencephalon was the last activated area and 
showed a response so late (Figure S3) to be consistent with an 
activity exclusively due to the propagation of the response 
induced by US in other areas of the CNS (Figure 4c). 
Crucially, our work aims at discriminating between primary 
and secondary activation looking at the relative times of 
activation of the different areas rather than determining the 
absolute latency of the response, which is difficult to assess 
given the inherently slow dynamics of calcium imaging 
responses [55]. Indeed the latencies reported here are one 
order of magnitude larger than the ones previously reported 
for cellular response [46] or even motor activity following 
stimulation [31,63] .  
 
 
 

4.4 Thermal effect of US 

US are known to interact with biological tissues through either 
thermal or non-thermal physical mechanisms. US-induced 
heat generation is dependent on several factors that can be 
controlled through proper choice of the stimulation 
parameters. The main factors contributing to the conversion of 
ultrasonic energy to heat are [64]: (i) the tissue properties 
(most and foremost the absorption coefficients and the 
impedance mismatch encountered by the ultrasonic waves); 
(ii) the US exposure parameters (mainly the frequency, the 
pressure amplitude, the pulse repetition frequency, and the 
pulse duration); (iii) the beam configuration. Considering 
these three factors in our experiments, we can rule out the 
recorded responses to be ascribable to significant thermal 
effects.  
A recent modeling study [65], revealed, through retrospective 
temperature simulation, that thermal effects can be neglected 
in a large set of rodent setups. Only in one study [66], it was 
estimated a temperature increase as high as 7°C due to thermal 

Figure 5.  Evolution of response to US stimulation with zebrafish development. (a) Spatial probability distribution of the 
spots of maximal (> 99% overall response, left columns) and minimal activation (<1% overall response, right columns) as 
a function of the five Ispta families for each tested day post fertilization. (b) Boxplots of maximal fluorescence variation 
amplitude (ǻF/F0)max as a function of the days post fertilization for the five Ispta families. Asterisks indicate significant 
statistical differences.  
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diffusion from the skull bone into the brain tissue; this was 
mainly due to the skull absorption coefficient [65], which in 
rodents is ten times higher than the soft brain tissue (Į=2.7 
dB/cm/MHz-1.18 in the skull, Į=0,21 dB/cm/MHz-1.18). In our 
experiments, however, skull-induced heating is not present as 
in zebrafish skull bones develop and ossify long after the 
embryonic period. At larval stages, indeed, the craniofacial 
skeleton is primarily composed of cartilage elements often one 
or a few cell layers thick [67]. 
Furthermore, we choose to place the US transducer in water in 
order to minimize the heat produced by the probe itself when 
it is operated in air [68] and to provide thermal stabilization 
and water coupling of the ultrasound probe to the Petri dish. 
As for the US stimulation parameters employed in our study, 
many studies [64,69–72] have pointed out that US exposure 
protocols consisting of low pressures (< 0.6 MPa at focus), 
low frequencies (sub-MHz), short pulse durations (≤ 300 ms), 
and low acoustic intensities (in the 30–500 mW/cm2 range) do 
not lead to thermal effects playing a prominent role in 
neuromodulation, with estimated temperature rise as low as 
hundredths of a degree. Additionally, we have adopted a 
pulsed exposure delivery mode of ultrasonic stimuli, that is 
known to further minimize the probability of tissue heating 
[38,64,73,74].  
Finally, we choose to employ an unfocused US transducer to 
stimulate the whole zebrafish encephalon. The absence of a 
small focal area furtherly minimizes the energy concentration 
and consequent heat production in the zebrafish encephalon.  
Altogether these considerations can therefore rule out possible 
significant thermal effects in the fluorescence increase we 
recorded in the zebrafish encephalon. 

4.5 Limitations 

We found that specific areas within the zebrafish cerebellum 
are highly sensitive to direct US stimulation, as pointed out by 
the spatial and temporal comparison between the neural 
responses with US-unshielded and US-shielded stimulation. 
Still, within the adopted experimental paradigm, it is not 
possible to completely rule out that the observed response 
contains a sensory-mediated contribution, originated from 
mechanical water motion and possibly vestibular and auditory 
perception. The current knowledge of the properties of 
zebrafish neurons does not allow us to understand what are the 
specific characteristics of the cerebellum that make it 
markedly sensitive to US. A full understanding of the 
biophysical dynamics leading to direct activation goes indeed 
beyond the scope of this work.  Understanding these dynamics 
would be of paramount importance for a proper design of the 
stimulation, and, even more important to assess the likelihood 
of the possibility to directly stimulate neurons also in other 
animals (see  [46]) and in particular in humans for translational 
applications. 

5. Conclusions 

Using an unfocused planar transducer and an ad hoc setup we 
were able to deliver ultrasonic stimulation to larval zebrafish’ 
CNS. We managed to induce a reliable neuronal response in 
the animals’ encephalon. 
Control experiments were conducted to disambiguate the US 
direct effects on the animals’ CNS and the sensory perception 
of the stimulation-induced water movements and spurious low 
frequency acoustic noise. We proved that the analysed 
calcium fluorescence activity patterns are not solely caused by 
these confounding sources, hence highlighting a direct role 
played by US in increasing the probability of neural activation. 
The compound contribution of the US stimulation and the 
consequently induced water movements in the unshielded 
experiments was however inextricable with the experimental 
paradigm adopted here, and further efforts should, therefore, 
be made to completely disambiguate the role of water 
movements in the reported results. 
The strongest and quickest response was found to be highly 
consistent across animals and confined in a cerebellar 
subregion. It was present in all tested dpf and grew in strength 
concurrently with the CNS development. The activation 
probability and the fluorescence variation of this region was 
observed to be positively modulated both by stimulus 
magnitude (i.e., pressure, PRMS) and duration (i.e., duty cycle), 
in accordance with previous results in a different animal 
models [46]. The subsequent activation of neighboring CNS 
areas can be interpreted as due to their functional connection 
with a motor circuit. In the future, a finer identification of 
those functionally related nuclei and a better characterization 
of the spatial dynamics occurring during US stimulation will 
necessarily require a real-time whole-brain approach through 
microscopy techniques endowed with optical sectioning as 
light-sheet microscopy [75–81]. 
This regionality of the response suggests a dependence of this 
neuromodulation strategy on neuronal population 
characteristics and architecture. Further characterization of the 
relationship between single cells properties and sonication 
parameters could, therefore, shed clearer light on the basic 
mechanisms of US neuromodulation.  
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