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Objective: Focused ultrasound (FUS) can modulate neuronal activity by depolarization or hyperpolarization.
Although FUS-evoked depolarization has been studied extensively, the mechanisms underlying FUS-evoked
hyperpolarization (FUSH) have received little attention. In the study described here, we developed a procedure
using FUS to selectively hyperpolarize motor axons in crayfish. As a previous study had reported that these axons
express mechano- and thermosensitive two-pore domain potassium (K2P) channels, we tested the hypothesis that
K2P channels underlie FUSH.
Methods: Intracellular recordings from a motor axon and a muscle fiber were obtained simultaneously from the
crayfish opener neuromuscular preparation. FUSH was examined while K2P channel activities were modulated
by varying temperature or by K2P channel blockers.
Results: FUSH in the axons did not exhibit a coherent temperature dependence, consistent with predicted K2P
channel behavior, although changes in the resting membrane potential of the same axons indicated well-behaved
K2P channel temperature dependence. The same conclusion was supported by pharmacological data; namely,
FUSH was not suppressed by K2P channel blockers. Comparison between the FUS-evoked responses recorded in
motor axons and muscle fibers revealed that the latter exhibited very little FUSH, indicating that the FUSH was
specific to the axons.
Conclusion: It is not likely that K2P channels are the underlying mechanism for FUSH in motor axons. Alternative
mechanisms such as sonophore and axon-specific potassium channels were considered. Although the sonophore
hypothesis could account for electrophysiological features of axonal recordings, it is not consistent with the lack
of FUSH in muscle fibers. An axon-specific and mechanosensitive potassium channel is also a possible
explanation.
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Introduction

Multiple non-invasive methods can be used for ablation, stimulation
and modulation of neurons in the brain, including infrared, ultrasound
and both electromagnetic and microwave radiation. Among these
modalities, focused ultrasound (FUS) has a unique combination of attrib-
utes with promising potential for human application. FUS can stimulate
or modulate focal regions of the brain through the intact skull, regard-
less of depth, with a focality of a few millimeters or less depending on
its frequency [1,2]. A whole-head array of FUS transducers has been
used to non-invasively ablate a thalamic nucleus to control essential
tremor in patients [3]. Low-energy FUS safe for human use can be used
to transcranially modulate neuronal activity [4,5].

Because of the wide range of possible applications for FUS in
humans, there is an increasing level of interest in understanding the
mechanisms of activation and modulation of neurons [6]. Sound pres-
sures generated by FUS interact with the neuronal membrane to evoke
electrophysiological events [7]. The results of mechanical perturbation
of neuronal membranes include (i) activation of mechanosensitive ion
channels [8−11], (ii) formation of ion-permeable lipid nanopores in the
neuronal membrane [12−15], (iii) changes in membrane capacitance
that are altered by either stretching or thickening of the membrane
caused by intramembrane cavitation [16,17] and (iv) alterations in volt-
age-gated channel kinetics resulting from ultrasound-mediated changes
in the lipid environment surrounding the channels [9,18,19]. These
diverse mechanisms could result in either excitation or inhibition
depending on which ion channels are present in a given neuron. The
majority of these mechanisms result in excitation. Only two known pro-
cesses, K2P channels [8,10] and cavitation that occurs intramembra-
nously [16], can generate membrane hyperpolarization.

So far, the majority of studies involving ultrasound-mediated neuro-
modulation focus on the mechanisms underlying the excitation of neu-
rons [20]. In contrast, relatively little attention has been paid to
understanding mechanisms underlying ultrasound-mediated inhibition
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of neuronal activity. This article addresses the topic of FUS-mediated
hyperpolarization in axons. Specifically, we examined possible roles for
the K2P channels that hyperpolarize neurons.

The K2P channel family comprises a family of related K+ channels
that share a common topology whereby a channel is formed by two sub-
units, each of which contains two pore-lining domains [21]. This chan-
nel is constitutively active, that is, not voltage sensitive, and is thus
important for setting resting membrane potential (resting Vm) or input
resistance (Rin) [22]. Both temperature and membrane stretch have
been reported to regulate the activity of the K2Ps [23,24]. K2P channels
close as temperature is lowered and open as it is raised [24]. This tem-
perature sensitivity provides a mechanism by which neurons can adapt
to changes in metabolic state. By contrast, mechanosensitivity implicates
this channel in sensory transduction and adaptation in situations in
which neuronal swelling and shrinkage occur. Both the thermo- and
mechanosensitivity of K2P channels have been investigated extensively
in diverse biological systems [22,25,26]. The sensitivity of these chan-
nels to ultrasound has also been reported, mainly in heterologous
expression systems [9,10]. However, their role in hyperpolarizing neu-
rons has not been studied systematically. In the work described here, we
investigated the potential role of K2P channels in producing ultrasound-
induced hyperpolarization in neurons.

We used the crayfish opener neuromuscular junction in this report
because K2P channels have been found in its motor axons [27]. This ex
vivo preparation includes a single layer of muscle fibers innervated by two
motor axons, 10−30 µm in diameter, one excitatory and one inhibitory.
The muscle fibers, innervated by both axons, collectively open the claw of
the first walking leg. This model system is one of the few preparations in
which stable intracellular recordings from axon and muscle fibers can be
obtained simultaneously for up to 48 h [28,29]. This exceptional stability
allows for protocols that require a large number of trials and averaging
[15,27,30,31]. Furthermore, the motor axons exhibit pharmacological and
electrophysiological characteristics similar to those of typical mammalian
neurons [32−34]. Thus, this preparation is an ideal model system for the
study of cellular mechanisms underlying FUS-mediated hyperpolarization.

We first developed a procedure for consistently producing FUS-
evoked hyperpolarization (FUSH) in the crayfish axons. The role of K2P
channels in FUSH was then investigated in the presence of different lev-
els of K2P channel activity mediated by changes in temperature and by
channel blockers.

Methods

Preparation and solutions

Crayfish, Procambarus clarkii, were purchased from Niles Biological Sup-
plies (Sacramento, CA, USA). Small animals of both sexes, 5−7 cm head to
tail, were maintained in tap water at room temperature (22°C). The first
walking leg was removed by autotomy and fixed with cyanoacrylate to a
60mmplastic Petri dish. The opener axon−muscle preparationwas dissected
in crayfish saline. Crayfish saline includes (in mM): 195 NaCl, 5.4 KCl, 13.5
CaCl2, 2.6 MgCl2 and 10 Hepes, titrated to pH 7.4 with NaOH. Crayfish were
handled humanely. As crayfish are invertebrate animals, their use does not
require an IACUCprotocol at BostonUniversity.

Experimental configurations

Experimental configurations have been detailed in previous studies
[13,15]. Briefly, two sharp electrodes in current clamp mode approached
the motor axons and muscle fibers from the same distal-to-proximal direc-
tion, while the FUS transducer approached the preparation from the oppo-
site direction. Axonal recordings provided in this article were obtained
mainly from the primary branch of the excitatory axon.

Axon penetrations were performed under a 40 × /0.80 water immer-
sion lens (LUMPlanFl/lR, Olympus, Tokyo, Japan), which was then
removed to make room for the FUS transducer. The transducer was
2

angled at 45°, and microelectrodes at 28°, to the horizontal plane. 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 had been verified by digital readouts of
a motorized manipulator (MP-285, Sutter Instrument, Novato, CA,
USA). As the preparation is relatively small, such that the axonal arbori-
zation could easily be enclosed within the ultrasound focal area (1 × 1.4
mm2), positioning of the transducer under visual guidance proved con-
sistent. Meanwhile, muscle fibers are arranged symmetrically on both
sides of a central ligament and form a single sheet. Central ends of the
muscle fibers are attached to the ligament, and their peripheral ends are
attached to the interior of a boat-shaped shell. This configuration allows
muscle contractions to pull the ligament and open the claw. There is an
approximately 0.1 mm space between the bottom surface of the muscle
sheet and the interior side of the shell. The shell is glued to the dish on
its exterior side. FUS passed through the axon−muscle preparation at
45° before it was scattered as a result of the cyanoacrylate solidifying
into irregular surface contours as it bound the shell to the dish. This
mechanical configuration is therefore similar to that of the in vivo situa-
tion, where ultrasound can pass through the axons and muscle fibers.

Experimental protocols

The investigation of potential roles for K2P channels in neuronal
hyperpolarization was carried out in three phases.

Development of a procedure for consistently hyperpolarizing the axon
Optimal ultrasound intensity was determined in individual prepara-

tions, typically by starting at 0.1 MPa, and the pressure was increased
gradually until FUS-evoked depolarization started to appear [13]. When
a burst of FUS is applied to a motor axon with a pressure of 0.1−1 MPa,
it initially produces hyperpolarization. This is followed by a depolariza-
tion when the pressure is higher than about 0.6 MPa [15,30]. The inten-
sity at which FUS-induced depolarization was observed in less than 5%
of the trials, typically between 0.3 and 0.6 MPa, was then used for that
preparation in the remainder of the experiment.

Evaluation of the role for K2P channels in FUSH using temperature
manipulation

Crayfish saline was circulated by a peristaltic pump at the rate of
1.5 mL/min. The saline was heated or cooled by contacting the thin plas-
tic tubing used to feed the recording dish to a copper plate coupled to a
5 × 5 cm Peltier module (RoHS CP115035335, 150 W; CUI Devices,
Lake Oswego, OR, USA). The perfusion inlet was positioned within
5 mm of the preparation such that the change in temperature at the
axons was nearly instantaneous when temperature regulation was
turned on. Temperature control was accomplished by manually adjust-
ing the power supply to the Peltier. Bath temperature was monitored
with a probe placed within millimeters of the preparation (Model BAT-
12, Physitemp, Clifton, NJ, USA), and the temperature readout was digi-
tized simultaneously with electrophysiological recordings. With room
temperature varying between 19°C and 23°C and the peristaltic pump
circulating the saline at 1.5 mL/min, this configuration allowed reliable
cooling of the preparation to ∼10°C and heating to 40°C. The FUS proto-
col used in temperature experiments involved an 80 ms burst of continu-
ous waves (2.1 MHz). In these temperature experiments, one electrode
was in the motor axon, while the second electrode was in a muscle fiber.
A typical cycle included three trials: FUS alone, an AP train alone and
FUS and an AP train simultaneously. There was a 10 s rest between tri-
als. The cycle was repeated as the temperature was changed. (The effects
of ultrasound on AP trains are not reported in this article.)

Evaluation of the role of K2P channels in FUSH using K2P channel blockers
Fluoxetine and norfluoxetine (Cayman) were used to block K2P channels

[35]. The stock solutions for these blockers were prepared by dissolving
them in dimethyl sulfoxide (DMSO) to 50 and 25 mM, respectively. Final
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concentrations diluted in saline were 100 µM (fluoxetine) and 50 µM (nor-
fluoxetine), respectively. These concentrations were five times the IC50 for
TREK-1 channels published previously [22,36]. In these blocker experiments,
we used a 2MHz FUS transducer, whichwas of the same construction as that
used in the temperature experiments. The ultrasound pulse pattern was com-
posed of a train of 30 pulses delivered at 1 kHzwith a duty cycle of 50%. This
ultrasounddelivery patternwas chosen to highlight the repetitive appearance
of hyperpolarization evoked by individual FUS bursts. The FUS intensity was
chosen according to the same criteria as outlined previously for temperature
experiments. Tomonitor the effects of channel blockers on axonal input resis-
tance, two microelectrodes penetrated a motor axon simultaneously—one
for current injection and the second electrode for voltage recording. A typical
cycle contained eight current steps, four hyperpolarizing and four depolariz-
ing, to assess the input resistance and excitability of motor axons. The same
current step series was repeated with and without FUS. There was a 2 s rest-
ing time between individual current steps.

FUS transducer

The construction of the ultrasound transducers used here has been
detailed previously [13]. These were designed and constructed by one
of us (Ehnholm). The active element of the transducer was a spherical
piezo cup from Steminc Piezo (SMSF20C30F21, Steiner & Martins, Dav-
enport, FL, USA). The piezo cup was driven by a power amplifier (LZY-
22+, MiniCircuits, Brooklyn, NY, USA), which in turn was modulated
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 polystyrene with low
ultrasound absorption and a low reflection coefficient from soft tissues,
was machined into a conical shape with the large end fitting exactly to
the inside of the piezo cup. FUS sound waves passed through the cone to
reach its tip, 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 formed a lens that made the focal spot smaller. As character-
ized previously, a focused FUS beam with a circular cross section 1 mm
in 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, respec-
tively [13]. Taking into account the Rexolite impedance and duty cycle,
the intensity of the spatial peak temporal average (ISPTA) of FUS at the
focal point should be 0.94 mW/cm2. This intensity is lower than the U.S.
Food and Drug Administration (FDA) safety limit for applied temporal
average energy level, which is <720 mW/cm2 [37].

Electrophysiology

Two DC amplifiers (IE-210, Warner Instruments, Hamden, CT,
USA) were used to perform current clamp recordings from the motor
axon and a muscle fiber. 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 PRO (Wavemetrics, Lake Oswego, OR,
USA). Microelectrodes for axonal recording were filled with 500 mM
KCl and had a resistance of 40−60 MΩ. Microelectrodes for muscle
recordings were filled with 3 M KCl and had a resistance of 10−20
MΩ. The typical resting membrane potential (Vm) of axon was
∼−70 mV, and that of muscle, ∼−80 mV. Each preparation represents
a recording session from a motor axon dissected from an animal. A
recording session typically lasted 2−4 h.

Data analysis

Statistical results presented in graphs are expressed as averages and
standard errors of the mean (SEM). Statistical significance was deter-
mined with Student’s t-tests.
3

Results

We first examined the role of K2P channels on FUSH by cooling,
which should close the channels and thereby increase the reservoir of
channels available for opening by FUS. We tested whether FUSH is spe-
cific to axons by comparing responses recorded from muscle fiber with
those recorded simultaneously from motor axons. Cooling was followed
by heating to test whether raised temperatures, which should open the
channels, had the opposite impact on FUSH. Finally, we evaluated the
potential role of K2P channels in producing FUSH by K2P blockers.

Effects of cooling on FUSH in motor axons

Figure 1 illustrates a representative experiment in which FUS-evoked
responses were recorded at room temperature (24°C) first (A), followed
by cooling to 15°C (B), and finally back at room temperature (23°C) (C).
The ultrasound protocol was an 80 ms continuous sinusoidal burst at 0.6
MPa. At room temperature, a single FUS burst consistently triggered a
small hyperpolarization. Figure 1A displays traces overlaid from individ-
ual trials (black) and the averaged trace (red). The average of FUS
evoked responses at room temperature revealed a small hyperpolariza-
tion during FUS application (black bar) that was followed by a slow
recovery (Fig. 1A, red). On cooling, the FUSH became stronger and
clearer (Fig. 1B). The average at 15°C revealed a ∼6 mV hyperpolariza-
tion during the FUS burst (red). On returning to room temperature,
FUSH amplitudes were reduced from those recorded at 15°C (Fig. 1C)
but did not return to control levels.

To ensure that the axonal properties were not adversely affected by
the cooling or FUS, we monitored action potentials (APs) between FUS
trials. Figure 1D illustrates APs recorded at 24°C (black), 15°C (blue) and
back at 23°C (green), respectively. These APs are propagating action
potentials evoked by a suction electrode placed proximal to the axonal
recording site, ∼10 mm away. Cooling depolarized resting membrane
potential (Vm) of the motor axon and increased AP amplitude and dura-
tion (Fig. 1D, black vs. blue). The rightward displacement of the AP at
15°C was due to a slowing of AP conduction velocity at this low temper-
ature. These temperature-dependent changes in AP characteristics are
consistent with healthy neuronal responses reported previously that
have been attributed to the temperature dependence of Na+ and K+

channel kinetics [38,39].
A return to the room temperature resulted in partial but stable recov-

ery of resting Vm and AP amplitudes. Timelines of temperature changes
(red) and resting Vm (black) are provided in Figure 1E. Temperature-
dependent depolarization in resting Vm can be attributed to the thermo-
sensitivity of K2P channels [22].

Figure 1F provides the timelines of AP (blue squares) and FUSH
amplitudes (red circles). The FUSH amplitudes measured from individual
trials were averaged potentials during FUS application. As illustrated in
Figure 1A−C, FUSH amplitudes (in red circles) increased after cooling
and then partially recovered after returning to room temperature. AP
amplitude increased after cooling and partially recovered after returning
to room temperature. In most preparations, AP amplitudes were fully
reversible. In contrast, FUSH recovery was incomplete in all prepara-
tions, suggesting hysteresis of this parameter. Data used for statistical
analysis were chosen from the period during which temperatures were
in a steady state indicated by the black bars in Figure 1F. In this prepara-
tion, FUSH amplitudes were small but hyperpolarizing initially at room
temperature (−0.7 ± 0.26 mV, n = 17). They were significantly larger
during cooling (−6 ± 0.12 mV, n = 30).

Enhancement of FUSH by cooling is specific to axons

The FUSH was specific to motor axons. Figure 2 illustrates intracellu-
lar recordings from a muscle fiber obtained simultaneously with the axo-
nal recordings in Figure 1. In this case, depolarizing deflections in Vm

during FUS application exhibited stepwise changes, suggestive of FUS-



Figure 1. Effect of cooling on focused ultrasound (FUS)-induced hyperpolarization (FUSH) in a motor axon. (A) US at 2.1 MHz and 0.6 MPa with a duration of 80 ms
(black bar) induced a small hyperpolarization at 24°C. (B) The same US tone evoked fluctuating hyperpolarization when the preparation was cooled to 15°C. (C)
Reheating the preparation to control level reduced FUSH. Black traces in (A)−(C) are recordings from individual trials, while red traces represent averages. The black
bar in (A)−(C) indicates the timing of US. The sample size used for the averages in (A), (B) and (C) were 11, 14 and 9, respectively. (A)−(C) share the same scales. (D)
Action potentials (APs) recorded from the same axon as that in (A)−(C) under indicated temperatures. The AP recordings were single trials and evoked by a suction
electrode. (E) Timelines of resting membrane potential (Vm, black) and temperature (red). (F) Timelines of AP amplitude (blue squares) and FUSH (red circles) to high-
light the stability and consistency of the recordings. Black bars identify the time windows in which FUSH readings were used for statistical analysis.
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evoked artifacts in the microelectrodes. The membrane potential deflec-
tions recorded during FUS application were small in amplitude and typi-
cally less than 0.5 mV (Fig. 2A−C). Black traces in Figure 2A−C
represent individual trials, while red traces are averages. The integrity of
Figure 2. Cooling induced little change in focused ultrasound (FUS)-evoked respons
simultaneously from the same preparation as those in Figure 1. FUS induced small resp
als, and red traces are averages with sample sizes of 11, 14 and 9 for (A), (B) and (C), r
the indicated temperatures. The synaptic potentials were evoked by a train of eight A
train because of synaptic facilitation. The EPSP traces were averages of 10, 14 and 9 t
resting Vm (black) and temperature (red). (F) Timelines of EPSP amplitude (blue squar
tudes recorded from the muscle fiber are displayed to highlight the stability of the reco

4

muscle recordings was monitored by examining excitatory postsynaptic
potentials (EPSPs) evoked by the APs of the motor axon. EPSPs, trig-
gered by a train of 8 APs at 100 Hz, exhibited a strong facilitation, which
is characteristic of this synapse. Cooling increased EPSP amplitude
es in a muscle fiber. (A−C) Intracellular recordings from a muscle fiber obtained
onses with step-like shapes. Black traces represent recordings from individual tri-
espectively. (A)−(C) share the same scale. (D) Synaptic potentials recorded under
Ps. The excitatory postsynaptic potential (EPSP) amplitudes increased during the
rials. Baselines of EPSP traces have been aligned for comparison. (E) Timeline of
es) and focused ultrasound-induced hyperpolarization (FUSH) (red circles) ampli-
rdings.



Figure 3. Summary of focused ultrasound (FUS)-induced hyperpolarization (FUSH) on cooling. (A) Average amplitudes of FUS-evoked responses in motor axons are
plotted against the temperatures at which the recordings were made. Data points from the same axons are connected. Each preparation is represented by a different
symbol. Error bars associated with each data point represent standard errors of the mean, but the temperature variations were typically smaller than the size of the sym-
bols. The dashed line represents a preparation in which the change in FUS evoked responses was not statistically significant. Sample sizes used for average ranged from
10 to 20. (B) Average amplitudes of FUS-evoked responses recorded from muscle fibers are plotted against the temperatures from which the recordings were made.
Data from the same muscle fibers are connected. Each preparation is represented by different symbols. Matching symbols in (A) and (B) mean they were obtained
simultaneously from the same preparations. The dashed lines represent preparations for which the changes in FUS-evoked responses were not statistically significant.
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(Fig. 2D, blue) because of the increase in amplitude and duration of pre-
synaptic APs (Fig. 1D). EPSP baselines are aligned for comparison.
Returning to room temperature restored EPSPs to their control levels
(Fig. 2D, green). The resting Vm of the muscle fiber depolarized by 8 mV
on cooling (Fig. 2E). The timeline of the EPSP maxima indicates a clear
temperature dependence (Fig. 2F, blue squares). However, the ampli-
tudes of FUS-evoked responses (red circles) recorded in the muscle fiber
suggest no consistent change in FUS-evoked response amplitude as the
temperature was lowered and returned to baseline. Data from the same
time periods shown by the black bars in Figure 1F were used for statisti-
cal analysis. Amplitudes of FUS-evoked responses under control condi-
tions were +0.14 ± 0.12 mV (n = 17), and +0.1 ± 0.26 mV (n = 30)
during cooling. The difference in means was not statistically significant.
Summary of cooling effects on FUSH recorded in motor axons and muscle
fibers

The enhancement of FUSH in motor axons with cooling was a consis-
tent observation. Figure 3 illustrates FUSH results in six preparations for
the axons (Fig. 3A) and muscles (Fig. 3B) to demonstrate the effects of
temperature on FUSH across the entire set of preparations. FUSH was mea-
sured in a single axon and in a muscle fiber simultaneously. The same sym-
bols in Figure 3A and 3B are used to show the data points obtained from
the corresponding axon and muscle fiber simultaneously in the same prep-
arations. The responses obtained during a single cooling experiment for an
individual preparation are connected by a line to indicate how cooling
changed the FUSH in individual axons and muscle fibers. The amplitude of
FUSH was quite variable from one preparation to another, as connecting
points from the same preparation brings out the consistent effect of cooling
on individual preparations. In axons, five of six preparations revealed a sig-
nificant increase in FUSH with cooling, whereas one preparation had a
small but statistically insignificant increase during cooling (Fig. 3A, dashed
line). A paired t-test of FUSH recorded at control and cooling temperature
suggested that FUSH in axons was significantly increased by cooling
(p = 0.03). In contrast to the clear FUSH signals and obvious increases in
FUSH with cooling in axons, FUS-evoked changes in Vm were much
smaller for muscle fibers. Changes in the FUS evoked potential with cool-
ing were not consistent in the muscle fibers across the preparations, with
four preparations exhibiting no statistically significant changes while the
5

remaining two exhibited an increase and decrease in FUS-evoked
responses, respectively.

Effects of heating on FUS-induced membrane responses in motor axons

The increase in FUSH in the axons with cooling could be due to
increased activation of K2P channels by FUS. As the fraction of closed
K2P channels was increased by cooling, the number of K2P channels
able to be opened by a given FUS protocol would increase and enhance
FUSH. If this hypothesis is correct, then we would expect decreased
FUSH when the bath temperature is raised.

Figure 4 illustrates the results of a heating experiment from the same
preparation used in Figures 1 and 2. Figure 4A and 4B illustrate the
FUSH at room temperature and at 32°C, respectively. Black traces repre-
sent recordings from individual trials, while the red traces are the aver-
ages of the black traces. Contrary to prediction, there was no clear
decrease in FUSH when the saline was heated to 32°C. As illustrated in
Figure 4C, AP amplitude and duration decreased at 32°C. The leftward
shift in the AP recorded after heating was due to a faster conduction
velocity. These changes in AP parameters are characteristics of healthy
excitable cells when temperature is raised [40,41]. Figure 4D illustrates
the hyperpolarization of resting Vm on heating (black dots). Figure 4E
illustrates the changes in FUSH (red circles) and AP amplitudes (blue
squares) during the heating process. There was no clear-cut trend in
FUSH amplitude with heating, although AP amplitude decreased as
expected under these conditions. Averaged FUSH amplitudes in control
and during heating, during the two periods represented by the horizon-
tal bars in Figure 4E, were −3.5 ± 0.06 mV (n = 27) and −4.0 ± 0.2 mV
(n = 10), respectively.

Effects of heating on FUS-evoked responses in muscle fibers

Figure 5A and 5B provide intracellular recordings from a muscle
fiber obtained simultaneously with the axonal recordings in Figure 4.
Similar to the muscle recordings made during cooling (Fig. 2A, 2B),
deflections in Vm during FUS application exhibited stepwise shapes with
small amplitudes (Fig. 5A, 5B). The integrity of muscle recordings was
monitored by examining EPSPs evoked by the AP train of the motor
axon. Consistent with the reduction in AP amplitude and duration dur-
ing heating (Fig. 4C), EPSP exhibited a clear decrease in amplitude



Figure 4. Effects of heating on focused ultrasound-induced responses in a motor axon. (A, B) Intracellular recordings from a motor axon as temperature was raised
from 23°C (A) to 32°C (B). The heating was accompanied by a minimal change in focused ultrasound-induced hyperpolarization (FUSH) amplitude. Black traces in (A)
and (B) are recordings from individual trials; the red traces are averages of displayed single trials. The sample size of the averages in (A) and (B) was 17. (A) and (B)
share the same scales. (C) Increases in temperature caused membrane potential hyperpolarization and reduction in AP amplitude and duration in the axon. Leftward
displacement of the action potential (AP) recorded at 32°C (red) was due to an acceleration of AP conduction velocity. The AP traces were from single trials. (D) Time-
lines of resting membrane potential (Vm, black) and temperature (red). (E) Timelines of AP amplitude (blue squares) of the motor axons and FUSH (red circles) to high-
light the stability of the recordings. Black bars identify the time windows in which FUSH readings were used for statistical analysis.
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(Fig. 5C) during heating. Heating (Fig. 5D, red) hyperpolarized the mem-
brane potential of the muscle fibers (Fig. 5D, black line). The maximum
amplitude of the EPSP (Fig. 5E, blue squares) decreased from about 10 to
5 mV with heating, while the FUSH amplitudes did not reveal any clear
Figure 5. Heating induced little change in focused ultrasound (FUS)-evoked response
obtained from the same preparation as those in Figure 4. FUS induced small and step
traces are averages with sample sizes of 17 for (A) and (B). (A) and (B) share the same
(A) and (B). The synaptic potentials were evoked by a train of eight action potentials
train because of synaptic facilitation. EPSP traces were averages of 17 trials. Baseline
brane potential (black) and temperature (red). (E) Timelines of EPSP (blue squares) an
highlight the stability of the recordings.
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temperature dependence. In Figure 5E, FUSH amplitudes at control tem-
perature and during heating were +0.2 ± 0.01 mV (n = 27) and
+0.1 ± 0.01 mV (n = 10), respectively. The difference in means was
not statistically significant.
s recorded from a muscle fiber. (A, B) Intracellular recordings from a muscle fiber
-like responses. Black traces represent recordings from individual trials, and red
scales. (C) Synaptic potentials were recorded at the two temperatures shown in
(APs). Excitatory postsynaptic potential (EPSP) amplitudes increased during the
s of EPSP traces have been aligned for comparison. (D) Timeline of resting mem-
d FUSH (red circles) amplitudes recorded from the muscle fiber are illustrated to



Figure 6. Summary of focused ultrasound (FUS)-induced hyperpolarization on heating. (A) Average amplitudes of FUS-evoked responses in motor axons are plotted
against the temperatures at which the recordings were made. Data from the same axons are connected. Each preparation is represented by a different symbol. Sample
sizes used for average ranged from 7 to 20. (B) Average amplitudes of FUS-evoked responses recorded from muscle fibers are plotted against the temperatures at which
the recordings were made. Data from the same muscle fibers are connected. Each preparation is represented by different symbols. The symbols that match those in (A)
mean they were obtained simultaneously in the same preparations. Dashed lines represent preparations for which the changes in FUS-evoked responses were not statisti-
cally significant.

Figure 7. Compilation of focused ultrasound-induced hyperpolarization (FUSH)
and resting Vm from heating and cooling experiments. (A) FUSH amplitude
recorded at all temperatures, including cooling and heating. The data points
were from axonal recordings in Figures 3A and 6A. The blue line represents a lin-
ear fit to the cooling data points, with a slope of 0.25 mV/°C. The red line repre-
sents a linear fit to the heating data point, with a slope of −0.2 mV/°C. Neither
fit represents a statistically significant correlation. (B) Resting Vm plotted against
temperature from the same axons used in (A). Color codes are the same as those
in (A). The blue line represents a linear fit to data points collected from cooling
experiment, with a slope of −1.44 mV/°C. The red line is calculated from fitting
heating data, with a slope of −0.78 mV/°C, and the gray dashed line represents
the linear fit to the entire data set with a slope of −0.96 mV/°C. (All resting
Vm−temperature correlations were statistically significant. See text for details
on statistical significance.) (C) Resting Vm plotted against temperature for mus-
cle fibers used in Figures 3 and 6. Color codes are the same as those in (A). The
blue line represents a linear fit to data points collected from the cooling experi-
ment, with a slope of −1.3 mV/°C. The red line is calculated from fitting heating
data, with a slope of −0.88 mV/°C, and the gray dashed line represents the linear
fit to the entire data set with a slope of −0.97 mV/°C. (All resting Vm−tempera-
ture correlations were statistically significant. See text for details on statistical
significance.)
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Summary of heating effects on FUSH recorded in motor axons and muscle
fibers

Figure 6A represents the heating effects on FUSH in seven preparations.
Contrary to the prediction based on the K2P hypothesis, there was no con-
sistent decrease in FUSH with heating. Heating the bath by nearly 10°C in
some cases resulted in an increase in FUSH amplitude in two axons and a
decrease in five axons. A paired t-test of the heating effects on FUSH ampli-
tudes from the seven preparations indicated no statistically significant
change (p = 0.19). Similar to the situation with cooling, FUS-evoked
responses in muscle fibers, from the same preparations as those used in
Figure 6A, were small, and heating did not change FUSH in any consistent
direction. Of the seven preparations plotted, only three preparations
showed statistically significant but small changes (Fig. 6B, solid lines).

Comparison of the temperature dependence of FUSH and resting Vm

As mentioned previously, we expected a consistent decrease in FUSH
amplitude with heated bath temperature increase if K2P channels were
responsible for FUSH. Figure 7A brings both the cooling and heating results
together to illustrate the trend in FUSH amplitude as a function of bath tem-
perature formotor axons over the entire temperature rangewe studied (12°C
−33°C) (Figs. 3A and 6A combined). The data scattering suggests that FUSH
does not decrease with temperature across the entire temperature range we
studied. The linear fit gave a positive correlation coefficient of 0.42
(p=0.16) for the cooling experiments (blue line), but the coefficientwas neg-
ative (−0.37, p=0.19) for the heating experiments.

In contrast to the lack of consistent correlation between FUSH and
temperature, Vm measured from motor axons exhibited a continuous
increase in the temperature range 12°C to 33°C (Fig. 7B). Regression
analyses yielded statistically significant correlations for cooling (blue
line, R = −0.69, p = 0.013) and heating (red line, R = −0.58,
p = 0.03), as well as for the combination of both data sets across the
entire temperature range (gray dashed line, R = −0.68, p = 0.0001).
These results suggest that K2P channel activity increased with tempera-
ture in the motor axons, consistent with previous studies across a similar
temperature range [42]. However, FUSH amplitude data do not conform
to the temperature dependence expected if K2P channels played a key
role in determining FUSH. Finally, the temperature dependence of rest-
ing Vm recorded from muscle fibers of the same preparations used in
Figure 7A and 7B were also compiled (Fig. 7C). The data trend is similar
to that derived from axons, namely, a consistent increase in Vm with ris-
ing temperature. Regression analyses of temperature dependence of
muscle resting Vm revealed significant correlations for the data sets from
cooling (blue line, R = −0.75, p = 0.005), heating (red line, R = −0.58,
p = 0.03) or their combination (gray dashed line, R = −0.72,
p = 0.00034). The significant temperature dependence of muscle
7

resting Vm suggests the presence of well-behaved K2P channels. There-
fore, FUSH recordings from muscle fibers, with small amplitudes and no
temperature dependence, provide additional support for the argument
that K2P channels do not underlie FUSH.
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Role of K2P channels in FUSH tested using pharmacological blockers

We first verified the presence of K2P channels in the crayfish motor
axons using the specific K2P channel blockers fluoxetine and norfluoxe-
tine. Figure 8A illustrates that 100 µM fluoxetine depolarized the resting
Vm and increased input resistance (Rin). A series of current steps that
evoked subthreshold membrane responses in control saline were
recorded first (black). The membrane responses to the same current steps
increased after the introduction of fluoxetine (red). The voltage−current
relationship measured from subthreshold responses revealed a 1.8-fold
increase in Rin after fluoxetine (Fig. 8A, inset). The membrane depolari-
zation and increase in Rin resulted in AP firing triggered by a +20 nA
current step, which was subthreshold before the blocker. These results
confirm the presence of K2P channels in the crayfish motor axons.

We next examined whether FUSH was inhibited by fluoxetine in prepa-
rations where K2P channels block had been confirmed by the increase in
Rin. Thirty FUS tone bursts, at 1 kHz and with 50% duty cycle, were used
to trigger FUSH. This protocol was chosen to facilitate the visualization of
Figure 8. Effects of two-pore domain potassium (K2P) channel blockers on motor axo
by −5, +5 and +20 nA current steps. Application of 100 µM fluoxetine (red) caused a
resistance such that the +20 nA step, which was subthreshold in control saline, could
steps from −20 to +20 nA in 5 nA increments. The input resistance increased from 0.4
that used in (A). FUS-induced hyperpolarization (FUSH) became larger in fluoxetine (
“overshoot” at the termination of FUS tone bursts. Inset: Comparison of averaged FU
evoked by individual tone bursts revealed an increase in amplitudes in fluoxetine. In
500 µs. FUS-evoked responses (FUSHpp) were measured as peak-to-peak amplitudes
resistance measured from the preparation used in (A) and (B). (D) Timelines of FUSHp

(50 µM) was used to block TREK-1 channels. The blocker effectively raised input resi
before (black) and after (red) addition of norfluoxetine. The numbers of trials used for
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FUSH evoked by individual tone bursts. Comparison of FUSH recorded
before (black) and after (red) 100 µM fluoxetine revealed an increase in
FUSH amplitude after addition of the blocker (Fig. 8B). Averages of FUSH
recorded before and after fluoxetine are compared in the inset to
Figure 8B, in which FUSH evoked by the first five bursts are overlaid.
Figure 8C illustrates the timeline of fluoxetine effects on Rin and FUSHpp.
(FUSHpp is defined in the inset to Fig. 8B.) Fluoxetine (100 µM) was added
to the bath at the time indicated by the vertical line. The addition of this
blocker was followed by an increase in Rin (blue squares) and FUSHpp (red
circles). The increase in FUSH in motor axons where K2P channels have
been blocked suggests that this channel is unlikely to mediate FUSH.

Results obtained from fluoxetine were confirmed in a different prepara-
tion using norfluoxetine, which is a metabolite of fluoxetine but has a
higher affinity for TREK-1 channels [22,36]. This antagonist increased Rin,
but did not affect the FUSHpp amplitude (Fig. 8D, timeline and inset).
These specific blockers were tested in four motor axons at room tempera-
ture: fluoxetine (n = 3, 100 µM), norfluoxetine (n = 1, 50 µM). In none
of these cases did the K2P channel blockers inhibit FUSH. A previous study
ns and focused ultrasound (FUS)-evoked responses. (A) Axonal recordings evoked
depolarization of resting membrane potential, by 4 mV, and an increase in input
trigger AP firing in fluoxetine. Inset: Voltage current responses evoked by current
6 to 0.81 MΩ. (B) FUS-evoked hyperpolarization recorded from the same axon as
100 µM). Recordings were obtained from single trials. The arrows identify slight
S-induced hyperpolarization on an expanded time scale. US induced responses
dividual hyperpolarization matches the duration of each FUS tone, which lasted
resulting from individual 0.5 ms tone bursts. (C) Timelines of FUSHpp and input
p and input resistance obtained from a different motor axon where norfluoxetine
stance but had no impact on FUSHpp. Inset: Averaged FUSH recordings obtained
averaging were 7 and 9, respectively.
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using an infrared laser protocol to generate temperature transients has
shown that K2P channels ban be blocked with Ba2+ (2 mM) in this prepa-
ration [31]. To verify the results obtained from fluoxetine and norfluoxe-
tine with a non-specific blocker, we also examined the effects of Ba2+ in
the current study. Results from using Ba2+ were similar to those from flu-
oxetine and norfluoxetine; namely, we observed an increase in Rin, depo-
larization of resting Vm and no inhibition of FUSH (n = 2). Collectively, in
the six preparations we have analyzed—fluoxetine (n = 3, 100 µM), nor-
fluoxetine (n = 1, 50 µM) and Ba2+ (n = 2, 2 mM)—FUSH amplitudes
increased in three preparations and remained unchanged in the remaining
three. As these blockers inhibited K2P channels in all preparations, evi-
denced by membrane depolarization and the increase in Rin, but did not
inhibit FUSH in any of the preparations, we conclude that FUSH is unlikely
to be mediated by hyperpolarizing K2P channels.

Discussion

In this study, intracellular recordings from crayfish motor axons and
muscle fibers were used to examine the potential contribution of K2P
channels to FUSH. FUSH was investigated under conditions where K2P
channel activities could be modulated by temperature variation or phar-
macological blockers. In motor axons, cooling weakly enhanced FUSH
amplitude while heating suggested no temperature dependence of this
parameter. As the temperature dependence of K2P channels was verified
within the same axon by demonstration of temperature-sensitive
changes in resting Vm, the absence of a clear temperature dependence
for FUSH suggests that K2P channels are unlikely to underlie FUSH.
FUS-evoked responses in muscle fibers were examined simultaneously
with recordings from motor axons. FUS-evoked response in muscle
fibers were small, no larger than FUS-induced electrode artifacts, and
exhibited no temperature dependence. In other words, the presence of
K2P channels in muscle fibers, evidenced by temperature-dependent
changes in resting Vm, did not result in FUSH in those muscle fibers.
Finally, K2P channel blockers were used to test whether FUSH could be
inhibited by these antagonists. The blockers either had no effect or
increased instead of inhibiting FUSH amplitudes, suggesting that K2P
channels are unlikely to underlie FUSH. Collectively, three lines of data
presented in this report suggest that mechanisms underlying ultrasound-
induced membrane hyperpolarization require further investigation.

Role of K2P channels in FUSH

In neurons, K2P channels open or close in a temperature-dependent
manner, which in turn determines resting Vm and Rin [22]. In the context
of this report, FUSH enhancement by cooling could be explained by
assuming that K2P channels that were closed because of the low temper-
ature could still be opened by FUS. As a result, cooling would increase
the pool of K2P channels available for opening by ultrasound [42,43].
Furthermore, the higher Rin at low temperatures should also increase
FUSH amplitudes resulting from the opening of K2P channels. However,
FUSH recorded during heating revealed no decrease in this parameter as
the K2P hypothesis would predict. The absence of FUSH in muscle fibers
is also consistent with the conclusion that K2P channels are unlikely to
underlie FUSH. Specifically, despite the presence of K2P channels in
muscle fibers, evidenced by a clear temperature dependence of muscle
resting Vm (Fig. 7C), there was no detectable FUSH over the entire tem-
perature range we tested. Finally, blocking K2P channels with both spe-
cific (fluoxetine and norfluoxetine) and non-specific (Ba2+) blockers
also failed to inhibit FUSH at the crayfish motor axons. Thus, our data
suggest that the behavior of FUSH did not correlate with K2P channel
activities that could nevertheless be manipulated by temperature or
blockers. Furthermore, FUSH was absent despite the presence of K2P
channels in muscle fibers. In summary, neither physiological nor phar-
macological results support the K2P hypothesis. We propose that
mechano- and ultrasound-sensitive potassium channels selectively pres-
ent in motor axons may underlie FUSH.
9

Sonophore hypothesis for FUSH

In addition to ion channels, physical processes can also generate
membrane hyperpolarization. It has been proposed that FUS-mediated
neuromodulation could arise from an intramembranous cavitation,
namely, gas bubbles forming and collapsing within the lipid bilayer
(sonophore hypothesis) [16,44]. According to this hypothesis, a sinusoi-
dal formation and collapse of bubbles increase the lipid bilayer mem-
brane thickness at the ultrasound frequency. This increase in membrane
thickness would decrease membrane capacitance, which in turn would
increase Vm as long as the capacitive charges remain constant, namely,
membrane hyperpolarization. Although this process has been explored
by simulation [45], there has been no published experimental evalua-
tion of this process. Our results provide some initial experimental sup-
port for this predicted mechanism of hyperpolarization. Therefore, the
sonophore hypothesis appears to be a viable alternative for the genera-
tion of membrane hyperpolarization of the axons. FUSHs described in
this report were typically smaller than 10 mV, a figure significantly
lower than theoretical estimates of ∼400 mV [45]. However, the low
FUSH amplitudes reported here could be the result of filtering by the
passive properties of microelectrodes. This filtering has a time resolution
of ∼5 kHz, while potential voltage transients resulting from intramem-
branous cavitation synchronized to FUS cycling at 2 MHz may be much
larger. The sonophore-generated hyperpolarization at ultrasound fre-
quency could generate inward currents, through leak channels resulting
from electrochemical gradients. Cumulative effects of the inward cur-
rents could account for the overshoots that occurred at the end of the
FUS burst (Fig. 8B, arrows). These overshoots were often observed in our
recording configuration and have been noted previously [13]. Thus, the
sonophore hypothesis is consistent with the characteristics of FUSH and
also with electrophysiological recordings in the axons.

Difference between axon and muscle responses to FUS

Although the sonophore hypothesis can explain the FUSH data for
axons, the hypothesis, at least in its simplest form, is not consistent with
the effects of FUS on muscle fibers, if one assumes that such cavitation is
not selective for diverse lipid compositions of different cells. We com-
pared the effects of FUS on axons and muscle fibers by simultaneously
recording the FUS-evoked responses in these cells. Although our proto-
col was able to clearly elicit FUSH in the axons, it did not elicit any clear
FUSH in the muscle fibers. The focal area of the FUS was large enough
to enclose the entire preparation. The separation between the two elec-
trodes was 200−400 µm, which should easily be enclosed within a
1 × 1.4 mm FUS focal area. Therefore, axon and muscle recording sites
are unlikely to have been subjected to different FUS pressures. Finally, it
should be noted that the microelectrodes used to record from axons and
muscle fibers were fabricated using the same electrode puller setting
and should have identical physical characteristics. Therefore, despite
the identical physical parameters used in axon and muscle recordings,
FUS produced clear-cut hyperpolarization in axons, in both the cooling
and heating experiments, but not in muscle fibers.

The markedly different results for axons and muscles could be due to
differences in the structural organization of the lipid bilayers in these
cells. In the absence of biochemical information on the respective lipid
composition of axons and muscle fibers, comparison of mechanical prop-
erties attributable to the lipid composition of cell membranes are prema-
ture in the context of FUSH. Functionally, there are important
differences between motor axons and muscle fibers. Motor axons have
characteristics typical of excitable cells containing voltage-dependent
Na+ and K+ channels with fast kinetics, which fire action potentials
[28,33,34]. In contrast, muscle fibers at the crayfish opener neuromus-
cular preparation do not fire APs. Muscle contraction in this preparation
is graded by the amplitude of EPSP. In addition to this difference in
channel composition, muscle fibers perform force-generating contrac-
tions, while the motor axons attached to them are pulled passively.
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These two modes of movement may require different types of mechano-
sensitive channels that support their distinct mechanical functions. The
distinct assortments of voltage-sensitive and mechanosensitive channels
in these two cell types could potentially provide a basis for their differ-
ent capacities to manifest FUSH. Specifically, we propose that an axon-
specific ultrasound-sensitive potassium channel with pharmacological
properties distinct from those of K2P channels may underlie FUSH.

Conclusion

We have developed a procedure to consistently produce hyperpolariza-
tion in crayfish axons by applying focused ultrasound below a threshold
pressure for producing depolarization. This enables us to study the mecha-
nism underlying FUSH, which has received relatively little attention com-
pared with FUS-evoked excitation. Here, we tested the hypothesis that
FUSH is produced by activation of hyperpolarizing K2P channels. The role
of K2P in producing FUSH was evaluated by manipulating bath tempera-
ture, which affects the activity of K2P channels, and by using K2P channel
blockers. On the basis of these experimental studies, we conclude that K2P
channels most probably are not the mechanism underlying FUSH. An alter-
native mechanism based on the concept of sonophores in the lipid bilayers
may explain the FUSH observed in axons but does not explain the results
for muscle fibers. The conclusions of this report suggest the need for con-
tinuing investigation of the effects of FUS on both axons and muscles, pos-
sibly by broadly exploring FUS delivery regimens and expanding the use
of pharmacological and genetic tools.
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