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Introduction: Peripheral neuroprostheses are aimed to restore loss of sensory
and motor functions by interfacing axons in the peripheral nerves. Most common
interfaces in neuroprostheses are electrodes that establish electrical connection with
peripheralaxons. However, some challenges arise related to long-term functionality,
durability, and body response. Recently, focused ultrasound stimulation (FUS) has
emerged as a non-invasive approach to modulate the nervous system. However, it
is controversial whether FUS can induce axon depolarization.

Methods: We have assessed FUS applied in vivo to the rat peripheral nerve,
with two objectives: first, to test whether FUS activates peripheral nerves under
different stimulation conditions, and second, to evaluate if FUS inflicts damage to
the nerve. FUS was delivered with three ultrasound transducers (Sonic Concept
H115, H107, and H102) covering the largest set of parameters examined for FUS
of peripheral nerves so far.

Results: We did not obtain reliable evoked action potentials in either nerves or
muscles, under any FUS condition applied, neither over the skin nor directly to
the nerve exposed. Additional experiments ex vivo and in vivo on mice, confirmed
this conclusion. When FUS stimulation was applied directly to the exposed sciatic
nerve, neuromuscular function decreased significantly, and recovered one week
later, except for FUS at 0.25 MHz. Histologically, degenerating nerve fibers were
observed, with a tendency to be higher with the lower FUS frequency.

Discussion: Past reports on the ability of ultrasound to stimulate the peripheral
nerve are controversial. After testing a wide range of FUS conditions, we
conclude that it is not a reliable and safe method for stimulating the peripheral
nerve. Special consideration should be taken, especially when low-frequency
FUS is applied, as it may lead to nerve damage.
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electrophysiology, ultrasound, nerve interface, nerve damage, nerve stimulation,
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o Pulsed FUS stimulation at 0.25, 0.5, 1.12, 1.63, and 3.58 MHz, using parameters ranging
from 1 to 10 pulses of 1 to 200 ms and 0.1 to 5 MPa, did not produce excitation of peripheral

nerve axons in vivo in the sciatic nerve of the rat.

« FUS stimulation applied on the plantar skin did not evoke electrophysiological activity in

the sciatic nerve fibers of the rat. US of low frequency at high intensity evoked pain responses.

o When FUS stimulation was applied directly to the exposed sciatic nerve, the amplitude of

electrical evoked responses decreased significantly after using the transducers with the
frequencies of 0.25, 0.5 and 1.12 MHz.
« Light microscopy of transverse sections of the nerve distal to the application of the FUS,

showed degenerating fibers, mainly localized at the periphery of the nerve. The amount of

axonal degeneration was larger with the lower US frequency.

1 Introduction

Damage to the peripheral nervous system (PNS) or limb
amputations produce severe functional deficits in the affected subjects.
In such cases, peripheral neuroprostheses can re-establish sensory and
motor activity by directly stimulating peripheral axons, or by replacing
injured nerves, connecting proximal nerve segments with denervated
muscles or artificial prostheses (1). Electrodes that contact peripheral
nerves using an electrical coupling method are the type of interfaces
most commonly used in neuroprostheses. Over the last decades,
neural interfaces have evolved to optimally record and/or selectively
stimulate peripheral axons, and they can be implanted around or
within the peripheral nerves (2, 3). Extraneural interfaces, such as
nerve cuff electrodes, are placed around the nerve, whereas intraneural
electrodes are implanted longitudinally or transversally within the
nerve fascicles. Despite their invasiveness, the latter need lower
threshold to stimulate the axons, higher selectivity, and have lower
signal-to-noise ratio for recording than extraneural electrodes (4, 5).

However, a major problem that implantable interfaces face to
be functional over time relies on their robustness, biocompatibility
and body rejection. Any implanted device is accompanied by some
degree of tissue injury, which induces an immune reaction (6) leading
to possible nerve damage and subsequent development of fibrotic
tissue and encapsulation. As a result, the electrode performance
declines over time, requiring an increased stimulation threshold,
together with decreasing the stability of the recording signals (7-10).
Thus, efforts are taken to diminish the foreign body reaction and
connective encapsulation, by developing minimally or non-invasive
interface systems which do not directly interact with the nervous
tissue, thus avoiding the immune response (2, 11).

There are other possible methods of coupling neuroprostheses to
the PNS depending upon the type of biophysical signal conveyed.
Within these technologies, focused ultrasound stimulation (FUS) has
won attention as a therapeutic intervention to activate or modulate the
nervous system. FUS uses a transducer with an acoustic lens to focus
a sound wave to a defined focus spot within the body. This technique
utilizes the ability of US to generate heat or mechanical vibration to
degrade target elements inside the body, such as tumors or fibrotic
tissue, without damaging adjacent tissues.

Under appropriate stimulation intensities, the high precision and
non-invasiveness of FUS has been applied in attempts to activate or
block peripheral nerve activity (12-18). Although the mechanism for
evoking axon depolarization remains unknown, it is hypothesized that
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FUS may directly open ion channels mechanically (19), induce energy
transduction mechanisms, like intra-membrane bubble cavitation
(20), or induce force membrane tension (21). It has also been reported
that FUS activates specific ion channels, such as PIEZO2
(mechanosensitive), TRP family (mechanical or thermal sensitive),
and TREK potassium channels (15, 22, 23), generating action
potentials in both myelinated (Ap and A8) and unmyelinated (C)
fibers. Nevertheless, direct excitation of peripheral nerves with US
remains controversial with opposite results reported. On one hand, in
vivo and ex vivo experiments have shown that US can both excite and
inhibit rodent nerves noninvasively (12, 24-26), and when applied
directly to the sciatic nerve (17, 27). On the other hand, other studies
have reported the inability of US to elicit compound nerve action
potentials (CNAPs) in nerves both in vivo (14) and ex vivo (28), or
even reduction of nerve excitability (14).

These discrepancies have engaged us to study whether the
peripheral nerve can be activated with FUS stimulation, and thus, if it
can be used as an interfacing system for neuroprostheses. We have
employed our experimental in vivo electrophysiological set up in
which we can effectively assess the stimulation capabilities of neural
interfaces in the peripheral nerve (4, 5, 29, 30), and performed a
follow-up functional and histological evaluation for assessing potential
tissue damage and safety.

2 Materials and methods

All procedures were performed following protocols approved by
the Ethical Committee of the Universitat Autdbnoma de Barcelona, in
accordance with the European Communities Council Directive
2010/63/EU. Twenty-two Sprague-Dawley 12-week-old rats (10 male
and 12 female) and 4 Balb/c 10-week-old (2 male and 2 female) mice
were used. Animals were kept on standard laboratory food and tap
water ad libitum with a light-dark cycle of 12h. Animals were
anesthetized with ketamine and xylazine (90/10 mg/kg, i.p.) for all
stimulation experiments explained below.

2.1 Study design

The design of the full study is summarized in Figure 1. In each
experimental session a defined protocol of stimulation with a given
FUS transducer was applied to one rat. For each frequency tested 4
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FIGURE 1

Schematic diagram of the design of the study (A). ES: electrical stimulation. dpi: days post injury. FUS protocol applied with each transducer (B).

TABLE 1 US transducers characteristics.

Transducer model H115 H107 H102 H107 — 3rd harmonic H102 — 3rd harmonic
Center frequency (MHz) 0.25 05 112 1.63 3.58
Focal width (mm) 6.0 3.0 1.4 0.9 0.4
Focal length (mm) 39.5 214 10.0 7.0 32

rats (2 males and 2 females) were used, and groups defined according
to the FUS transducer frequency applied (Table 1). Control baseline
electrophysiological values were first obtained with standard nerve
conduction tests using electrical stimulation. Then, FUS was first
applied over the skin overlying the sciatic nerve using a FUS
frequency; at the end electrical stimulation was applied again to
control nerve function properties. After ten minutes resting, the skin
and muscle were sectioned to expose the sciatic nerve, and the same
FUS stimulation protocol applied, followed by electrical stimulation.
Finally, the FUS transducer was focused on the sole of the hindpaw.
Altogether, in this study we investigated the largest set of frequencies
and parameters and stimulation conditions that has been examined
for US stimulation of peripheral nerves so far. We have also attempted
to reproduce the settings of other reports in the literature using US for
activating the peripheral nerve. We applied pressures below and above
levels recommended in the FDA guidance for diagnostic ultrasound.
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After 7-9 days of the session, functional and conduction tests were
conducted on each rat, and the sciatic nerve was harvested and
processed for histological analyses to assess for potential damage to
the nerve.

Additional experiments were conducted with an ex vivo recording
setup. The sciatic-tibial nerve of one female rat was harvested and
placed longitudinally on a 15-electrode grid chamber for recording
CNAPs. The nerve was kept moistened in Ringer-lactate solution. FUS
stimulation was delivered from the three transducers focused on the
nerve at one end, whereas electrodes placed >3cm were used
for recording.

Finally, another experiment with a female rat was carried out to
elucidate the origin of some signals recorded in the muscles during
nerve FUS stimulation. Briefly, the sciatic nerve was directly
stimulated with FUS. After verifying the recording of signals, the
nerve was dissected and removed from the animal. Then, FUS
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stimulation was repeated, maintaining the same transducer position
but in the absence of the nerve, to investigate whether recorded signals
were nerve originated or artefactual.

2.2 FUS devices

FUS was delivered with three commercial ultrasound
transducers (Sonic Concept Model H115, H107, and H102)
(Supplementary Figure S1). Models H107 and H102 work both at
fundamental and at 3rd harmonic resonance, so five different center
frequencies were tested (Table 1). The frequencies were chosen to
cover the low frequency range from 0.25 to 3.5 MHz, generally used
in studies for US Neuromodulation (31, 32). Each transducer
worked with a radio frequency impedance matching network to
match the transducer impedance to the impedance of the power
source. Driving signals were delivered and amplified by an amplifier/
generator radio frequency power source (AG Series Amplifier,
model AG 1016) of 600 W. A software (SOMA software) was
developed by Fraunhofer IBMT to control the generation of the FUS
signals, allowing to adjust the different FUS settings and parameters.
A manual axis positioner with a micromanipulator allowed easy
positioning of the transducer over the animal. A laser beam was used
to visualize the focus axis of the transducer to help position the focus
at the site of interest. The cone of the transducer was filled with
degassed water and the tip was sealed with a thin transparent
membrane (Sonic Concepts, 2,214,017). To ensure the continuous
coupling of the transducers tip to the target surface, a good amount
of coupling gel was always used.

The transducer calibration was performed in a tank filled with
deionized water under free field conditions using a hydrophone (HNR
0500, Onda Corp.). Pressure fields were recorded at different spatial
locations, for verifying the intended focus of the transducer. The
maximum pressure was detected when the hydrophone was located
just in front and between 0 and 0.5 mm from the tip of the cone for all
transducers and frequencies used.

2.3 Protocol of FUS stimulation

Three FUS stimulation settings were tested. First, the sciatic nerve
was non-invasively stimulated through the skin. For this purpose, the
skin over the sciatic nerve was shaved with depilatory cream. The laser
beam was focused on the skin over the trajectory of the nerve guided by
anatomical landmarks. The second was an invasive approach in which
FUS stimulation was applied directly on the exposed sciatic nerve. In
this case, the nerve was surgically exposed at the mid-thigh and carefully
freed from adherences to surrounding tissues, and the wound
maintained open with mini-retractors. A rectangular piece of Parafilm
was carefully placed under the exposed nerve to isolate it from the
surrounding muscles and tissues. The FUS focus was aligned on the
nerve at the midthigh level by using the laser pointer. Electrophysiological
signals were simultaneously recorded from both muscles and nerve,
following previously reported methodology (4, 5, 33). Compound
muscle action potentials (CMAPs) from the interosseus plantar (PL) and
tibialis anterior (TA) muscles were recorded by means of monopolar
needle electrodes inserted at the belly of each muscle. For recording
compound nerve action potentials (CNAPs), the needle electrodes were
placed near the lateral plantar nerve (LPN).
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The third and last approach consisted in the FUS stimulation of
the hindpaw, at the mid of the plantar side. The laser beam was
adjusted to the point between the mid plantar pads. In this case, hook
electrodes attached to the sciatic nerve were used for recording
CNAPs and needle electrodes placed on the TA muscle for recording
EMG signals. Also, in an effort to detect very low signals, tests were
also performed using a polyimide cuff electrode placed around the
sciatic nerve (34), and with the nerve desheathed and the spread fibers
placed on a bipolar electrode to increase the number of axons in
contact with the recording electrode.

Given that other authors who reported peripheral nerve activation
induced by stimulation with FUS have used mice (12, 15, 24), the
same three FUS stimulation approaches were used also on mice.

A fixed protocol of FUS parameters covering all settings tested in
the literature was employed for the three FUS stimulation approaches:
5 sequences of 1, 3 or 10 pulses of 1, 10, 50, 100 or 200 ms duration,
with an interstimulus interval of 100 ms. Intersequence interval was 1's
and pulse intensities increased from 0 to 5 MPa (effective pressure) on
each sequence (0, 1.25, 2.5, 3.75 and 5 MPa) (Supplementary Table S1).
The stimulus order was typically from less to more pulses, from short
to long duration and from low to high intensity. The full protocol for
one FUS frequency was applied to each rat during one session.

Electrical stimulation was used to control for good positioning of
the recording electrodes, for comparison of the FUS and electrical
induced responses, and to control for possible tissue damage or
functional loss after nerve exposure to FUS. The sciatic nerve was
electrically stimulated through a pair of monopolar needles
percutaneously inserted at the sciatic notch. The paw was also stimulated
using needle electrodes touching the plantar skin. Stimulation was
provided by a Grass S44 stimulator and single square electrical pulses of
0.05ms duration and up to supramaximal intensity were applied, for
obtaining recruitment curves of the CMAPs and CNAP (4).

The electrophysiological signals were amplified by x200 or x500
for CMAPs and x1000 for nerve signals (P511AC amplifiers, Grass,
West Warwick, RI, United States), and band-pass filtered (5Hz to
2kHz). Digital sampling of the signals was made with a PowerLab
recording system (PowerLabl6SP, ADInstruments, Bella Vista,
Australia) at 20kHz, and fed into LabChart7 software. The latency to
the onset and the maximal baseline to peak amplitude of the evoked
signals were measured.

During the session, animal body temperature was maintained
constant using a thermostatic heating pad, anesthesia maintained by
repeating anesthetic mixture injection, and mineral oil regularly
poured on the wound to avoid tissue dryness.

2.4 Evaluation of nerve damage

After each FUS stimulation set, electrophysiological tests with
electrical stimulation were performed to test that the nerve was
functional. In addition, 9days after the complete FUS stimulation
session, nerve conduction tests and functional tests were conducted to
assess functionality of the sciatic nerve. The Walking Track test was
carried out to assess the locomotor function. The plantar surface of the
rat hindpaws was painted with ink and the rat left to walk along a
corridor with white paper on the base. The print length (PL), the
distance between first and fifth toes (TS) and between second to fourth
toes (IT) were measured on footprints of the operated and intact paws,
and used to calculate the Sciatic Functional Index (SFI) (33).
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For histomorphological analysis, the FUS exposed sciatic nerves
were removed after the functional tests. Rats were euthanized with
sodium pentobarbital (200 mg/kgi.p.), and the nerve harvested. A
segment of the nerves, taken about 1 cm distal to the site where the US
focus had been applied at the midthigh level, was fixed in 3%
paraformaldehyde and 3% glutaraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.3 for 24 h at 4°C. Then, nerves were washed three times,
postfixed for 1h with 1% OsO, in 0.1 M sodium cacodylate buffer,
washed again in cacodylate buffer, dehydrated with ethanol/acetone
and embedded in Epon. Semithin sections were cut with a diamond
knife at 0.5 um thickness, mounted on glass slides and stained with
toluidine blue. Using an Olympus microscope image montages of the
cross-section of each nerve were taken with a digital camera. Another
segment of the distal sciatic nerves was fixed in 4% paraformaldehyde,
cryoprotected in 20% sucrose in PBS, and processed for
immunohistochemical labeling of axons (antibody RT97, against
Neurofilament 200), and of macrophages (ionized calcium-binding
adapter molecule 1 (Ibal)). Samples were washed and incubated with
secondary antibodies Alexa Fluor 488 goat anti-chicken (1:200;
A11039-Invitrogen), and Alexa Fluor 594 goat anti-rabbit (1:200;
A21207-Invitrogen). Finally, sections were cover-slipped with
Fluoromount containing DAPI (1:10000; Sigma-Aldrich). Sections
were visualized with an epifluorescence microscope (Olympus BX51).

2.5 Data analysis

Grouped data are expressed as mean + SEM. For comparison
of changes over time, the results were normalized as percentage of
the baseline value. Statistical comparisons were made with
two-way ANOVA, and Bonferroni post-hoc test.

3 Results

3.1 In vivo FUS stimulation of peripheral
nerves did not elicit any electrophysiological
response

Prior to FUS exposure, electrical stimulation of the sciatic nerve
at the sciatic notch generated CMAPs of maximal amplitude of
8.0+£2.5mV at the PL muscle and 50.8 £ 11.2mV at the TA muscle,
and CNAPs of 56.9+31.1 1V from the LPN (Figure 2). However,
when muscle and nerve activity was recorded in response to pulsed
FUS stimulation at 0.25, 0.5, 1.12, 1.63 and 3.58 MHz, using
parameters ranging from 1 to 10 pulses of 1 to 200ms and 0.1 to
5MPa, no consistent electrophysiological responses were recorded
in any of the used setups (Figure 2). Our results indicate that
low-intensity US stimulation is not able to directly excite the
peripheral nerves, including myelinated motor (Aa) and sensory
axons (Aap), at least for the wide range of parameters tested in this
study. In addition, indirect evidence points that FUS were not able
to activate smaller nociceptive axons (Ad and C), since no consistent
reflex responses were recorded (33, 35). Moreover, we could not
elicit any CNAP, even if recording with a cuft or with the spread
nerve, when applying the FUS focused on the plantar skin in vivo,
indicating that terminal mechanoreceptors were not excited. For the
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transducer H115, mild withdrawal responses were elicited in some
cases at the highest pressures, evidenced by reflex activation of the
TA muscle (Figure 3).

It is worth to note that some artifactual signals were recorded
during the FUS application. Some examples are shown in Figure 4.
The characteristics of these electrical potentials allow to consider that
they are either from non-biological origin, because of too short
duration, too low amplitude, and elicited even after dissecting and
removing the sciatic nerve in one rat (Figure 4B), or they are
spontaneous motor unit action potentials, because they are irregularly
firing, not time-locked to FUS and not proportional to intensity
of stimulation.

We have also tested under a similar study design whether FUS can
activate peripheral motor nerve fibers in the mouse, following the
report of Downs et al. (12). Four mice were used, under anesthesia
with ketamine-xylazine (90/10 mg/kg). Electrically evoked responses
were recorded, however there were no recordable evoked responses
elicited by FUS in either muscles or nerves as in the rat
(Supplementary Figure S2). To note that FUS delivered by transducer
H115 caused macroscopically visible damage in the sciatic nerve of
the mouse.

3.2 FUS stimulation of peripheral nerves ex
vivo did not produce action potentials

An ex vivo recording setup with the sciatic-tibial nerve of the rat
was used for assesing FUS stimulation. Electrical stimulation, applied
as a positive control, evoked a CNAP of large amplitude. In contrast,
no potentials were recorded following FUS. At high intensity, vibratory
motion transmitted within the liquid in the chamber was observed
(Supplementary Figure S3).

3.3 FUS stimulation induced skin lesions
and pain responses

When FUS stimulation was applied noninvasively over the
skin at 0.25 and 0.5 MHz, the shaved skin appeared irritated,
reddish and inflamed immediately after FUS application,
suggesting tissue damage. In contrast, redness was almost
imperceptible at 1.63 MHz and absent at 3.58 MHz, indicating that
lower US frequencies are more prompt to induce tissue lesions
(Supplementary Figure S4). The temperature was measured with a
surface thermistor, and found to increase from 25°C to 33-37.5°C
near the stimulation spot, more with the 0.25 MHz US than with
the higher frequencies.

Withdrawal reflex responses, such as abdominal contraction or
paw withdrawal, were observed in some cases when applying US on
the skin of the paw. Lower US frequencies induced such pain-
induced reactions with less intensity and shorter stimulus duration
than higher frequencies. For example, when stimulating at 0.25 MHz
at the paw surface, withdrawal reactions could be observed at
1.7 MPa, while higher intensities (3.5 to 5MPa) were needed to
observe them when using 0.5 or 1.63MHz FUS. The highest
frequency tested (3.58 MHz) did not induce any perceptible response
in the rats.
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FIGURE 2

lateral side of the hindpaw.

(A) Representative electrophysiological recordings of CMAPs recorded on plantar interosseus (PL) and tibialis anterior (TA) muscles and of CNAP
recorded near the lateral plantar nerve (LPN), evoked by electrical stimulation (ES) of the rat sciatic nerve, and in response to US stimulation delivered
with the different transducers at the indicated US frequency. For each FUS frequency five bursts were applied at 0, 1.25, 2.5, 3.75 and 5 MPa. The top
trace is of the stimulation pulses; note that at US frequency higher than 0.25 the pulses are not recorded adequately since they overpass the sampling
rate. Note the change in amplitude and time scales between recordings with ES and with US. (B) The bottom panel shows representative recordings
of CNAP in the sciatic nerve evoked by ES of the LPN at the side of the hindpaw, and US stimulation with the different transducers focused on the

3.4 Nerve function was affected after
exposure to FUS stimulation

Electrically evoked responses were used to assess nerve functional
loss induced by FUS stimulation. After non-invasive FUS stimulation
through the skin, the amplitude and latency of the CMAPs and
CNAP were similar to control values obtained before stimulation for
all the US frequencies applied (Figure 5). However, after stimulating
the exposed sciatic nerve, the amplitude of the electrophysiological
responses decreased significantly with the transducers of lower
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frequencies (0.25, 0.5 and 1.12MHz), and slightly with the high
frequencies (1.63 and 3.58 MHz). The latency of the potentials slightly
increased after direct nerve stimulation, also indicating involvement
of the conduction velocity of impulses. It is worth to note that for the
0.25MHz stimulation the PL CMAP and the LPN CNAP were
abolished in all the rats after stimulation. Nerve conduction
properties were still abolished in rats of the 0.25 MHz stimulation
after one week, indicating permanent damage to the myelinated fibers
in the nerve. On the other hand, the amplitude of the CMAPs and
CNAP tended to return toward normal values in rats subjected to
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FIGURE 3

Recordings of withdrawal responses, evidenced by motor unit action potentials activated in the TA muscle, in response to mechanical pinching the toe
and to US stimulation on the paw plantar surface at a 0.25 MHz US frequency.

the sciatic nerve had been removed from the rat (B).
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FIGURE 4

Recordings of artefactual signals. Short duration signals were recorded simultaneously in the three channels during application of FUS (A), even when

FUS stimulation at 0.5, 1.12 and 1.63 MHz. Locomotor function was
evaluated with the Walking Track test one week after FUS stimulation.
The SFI values indicated that the rats subjected to 0.25 MHz FUS had
severe impairment of the motor function (SFI score of —63 £ 3), in
line with the affectation of nerve conduction tests, whereas for the
other groups the SFI was near normal.

3.5 Morphological analysis of the FUS
exposed nerves

Histomorphological analysis of sciatic nerves was done to
control for tissue alterations due to FUS exposure. Samples were
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harvested 7-9 days after the stimulation to allow sufficient time
for damaged nerve fibers to undergo morphological evidence of
degeneration. The immunolabeled sciatic nerve cross sections
showed maintained architecture of the nerve, with tibial and
peroneal fascicles (Figure 6, top panels). Axons, labeled against
neurofilaments, were homogeneously distributed. Macrophages,
labeled against Ibal,
nerves, were largely present in the nerves that had been subjected

that are scarcely present in control

to FUS stimulation at low frequencies, particularly 0.25 MHz and
less 0.5 MHz. This infiltration of inflammatory cells is compatible
with the response to nerve fibers injury. Nerves stimulated
with 0.25MHz FUS showed enlarged transverse area due
to edema.
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FIGURE 5

Plots of the PL and TA CMAP and the LPN CNAP amplitude and latency, evoked by electrical stimulation of the proximal sciatic nerve, immediately after
the FUS stimulation on the skin, on the exposed sciatic nerve, and one week after the FUS stimulation protocol performed with each one of the
transducer frequencies. Values are normalized as percentage of the control baseline values obtained at the beginning of the session. * p<0.05 vs. the

Control
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FIGURE 6

Top images: immunohistochemical images of the sciatic nerve one week after the FUS stimulation protocol performed with each one of the
transducer frequencies. Samples were labeled for Neurofilament 200 (RT97, in green), macrophages (Ibal, in red) and nuclei (DAPI, in blue). Mid and
bottom images: Representative micrographs of transverse sections of the sciatic nerve one week after the FUS stimulation protocol performed with
each one of the FUS frequencies. Note the presence of areas of Wallerian degeneration particularly extense in nerves subjected to FUS at 0.25 and
0.5MHz. Images of control nerves not subjected to FUS are shown at the left column for comparisons. Bars correspond to 100 pm.
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Light microscopy of semithin sections of the nerve distal to
the FUS application site showed that the architecture of the nerve
was preserved in all the rats. The different fascicles were well
defined, surrounded by perineurium. For the FUS at frequencies
from 0.5 to 3.58 Hz, a normal density of myelinated fibers was
observed, with myelin thickness and axon diameter similar to
those observed in control nerves (Figure 6, bottom panels).
However, in some of the animals (about 50% from each group),
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some degenerating fibers were observed, characteristically
localized at the periphery of the nerve, being the rest of the nerve
normal. This axonal degeneration was variable, depending on the
nerve and the transducer used, with a tendency to be larger the
amount of degeneration with the lower US frequency. In contrast,
the transducer with the lowest frequency (0.25Hz US) produced
a severe negative impact on nerve fibers. A high number of
degenerative axons and myelin debris were observed, being some

08 frontiersin.org


https://doi.org/10.3389/fneur.2024.1346412
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Rodriguez-Meana et al.

nerves almost completely degenerated, whereas other still had
some intact myelinated fibers. In this group, at the application
site, an important disorganization of the connective tissue could
be also observed. The perineurium was disrupted and the different
fascicles, with clear signs of degeneration in the endoneurium,
were surrounded by a fibrotic reactive tissue.

4 Discussion

Medical and research interest on the use of ultrasound
neuromodulation is growing in the last years, with potential
applications for the non-invasive treatment of neurodegenerative
diseases and also for functional tissue imaging (36). Peripheral effects
of FUS have been shown to modulate metabolic and immunological
responses when applied to the target organs (37). However, direct US
activation of axons in peripheral nerves has been investigated in less
studies, which reported contradictory results, from enhanced nerve
activity, inhibitory effects, and mixed effects. The present study had
two main objectives. First, to test whether FUS stimulation is able to
activate peripheral nerve axons under different stimulation
parameters and conditions, thus being useful as a nerve interface
system. Second, to evaluate whether FUS stimulation may inflict
damage to the healthy nerve and tissues. The results indicate that FUS
stimulation at frequencies between 0.25 and 3.58 MHz cannot
directly activate the peripheral nerve fibers in mammals, and that
FUS of 0.25-0.5 MHz with pressures below 5 MPa can induce nerve
damage after a total accumulated stimulation time of 25,270 ms of
FUS stimulation.

We used three setups to assess the effects of FUS stimulation. First,
FUS stimulation was applied transcutaneously through the shaved
skin of the rat focusing over the sciatic nerve. This setup enables to
stimulate the nerve noninvasively, but situates the target a few
millimeters below the transducer cone. In a second setup the nerve
was surgically exposed, and isolated from surrounding tissues, so that
the focus of the transducer was easily placed over the nerve by using
a laser pointer, and the vertical focusing distance controlled using a
micromanipulator. In previous experimental studies in mammals US
stimulation was either applied to the nerves transcutaneously (12, 38,
39) or to exposed nerves but not properly isolated from surrounding
tissues (16, 40), which may have confounding effects of stimulation of
muscle and skin (14). On the third setup, FUS stimulation was applied
on the plantar skin of the paw, over the tibial/sural nerve territory,
with the aim of stimulating the nerve fibers either directly or through
mechanoreceptors, as reported by Hoffman et al. (15) using an ex vivo
preparation. A modification of this setup in which the nerve was
carefully frayed to increase the number of fibers in contact with the
electrodes was also tested. We delivered pulsed FUS stimulation at
0.25, 0.5, 1.12, 1.63 and 3.58 MHz, using parameters ranging from 1
to 10 pulses of 1 to 200ms and pressure of 0.1 to 5MPa, and no
consistent electrophysiological responses were recorded in any studied
setup. Indeed, we applied the largest set of parameters so far examined
for US stimulation of peripheral nerves, including pressures below and
above levels recommended for safety reasons in diagnostic
ultrasound (41).

There are controversial results in the literature about the capability
of FUS to directly elicit action potentials in peripheral nerve axons
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(see reviews by Gavrilov (31, 42)). Previous reports using in vivo
noninvasive preparations in mice showed recorded muscle action
potentials in only a low proportion of cases, and of comparatively very
low amplitude compared with electrically evoked potentials (12, 24).
Guo etal. (14) demonstrated that US stimulation either transcutaneous
or exposing the guinea pig sciatic nerve, with the nerve contacting
surrounding tissues, could elicit evoked potentials in the
somatosensory cortex, although with very small amplitude. However,
when the nerve was fully isolated, such evoked responses disappeared.
Of interest, when directly recording from the nerve no CNAPs were
noticeable with US stimulation either on the nerve in contact with
tissue or isolated. The cortical responses could be, thus, attributable to
excitacion of skin or muscle receptors conveying impulses along other
nerves in the hindlimb. Our results are in agreement with that study
and indicate that US is not able to directly excite the mammalian
nerve fibers.

On the other hand, FUS may affect the electrical conductive
properties of the peripheral nerves, mainly by the induced changes
in focal temperature. It has been found that temperature elevation up
to 11.5°C facilitated, but increases above 15°C suppressed the
electrically evoked action potentials of motor and sensory nerves
(14, 24). When FUS was applied directly to the peripheral nerve ex
vivo, no action potentials were elicited at any intensity; however, the
application of FUS induced a reduction in the latency of electrically
produced action potential of A and C fibers, suggesting a
neuromodulation effect (28, 40, 43, 44). At relatively high intensity, a
partial or complete nerve conduction block was even produced, with
recovery taking hours to days (44, 45), an effect that was related to
the temperature elevation of the US in some studies but not in others
(46). Higher suppression of evoked muscle potentials were found
using lower US frequency compared to high frequencies (46). Thus,
FUS can safely modulate neural activity in the central and peripheral
nervous system and offer new options for noninvasively suppress
neural excitation in situations such as pain or spasticity.

In recent reports of in vivo US induced peripheral neuromodulation
(47, 48), stimulation targets were located directly in end-organs
(i.e., neurons, axons, and end-axon terminals within organs). However,
in reports that failed to achieve direct FUS-mediated nerve activation,
the stimulus target was myelinated and unmyelinated nerve fibers
(14, 17-19, 44). In the PNS, cellular components that have been
targeted by FUS in the brain (such as cell soma and synaptic
connections) are not present in the axonal bundles of the nerve, but in
end-organ sites or neural ganglia (37).

In summary, our results show that in our in vivo model FUS did
not elicit reliable action potentials in either the nerve or the muscle
under a wide range of US conditions. Even considering the
controversial results published, it does not seem a reliable and safe
method for constituting a useful nerve interface for use in humans.
We conclude that beyond the stimulation parameters, other
conditions appear to affect the peripheral nerve physiological state,
determining the possibility of FUS to evoke activity in the healthy
peripheral axons. In addition, FUS may cause functional impairment
and structural damage to the peripheral nerve, particularly when the
nerve is directly exposed to FUS with low frequency, i.e., 0.25 to
0.5 MHz, applied during a few thousand pulses. This deleterious effect
should be taken into consideration for potential biomedical
applications of FUS.
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(A) Experimental setup for investigation of peripheral nerve stimulation on
small animals. (B) Example of stimulation sequence applied with the 500 kHz
transducers consisting of 5 consecutive 20-cycle bursts with increasing
amplitude and 100 ps pause between bursts. (C) Experimental
characterization of the H107 probe driven at 500 kHz. Pressure distribution
field measured in a water tank for assessment of the focus position and
dimensions. (D) Assessment of the focus size in lateral and axial dimension
for the case of the H107 transducer driven at 500 kHz. (E) Experimental
assessment of the pressure versus driving voltage curve for the H107
transducer when driven at different frequencies. The measurement was
performed using a calibrated hydrophone positioned in the focal maximum.

SUPPLEMENTARY FIGURE 2

Representative electrophysiological recordings of CMAPs recorded on
plantar interosseus (PL) and tibialis anterior (TA) muscles and of CNAP
recorded near the lateral plantar nerve (LPN), evoked by electrical stimulation
(ES) of the mouse sciatic nerve, and in response to FUS stimulation

(0.25 MHz).

SUPPLEMENTARY FIGURE 3

Ex vivo assays of FUS stimulation at 0.5 MHz. Recordings obtained evoked by
electrical stimulation (A) and by FUS stimulation (B). Images of the sciatic
nerve placed in a multielectrode chamber (C).

SUPPLEMENTARY FIGURE 4
Photographs of the skin damage induced by FUS stimulation, when applied
through the skin and the paw.
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