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Objectives—To determine whether low-intensity ultrasound (US) can reduce red
blood cell (RBC) edema and, if so, whether the US activity is associated with aquaporin
1 (AQP-1), a water channel in the cell membrane.

Methods—Red blood cell edema was induced by gramicidin D treatment at 40 ng/mL
for 20 minutes and evaluated by a hematocrit assay. Low-intensity continuous wave
US at 1 MHz was applied to RBCs for the last 10 minutes of gramicidin D treatment.
To determine whether US activity was associated with AQP-1, RBCs were treated with
40 uM mercuric chloride (HgCL,), an AQP-1 inhibitor, for 20 minutes at the time of
gramicidin D treatment. Posttreatment morphologic changes in RBCs were observed
by actin staining with phalloidin.

Results—Red blood cell edema increased significantly with gramicidin D at 20 (1.8%),
40 (6.7%),60 (16.7%),and 80 (11.3%) ng/mL, reaching a peak at 60 ng/mL, compared
to the control group (20 ng/mL, P =.019; 40, 60, and 80 ng/mL, P <.001). No signif-
icant RBC hemolysis was observed in any group. Edema induced by gramicidin D at
40 ng/mL was significantly reduced by US at 30 (3.4%; P =.003), 70 (4.4%; P=.001),
and 100 (2.9%; P = .001) mW/cm?. Subsequent experiments showed that edema
reduction by US ranged from 7% to 10%. Cotreatment with HgClL, partially reversed the
US effect and showed a significantly different level of edema compared to gramicidin D-
alone and US-cotreated groups (P =.001). These results were confirmed by micro-
scopic observation of RBC morphologic changes.

Conclusions—Low-intensity US could reduce gramicidin D-induced RBC edema, and
its effect appeared to at least partly involve regulation of AQP-1 activity. These results
suggest that low-intensity US can be used as an alternative treatment to control edema
and related disorders.

Key Words—aquaporin 1; basic science; gramicidin D; edema; low-intensity ultra-
sound; water transport

ater is the major environment of all living cells, and living
Wprocesses take place in water. Plasma membranes are to
some extent permeable to water, with slow diffusion.

Therefore, water exchange through plasma membranes is essential to
maintain osmotic stress and the integrity of the cells. Cellular edema
(ie, cell swelling) is a reversible process and not serious for cells by
itself. However, cellular edema is the first change when cells have a
problem, and it commonly accompanies various cellular pathologic

©2014 by the American Institute of Ultrasound in Medicine | J Ultrasound Med 2014; 33:949-957 | 0278-4297 | www.aium.org



Lim et al—Effects of Low-Intensity Ultrasound on Gramicidin D-Induced Erythrocyte Edema

phenomena. If cells cannot manage cellular edema, they
eventually die. When an organ encounters cellular edema,
cells push each other, which results in mass effects.! It is
thus important for clinicians to manage cellular edema;
however, the clinical means to manage it are limited to
some degree. The most powerful way ever developed is
administration of diuretics, which act on the kidneys to
increase urine output. When urine output increases, the
hydrostatic pressure in the plasma is reduced, which stim-
ulates cells to excrete intracellular fluid. In clinics, diuretics
are used to treat a number of diseases involving edema,
such as heart failure, liver cirrhosis, hypertension, and
certain kidney diseases. However, diuretics depend on the
disease type for their efficacy and paradoxically can cause
edema symptoms with long-term use. Another way to make
cells excrete their fluids is to increase the plasma oncotic
pressure.* Regardless of the approach, current treatments
are roundabout therapies with no clear efficacy, and novel
therapies directly targeting the edematous tissues and
edema mechanism are needed.

Ultrasound (US) is a noninvasive modality that is dis-
tinguished from irradiation in the medical field and causes
no harm to the body.> Low-intensity US is a sonic wave
with an intensity of less than 1 W/ cm? Itis thought to gen-
erate radiation forces, shear stresses, and cavitation without
generating heat energy.® Many studies have suggested that
low-intensity US can modulate diverse cellular activities
and events. Low-intensity US induces expression of various
genes such as hypoxia-inducible factor 1ot in osteoblasts,”
collagen type Il and aggrecans in chondrocytes,® and prolif-
erating cell nuclear antigen in tendon cells.” Low-intensity
US also stimulates proliferation of tendon cells” and chon-
drocytes,'® phagocytosis of macrophages,'! nitric oxide
and prostaglandin E, production in osteoblasts,'* and
chondrogenic differentiation of mesenchymal stem cells.'®
As a therapeutic tool, low-intensity US promotes bone frac-
ture healing,'* cartilage regeneration'® and tendon repair.!°
These US activities probably involve activation of many
cellular signal pathways, including integrin, Rho, and
mitogen-activated protein kinases.'>1516 Therefore, low-
intensity US is not a simple mechanical force but an active
regulator of diverse cellular functions.

We have also shown previously that low-intensity US
of less than 500 mW/cm? can reduce knee edema by
decreasing synovial fluids in the joint space in rabbit
osteoarthritis and rat adjuvant-induced arthritis models.!”18
In these studies, low-intensity US also showed a potent
anti-inflammatory and therapeutic effect on disease
phenotypes. The mechanism of low-intensity US is not
clear, but this result suggests the possibility that it can
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directly affect cellular or tissue edema. Ultrasound haslong
been used in clinics as physical therapy for musculoskele-
tal management, including tissue edema.'® It has also been
thought to affect the porosity of cell membranes and
thereby had been applied to drug delivery.?® In the former
case, varying US conditions, including low-intensity US,
have been used but are still controversial because of their
action mechanisms and therapeutic benefits. For drug
delivery, high-intensity US of greater than 1 W/cm? has
commonly been used, but some studies used low-intensity
US.222 However, these studies mostly focused on the
mechanical perturbation of the cell membrane and deliv-
ery of therapeutic drugs, and no information is available on
the effect of low-intensity US on water transport across the
cell membrane.

In this study, we investigated the effect of low-intensity
US on cellular edema induced by gramicidin D in rat red
blood cells (RBCs). We thought that it was better to use
cellular edema than tissue models for determining the
direct effect of low-intensity US on water transport. Red
blood cells are widely used to study cellular edema because
they are easily available and have the advantage that sub-
stantial changes under osmotic stress can be easily
detected.?3 Our aim was to determine whether low-
intensity US can reduce RBC edema and, if so, whether
the US activity is associated with aquaporin 1 (AQP-1),a
water channel in the cell membrane.

Materials and Methods

Preparation of the RBC Suspension and Hematocrit
Measurement

A 10-mL volume of blood was taken by cardiac puncture
from a male Sprague Dawley rat (250 g; Samtako, Osan,
Korea). All animals were maintained in accordance with
the policies of the Institutional Animal Care and Use
Committee of Inha University. On the day of collection,
blood samples were centrifuged at 3000 rpm for 10 min-
utes to remove the supernatant and the buffy coat. Red
blood cells in the pellet were washed 3 times with normal
saline (0.9% sodium chloride, wt/vol) by repeating the
centrifugation each time. Finally, the pellet was resus-
pended in the equal volume of normal saline to make a
50% (vol/vol) hematocrit. To measure the hematocrit,
RBCs in suspension were aspirated into capillary tubes.
The tubes were sealed with a sealer and centrifuged at
3000 rpm for 5 minutes in a hematocrit centrifuge (VS-
1200; Vision Scientific Co, Bucheon, Korea). The hema-
tocrit was calculated by the volume ratio of centrifuged
RBCs to the whole sample.
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Measurement of RBC Hemolysis

The RBC samples were harvested by centrifugation at 3000
rpm for 3 minutes. Supernatants were collected and diluted
100 times for measuring the optical density at 560 nm.
The results were compared with a standard hemolysis curve
to determine the degree of hemolysis of the samples.

Red Blood Cell Edema Model

Red blood cell edema was induced with gramicidin D
(Sigma-Aldrich, St Louis, MO). Gramicidin D is known
to promote accumulation of intracellular sodium ions
(Na*) and rapid excretion of potassium ions (K*) out of
cells.?*?5 Gramicidin D was administered to a 50% (vol/vol)
RBC suspension at the concentrations indicated in each
experiment for 20 minutes.

Low-Intensity US Stimulation

A 2-mL volume of the RBC suspension in saline (50%,
vol/vol) was placed in a 35-mm culture dish and treated
with continuous wave US for 10 minutes at a frequency of
1 MHz and an intensity of 30, 70, or 100 mW/cm? The US
equipment was custom made in cooperation with Korust,
Ltd (Anyang, Korea), and contained 6 transducers of 35 mm
in diameter and 10 mm in thickness for research use.
The transducers were immersed in water, and cells in cul-
ture dishes were placed on top of the water from a 1-cm
distance so that the US was transmitted through the water
and the plastic bottom. The samples in a set of experiments
were treated with US at the same time. The samples in the
same group were treated separately. The transducers were
calibrated regularly and assigned randomly to each sample.
The US parameters were based on our previous experi-
ments treating osteoarthritis using low-intensity US.!%1517
The US intensity was precalibrated with a power meter
(UPM-DT10-100AV; Ohmic Instruments, St Charles,
MO). The time point of US application was right before
or during the gramicidin D treatment so that the analysis
time was the same for all treatment groups.

Mercuric Chloride Treatment

Mercuric chloride (HgCL) is known as an AQP-1
inhibitor.2* Where indicated, RBCs (50%, vol/vol) were
treated with HgCl, (40 uM) for 20 minutes at the time of
gramicidin D treatment.

Staining of Actin Filaments

Red blood cells were smeared onto a glass slide. Samples
were fixed with 0.5% glutaraldehyde in a potassium chloride
solution containing 130 mM potassium chloride, 20 mM
potassium/sodium phosphate buffer, 10 mM glucose, and
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1 mg/mL bovine serum albumin (pH 7.8) for 20 minutes.
To quench excess aldehyde, RBCs were incubated in
phosphate-buffered saline (PBS) containing 0.1 M glycine
for 30 minutes at room temperature, followed by perme-
abilization with 0.05% Triton X-100 in PBS for 10 minutes.
After washing 3 times in PBS, RBCs were stained for F-actin
with rhodamine-phalloidin (Invitrogen, Carlsbad, CA) in
PBS for 40 minutes. Fluorescence images were visualized
by a confocal microscope (LSM 510 Meta; Carl Zeiss,
Oberkochen, Germany). The size of the RBCs was deter-
mined by image analysis software (Axio-Vision Ver; Carl
Zeiss).

Statistical Analysis

All experiments were performed 3 times, each of which
consisted of 4 samples per group. The data are expressed as
mean * standard deviation. Statistical significance was
analyzed by 1-way analysis of variance followed by the
Scheffé test using SPSS version 12.0 software (IBM
Corporation, Armonk, NY). P < .0S was considered sta-
tistically significant.

Results

Titration of Gramicidin D Concentrations and US
Intensities

We used gramicidin D to induce RBC edema under an iso-
tonic circumstance.”S Red blood cells were incubated with
gramicidin D for 20 minutes at 0, 20, 40, 60, and 80 ng/mL.
As shown in Figure 1A, RBCs treated with gramicidin D at
60 ng/mL were the most edematous, reaching a peak value,
where their volume (66.7% + 2.0%) increased by 16.7%
(P <.001) compared to the control group (50.0% + 1.3%).
Gramicidin D at 20 (51.8% + 1.1%), 40 (56.7% + 2.2%), and
80 (61.3% + 1.0%) ng/mL also showed significant increases
in RBC volume (20 ng/mL, P =.019; 40 and 80 ng/mL,
P <.001). There was no significant RBC hemolysis at any
gramicidin D concentration in our experiments (Figure 14,
open squares). To evaluate the effect of low-intensity US on
RBC edema, we chose 40 ng/mL as the lowest gramicidin D
dose with minimum toxicity and sufficient activity to induce
edema. In parallel, the effect of low-intensity US alone on
the hematocrit and hemolysis of fresh RBCs was assessed at
varying intensities. Red blood cells were treated with US
for 10 minutes at 30, 70, and 100 mW/cm? The hematocrit
in the RBCs decreased about 1.9% + 0.07% at 30 mW/cm?
(control, 50.0% + 10.3%; 30 mW/cm?, 48.1% + 1.0%) but
did not change at all at higher US intensities (Figure 1B).
No significant hemolysis was observed again at any US
intensity (Figure 1B, open squares).
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Effect of Low-Intensity US on RBC Edema Induced by
Gramicidin D

We then evaluated the effect of low-intensity US on RBC
edema induced by gramicidin D. Red blood cells were
treated with gramicidin D at 40 ng/mL for 20 minutes.
Low-intensity US was first applied at 0, 30, 70, or 100
mW/cm? for the last 10 minutes of gramicidin D treatment,
when RBC edema occurred sufficiently. The hematocrit
data showed that RBC edema induced by gramicidin D
was clearly reduced by US at all intensities tested, with sta-
tistical significance (30 mW/cm?, P =.003; 70 mW/cm?,
P =.001; 100 mW/cm?, P =.001). The reduced values
were 3.4% at 30 mW/cm?, 4.4% at 70 mW/cm?, and, 2.9%
at 100 mW/cm?; there was no significant difference among
US intensities (Figure 2). Significant RBC hemolysis was
not observed in any group, including the cotreated samples
(Figure 2, open squares). These results suggest that low-

Figure 1. Effect of gramicidin D and low-intensity US (LIUS) alone on
fresh RBCs. A, Red blood cells (50%, vol/vol) in PBS were treated with
gramicidin D at 0, 20, 40, 60, and 80 ng/mL for 30 minutes. Hematocrit
was measured to examine RBC edema (bars), and hemolysis was deter-
mined to examine cell lysis (open squares). B, Ultrasound was applied
to RBCs (50%, vol/vol) in PBS for 10 minutes at intensities of 0, 30, 70,
and 100 mW/cm? before examining the hematocrit (bars) and hemolysis
(open squares). Data are presented as mean + SD from 3 independent
experiments.
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intensity US could reduce gramicidin D-induced RBC
edema without appreciable cell damage.

To further understand the mode of action of low-
intensity US, the time point of US application was varied in
the next experiment. Low-intensity US (70 mW/cm?) was
applied to the RBCs for 10 minutes right before (Pre), at
the beginning (First), or at the end (Last) of gramicidin D
treatment for 30 minutes. Red blood cell edema induced
by gramicidin D (65.7% + 1.0% hematocrit) was signifi-
cantly decreased by low-intensity US only when it was
applied for the first (57.4% + 0.7% hematocrit; P <.001) or
last (57.1% + 3.2% hematocrit; P = .009) 10 minutes of
gramicidin D treatment (Figure 3). Application of US
before gramicidin D treatment showed no statistically
significant difference in RBC volume from that of the
gramicidin D-alone group. These results suggest that low-
intensity US did not have any preconditioning effect on
RBCs but, by any means, inhibited or reversed edema
formation by gramicidin D.

Effect of HgCl, and Low-Intensity US on RBC Edema
Induced by Gramicidin D

Water flow through the cell membrane is mainly mediated
by a water channel called AQP. Red blood cells are known
to express AQP-1. To investigate the role of AQP-1in RBC
edema induced by gramicidin D and the inhibitory effect of
low-intensity US, we used HgCl,, which is known to inhibit
AQP-1 function by binding on its cysteine 189 residue.25%’
Red blood cells were treated with gramicidin D (40 ng/mL)
for 30 minutes in combinations with HgCL, (40 uM) for
the first 20 minutes and low-intensity US (70 mW/cm?)

Figure 2. Effect of low-intensity US (LIUS) on RBC edema induced by
gramicidin D (GD). Gramicidin D was administered to RBCs (50%,
vol/vol) in PBS at 40 ng/mL for 30 minutes. Ultrasound was applied
alone orin combination with gramicidin D at 30, 70, and 100 mW/cm? for
the last 10 minutes of gramicidin D treatment. Hematocrit was meas-
ured, and values are presented as mean + SD from 3 independent exper-
iments. Hemolysis is also presented (open squares).
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for the last 10 minutes. As shown in Figure 4A, HgClL,
alone decreased the gramicidin D-induced RBC edema
by 5.0% (57.1% + 3.8% hematocrit), and the combination
of US and HgCl, resulted in a hematocrit value between
those of each treatment (55.3% + 1.3% hematocrit; P=.001).
As above, gramicidin D induced RBC edema by 10.3%
(60.3% + 2.8% hematocrit) compared to the control group
(50.0% + 1.6% hematocrit). Ultrasound treatment again
clearly decreased the gramicidin D-increased hematocrit
by 7.5% (52.8% * 1.5% hematocrit; P < .001). We then
tried to observe the morphologic characteristics and size of
the RBCs under a microscope after phalloidin staining
of actin fibers (Figure 4B). The images collected were dig-
italized at a resolution of 32 bits into an array of 2048 pix-
els (Figure 4C). The results showed again that gramicidin
D treatment induced RBC swelling, and low-intensity US
and HgCl, alone (P <.001) and in combination (P <.001)
significantly decreased the gramicidin D effect compared
to the control group. The almost complete inhibition of
the gramicidin D effect by HgCL, might be due to the lim-
itations of 2-dimensional image analysis. The distribution
of actin fibers appeared not to be changed substantially.
Taken together with the hematocrit data, these results sug-
gest that both low-intensity US and HgCl, had an
inhibitory effect on gramicidin-induced RBC edema.

Figure 3. Effect of time points of low-intensity US (LIUS) treatment on
gramicidin D-induced RBC edema. Ultrasound (70 mW/cm?) was
applied on RBCs (50%, vol/vol) for 10 minutes right before gramicidin D
treatment for 30 minutes (Pre) or for the first (First) or last (Last) 10 min-
utes of GD treatment. Hematocrit values are presented as mean + SD
from 3 independent experiments. Hemolysis is also presented (open
squares).
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Discussion

To our knowledge, a study investigating the effects of
low-intensity US on cellular edema has not been reported
previously. The results showed that low-intensity US could
reduce RBC edema induced by gramicidin D. The fre-
quency of the US was 1 MHz, and intensities of 30, 70, and
100 mW/cm? showed no significant differences in the
reduction levels of RBC edema when US was applied for
10 minutes. The effect of low-intensity US was observed
when it was applied at the same time or after gramicidin D
treatment but not when the RBCs were preconditioned
with US. The mechanism of low-intensity US is still
unknown, but it appears to involve regulation of AQP-1
function because HgCl,, an AQP-1 inhibitor, partially
reversed the US effect. Taken together with previous
reports, including ours on the reduction of joint edema
by low-intensity US,'!® the results of this study suggest that
low-intensity US could be a therapeutic tool for treating
edema in many pathologic diseases. Further studies are
needed to investigate the effect of low-intensity US with
different parameters (pulse type, intensity, frequency, duty
cycle, and treatment time) to understand its mode of action
and find optimal conditions for various experimental models.

Cellular edema can be induced by several factors, such
as impaired membrane permeability and osmotic imbal-
ance. In this study, we induced RBC edema by using gram-
icidin D. An antibiotic compound, gramicidin D is a linear
polypeptide made up of 15 hydrophobic amino acidsin a
levo-dextro sequence.?® Gramicidin forms a cation-selective
channel as a dimer stabilized by 15 intramolecular and 6
intermolecular hydrogen bonds. The gramicidin channel is
gated by association and dissociation of dimers and is a
good model for narrow, low-conductance channels (such
as the selectivity filter region of K* channels).?’ The size of
the gramicidin channel is approximately 0.4 nm in diame-
ter, which is large enough to accommodate the passage of
monovalent cations. Ion selectivity is observed in the order
of Cs* > Rb* > K" > Na* > Li*, and divalent cations such
as Ca** block the channel.!® Vitvitsky et al*® reported that
gramicidin D caused K* to rapidly leak and Na* to accu-
mulate intracellularly within RBCs. A change in the cation
concentration within the cell causes influx of water into the
cell and, eventually, edema. The interval needed to reach
the equilibrium between the intracellular and extracellular
ion concentrations ranged from 30 minutes to several
hours, depending on the gramicidin D concentration.>
When gramicidin D was administered to RBCs for 30 and
60 minutes, RBC hemolysis was observed at 60 minutes
but not at 30 minutes.
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The two therapeutic mechanisms of US with diverse
frequencies and intensities are thermal and nonthermal
effects. This study used US of 100 mW/ cm? or less in
intensity. The cellular effect of low-intensity US generally
involves nonthermal mechanisms such as radiation forces,
shear stress, and cavitation.® These micromechanical forces
can give rise to both physical and biochemical changes in
target cells and tissues; thus, low-intensity US can reduce
RBC edema. Practically, there were several possibilities for
the low-intensity US mechanism in this study. First, the
US might have physically perturbed the plasma membrane
and thus increased its permeability to water molecules.
We think, however, that the US mechanism did not involve
this possibility because its intensity was very low to directly
increase membrane permeability, and the US effect was
deregulated to some extent by HgCL,, an AQP-1 inhibitor.
Second, the US might have directly regulated AQP-1 activity.
We speculate that the mechanical force of low-intensity US
could affect the AQP-1 structure and activity directly or via
induction of changes in plasma membrane topology or
other cell surface proteins such as integrins. It was recently
shown that AQP-2 and AQP-4 activity could be regulated
by integrins and extracellular matrix molecules.>"3* Last,
the US might have regulated other cell surface molecules
such as an osmotic pump or a sodium-potassium channel,
thereby indirectly affecting AQP-1 activity. Changes in the
activity of these osmotic pumps and ion channels on the cell
surface could disrupt osmotic or ionic balances and even-
tually cause changes in AQP-1 activity. The low-intensity
US activity cannot be specific to APQs and could induce
diverse changes in cells. Therefore, we think this process
is the most likely mechanism of the low-intensity US effect.

There are several low-intensity US parameters such
as intensity, frequency, exposure time, and waveform that
can influence its edema-reducing effect. The parameters
specific or optimal for low-intensity US effects were not
identified in this study because we used fixed US condi-
tions except intensity. In a previous study, treatment with
low-intensity US at 500 mW/ cm? and less than 100 kHz for
7 minutes induced porosity of and efficient gene delivery
into rabbit RBCs without a significant loss of cell viability.>!
In another study, treatment with low-intensity US at
450 mW/cm? and 255 kHz for 30 minutes induced some
structural changes in the membrane of HL60 leukemia
cells.3 The authors did not observe conspicuous pits
or pores but did not rule out the possibility of small pores
or ruptures occurring on the cell membrane. Although the
US frequency was different, this study administered US at
less than 100 mW/cm? for 10 minutes, which might have
been sufficient to induce some changes on RBC mem-
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Figure 4. Effect of HgCl, on low-intensity US (LIUS) activity to alleviate
gramicidin D (GD)-induced RBCs edema. Gramicidin D (40 ng/mL) was
administered to RBCs (50%, vol/vol) for 30 minutes. HgCl, was admin-
istered for the first 20 minutes of gramicidin D treatment, and then low-
intensity US was administered for the last 10 minutes. A, Hematocrit was
measured, and values are presented as mean + SD from 3 independent
experiments. Hemolysis is also presented (open squares). B, The actin
cytoskeleton of RBCs was stained with phalloidin-Texas Red, and fluo-
rescentimages are presented. Scale barindicates 10 pm. C, The area of
stained RBCs was measured from the images, and relative values are
presented as mean + SD from 3 independent experiments.
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branes or activate cell surface proteins. We tested but
observed no significant differences among US intensities of
30,70, and 100 mW/cm?. It is not clear, but all intensities
tested could have been strong enough to have the edema-
reducing effect. We speculate that higher US intensities can
generate too much mechanical energy, including heat, and
cause highly nonspecific effects on cells. We could not test
US intensities less than 30 mW/cm? and frequencies other
than 1 MHz because of limitations of the US device used.
In our previous study, low-intensity US showed some dose-
dependent edema reduction in a rat inflammatory arthritis
model when applied at 30, 100, and 200 mW/cm? for 10
minutes.'® It may not be directly correlated in terms of bio-
logical mechanisms, but higher US intensities appeared to
work in the animal study. This study used a continuous
wave as a source of US, which might have caused stand-
ing waves by a reflection against the bottom of the cul-
ture plate. Comparisons among different US waveforms
(continuous versus pulsed) and duty cycles also need to
be performed in further studies.

Aquaporins are a family of transmembrane channels
that allow water flow along osmotic gradients.>* They are
known to play key roles in both cellular and tissue edema.
For example, AQP-4 is involved in cerebral edema, and its
deletion in mice reduces brain edema after acute water
intoxication and ischemic stroke.>> Myocardial edema was
alleviated by inhibiting the function of AQP-1.3¢ HgCl,
was known to inhibit AQP-1 activity reversibly by covalent
modification of cysteine 187 located outside the plasma
membrane.”* Water permeability was shown to decrease
30% to 40% by 0.5 mM HgCl, in lung tissue.’” In this
study, HgCl, partially reversed gramicidin D-induced RBC
edema in the hematocrit when administered at the same
time as gramicidin D treatment. This partial inhibition
might have been due to the competitive effect of HgCl,
and gramicidin D on RBC edema and the reversible mode
of HgCl, action. This study also showed that combined
treatment with low-intensity US and HgCl, in the presence
of gramicidin D resulted in an intermediary level of RBC
edema in the hematocrit, which meant a partial inhibition
of US activity to reduce gramicidin D-induced RBC edema
by HgCl,. Therefore, the US effect on RBC edema appears
to be mediated at least in part by its action on AQP-1 activ-
ity. HgCL,, an AQP-1 inhibitor, showed a similar inhibitory
effect on the gramicidin-D induced RBC edema in this
study. However, it is not clear at present whether low-
intensity US also played an inhibitory role because of the
complex mode of action of Hg** on RBC edema depend-
ing on the experimental context. The effect of Hg** on
human RBCs has been shown to strongly decrease under
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swelling conditions, as in the case of gramicidin D-induced
edema in this study.*® In addition, Hg>* can activate K*-
selective Gardos channels on RBCs to excrete K¥, causing
eventual water efflux and cell shrinkage.?” Although we could
not detect any changes in RBC volume after HgCl, treat-
ment alone (data not shown), these multiple actions of
Hg** make our results very complicated and unpredictable.

Therapeutic benefits of US are commonly attributed to
reduction of pain and edema. In a previous report, low-
intensity US reduced postoperative pain and swelling and
accelerates bone healing in rabbits.!* It was also shown to
increase intra-articular delivery of hyaluronan across the syn-
ovial membrane in rabbits.** The results of this study further
indicate the effect of low-intensity US in regulating perme-
ability and water transport across the cell membrane. Itis not
definitely clear, but it is plausible that these US activities are
involved in its therapeutic benefit in reducing synovial edema
in animal models, as shown in our previous studies.!”!8 Low-
intensity US caused a 7% to 10% reduction in RBC edema at
best, but we think it can have a critical influence on edema
formation and disease progression in vivo, considering the
complexity and signal amplification of physiologic systems.
It could be particularly true when low-intensity US is admin-
istered repeatedly for a long time. Edema occurs when an
excessive volume of fluid accumulates in tissues, either within
cells (cellular edema) or within the collagen-mucopolysac-
charide matrix distributed in the interstitial spaces (tissue
edema). Cellular (cytotoxic) edema results primarily from
dysregulation of the osmotic gradient across membranes,
which is seen early in ischemic and toxic injuries.! Circulat-
ing RBCs are more prone to cellular edema than other cells
because they are exposed to high oxygen concentrations. Oxi-
dation of cell membrane components may lead to a nonse-
lective increase in the membrane permeability to cations.*!
Impaired membrane permeability will result in an osmotic
imbalance between the cell and the medium and, hence, in an
increase in the cell volume.*® The gramicidin D-induced
model in this study may not be exactly the same but can
mimic naturally occurring RBC edema. Gramicidin D
induces a change in the cation concentration within RBCs
and causes an influx of water into the cells and, eventually,
edema. Tissue edema may occur as a result of aberrant
changes in the pressures (hydrostatic and oncotic) acting
across the microvascular walls, alterations in molecular struc-
tures, or alterations in the lymphatic outflow system.*
It could be independent of AQP and in more complicated
environments may involve many different cell types and the
integrity of cell-to-cell junctions.** Therefore, the effect of
low-intensity US on tissue edema might also depend on the
tissue environment and disease cases.
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In conclusion, this study indicates that low-intensity

US has an inhibitory effect on gramicidin D-induced
RBC edema, probably via the regulation of AQP-1 activity.
Our results suggest therefore that low-intensity US could
be an alternative to conventional therapy for reducing edema.
Further studies are necessary to understand the exact
mechanism of low-intensity US at various parameters and
to examine whether it has therapeutic effects on other types
of cellular and tissue edema and on edema-associated
diseases in animal models.
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