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Abstract—We have previously identified a novel non-selective membrane conductance (gUS) opened by focused
ultrasound (FUS) in crayfish motor axons. In the work described here, we studied gUS properties further by com-
paring FUS-evoked depolarization (FUSD) in control and hypotonic saline with 75% of control osmolarity. The
FUS was a train of 20 FUS bursts (2.1 MHz and 50 ms per burst) delivered at 1 kHz. The amplitude, onset latency,
frequency of occurrence and duration of FUSD were compared in a 15-min time window before and after switch-
ing to hypotonic saline. Significant increases were observed for amplitude (p < 0.001) and frequency of occur-
rence (p < 0.01) while the onset latency exhibited a significant decrease (p < 0.001). FUSD duration did not
significantly differ. These results support predictions based on our hypothesis that gUS is mediated by opening of
nanopores in the lipid bilayer and that stretching of axonal membrane caused by swelling at low osmolarity
should increase the probability of nanopore formation under FUS. The FUSD parameters, in addition, exhibited
time-dependent trends when the window of observation was expanded to 45 min in each saline. The statistical sig-
nificance of amplitude and duration differed between 15- and 45-min time windows, indicating the presence of
adaptive responses of axonal membrane to osmotic manipulation. (E-mail: jenweilin@bu.edu) © 2022
Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Focused ultrasound (FUS) is increasingly recognized as

a promising modality for non-invasive neural modula-

tion because of its ability to stimulate deep brain areas

with fine spatial resolutions and power levels within the

U.S. Food and Drug Administration (FDA) safety limits

(Tufail et al. 2010; Tyler et al. 2008, 2010). In compari-

son to transcranial magnetic stimulations or transcranial

electrical stimulations, FUS has the advantage of deeper

penetration while maintaining a fine, millimeter resolu-

tion (Clement and Hynynen 2002).

The mechanisms underlying FUS-based neuromo-

dulation are being actively studied to help advance the

application of FUS approaches for brain activation

(Heimburg 2010; Naor et al. 2016; Blackmore et al.

2019; Feng et al. 2019; Zhang et al. 2021). While

mechanical impacts generated by US on target neurons
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could be mediated through multiple physical processes,

FUS-generated mechanical disturbance ultimately may

influence neuronal activity by modulating mechanosen-

sitive domains of voltage-gated channels (Morris and

Juranka 2007; Kubanek et al. 2016) or mechanosensitive

channels (Kubanek et al. 2016, 2018; Wu et al. 2017).

FUS may alter membrane excitability by stretching and

compressing the lipid bilayer and thus generating capaci-

tive currents (Prieto et al. 2013).

In our previous study using single motor axons (Lin

et al. 2019), we found FUS-induced depolarization

(FUSD) could best be explained by a non-selective con-

ductance (gUS). The membrane depolarization induced

by gUS could reach a maximum of 50 mV in amplitude

with a long duration (2.1 s on average and 200 s at maxi-

mum) and a relatively fast onset time (mean = 3.4 ms).

The reversal potential was estimated to be �8.4 mV,

suggesting that the conductance was non-selective to

ions. Potential contribution of voltage-gated channels to

FUSD was ruled out because this depolarization was

recorded in the presence of blockers of voltage-gated
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channels. Mechanosensitive channels or capacitive cur-

rent, caused by membrane stretching or compression,

were also consider unlikely because FUSD persisted for

seconds, long after millisecond-long FUS tone bursts

had ended. The combination of these characteristics and

the fact that gUS was non-selective led us to propose that

nanopores in axonal membrane, that is, lipid ion chan-

nels (Heimburg et al. 2010), should be the most likely

mechanism underlying gUS.

In this study we characterized gUS further in the

crayfish motor axons. Molecular dynamic simulations

have suggested that electroporation and stretch of mem-

brane lipid bilayers could increase the probability of for-

mation of hydrophilic pores that could be semi-stable

(Tieleman et al. 2003; Hu et al. 2005). In the work

described here, we used hypotonic saline to induce cell

swelling and increase the lateral tension of axonal mem-

brane, and we examined whether the occurrences as well

as other characteristics of FUSD may be enhanced as

predicted by the nanopore hypothesis.
METHODS

Preparation and solutions

Crayfish, Procambarus clarkii, were purchased

from Niles Biological Supplies (Sacramento, CA, USA).

Small animals of both sexes, 5�7 cm head to tail, were

maintained in tap water at room temperature (22˚C). All

experiments were performed at the same temperature.

The first walking leg was removed by autotomy and

fixed with cyanoacrylate (KG86648R, Elmer's Products,
Westerville, OH, USA) to a 60-mm-diameter plastic

Petri dish (No. 430589, Corning, NY, USA). The opener

axon�muscle preparation was dissected in saline.

Recordings from both excitatory and inhibitory axons

were polled for statistical analysis in this study because

previous imaging and electrophysiological studies had

reported that the two axons are similar in their basic

structural and physiological properties (Wright et al.

1996; Vyshedskiy and Lin 1997). The bathing medium

was a physiological saline with the following composi-

tion (in mM): 195 NaCl, 5.4 KCl, 13.5 CaCl2, 2.6 MgCl2
and 10 Hepes, titrated to pH 7.4 with NaOH. The saline

was circulated by a peristaltic pump at the rate of

1.5 mL/min. Three pharmacological stock solutions

were prepared: (i) 4-aminopyridine (4-AP, 1 M), which

blocks the dominant low-threshold potassium channels

(Lin 2012), was dissolved in distilled water; (ii) tetrodo-

toxin (TTX, 1 mM), which blocks sodium channels, was

dissolved in distilled water; and (3) ZD7288 (50 mM),

which blocks hyperpolarization-activated cation chan-

nels, was dissolved in dimethyl sulfoxide (DMSO). The

stock solutions were stored at �20C˚ and added to the

saline directly after each solution reached room
temperature. ZD7288 was purchased from TOCRIS Bio-

science (Bristol, UK). All other chemicals were from

Sigma-Aldrich (Burlington, MA, USA). The perfusion

inlet was positioned within 5 mm of, and aimed at, the

preparation such that the change of solution at the axons

was nearly instantaneous when channel blockers or

hypotonic saline reached the recording dish (Lin et al.

2019).

Reduction in osmolarity was achieved in two ways.

First, the circulating saline was diluted with distilled

water to 75% of this original osmolarity. As the dilution

reduced concentrations of ions, we also use a second

saline preparation to mitigate this confound. In the sec-

ond saline preparation, NaCl in control saline was

reduced from 195 to 150 mM, which is »75% of total

NaCl, and 90 mM sucrose or mannitol was added to

restore the osmolarity. The reduction in osmolarity was

achieved by the same saline in the absence of sucrose or

mannitol. Sucrose-substituted experiments were tested

in eight preparations, and mannitol in three. The osmo-

larity measured, using Osmometer 3D3 (Advanced

Instruments, Norwood, MA, USA) and in quadruplicate,

from these solutions were as follows (in mOsm):

control saline (429 § 5.4), control saline diluted with

distilled water (326 § 1.6), mannitol-substituted saline

(444 § 7.5), sucrose-substituted saline (455 § 10.8) and

sugar-free saline (350 § 4.7). Percentage reduction of

osmolarity of the three saline variants ranged from 75%

to 78%.

Experimental configuration

Experimental configurations have been detailed in a

previous study (Lin et al. 2019) and are illustrated in

Figure 1 for visualization. Briefly, the two electrodes for

two electrode current clamps approached axons from the

same distal-to-proximal direction, while the FUS trans-

ducer approached the preparation from the opposite

direction (Fig. 1A). Recordings provided in this article

were obtained mainly from the secondary branches

(Fig. 1B, red). Axon penetrations were performed under

a 40 £ /0.80w water immersion lens (LUMPlanFl/lR,

Olympus, Tokyo, Japan), which was then removed to

make room for the FUS transducer. The transducer was

angled at 45˚, and microelectrodes at 28˚, to the horizon-

tal plane (Fig. 1A). The FUS transducer was brought as

close to the preparation as possible, with the lower edge

of the FUS transducer cone »1 mm from the bottom of

the recording dish. The distance was estimated visually

in most experiments, but it had been verified by digital

readouts of a motorized manipulator (MP-285, Sutter

Instrument, Novato, CA, USA). For its optimal localiza-

tion, the transducer was moved horizontally until the

amplitude of a hyperpolarization transient was maximal

(Lin et al. 2019). The localization coincided with having



Fig. 1. Experimental configurations and protocols. (A) Crayfish opener neuromuscular preparation with two recording
electrodes (Rec elec), 1 and 2, respectively, together with ultrasound transducer placements. (B) Detailed two-electrode
current clamp configuration, with one electrode at the primary branch (blue) and the second electrode at the secondary
branch (red). Also shown is the approximate footprint of a typical US focal area when the transducer is angled at 45˚
(shaded ellipse). The dimensions of the axon are equivalent to a preparation dissected from a large animal 6 cm in length
head to tail. The US focal area coverage, relative to axonal arborization, is likely to be more extensive in some smaller
animals used in this study. (C) Timeline of a typical experiment. A 10-nA current injection was alternated with US tone
burst. The time gap between the current step and FUS tone burst was 0.5 s. FUSD was recorded as 20-s-long traces. The
time gap between the FUS test trace and the next 10-nA current step was 10 s. (D) The FUS tone burst consists of
20 pulses of 50-ms tone bursts (2.1 MHz) delivered at 1 kHz. FUS = focused ultrasound; FUSD = FUS-evoked

depolarization.
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most of the axonal arborization enclosed within the

diameter of the US focal point (»1 £ 1.4 mm) (Lin et al.

2019). This procedure ensured that FUS-induced

responses could be triggered by the lowest possible

intensity.

FUS-induced responses reported here were evoked

by a train of 20 FUS pulses (2.1 MHz), each pulse lasting

50 ms (Fig. 1D), delivered at 1 kHz. In other words, each

pulse train lasted 20 ms with a duty cycle of 5%. A typi-

cal experimental cycle included a test current step to

trigger action potentials (Aps), to monitor axonal excit-

ability (Fig. 1C, left), followed by a trial testing effect of

the FUS tone burst (Fig. 1C, right). Responses evoked

by a single train of 20 FUS pulses were recorded in a

trace lasting 20 s. There was then a 10-s gap after the

end of the US monitor traces and before the next test cur-

rent was injected (Fig. 1C). Both APs evoked by current

steps (500 ms in recording duration) and FUS-evoked

responses (20 s in recording duration) were sampled at

the rate of 50 KHz.
FUS transducer

The active element of the transducer was a spherical

piezo cup from Steminc Piezo (SMSF20C30F21, Steiner

& Martins, Davenport, FL, USA). The piezo cup was

driven by a mini-circuit amplifier (LZY-22+, Mini-

Circuits, Brooklyn, NY, USA) which in turn was modu-

lated by a function generator (DG1022, Rigol, Beijing,

China). The cup had a diameter of 20 mm and spherical

radius of 30 mm, which was also the focal length of the

conical ultrasound beam from the cup. Rexolite (C-Lec

Plastics, Philadelphia, PA, USA), a cross-linked polysty-

rene with low ultrasound absorption (impedance = 2.48

MRayl) and a low reflection coefficient from soft tissues,

was machined into a conical shape with the large end fit-

ting exactly to the inside of the piezo cup. FUS sound

waves passed through the cone and reached the tip of the

cone, which was machined down to a concave sphere to

increase the focus and FUS power. The tip pulled the

original focal point closer to the transducer when it was

submerged in saline. The Rexolite-to-saline interface
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formed a lens that made the focal spot smaller. As char-

acterized previously, a focused FUS beam with a circular

cross section of 1-mm diameter and at a 45˚ angle should

project an elliptic focal image on the preparation with

minor and major axes of 1 and 1.44 mm, respectively

(Fig. 1B). The lowest possible FUS pressure capable of

triggering FUSD, in »10% of the trials, was chosen for

each preparation. Based on calibrations of the same

transducer reported previously (Lin et al. 2019), the pres-

sure typically ranged from 0.1 to 0.3 MPa, which was

well below the maximal pressure (0.75 MPa) the trans-

ducer was capable of delivering. Taking into account

Rexolite impedance and duty cycle (1-ms total burst

duration/20 s), the intensity of the spatial peak temporal

average (ISPTA) of FUS at the focal point should be 0.94

mW/cm2. The intensity is lower than the FDA safety

limit for applied temporal average energy level of <720

mW/cm2 (Miller 2008).
Electrophysiology

Two DC amplifiers (IE-210, Warner Instruments,

Hamden, CT, USA) were used to perform two-electrode

current clamp. Voltage signals were low pass filtered at

a cutoff frequency of 5 kHz and digitized at 50 kHz.

Data were digitally sampled with a NI 6251 board

(National Instruments, Austin, TX, USA) and analyzed

with IGOR (Wavemetrics, Lake Oswego, OR, USA).

Microelectrodes were filled with 500 mM KCl and had a

resistance of 40�60 MV. The typical resting membrane

potential (Vm) was approximately �70 mV.

Each preparation represents a recording session

from a motor axon dissected from an animal. A record-

ing session typically lasted 2�4 h. The preparations can

be grouped into two subsets based on pharmacological

conditions. Group 1 (n = 5) FUS-evoked responses were

recorded without channel blockers. Group 2 (n = 3) prep-

arations were treated with TTX (1 mM), 4-AP (200 mM)

and ZD7288 (50 mM). While three of the eight prepara-

tions used in statistical analysis were studied in the

presence of channel blockers, most FUSDs were sub-

threshold to AP initiation and were minimally affected

by these drugs. Therefore, parameters characterizing

FUSDs from both sets of preparations, with and without

blockers, were pooled for data analysis.
Data analysis

Statistical results presented in graphs are expressed

as averages and standard deviations (SD) or standard

errors of means (SEM). Statistical significance was

determined with a paired Student’s t-test. Estimates of

the membrane time constant used the single-exponential

curve fitting routine in IGOR.
RESULTS

Basic characteristics of action potentials and FUSD in

hypotonic saline

Focused ultrasound depolarization was evoked by

applying a brief train of 20 US pulses (2.1 MHz and 50

ms induration) delivered at 1 kHz. FUSD occurred sto-

chastically as reported previously. The depolarizations

were suprathreshold for eliciting action potentials (APs)

in some trials (Fig. 2A) while subthreshold in others

(Fig. 2B). In the examples provided in Figure 2A and B,

FUSD traces recorded in hypotonic saline (red) exhib-

ited larger amplitudes and shorter delays compared with

those recorded in control saline (black). Insets in (A) and

(B) depict the same traces with a faster time scale, and

FUS delivery periods are indicated by the black bars.

Subthreshold FUSDs typically exhibited a rapid rising

phase with a prolonged decay (Fig. 2B). The stability of

the electrode recording was monitored during the experi-

ment by a 10-nA current step delivered between FUS tri-

als (Figs. 1C and 2C). Arrows in Figure 2D, using the

same trace as the black one in Figure 2C, identify the

time window used to determine the membrane time con-

stant. Figure 2E and 2F illustrate the timelines of four

parameters of the FUSD and AP measured during a typi-

cal experimental session over a 90-min period: (i) ampli-

tudes of FUSD (Fig. 2E, left axis), (ii) AP amplitude

evoked by current steps (Fig. 2E, right axis), (iii) resting

membrane potential (Fig. 2F, left axis) and (iv) mem-

brane time constant (Fig. 2F, right axis). (Red symbols in

Fig. 2E identify the trials from which traces in A, B and

C, with corresponding symbols, were obtained.) The

time during the control saline is represented by the white

background, and that during the hypotonic saline condi-

tion, by the pink background. Because of the stochastic

nature of the FUS-induced responses, the density of data

points corresponding to FUSD (Fig. 2E, filled circles)

was not as high as that evoked by step current injections

(Fig. 2F, gray triangles). FUSD exhibited slightly higher

incidences of occurrence after transitioning into hypo-

tonic saline, while AP amplitudes evoked by current

steps did not exhibit appreciable change. There was a

slight drift in resting membrane potential (RMP), but

lowering osmolarity did not disrupt the continuous drift

in RMP (Fig. 2F, filled circles). Although time constants

appeared to decline after switching to hypotonic saline

in this preparation, this change was not a consistent find-

ing. The RMP was measured during the 20-ms baseline

before the current step or FUS was delivered in each dig-

itized trace. In each preparation the RMP was averaged

across all the trials during a 15-min time window before

and after lowering osmolarity. Averaged RMP values

from eight preparations were �68.4 § 3.4 mV before

and �68.0 § 5.7 mV after switching to hypotonic saline.



Fig. 2. Effects of hypotonic saline on passive and active membrane properties in crayfish axons. (A) Suprathreshold
responses evoked by FUS tone burst. Inset: initial part of US evoked responses displayed in expanded time scale. The
recordings were obtained from the data points marked by inverted red triangles in (E). (B) Subthreshold responses
evoked by the same US tone bursts. The traces were obtained from the time point marked by red arrows in (E). In (A)
and (B), the timing of US delivery is marked by the arrowhead in the main graphs and horizontal bar in the insets. (C)
Examples of AP evoked by 10-nA steps recorded in control and hypotonic saline. The recordings were obtained from
the time points marked by asterisks in (E). (D) Arrows identify the time window during which single exponential fits
were applied for time constant estimates. This trace is identical to the black trace in (C). (E) Timeline plots of the ampli-
tudes of FUSD (FUSDamp) and action potential (APamp) in control and hypotonic saline (shaded area). Switching to
hypotonic saline induced minimal changes in both parameters. (F) Timeline plots of resting membrane potential (RMP)
and membrane time constant (Tau). (E) and (F) share the same time axes. Low osmolarity in this experiment
was achieved by removing 90 mM mannitol from a “control” saline in which 45 mM NaCl had been replaced by 90 mM

mannitol. FUS = focused ultrasound; FUSD = FUS-evoked depolarization.
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This change represents a continuous drift in DC level not

related to osmolarity because there was no stepwise

change in this parameter associated with the reduction of

osmolarity. The time constant of the membrane, mea-

sured using the same 15-min time windows as those of
RMP, remained the same when the osmolarity was

decreased: 10.2 § 1.13 ms before and 10.2 § 1.11 ms

after (n=7) switching to hypotonic saline, respectively.

(The sample size for the time constant was 7 because

10-nA test current steps were not used in one



Osmolarity effects on US-induced membrane depolarization � F. YU et al. 2045
preparation.) Overall, these results indicate that the

hypotonic solution did not noticeably alter the passive or

active membrane properties of the axon.

Effects of hypotonic saline on properties of FUSD

Figure 3 illustrates the analysis of four parameters

used to characterized FUSD. Figure 3A illustrates how

amplitude, duration and delay of the FUSD were defined.

Duration was defined as the width of the subthreshold
Fig. 3. Quantitative analysis of US-evoked physiological para
Illustration of measurements of amplitude, 50% duration and d
head and the horizontal bar in the inset indicate the timing of
focused ultrasound�evoked depolarization. Red crosses identif
ultrasound-induced responses. (D) Normalized frequency of oc
of 1 means a ultrasound tone burst successfully evoked respo
duration of subthreshold response. The data points in (E) do not
durations were not measured in trials where the US evoked acti
(D) for control and hypotonic saline were 22 and 29, respective

control and hypotonic sa
depolarization at 50% of maximal amplitude (Dur50).

Delay (Del) of FUSD was defined as the time between

the onset of FUS pulse train to the time when FUSD

crossed a threshold of 2 mV (Fig. 3A, inset). The time

axis in Figure 3B�E is bracketed such that the equal

times (45 min) are displayed before and after switching

to low osmolarity as in Figure 2. Hypotonic saline

enhanced the amplitude (Fig. 3B) and frequency of

occurrence of FUSD (Fig. 3D). The FUSD became
meters measured in control and low-osmotic saline. (A)
elay of ultrasound-induced responses (inset). The arrow-
US tone burst delivery. (B) Timeline of the amplitude of
y suprathreshold responses. (C) Timeline of the delay of
currence of ultrasound-induced responses. The frequency
nses in consecutive trials. (E) Timeline of half-maximal
fully correspond to those in (B), (C) and (D) because the
on potentials. The numbers of data points in (B), (C) and
ly. The numbers of data points in (E) were 20 and 16 for
line, respectively.
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suprathreshold for eliciting AP in most of the trials

during the first 15 min after switching from normal to

hypo-osmolar saline (Fig. 3B, red crosses). The delay of

FUSD was consistently reduced, immediately after

switching the solution to 75% osmolarity (Fig. 3C). The

instantaneous frequency of occurrence of FUSD for each

FUSD was defined as 1 when there was a FUSD on the

preceding trial. The frequency was 0.5 and 0.3 when the

previously detected FUSD was observed at two or three

trials before the FUSD in question. As illustrated in

Figure 3D, FUS succeeded in eliciting a depolarization

in every trial, with a frequency of one, after switching to

hypotonic saline in this preparation. The depolarization

duration Dur50 varied considerably in the control and

hypotonic saline and this parameter did not exhibit any

noticeable change when the osmolarity was lowered.

(Note that the number of data points in Figure 3E is

lower than the numbers in panels B, C and D because

Dur50 was not measured on trials that evoked APs.)

To evaluate the statistical significance of changes

induced by hypotonic saline, the parameters shown in

Figure 3 from eight preparations were normalized first

before being combined. Specifically, in each preparation,

values measured from every detectable FUSD trial in

control saline were averaged. The average was then used

to scale all the trials, including those in hypotonic saline,

such that the average value for all the control trials was

one. The normalized data from all eight preparations

were then merged into a single composite timeline.

Figure 4A illustrates the composite timeline of the

amplitude of subthreshold FUSD, in 5-min time blocks,

over a period of 90 min, with error bars representing

standard errors of the mean. The amplitude timeline

exhibits an abrupt jump when hypotonic saline was

introduced, despite a declining trend during control

period (Fig. 4A). The FUSD delay exhibited a step

decrease on switching to hypotonic saline (Fig. 4B). The

instantaneous frequency of occurrence of FUSD

increased after the switch (Fig. 4C). The duration

(Dur50) did not significantly change immediately after

switching to hypotonic saline.

These qualitative trends were analyzed statistically

by comparing the parameters during the 15-min periods

(three data blocks) before and after the switch to the

hypotonic medium. The normalized subthreshold ampli-

tude increased from 0.71 § 0.07 to 1.28 § 0.12 (t-test,

p = 4 £ 10�5) after lowering the osmolarity. The delay

of FUSD was significantly shorter after the saline switch,

from 1.13 § 0.18 to 0.44 § 0.05 (t-test, p = 1.8 £ 10�4).

The frequency of occurrence increased from 0.97 § 0.03

to 1.09 § 0.02 (t-test, p = 1.4 £ 10�3). There was no sig-

nificant change in Dur50 (0.72 § 0.21 vs. 0.89§0.13 (t-

test, p = 0.28) during the 15-min time window before

and after lowering osmolarity.
Although the changes in these parameters were

clearly significant during the 15-min period after the

switch compared with the same period just before the

switch, the pattern of data was more complex over the

entire 45-min period before and after the switch. Statisti-

cal analysis was carried out over the entire 45-min period

before and after the switch (Table 1). Amplitude aver-

aged over 45 min did not change significantly in the

75% hypotonic saline compared with the control. The

average delay over the 45 min remained significantly

lower as for the 15-min time window. The significant

increase in frequency of FUSD seen during the first

15-min period remained during the 45 min period.

Although Dur50 did not significantly decrease with the

first 15-min time window, the decrease over the entire

45 min was significant. The RMP and membrane time

constant, which are two basic indicators of the stability

of passive membrane properties, did not exhibit any sig-

nificant change as the preparations were switched in and

out of hypotonic saline (Table 1).
DISCUSSION

We examined the effect of lowering osmolarity on

FUSD in crayfish motor axons. Lowering osmolarity to

75% of the control level did not change passive and

active properties of the axon but altered the characteris-

tics of FUSD produced by FUS tone bursts. Statistically

significant changes in FUSD parameters were observed

when comparing recordings from a 15-min time window

before and after switching to hypotonic saline. Specifi-

cally, the amplitude and frequency of the FUSD occur-

rences increased, while the delay of FUSD decreased in

hypotonic saline. The duration of the FUSD, however,

did not statistically differ in the 15-min time window.

These changes are consistent predictions based on the

nanopore hypothesis. Expanding the time window of

comparison to 45 min changed the status of statistical

significance of FUSD amplitude, from significant to

insignificant, and that of duration, from insignificant to

significant, while the statistical significance of delay and

frequency of occurrence was unaffected by the time win-

dows selected for the comparison.
Using the crayfish neuromuscular junction as a model

system to study FUS neuromodulation

In the study described here, the motor axons of the

crayfish opener neuromuscular junction were used to

investigate US-mediated neuromodulation under the

condition of low osmolarity. The crayfish nerve�muscle

preparation is one of the classic model systems that has

contributed to the understanding of basic neurophysio-

logical mechanisms of membrane excitability and synap-

tic transmission (Atwood 2008; Lin 2013). The



Fig. 4. Compilation of changes in ultrasound-induced depolarizations as osmolarity was lowered. Average and standard
error of means of normalized amplitude (A), delay (B), frequency of occurrence (C) and Dur50 (D) plotted in 5-min
blocks. The transition from control (black) to hypotonic (red) saline occurred at 45 min. A set of eight preparations were
used for statistical analysis in this report. For the preparation of hypotonic saline, one of the eight preparations used
sucrose substitution, two used mannitol substitution and the remaining five used distilled water dilution. The sample size
for each data point ranged from 4 to 12. For (A) and (D), the total numbers of FUSD events were 73 in control saline and
100 in hypotonic saline. For (B) and (C), the sample sizes were 82 in control and 105 in hypotonic saline. Smaller sample
sizes in (A) and (D) were due to exclusion of trials in which FUSD was suprathreshold and evoked action potentials.

FUSD = FUS-evoked depolarization.
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simplicity and hardiness of this preparation have been

exploited for the initial implementations of new technol-

ogies such as calcium uncaging and calcium imaging

(Delaney et al. 1989; Mulkey and Zucker 1993). This
preparation has continued to prove useful; it has recently

been used to explore biomedical applications of new

technologies, such as ultrasound and infrared laser, in

neuromodulation (Lin et al. 2019; Zhu et al. 2019).



Table 1. Statistical analysis of the physiological parameters of ultrasound-induced responses in control and hypotonic saline

Amplitude* (mV) Frequencyy (nl) Delay (ms) Dur50 (ms) RMP (mV) Time constant (ms)

Control (n = 8) 18.5 § 3.3 0.77 § 0.11 11.9 § 4.9 598 § 154 68.4 § 3.4 10.2 § 1.13
p Value 0.447 0.025z 0.034 0.03 0.437 0.483
75% Hypotonic 19.0 § 4.0 0.85 § 0.09 8.0 § 3.2 341 § 97 68.0 § 5.7 10.2 § 1.11
p Value 0.268 0.447 0.348 0.146 0.290 0.086
Recovery 21.5 § 3.5 0.87 § 0.05 5.5 § 1.6 577 § 210 67.7 § 3.9 8.21 § 0.85

RMP = resting membrane potential.
Detectable focused ultrasound�evoked depolarization used for averaging were collected over a period of 45 min immediately before and after

switching from the control to 75% hypotonic saline. The time windows used for the recovery period varied from 30 to 45 min. Values in this table
were averaged from the average values calculated from eight axons. One of the eight preparations used sucrose substitution to generate hypotonic
saline, two preparations used mannitol substitution and the remaining five used distilled water dilution.

* Subthreshold focused ultrasound�evoked depolarization responses only.
y Frequency was normalized to the maximum of 1, when ultrasound evoked responses in every trial.
z Boldface p values indicate statistically significant differences.
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FUS-Specific membrane conductance gUS and nanopore

hypothesis

As reviewed in the Introduction, application of FUS

to an axonal membrane leads to an increase in membrane

conductance (gUS) which underlies FUSD (Lin et al.

2019). Biophysical properties of gUS, namely, non-selec-

tive permeability and long duration, together with phar-

macological properties, namely, absence of sensitivity

to voltage-gated channel blockers, of FUSD led to the

hypothesis that gUS may be mediated by nanopores

formed in axonal membrane. In molecular dynamic sim-

ulations, similar lipid channels have been suggested to

occur under electroporation and strong mechanical

stretch (Tieleman et al. 2003; Leontiadou et al. 2004; Hu

et al. 2005; B€ockmann et al. 2008; Krasovitski et al.

2011). Furthermore, low-intensity FUS may also cause

pore formation at the membrane protein�lipid interface

(Babakhanian et al. 2018). Therefore, data presented

here correspond well with characterizations based on

quantitative simulations at the atomic level.

A schematic of nanopore formation in the context

of stretched membrane is provided in Figure 5 to help

interpret the results reported in this article. FUS-Medi-

ated mechanical disturbance was assumed to disrupt

lipid organization of axonal membrane, which leads to

the opening of hydrophilic pores. The mechanical distur-

bance could cause lipid molecules to transition through a

series of intermediate states (states 1 and 2) before set-

tling in a relatively stable state (state 3) where the hydro-

philic pores are well formed. These transitions could

also be presented as a series of energy levels associated

with the re-organization of the phospholipids (inset).

According to molecular dynamic simulations, the stabil-

ity of nanopores is influenced by the balance between

membrane surface tension and line tension of open pores

(Leontiadou et al. 2007). The line tension, in turn, is

influenced by the organization of lipid tails as well as

electrostatic interactions among ions, water molecules

and charged head groups of lipid molecules around an
open pore. It is therefore reasonable to anticipate that

increases in membrane tension resulting from lowered

osmotic pressure could enhance the probability of nano-

pore formation by way of decreasing the energy barriers

between states and making transitions between states

faster (red potential levels in the Fig. 5, inset). The

increase in the probability of nanopore formation may

underlie the increase in FUSD amplitude and frequency

of occurrence, while the faster forward transitions could

explain the reduction in FUSD delay. The reduction in

FUSD duration could also be explained by the decreased

energy difference between states 2 and 3 (Fig. 5, inset)

such that the close rate of the open pores is increased in

hypotonic saline.

Potential roles of radiation forces in FUSD

The design of experiments presented in this article

was not intended to distinguish different US-generated

physical processes underlying FUSD, such as forces gen-

erated by streaming, cavitation or radiation. However,

the preparation used here, being a neuromuscular junc-

tion, could provide insights into potential contributions

of radiation forces. We have examined and could not

detect movement of the motor axons under a 60 £ water

immersion lens during FUS application, with the FUS

transducer positioned below the preparation (unpub-

lished data). Displacement in the range of »1 mm should

be visible under the 60 £ lens. Furthermore, being a neu-

romuscular preparation, strong stimulation of the motor

axons triggers muscle contractions, which also move the

motor axons attached to it. In neurophysiological studies,

recordings from muscle fibers and axons under the con-

dition of mild contraction (�100 mm in displacement)

revealed small changes in membrane potential only dur-

ing movement and were not stochastic. In contrast,

FUSD was stochastic and had a duration of seconds in

response to millisecond US tone bursts. Finally, we pen-

etrated the axons with two electrodes routinely. The pro-

cess of penetration invariably moved and deformed



Fig. 5. Illustration of how osmotic stretching of the lipid membrane would affect the hypothetical lipid membrane
energy levels, and state transitions caused by US, in comparison to control (= non-stretched) membrane. These changes
may explain the observed effects of hypotonic saline on gUS opening and closing probabilities. Hypotonic solution
stretches the membrane, that is, loosens the dense packing of the lipid bilayer (from 0-stable to stretched membrane); the
increase in surface area corresponds to an increase in the membrane energy level (inset: red level vs. black level 0).
From this stretched state, the opening of hydrophobic pores and transition pores requires less absorption of energy than
in control (inset: red uphill arrows vs. black uphill arrows 0! 1! 2, respectively), so that the probability of transition
in response to absorption of US energy is increased. Similarly, the probability of the first step of stable nanopore closing
is increased because of a decreased energy gap (inset: 3! 2 uphill red arrow vs. black arrow, respectively). This change
would reduce the mean open time of semi-stable hydrophobic pores 3 and, thus, the duration of gUS. US = ultrasound.
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axonal membrane. During the penetration of the second

electrode, the first electrode, which was intracellular

already, detected only small changes in membrane

potential roughly coinciding with, but never outlasting,

the movement of the second electrode.

In summary, although radiation force may be

important in certain preparations and experimental con-

figurations, we believe that movement of the membrane

caused by radiation forces is unlikely to be the cause of

FUSD at the crayfish neuromuscular preparation. Radia-

tional forces in the megahertz frequency range, however,

may be altering the structure of the axonal membrane at

a spatial scale <1 mm that cannot be easily observed

under an optical microscope. This possibility would

require a separate experimental approach to resolve.

Additional effects of hypotonic saline on motor axon

We believe the membrane depolarization produced

by FUS (FUSD) is a general phenomenon applicable to

all neurons as the structure and physical properties of

membrane lipid bilayers are conserved across the
evolutionary scale. However, we observed additional

effects that may be cell type specific.

1 Effects of the osmolarity manipulation on axon mor-

phology. The hypotonic saline had small effects on

the crayfish motor axon morphology. When motor

axon diameter was monitored with imaging, follow-

ing fluorescence dye injection, no consistent increase

in axonal diameter was detected (n = 4) in hypotonic

saline (data not shown). Previous electron micro-

scopic studies had indicated that the crayfish motor

axons are encased in glia cells and extracellular

matrix (Atwood and Morin 1970; Smith 1983). The

latter could serve as a “brace” that prevents excessive

swelling and rupture. In support of this unique resil-

ience of the motor axon, the same hypotonic saline

applied to the crayfish giant axons, in the central ner-

vous system, caused measurable swelling (Yu et al.,

unpublished data). Furthermore, the crayfish giant

axons exhibited reduced AP amplitude and hyperpo-

larization of RMP in hypotonic saline while none of
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these parameters of motor axons was changed by low

osmolarity. Therefore, the “resilience” of the motor

axons in hypotonic saline may be uniquely relevant to

peripheral neural tissues. The freshwater environment

for crayfish means that any injury to the exoskeleton

may result in a significant reduction in osmolarity

locally. An extensive extracellular matrix that could

contain excessive swelling of the axon may be part of

the reason that swelling in motor axons was difficult

to resolve microscopically in hypotonic saline.

Results reported here may be applicable to vertebrate

peripheral nerve tissues where axons typically are sur-

rounded by a protective sheath such as perineurium

and epineurium.

2 Time-dependent variation in FUSD parameters in

hypotonic saline. The parameters of FUSD exhibited

consistent changes that correlated with reduced osmo-

larity with a 15-min time window. However, the

changes did not remain steady over the period of

45 min in hypotonic saline. Specifically, FUSD ampli-

tude exhibited a large fluctuation within the 45-min

period in hypotonic saline while FUSD duration grad-

ually declined in the same period. As a result, aver-

aged over a period of 45 min, FUSD amplitude in

hypotonic saline was no longer statistically different

from that in control saline while the duration became

significantly shorter in low osmolarity. Changes in

FUSD parameters were not reversed within the dura-

tion of our study »30 min after the osmolarity was

returned to the control saline.

This complexity may be due not only to the unique

morphology of the extracellular matrix surrounding the

crayfish motor axon, but also to cellular adaptation.

Studies of membrane mechanics in other preparations

provide clues to possible explanations. When a laser

tweezer was used to stretch membrane and monitor the

membrane tension of rat basophilic leukemia cells, it

was found that the cells adapted to the tweezer stretching

by inserting membrane over a period of 20 min (Dai and

Sheetz 1995; Dai et al. 1997). Furthermore, plasma

membrane and its linkage to submembranous cytoskele-

ton have been reported to change as the osmolarity of

the bathing saline is altered (Morris and Homann 2001).

The processes of insertion and retrieval of cell mem-

brane, as well as disrupted linkage between membrane

and submembranous cytoskeleton, could all take time to

develop and recover. These cellular processes are rela-

tively slow and could be the cause of delayed reduction

of Dur50 (Fig. 4D) and recovery in FUSD amplitude

(Fig. 4A), as well as the absence of recovery of all

parameters after switching back to control saline

(Table 1). Although amplitude, onset delay, frequency of

occurrence and duration were used to characterize
FUSD, these parameters may differentially be controlled

by different cellular processes under stresses introduced

by changing osmolarity. Therefore, although FUS may

create nanopores in a lipid bilayer, the abilities of cells

to add and retrieve membrane as well as break or form

linkages between membrane lipid and molecules inside

or outside of the membrane may all influence the forma-

tion and duration of nanopores.
Potential applications to human

We believe our finding on gUS from crayfish motor

axons should be applicable to other preparations includ-

ing neurons in the human brain, because the basic mem-

brane structure and physiological properties are

conserved across an evolutionary scale. Although we use

2-MHz FUS while 400- to 700-kHz US is typically used

for humans, FUS across the entire range of the frequen-

cies, from 0.4 to 2 MHz, should be capable of altering

the lateral interactions between lipid molecules in neuro-

nal membrane of the human central and peripheral ner-

vous systems. In addition, the FUS pressure in this study

is significantly below the FDA safety limit. Thus, the

experimental regimen reported here should be safe for

future tests in human applications.

In the long run, this study could be expanded to

studies using mammalian brains where osmotic pressure

is reduced under clinically relevant situations, such as

during traumatic brain injuries or controlled reductions

of osmolarity in circulating blood or cerebrospinal fluid.

Furthermore, given the complexity of neuronal morphol-

ogy, changes in US sensitivities of different neuronal

compartments—such as soma, dendrites, axons and syn-

aptic terminals—under low osmolarity should be evalu-

ated in greater detail to fully understand the potentials of

US neuromodulation.
CONCLUSIONS

Focused US-evoked membrane depolarization can

be modulated by the osmolarity of the physiological

saline surrounding the cell. Reduced osmolarity of the

saline bathing the crayfish motor axon increased the

amplitude, reduced the onset latency and increased the

frequency of occurrence of FUSD immediately after

osmolarity was lowered. The results support our hypoth-

esis that FUSD may be generated by non-selective FUS-

specific lipid ion channels whose activities are influ-

enced by lateral surface tension in the membrane.
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