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A STUDY OF THE EFFECTS OF ULTRASONIC WAVES ON THE
REPRODUCTIVE INTEGRITY OF MAMMALIAN CELLS
: CULTURED IN VITRO

Bambino Isidonio Martins
Lawrence Berkeley Laboratory
University of California

-+ Donner Laboratory ‘
Berkeley, California 94720

ABSTRACT .

The effects of monochromatic ultrasonic waves of 0.1, 0.5, 1.0,

2.0 and,.3;3 Miz frequency on the colony-forming ability of mammalian

cells (M3-1, V79, Chang's and T-1) cultured in vitro have been studied
to determine the nature of the action of ultrasonic energy on biological

systéms at the cellular level. The combined effecf.of'ultrasound and

X-Tays has also been studied.

The following dbsefvations have been made:

(1) The survival curves, in contrast to those for idnizing
rédiétibné, are nearly logarithmic; but the slope of the line decreases
with incréasihg dose. - |

tZ) The lethal effects are dose;rate dependent and have a thres-

hold dose rate..

(3) Different cell lines show slightly different sensitivities.

(4) The shape of the survival curve for different frequencies

is similar.
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(5) Microscopic examination shows that cells exposed to 0.5,

1.0 or 2.0 MHz appear similar. Microscopic appearance of cells exposed

to 0.1 or 3.3 MHz is also similar; however, it is different from that
| of cells exposed to 0.5, 1.0 or 2.0 Miz. Scanning electron micrographs
of M3-1 cells exposed to 1.0 Miz show characterlstlc bumpy outer sur-
‘face compared with the smooth outer surface of unexpoSed cells,

(6) For M3-1 cells, 0.5 Miz is found to be the most effective
of 0.5, 1.0, 2.0, and 3.3 Myz frequencies.

(7) Dose fractionation shows that exposure to ultrasound sensi-
- tizes the cells to subsequent treatment, in contrast to the effect of
X-rays. ‘

(8) Cells inM and Gl phase are more resistant than those in S
phase, in contrast to the effect of X- -rays. |

(9) There is a small synergistic effect between ultrasound and
X~ rays. The degree of synergism depends on X-ray dose and the time
interval between treatments, and is greater when ultrasound follows

than when it precedes X-rays

It is concluded that:
(1) Ultrasonic irfadiatfon causes both lethal and,sublethal
‘damege.
(2) There is a threshold dose rate for lethal effects.
(3) The effectiveness of ultrasonic wates in causing cell death
probably'depends on the frequency and the amplitude of the waves for

a given cell line, indicating a possible resonance phenomenon.
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(4) The lethal effects are not due to cavitation because the
intensities used are much 10wer than those required to produce cavita-
tion, nor are they pr:marlly due to temperature because they are
observed even when the temperature does not exceed. 37°C.

- (5) 'Ihere seem to be ‘two mechanisms responsﬂ)le for - cell death |
at 0.1 and 3.3 M{z cell death probably results. from coagulat:lon of -
protoplasm but for 0 5, 1.0, and 2.0 M—Iz the primary cause of cell
death seems to be damage to the cell membrane

(6) Synerglsm between ultrasound and X-rays may be due to an inter-

- action between the nuclear damage . caused by X-rays and thevvdalnage ‘to. the

‘cell membrane caused by ultrasound.
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I. [INTRODUCTION

".Studying the effects of environmental factors-bh biological -

| systems has become inc‘reé;singly important in this day and age, as the

irery existence of life on this planet--some wou1d:. have ‘us belieVe--_is

ﬁlreatened by man's interference with the ecosystem of our earth. Two

such ennronmental factors are sonic vibrations ‘and ionizing radiations.

The effects of ionizing radiations have been extensively studied, but

little work has been done on the| effects of sonié-'vibrations on‘livihg '

systems o ‘ ‘

Sonic v1brat10ns of vario 1nten51t1es and frequenc1es are pro-

dnced all around us, either deli erately for a speclflc des:Lrable effect

or as "pollutants'--an undesirable byproduct of an industrial society. .

Using audibility by the human ea and frequency '(the number of complete

| oscillations executéd by a particle in unit time) as the criteria, we .

can classify sonic vibrations into three categories:

(1) Audiofrequencies. This is the range of frequeﬁcies that can -

be heard by man. There are indi idual variations regarding. the lower
| and uppér limits on the ‘_r.ange '6f audiofrequenciesv, but comnonly the

rénge is taken to be from 16 Hz to 16,000 Hz. (Hertz, which is abbre-

v1ated Hz, is the wnit of frequechy and is defined as 1 cycle per- second

3 42 and Miz = 105 Hz.)

(2) Subsenic frequenc1es “These are frequeﬁcies-from 0 to”16 Hz.
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(3) Ultrasonic frequeneies. These embrace all frequencies above

16,000 Hz. The upper limit for ultrasomc frequenc1es is set at around
500 Miz by practical 11m1tat10ns of the generators Frequencies above
15 MHz are sometimes referred to as mlcrowave ultrasomc frequenc:les V
'_because at those hlgh frequenc1es, even though particle vibration is
st111 belng pmduced the very short wavelengths tend to make the waves

’ _behave like electromagnetlc microwaves.

B. Literature Rev1ew

Langev1n, around 1920 was one of the first to observe the lethal
effects of ultrasound on 11v1ng organisms. 2 During his 1nvest1gat10ns
on the use- of ultrasound for submarine locatlon, he noticed th.at small

'mamne orgamsms that wandered into the path of his beam were killed
rapldly. ~ Because of this, the idea of using ultrasound as death-rays
was coneidered; Ahut it was not seriously explored.

Since then:‘many studies have been made on ‘the biological effects
of ultrasound and today ultrasound is used extenswely in blology,
med1c1ne and dentlstry

Ultrasomd has been used for such diverse purposes as the produc-

3,4

tionv of holograms, >" the removal of bacteria contained in a milk film

fi)ted on metal surfaees ;5 the det'e_mination of body tissue composition

in slaughter arlinxais,6-14 ‘the treatment of wine to improve its bouc{ue't
and taSte,15 the treatment of famm crop seeds to obtain better yield, 6

and the treament of menstrual disorders in women.17 But the primary

application of ultrasound in biology has been for the breaking down of
cells and the preparation of cell fractions, suwh as enzymes, to study:
metabolic pathways and to investigate 1oca112at10n of cell components

within the ce11.18 -20
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In medieine, the use  of ultrasound parallels the use of X-rays.21

Therapeutic uses of ultrasound, as in treatment of Méniete's and
Parkinson's diseases), generally require high intensities, while low-
1nten51ty ultrasound is used in‘diagnosis to obtaln "echograms", i. e.s

v15ua.1 images of objects arising from 1nhomogenet1es in_acoustic. absorp-

tion. At 1nte1med.1ate 1nten51t1es ul trasound 1s‘.'use.d»_1n phy_s;otherapy i

_'(dlathermy), mainly as a source of heat.
In dentlstry, two frequency ranges are used the low- frequency
_'range (20 to 30 KHz) is used mainly for mechanlcal processes such as
'cleanmg and dr1111ng of teeth, peridontal- prophyla.ns and amalgam '
.packlng, the high- frequency range (500 ‘to 1,000 KHz) is used thera-‘
: peutlcally in the treatment of clinical cond1t10n5 such as pulpltls
22 '

- post- -extraction edema, and neuralgia.

The b1010g1ca1 medical, and dental applications of ultrasound

21 23,24 26

Fry and Dunn,25 Grossman et al,
28

are reviewed by Newell,
.27

Kelly,

Goldberg and Sarim,“’ Brown and Gerden, and'Hill.zg» The physical,

chemical and bioiogical effects of ultrasound are,described in detail

30 who. has also reviewed the literature extensively. The

by El'piner,
work relevant to the biological effects of ultrasound at.the cellular -
level will be descirbed here. |

Follow1ng the initial observations of Langevin, Wbod and: Loom1531
in 1927 reported the rupture of Paramecium and Spirogyra in an ultra-

52 took cinephotomicrographic

sonic field; and in 1932 Harvey and Loomis
pictures of sea urchin eggs contained in a drop of liquid and exposed
to ultrasonic waves; they observed that cell rupture required less than

1/1200 sec.




These early reports described mainly the almost total disintegra- .

tion of a large variety of ‘unicellular and invertebrate organisms.

33

More subtle effects have been observed since then. Schmitt®> in 1929.

observed rotation and fragmentation of the nucleolus of Asterias eggs.

| Femdt reported that Paramecium exposed to low ultrasonic 'intensities

performed rapld c1rcular motion which slowly stopped the outer mem-

brane becoming detached and burstmg, releasmg the cytoplasm into the B

outside medlum_.

35,36

Dyer and Nyborg observed complex patterns of order'ed.motion.

of intraceliular inclusions in individual cells of plants uhen high-.

- freque‘ncy vibrations were appiiedlto.selected'regions of the cell wall .

Hughes and Nyhorg37'

exposed suspensions -of fresh erythrocytes in'O.Q%
saline to vibrations of 85 Kz freQueney and 0.05 to 5 u.amplitude by
dlppmg a VJ.brat:mg needle mto the suspensmn, and observed the cells ;
| "in a mlcroscope 'Ihey found that under a vanety of condltlons the .
ells were readily damaged, the number of damaged: cells 1ncrea51ng W1th
1ncrea51ng amplltude Suspen51ons of the protozoon etrahmena

' fpy_rlfo S were exposed under the same condltlons, and depending

- mainly on the amplltude s effects ranging from temporary inhibition of
motility to complete disruption were found. By cinephotomicrography .
the experimehteis noticed tha.tl the cells became violently disto;‘ted‘ ‘
as" they entered the region of highest streaming speeds near the tip of
_ the needle, and the contents of 'the cell moved 1n a circular manner |

relative to the. cell motion. When suspensions of E. coli in water or.

in 0.9% NdCl were t-re,eted similarly, Hughes and Nyborg observed many .

empty cells with significant amounts of protein released from the cells.
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However, they found that bacteria are more resistant than erythrocytes:

or protozoa. They -ascribed the damage to shearlng due to streamlng

" motions and not" to cav1tat10n, which is the fbrnmtlon of vaculoles in

2 11qu1d exposed to sonic v1brat10ns.

Wilson et al. 38

the surface of egg cells of marine 1nvertebrates produces rotation,

translation, defbrmatmon, and fragmentatton of ‘the nucleoli; rotation
and deformation of nuclei; acoustic streaming of nucleoplasm and cyto-
plasm; deformation of the cellular surface; and fragmentation of the
cell.

According to Bl'piner the action of ultrasound on mlcroorganlsms

is of a .complex and diverse nature. He rules out temperature as a

prlmary factor in many of the effects of ultrasound that have been -
obsorved in mlcroorganlsms and says that the bacter1c1dal effect of

ultrasound is due primarily to cavitation in an aqueous medium. Dif-

'.ferent bacteria differ from one another in their sen51t1v1ty to ultra-
| sound It is be11eved that the size and the shape of the bacterium is:

a 51gn1ficant factor in the dlfferentlal sensitivity of m1croorgan15ms

to ultrasound

' For v1ruses, too, the sensitivity to ultrasound depends on the

structure and 51ze‘of:the virus particle. El'piner et a1,

,that-ultrasound produces distinctive disturbances in the structure of:
B phage T 2, from whlch “they were able to Jjudge features of the morpho-

'loglcal structure of thls phage of the seven T-phages active agalnst

E. c011 TZ’ Cps 6 and T8 are more sensitive to ultrasound and also

';to X-rays, ultrav1olet light, and radioactive phosphorous as’ compared

with Tl’ T3 and T7 which are more re51stant to ‘ultrasound and also to

the other physical factors mentioned above.’

“reported that ultrasound of 85,000 Hz applied. to

have shown




. Sudo and Dworkin40 studied the resistance of vegetative cells

and microcysts -of Myxococcus xanthus. . They' found that the microcysts

‘were 19.3 times as resistant as the vegetaﬁive cells and that the resis-
tance developed during the conversion of rods to refractile spheres.
Ultrasound does not seem to cause coarse mechanical breaks in

yeast cells even after prolonged irradiation at high intensities

30

(El'piner™"; Martins et a1.41). Lependin and Ustinova42 report that

Bel'kevich et al. ‘found that the greatest destruction for yeast cells.

41

occurs at a frequency of 400 KHz; but Martins et al.”  found that for

inhibiting colony formation in S. cerevisiae (strains BZ34 and X841)

1.0 Mz is the most effective of the following frequencies' that were
tested: 0.5, 1.0, 2.0, and 3.3 Miz.

The role of ultrasound as a mutagen is discussed by Gordon.*®
He says fhat ultrasound produces both structural and gene mutations
and that a number of authors have found that ultrasound is »alﬁle to
cause breéks 'in dxromsomeé and in single chromatids, but. chromosomal
rearrahgelﬁent or réc:dmbination has not been extensively I._reported.b A~.
doubling of the chromosomes to form polyploids has also been feported. .
Gordon considers three possible mechanisms for the mutagenic effect of
ultrasound: high pressures and accelerations causing movements. within
cells, generation of heat at points, and cavitation. He concludes
‘that although there is much evidence to the contrary cavitation is
probably the cause of the mutagenic actibn of ultrasound. However,

the observatlons of Martins et al. 41 on the ultrasonic production of

"-Arg Teverse mutants" in ‘S. cerevisiae 1nd1c:ate that the increase. in '

Teversion mutatlon. frequency was not caused by c_av1tat10n.
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‘Studies on the abnormal embryonic development in Drosophila

ogaster induced by ultrasonlc treatment of the eggs at the syncytlal
blastoderm Stage at 1 Mz with 0.3 to 0.5 W/cm for. 30. sec are reported
by Selman and Counce M Kirsten, Zinsser and R1ed45 reported that
whole-body irradiation of LalF:l mice at 1 MHz frequency for 5 mln both
contlnuously and in pulses (1nten51ty 1/7 to 4 W/cm ). did not produce '
genetlcvdamage (gverage litter size being the crlterlon_.use_d) in those
mice that were unaffected by the sonication (no .skin burn) when these
were bred brother-cross-sister for six litters..

Stimulatory effects of ultrasonic waves were first reported by

46

Istomina and Ostrosvkn. They ‘found that ultrasonic treatment of

potato seeds 1ncreas_ed the weight of the tubers and reduced the weight-
‘of the leaves. ‘Stimulatory effects of ljltrasound on the germination " .

of seeds and on pmduct1v1ty of fodder beans have been reported by

16 47

Rubtsova,™ while Watmough et al.”’ found that ultrasound caused- a

reduction in the growth rate of Seedlings of Vicia faba.
Observations on the effects of ultrasonic waves on »metabolism_

and on submicroscopic structures of cells and tissues in animal organ-

48

isms have also been reported. Jankowiak et al. = found an increase in

the RNA content of ultrasonically irradiated rat liver cells and a

reduction of the DNA content of the same cells.

49,50

- Burns, in his work on Saccaromyces cerevisiae at sublethal

doses of ultrasound (frequency 10 KHz),. found inhibition of blosyn-
thesis during sonlcatlon synthe51s being resumed immediately after
the sonlcator was. turned off. U1trasound also inhibited proteln syn-
thesis and caused leakage'.of free histidine, but these effects were

not immediately reversed when sonication was stopped. Uptake of




ammonium ion and adenine or purine nucleotides is unaffected, but up- .
take and/or retenfipn of aspartate is reduced.. He believes that ultra-
soﬁnd causes disruption of the supramolecular oi‘ganizafion of ‘the‘cell',
particularly the cell membrane, ‘making it more permeable to cértainl :
~ kinds Qf 'small-molecules but not to other kindsvof small molecules or
“to large molecuies. = h ' |
Mityushin- and Ei'pinér51_ have observed very subtle chaﬁges_ in

. the ultrastructural. oﬁrganizati‘on of the ergastoplasxﬁic reticulum, the,

: 'mitochondria, and the nucleus of the cells of Erlich ascites carcinomav :
exposed to ultrasound of. 800 KHz frequency for 10 min at 15 W/c:m2
-intensity. |

52

- Slawinski™" studied the effect on the iodine metabolism in guinea

pigs »exposedvto ultrasound of 800 KHz frequency at ax},intensity of 0.5

to 1 W/cm2 for 1 to 30 ‘times with each exposure of 10 min. .He concludes .

that ultrasound stinmlated. or depressed thyroid function depehding on. .
the dose. He also observed morphological changes such as diminished

nuclear volume and a lowering of the height of the alveolar epithelium

53

in the exposed thyroid glands. -‘Functional and morphological changes

54 who exposed

in the thyroid gland are reported also by Hrazdira et al.
rabbits to ultrasound of 800 KHz frequency at 1 and 2 W/c:m2 intensity.

Valt:onen55 studied the effect of ultrasound of 1 Miz frequency on

the fine structure of the liver parenchymal cells of mice when the ultra- *:

sound was applied to the upper abdomen. The appearance of the liver
cells ranged from nearly normal (intensity 1 W/cm2 for 1 min) to com-

| plete loss (coagulation) of the fine structure of the cell organelles

(intensity 3 W/(:m2 for ‘3 min). ‘He also describes .a histological method -




for measuring the 1nf1uence of ultrasonic energy on l11v1ng tissue
under experlmental cond1t1ons It depends on the observation that the
number of ;nJured mast cells in the mesentery of the rat is propore |
tional to the applied ultrasonic dose.56 |

Basurmanova et al >7 noticed changes in the f1ne structure of

the brain nerve cells of Hyalophora cécropia (a caterpillar) when the

whole body of the larva was exposed to ultrasound (760 KHz, at 2 to
3 W/ cm )

Ultrasonic treatment of rabbit testes at 2.25 Miz frequency and
1 mW/c:m2 intensity for 2 to 10 min produced no noticeable structural

or flmctlonal _changes 'as stated by Hahn and Foote:58 59

but Andrianov
notlced significant hlstologlcal, histochemical, and ultrasr:ructural
changss in the testee of albino rats.e)gpos.ed to ultrasound of 800 + 10 -
KHz 'freeuency and 0.2 W/‘emZ iutens‘ity. ‘These changee were most pro-

nounced 24 to 72 hours after the ultrasonic treatment, and the testi-

‘cular structurés tended to return to normal a month after the treatment.

60

Covich and Tsukada’® found that ultrasonication (at - 27 KHz) of

oosporangial walls of Chara zeylamca separates the Aimner and outer

wall but. does not alter the 1nterna1 cell morphology, however, a 30-mln

exposure ‘erodes the paplllae _ ‘
Kovalev 61(a,b) has studied the effect of ultrasound.on Brucella

and reports temporary changes in the phy51olog1ca1 properties. followmg

a single exposure, but continued exposure produces progeny w1th altered.

properties, the pmperties' of the original culture being restored follow-

ing‘ repeated culturing.
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Kleimenov62 has studied the effect of local and general ultrasonic

treatment on antibody titers and int’errelations between serum proteins
in rabbits. He 'of)séi'ved inhibition of production of precipitins but no
effect on agglutinin synthésis in whole-body irradiation. Local ultra-
sonic irradiation of the lymph nodé's resulted in a marked decreése‘ of
‘the titer of agglutins to E. coli when the latter were injected below
 the site of the ultrasonic application. .
The effect of ultrasound on muscle fibers has been studied by a
number of investigators following the pionéering work of Chambers and

Harvey. 63

Ultrasonic waves affect the morphology as well as cause
‘subtle changes in the blocatalyuc function.

Shtrankfel’d et al.(’4 have studied the effect of high;intensity
~ ultrasonic waves (800 KHz, at 10 to 12 W/cm2 for 30 to 300 min) on G-
and F-actin prni:eins in solution. Exposure to ultrasonic waves leads .
not onl}f to a ';loosening" of the pblymer structures of F-actin but also
to indre significant changes affec'fing G-actin which ié involved in the
formation of the polymermolecule of F-actin.

Ravitz and Schmtzle 65 observed changes in the fine structure,
‘ partlcularly the m1tochondr1a1 cr1stae and the components of the sarco-
tubular system, in frog sem1tend1nosus- muscle fibers following highly
llocallzed ultrasomc treatment (85 KHz) at 1nten51t1es that ruled out
“thermal effects and cavitation. o

| The effect of ultrasound on cultured mammalian cells has been

i'enbrted ré,cently by Clarke and Hi11.%0
| »threshold and intensity optimum for cell disintegration occur at about

1and 5 W/ cm?. They observed an anomalous dose-rate effect and found

They report that the intensity
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that the mediwﬁ' exerts a chemiprotective effect on the cells. They
have- also studied the effect of ultrasound as a functlon of the cell
q'cle and report that cells in M-phase are more sen51tlve than the
average populatlon.67 |

'Ihe combined effects of ultrasound and other phy51ca1 -and chemical
factors have been Studied in several systems.

Zapf6 observed that ultrasound enhances the morphologlcal changes _

produced by penicillin in E. coli. El'plnerso_repqrts that E. coli

‘becomes more sensitive to ultraviolet light if it is exposed to ultra-

sound beforehand or simultaneously. Garina69

mpoﬁs that preliminary
ultrasonic treatment of spores from various Actinomycete strains .
increased the lethal and mutagenic effects ef U.V. radiation. .Avva.kyanl5
reports that combined treatnenf withAultraviolet andvultrasound' is
better than either separate treatment in improving the bouquet and = .

taste of wine. According to Spring,70 radiosensitivity of biological

material (seeds of grass: Lollum italicum) may be increased by simul-

taneous ultrasonic and y-radiation.

Woeber?1 has observed.a synergistic effect between ultrasound

and X-rays in the regression of Walker carcinoma in rats. M;:1r1:ins72 :

. has observed a synergistic effect between ultrasound and X-rays on the

colony-forming ability of cultured mammalian cells.

73 however , did not observe any synergistic effect

74

Clarke et al.,

between ultrasound and X-rays ‘in‘lymphoma cells. Also, 'Repacholi

_states that the effect of combined ultrasonic and X-ray treatment on

the electrophoretic mobility of Ehrlich ascites tumor cells was additive,

rather than synergistic.
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- C.. Statement of ‘the Problem

Ever since Puck75 and his co-workers developed a technlque for

, _culturlng smgle mammallan cells in vitro, that technique has been used

extensively .1:0 study the biological effects of various env1romnental
. factors, pamcularly ionizing radlatlons 76 These studies give valu-
~ able 1nformat10n about the nature and the mechamsm of the actlon of
such factors at the cellular level and help in the evaluation of the
effects at the organismal level. Although ultrasound is used exten-
sively for vanous purposes in industry, b1ology, medicine, and den--
) t1stry, only limited and rather controver51a1 work has been done to
'study the nature of its effects and the mechamsm of its act1on at the
cellular level. | V
| 'I'n1s 1nvest1gat10n deals with the effects of ultrasonic waves
on the colony-forming ability of mammalian cells cultured in vitro.
The study was done to obtain the following mformatlon

(1) The nature of the dose- -response curve for manmallan cells
: cultured in vitro. 4 |
(2) ‘The dose-rate effect and theoccurrence of threshold.
(3) The effect of dose fractionation.

(4) The sensitivity of different cell lines to a given frequency.

(5) The sensitivity of a given cell line to different frequencies.

(6) The influence of certain physical and biological factors -
" (such as temperature, presence or absence of medium different stages
_ in cell cycle) on the sensitivity to ultrasourid.

(7) The combined effect of ultrasound and X-rays.
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tS) The mechanism of the action of ultrasound.

Mbst of the experlments were done with Chinese hamster bone- .
marrow cells (M3- l) at 1.0 Miz frequency. The experlments with other'
cell 11nes fhuman k1dney (T-1), human liver (Chang s) and Chinese
hamster lung (V79)], were done to compare the sensitivity of different -
celliiines to avgiven'frequency; The experiments at 0.1, 0.5, 2.0, and
3.3 Miz, and at the audio-fiequencies, were done to compare the sensi-

tivity of a given cell line to d_ifferen_t‘frequei;cies.
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II. PHYSICS OF ULTRASONIC WAVES

A. General Pr1nc1p1es

The phy51cs of ultrasound is treated extens1ve1y and thoroughly

by 'Beye_r and Letcher, 84 Blitz ,82 Crawford,l Richardson and Brown,g1

77 Kittel,7g Ca:"lin‘,2 Krasil'nikov,83 and,others.?s’sol These -

Béfgmarm,
referencee also describe the me_theds for the generation of ultrasound,
.and technlques for 1ts measurement. The latter:are also: described by
Fry and Fry, 86 Newell and by H111 88 ‘The physical aspects of ultra-
sound which are of importance to biological studies are discussed by
Fry and Dunn,25 by Brown and Gordon,28 and by Peacocke and P'ric:hard.85

Sound is a wave motion. It is caused by the vibrations of the
particles of a medium whlch has been disturbed. Sound waves differ
from electromagnetic waves. in that the latter camn be pmpagated in
vacuum. Wave motion may be c1ass1f1ed in different. ways dependlng on ,4
the criteria one- chooses ; thus it may be:

(1) Pure if it is produced by a source v1brat:mg with a single
frequency, or ngglex when the wave motion is the resultant of a number
of frequencies. ‘ | '

2) . Contlnuous when the wave motlon is regular as in a mus:Lcal

note, or DlSCOIltlIluOUS as in an explosmn

3 Longltudlnal (L-wave) when the vibrations of the partlcles

are .in ‘the direction of propagation of the wave; Transverse or Shear

(S-wave) When particle vibration is- perpendicular.to the direction of

wave motion; or Surface (Rayleigh wave)_ when the wave is propagated
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' _-over a 's'urface' without influencing the bulk of the medium below the
| surface Only longltud:mal waves can be propagated in fluids, wh11e

transverse and Rayleigh waves can travel only in SOlldS.
(4) On the ba515 of the nature of the wave front (the: 1ead1ng

surface of the advancmg wave), there are plane, sphencal and

gzlmdrlcal waves.  For plane waves the source of sound has a plane

surface and the wave front is planar. When the sound source is a pomt

| source the wave front close to the source is spher1ca1 and, spherical
waves are propagated. If the source of sound is a rod, the wave front

is- cylmdmcal g1v1ng rise to cylindrical waves.

~The sonic waves used in this study are pure planar 1ong1tud1na1 .

waves described on the model of a simple ‘sinusoidal harmonic motion .

(Fig. 1). This is defined as that motion along a line for which the

acceleration of a body towards some flxed pomt on that line varies in

proportion to the dlsplacement of the body away from that point.

Figure 1 Displacement y of a body eicecuting SHM from the
position of rest against time t, -
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. Simple hampnic--motion is charecteriz,ed by the following

parameters

.a smgle vibration. The wnit for T is sec.

2) regu g (f) the nunber of v1brat10ns completed in-one"

'second. It is ‘obvious from the definitions that f = 1/T The unit. of :

frequency, is the Hert.z‘whlch is deflned as. one cyc;le per sec.

3 Dis'placementaxiiplitu&e (A): the maximum dilsplacemeht of -

the particle from its p051t10n of . rest The displacement of a particle .

in relation to.time t obeys a sine law y = A sin 2 'nft

(4) Veloclty amphtude (vo) : - the maxmnm velocity of the

_particle, observed as the particle pasé_e‘s through its initial position .

of rest. The vibrational velocity of a particle is. given by

= dy/dt = 2nfAcos2nft if A = Constant
= 2mfA (- cos2nft = 2nm = 1)

(5) | Sound velocity (c): the distance traveled by the wave in' -

unit time. For gases c =VyP/p = ‘/5} RT where P = préséure,b.
p

= density, v = cp/cv is the ratio of the specific heat at constant

~ pressure (cp) to the specific heat at constant voluce (CV) , M is the

. molecular weight, R = gas constant, T = abst. temperature. For liquids

adiabatic ,céxnbreSsibility.,
-1/V dv/dp. For solids c _=‘1E/p,

c =“ ,1/Badp = ‘/AY/BiSp , where Bad

Bis = isothermic compressibility, B

where E is the.Yeng'_s modulus.
'(6) Wave length (A): is the d‘istance‘ between two cdnsecutiv_e_

troughs or crests and is defined by the relatien c = fx. The unit ‘for

wavelength is the cm. Since the frequency of sound waves is determined

by the. source of the vibrations and because the velocity of

ey T.une Eerlod ('I') the time taken by the particle. to complete_ o
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, sound has a characteristic value for a given medium, it follows that
' when sound tfavels from one medium into another only the wavelength
' w.illlchange if the adjoining media differ from one another as regards

B the ‘velocity of soﬁnd

.......

medium, there is - no actual movement of a partlcle,ln the medium away

from the source; .the motion is entirely vibrational about a fixed .

' point, but there is transfer of energy away from the source. The

amount of energy carried by sound vibrations in 1 sec through an area

1 cm? perpendicular to the direction of propagation determines the
| sti‘éngth or'inten'sity of the sound. For a plane prdgressive sine wave
"the sound 1n1:en51ty I= PZ/ch {vhei'e P is the acoustic pressure or the

excess pressure created by the propagation of the wave, over and above

the méan pressure in the medium. Acoustic pressure is related to the

'vibfational velocity ) ‘béing equal to vpc where pc-is the specific o

or characterlstlc acoustic mpedance of the medium..
2

v Sound intensity “is measured in Watt/an or erg/sec- cm (1 Wam® =
10 erg/sec cm )  Another unit commonly used to express 1nten51ty of
acoustlc energy is the decibel Wthh is ten times the logarlthm (to the
base 10) -of the ratio- of a given sound intensity to a reference (thres-

hold) 1nten51ty. The threshold 1nten51ty usually chosen is 10 -16 . 2

. which is the intensity .of sound close to the threshold of audibility

'."-;of ‘the‘human ear. A sound iritensity‘of“410'z'W/cm2 (140 db) producesl:,‘a
strong Asensati:on of pain. The intensity of normal conversational '

. speech is 60 db 20710 w0

W/em™ .
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‘The displacement amplitude (A) of a particle is related to the

" intensity of sound as follows:30
v = 2mfA
P = vpc = 2mfApc .

But R |

' PZ/ch; 1 .= ﬂEEfEéELEElE.,= szfZAzpc .
- 2pc’ .
Sound does not pass through a vacuum, so for the propagation of
~.sound waves it is essential to have a medium. In discuésing the inter-
' action of sound waves with the medium we will confine ourselves to |
plane longitudinal sine waves incident at normal angle, such being the
c.ase. in our experimental set up. | | |
| A sound wave may undergo any one Or more of the following types
of inferactions with the medium: absorption, reflection and transmissian,
" standing or: statiori_é.ry waves, resenance, di'ffraction,, scattering.
| 1 Abso;gtion. When sound waves travel through a medium, there
Cis'a conversion of some of £he acoustic energy into other fomms of |
energy, priméril‘y fxeat energy. The loss of acoustic energy is expressed
in terms of the absorption or attenuation coefficient o given by the-
following relationship: | | |
| - -oX

»A = A(’)e or

I = I.e 2%,
0 v

where A0 and Io are the amplitude ‘and intensity at any given point and

A and I are tl_ig amplitude and intensity at a further distance x.
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The various mechanisms responsible for absorption of sound may
be classified into two-general categories: a) viscdsi.ty or frictional
lag and b) relaxation"'-pmcesses which refer to the thermal and st_mt,-’

tural reorientation of "the molecules. The exact mechanisms leading to

- absorption of a sound wave in a medium, and particularly in complexvv

biological media, are not fully understood.

(2) Reflection.-iénd Transmission

Incident wave

Transmitted wave

Reflected wave

Medium 1 - Medium 2
_ Figure 2

' Whén épla.ne wave is incident at a nommal angle to a plane
boundary separating two media, (1) and (2) in Fig. 2, some of t.he;
a_xérgy of fhe incident beam is reflected and the remainder is trans-
mitted into the second.medium. The relative amounts that are reflected
and traﬁsmitféd are determined by the reflection and transmission
coefficients, which depend on the specific atouStic. impedances of.

the two m.edié.A28
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The transmission coefficient

o _ 401¢1P2¢, - . Intensity of transmitted wave
(plcl+p ZCZ)Z Intenelry ef incident wave

t

~ The reflectien coefficient.

- 2
P2%27P14 . Intensity of reflected wave
Intensity of incident wave

P2C2"P1%1
for a given boundary,

'at + o = 1.

From the above equations one can see that since gases have very -

1ow daeracteristic impedances, almost 100% reflection and practi’cally
no transmission will take place at a botmdery between a.gas and a solid
‘or a liquid. This property is utilized in the detection of bubbles .in
various biological systems. | .

| The efficiency of the transfer of sound energy from one material -
- to another, as expressed by the transmission coeff1c1ent is known as

. the degree of acoustic matching or. coupling. VWhere . O 1s very low the
} | two media are poorly matched; but where a, is suff1c1ent1y high for |
‘there to be a loss of only a few decibels (for example , a value of -
about 10%), the media are said to be well matched. This property is‘

used to obtain 'bchograms' and detect tunors.'




Fraunhofer region or far field.'
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- The presence of intervening media creates difficulties since

. ;tu.ichvdepends on the thickness of the intefvening layers as well as on
“their characteriétic J’an'edances. The resultant value of the trans-
‘ 7m1551on coeff1c1ent may not necessarlly be obtained by mu1t1p1y1ng

_together the coeff1c1ent for each of the boundarles

(3) Statlonary or stand.mg waves. When the reflected waves:

J.orm a contlnuous beam, ‘they w111 interfere w1th the 1nc1dent ‘waves
and give rise to stationary or standing waves. In practice, for any -
o ‘-'mlte sized medlun we always have statlonary waves - In contrast to
.standmg waves, we have progressive waves_-, for whl_ch wave motion is. -

- in one dlrectlon only.

(4) Resonance. ‘This occurs when the length of the medium has

‘a certain value related to the wavelength of the sound within that

‘ medlum. Thus we have half-wavelength or quarter-wavelength resonance. -

(5) Diffraction. A parallel beam of sound waves leaving a

"plane surface w111 rema:m parallel up to a certam dlstance and then
d.tverge 'Ihls phenomenon is known as dlffractlon It can be shown
| .that-'withm an approx:mate -distance of D /4>\ frcm the' radiating' sur-
- face (D being the dlameter of the source and A the wavelength) the
‘,-'beam will be approxmately parallel. - The region in which- the beam

is parallel-ls known as the Fresnel Tegion or near: field, and the

B reglon beyond that where the beam becones d1vergent is known as the

28

(6) cattengg When the boundary has d1men51ons which are

| comparable with -or less than one wavelength, scattering takes place,

i. e > the beam is reflected in all directions. Scattermg for example,

may ‘be. caused by cells in suspen51on in a medium.
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B. Generation of Ultrasound

There are four principal ways of producing ultrasonic waves:
mechanlcal generators themxal generators magnetostnctlve generators,l.
and plezoelectnc generators

(1) Medlamcal generators.

a) Tuning forks. These have been used to produce ultrasound : i
of frequency up to 90 KHz, but they are unsu.ltable because the waves- ‘
are easily damped and energy output is low. .

v b) Galton whlstle Sound is produced by letting a current of
air escape through a narrow slit and -fall upon the ‘sharp edge of an |
' object facing the ’siit, ‘F_reciuencies up to 100 KHz have been olbta.ine’d;.‘
o c) Hartmann generator, A jet of compressed air escaping from
~a hole impinges on a coaxiel ﬂng-shaped edge which may be - the mouth
}o'f' a small b_ottle resonator. 'Ihe.ugh high-eﬁergy _output;s may be obtained.
from these Soufces, both the amplitude and the f.req_uency. are difficult -
" to control, ‘ | |

d) Holtzmann's generator. Sound waves are produced by -getting

e glass or metal rod to vibrate lengfhwise. 'Holtzmann produced a fre- .

quency as high as 33 KHz.

(2) ' Thermal generators. . Alterb generated sound waves,up toa

- frequency of 300 KHz by means of a spark gap fed by a damped o;ci»llato‘r 3
circuit. This generates a mixture of frequencies from which the desired -

frequency may be ~se:lected,‘\.ts'ing a diffraction grating.

(3). " Magnetostrictive generaters. The principle on which these
generators afe b'ased is ‘the magnetostrictive or Joule effect, which
~ states that if a rod or tube of ferromagnetlc material is brought 1nto

- a magnetlc field parallel to 1ts length the length is changed. This .-
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change of length is independent of the sign of the direction of the
field. If an alternating magnetic field is applied along the direction
of the axis of a rod of ferromagnetic material y the rod oscillates at
twice the frequency ef the applied field. Max:.mun output is obtained
by operatmg at the fundamental . resonant frequency (f ) of the rod

| glven by '

£, = /) @t

where E is the adisbatic Young's modulus for -the material of the rod,
p its density, and L its length.

(4) P1ezoe1ectr1c .generators. The Curie brothers discovered

ﬂlat 1f certain crystals havmg axes of nonsymmetry- were subJected to
,mechamcal etress, then electrical charges developed on the surfaces.

| This is known as the piezoelectric effect. The Curie brothers also
ob'sefved the converse piezoelectric effect, i.e., when an electric
field' is applied in the directior} of an axis of nonsymmetry, the crystal
is mechanically strained, the amount of strain fbein'g proportional to ..
“the intensity of the applied field. It is this converse piezoelectric '
effect which is used in piezoelectric generators. A closely reiated
effect is the electrostrlctlve effect, the 51g:nlf1cant difference being
’that for the electrostrlctlve effect the magnitude of the mechan1ca1
strain produced is proportlonal to the square of the applied field
e.trength. The piezoelectric effect is ‘observ,ed in qttartz, Rochelle
salt, toﬁrmaline, antl similar crystals. The electrostrictive effect

is pronounced in ferroelectric materials such as barium titanate an&
lead zirconate. The ferroelectric materials have an advantage over

piezoelectric crystals in that they are polycrystaline and it is
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possible to cut them into almost any desired shape; so they can be

used to .obtain- focused ultrasonic beams. A polarized ferroelectric

-transducer acts like a piezoelectric transducer. For the experiments

descrlbed herein, X-cut quartz crystals were used to produce ultra-
sonic waves of 0.5, 1 0, 2.0, and 3.3 Miz frequency; and a bar1um :

‘A tltanate crystal was used to pmduce 0.1 Mlz frequency

For an X-cut ‘quartz crystal the natural frequency is given by

£, = ‘nc/ 2L,
whefe c is the velocity of sound in the crystal, L is the thickness -
~ of the j)late, and n is order of the hannomc. |
| Since c.=- 4500 m/sec, the first order or fmdamental frequency
is given by
£ = 2700/L kc/min S

}'I‘he expermental value is 2880/L kc/mm 'Ihe discrepancy .may be due
“to- the presence of transverse waves as well as longitudinal. 83 If a
piezoelectric crystal is placed in an alternating electric field so
that a polar ax1$ js in the direction of the field, then the crystal
. will alternately eicpand and compress, producing longitudinal oscilla-
tions in the surrounding medium. | ‘ |

There are two main types of cricuits used to drive piezoelectric
crystals:

a) Self-maintaining type (Pierce)

b) Resonant drive type (Hartley).

In the first type the oscillator controls the frequency of the

circuit, and in the second the circuit is precisely tumed to the funda-

- mental or a harmonic of the quartz crystal. The Hartely circuit is pre-

ferable to the Pierce circuit for radiating ultrasound into 11qu1ds
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C. Measurement of Ultrasonlc Energy

Various methods are available for. the measurement of. ultrasound

1) Calorunetrlc method The temperature 1ncrease in an absorber .

' .of known mass and spec1f1c heat placed in the ultrasonlc beam 1s taken .

. as a measure of the acoustic energy d1551pated in' the absorber

(2) Radlatlon balance method., At a boundary between acoustlcally‘

" dJ.ss:unllar materlals a radiation pressure is developed and the force |
"-exerted on the interface is a direct measure of 'the ultrasonic 1ntens1ty

',in'fthat region.’ | V

(3) 'Ihermoelectrlc probe This technique developed by Fry and :

| 'Fry records the temperature 1ncrease usmg a themocouple probe etched
~ down to between 0.0003 and 0.0005 mches in diameter in the nelghbor- '
- , hood of the junction and embedded in a small quantity of acoustic.
; absorblng material. '

- (4) P1ezoe1ectr1c ‘receivers. The voltage generated in a trans

' ducer placed in an ultrasonlc field is proportlonal to the 1ntens:a.ty
| - of the ultrasonic beam and may be used to measure the latter

B Optlcal methods These methods are based on the dlffractlon

Cor refractlon of a beam of l1ght by ultrasomc waves. The dlffractlon

thod measures the relative l1ght 1nten51ty in the various orders of

‘a dlffractlon pattern whereas the refractlon method is based on observ-.

. ,mg the perlodlc variation in the gradient of the refractlve mdex

(6) 'Film method. Var1ous types of photograph1c and other f11ms
o are sensitive to ultrasonlc radiation and have been used. for measurmg

. sound intensity.
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A1l the above methods were. found to be unsuitable for measure-
ment of the ‘ultrasonic int'ensity for the exper‘imental set-Up used. .
) '.I‘he measurement of the rate of mcrease of temperature did not -
v glve reproduc1ble results even though the momtored electrlcal energy
was constant. (2) Radlatlon balance methods were unsuitable because _
- of the hydmdynanuc flow of the medlum, wh1ch was ev1dent even- at fa.u'ly
l_ow 1_nter151t1es. ) The thermoelectrlc probe can be used only with -
pmgressivs waves and not in the presence of standing waves. (4) Piezo-
electric receivers are very sensitive to orientation, especially in the
' Fresnel field. A hydrophone produced by Gulton Industries, Inc. Model:
" Glemnite VP800C) was tried," but its unsuitable for even qualitative
measurmnenst : (5) 'I'he opticé.l methods are not suitable for measure-
vments of mtens:ttws but are malnly used for getting plctures of wave.
forms (6) The film method is not very reliable and was not tried.
~ Thus the ‘measurement of the intensity of ultrasonic energy absorb-
ed in the medium could not be ‘made satisfactox'ily; but it is possible
© to measure the Apower absorbed by ‘the transducer from the eiectricaI'
'energy mput |
'Ihe output of acoustic 1ntens1ty fmm a resonant p1ezoelectnc
transducer‘backed by air and radiating ‘mto a medium of acoustic imped- -
~ance pc is ,‘ | L
S
v‘vlhere'VA tms voltage applied, L = thlckness e = appropriate piezos-

21,25,83 Since L is

electric stress constant @ of quartz = 0.17).
inversely proportlonall to the resonant frequency, the intensity for a

given excitiﬁg voltage is proportional to the square of -the frequency.
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If the oscillator frequency is adjusted to be at resonance with
the fundamental frequency of the quartz crystal the amplitude of the
' osc111at10ns w111 be a maximum and the 1nten51ty of the ultrasound gen-

erated will vary inversely as the acoustic impedance of the medium to

whlch the crystal is coupled,  as the square of the applled voltage and

© as the square of the frequency.
| Since all the quant1t1es in the equatlon are known, one can get
'a vaiue for'the intensity Also, since the exposure co_nd;tmns are
.constant for the various frequenc1es (except 0.1 M—lz) , one- can easﬂy
obtaln the intensities at dlfferent frequencies '
The intensity values plotted in the graphs were obtamed from the
equatlon V
- e ee |
“For Ol MHz, only qualitative data are given because the physical con-
ditions are different and also because the frequency degreased with
time as the tentpérature of the crystal j.ncreaséd during operation.
The nature of the intensity distribution over the surface of the
petri dish t:an be obtained from the knowledge that within an approxi-
mate distance of D2/4>\ from the radiating surface of a plane circular
disc, the beam will ‘be aﬁproximately parallel (D being the diameter of
” the disc and A t.‘ne‘wa\relength).28
The crystals used in the experiments (except for 0.1 Miz) have ba
diametet of 35 mm; since the wavelength is 3 mm for 0.5 Miz, 1.5 mm fdr

1.0 Miz, 0.7 mn for 2.0 Miz, and'~0.3 m for 3.3 Mz,

the beam will
be parallel for distances from ~ 100 mm for 0.5 Miz.to 1000 mm for |

3.3 Mz.
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D. Production of Audiofrequencies .

-To produce audiofrequency vibrations, electrical signals of

desired frequency produced by an audiofrequency oscillator are conver-.

ted into mechamcal motion usmg a transducer or vibration exciter,
_ Wthh con515ts of a moveable c011 suspended in a strong dc magnet1c

fleld When an altematlng current is passed through a c011 of w1re

‘located in a magnetlc fleld a force of alternatlng dlrectlon is pro- -

duced 'Ih1s causes mechamcal motion of the coil. ‘If a sme wave

- signal is applied to the coil, sinusoidal motion results_. By control-
ling the frequency andv‘amplitude of the signal applied to the moving
c011 the force and magnitude of v1brat10n can be controlled.. Parts .
mounted on the exciter table which is r1g1d1y attached to the c011

can therefore be forced to experlence controlled vibration.

E. Dosimetry for Audiofrequencies

The intensity of audlofrequency sound was measured using an

accelerometer (Columbia Research Laboratories Model 650-1). An accel-

erometer is a transducer which developes an electrical signal propor-
tional to acceleration when placed on a vibrating object. - These are

calibrated to give the acceleration in 'g' units where

g = 0.0512£2.2A,
(f being the frequency and A the displacement amplitude)89 from which

one can calculate the intensity in W/ cmz, knowing that
I= Zﬂz-fz Azpc

(see page 18).
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TII. EXPERIMENTAL METHODS AND MATERTALS

A. Cell Culture

75 were the first to introduce the tech-

Puck and his associates
nique of growing single mammalian cells in vitro. The general princi-
ples and techniques have since been described extensively by a number

90,91,22

of authors. The materials and techmiques, as used in this

laboratory, have been described in detail by Todd93 and by Siege194,
so only what is specific to this study will be described here.

The cultures are maintained in a water-jacketed CO2 incubator
(National Appliance Company Model 3221), which is supplied with a mix-
ture of air and o, so that the final concentration of Co, is 5%. The
air passes through two filters to remove any moisture which may carry
contamination. The mixture of gases is bubbled through water kept in
a tray at the bottom of the incubator. This keeps vthe incubator humid
and prevents evaporation of medium from the dishes. The flow rate of
Cco

2 is adjusted to maintain the pH between 7.2 and 7.4 as indicated by

'phenol red which is 'present in the medium. All work requiring sterility

is done in a Lab Con Co. hood fitted with an. ultrav101e1: 1amp which is
turned on for about a minute before the start of work..

Stock cultures of the followmg ce11 lines are malntalned rou-' '
' t1nely 1n the 1aboratory by subculturlng at 1ntervals of 4 to 5 days":_

(1) M3 1 cells 'I'hese cells are derlved fmm the bone marrow'.

- 'of a male adult Chlnese (stnped bac.k) hamster (Cr1cetu1us grlseus) ..
'l-(F1g 3a). .. o '
(2) T- 1 cells A subllne derlved or1g1na11y ‘from a normal

| f>human kldney (Fig. Sb)
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@ @

Figure' 3 2 to _S;day old cultures of (é) M3-1, -
) V78, (c) T-1 and (d) Chang's cells
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("S) V79 Cells Derived from a subline of V79 1 Chlnese

hamster lung cells (Fig. 3c).

@ g's Derived from human liver (Fig_. 3d)'.

S1 ock cultures are grown in 100-mm Falcon plastlc dlshes (Cat.-_ :
No. "'30'03) - For sub cultunng, a dish havmg 1/2 to 2/3 of its surface-

‘covered w1th cells is selected and trypsinized .as descrlbed below.
After resuspensmn 1n fresh medium serial d11ut10ns are made into
100- ~mm Falcon plastlc dishes containing 10 ml fresh medium to g1ve
1/10, 1/100, and 1/1000 of the orlglnal cell concentratlon for M3-1
and V79 cells, and 1/5 1/ 10 “and 1/100 for T-1 and Chang s.

Trypsinization is done as follows:

(1) Aspirate medium out of the dish and rinse with § ml of

0. 0‘3% trypsin solution.

(2) ‘Add 3 ml of -the trypsin solution and 1ncubate for about ‘

six minutes at 37°C with gentle agitation after three minutes.

(3) Add 7 ml of fresh medium and pipette ‘repeatedly with

strong blowing to break up clumps of cells.
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The comp051t1on of the solutions used is:
(1) H.U.-15 medlum (for M3-1 and V79 cells)
500 ml Eagle's MEM
22 ml NCTC 109
6 ml Pen1c1111n - Streptomycm (5000 units each/ml)
75 ml Fetal Calf Serum | - |
' 6 ml L- glutamlne
t2) T?l mediim' (for T-1 cells)
500 ml 'Ba'gle"s“ MBM
50 ml Fetal Calf Serum
6 ml Pen1c1111n and Streptunycm (5000 unlts each/ml)
6 ml L- glutamme

(3) Chang's Medium (for Chang [ cells) ‘
BME, Based Med. (Eagle's) with Hank's Salt Solution

(IX)eeennn. 500 ml

BME, 'amino'acids (100X) eesnees 7 ml

MEM non—essent1a1 amino-acid solution (100x).... Jon12ml
Calf serum (heat ;nactlvated) veeens. 60 ml |

7.5% Na-Bicarbonate....... 13 ml .

L-glutamine - 200 mM (100x).....f. 6 ml

Adjust pH to~7.2 with 1IN NaCH

(4) Tryps in Dlssolve 30 mg trypsm (lyophlllzed trypsm 220 u/mg
Worthlngton Biochemical Corp ) in 100 ml Puck's salme A (1x); f11ter
through 45 uNalgen filter and add 1 ml penc1111n and streptomycm
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B. Ultrasonic B_quipment

One df;the majbr'difficultiés in the analysis of the results of
the experiﬁx?épts in ultrasonics that are reported in the literature is
the variety 'ofvequipment used by different investigators. More often
than not details are 1é.cking regarding the method of exposure and the
physical pafametérs of ultrasound. o

At the beginning of this investigation we had a commercially

avaiiéble ultrasonic generator (Tamac, Model 1700) made By the American

" Hospital Supply Corporation and meant for diathermic treatment. It
. consisted of an X-cut quartz crystal transducer connected to a Hartley

‘oscillator circuit. A timer, a meter to indicate ultrasonic energy in

W/cm?, and a knob to control the intensity were incorporated into the
circuit. It was meant to be a 1-Miz frequency generator, but initial
investigations seon showed that the intensity-control knob was in fact
a frequency-control knob and that‘ the intensity was controlled by
detuning. '

The electronic circuitry (Fig. 4) was modified by A. Windsor of .

Domer Laboratory. It ié now possible to change the intensity by vary
ing the plate voltage. The pléte voltagé and the plate current are
indicated on meters on the front panel and the frequency is measured
on a digital frequency meter made by Beckman Instruments, Incoi'porated
(Eput meter model 8170R). The transducer is made by H. G. Fischer and
Company. It is fabricated ‘by cementing a 10-cn? X-cut quartz crystal
to the imner surface of a cup-shaped metal, transducer assembly. The
voltage is fed through a coaxial cable a:ld connects to the surface of

the crystal by means of a spring loaded round aluminum plate.
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A second ultrasonic generator (Fig. 5) was designed by A. Windsor
to provide 0.1, 0.5, 1.0, 2.0, and 3.3 Miz frequencies. It consists
of an oscillator, described below, connected to a transducer with a
Hewlett-Packard digital frequency meter to measure the frequency.

The transducers are fabricated as described above except that

for 0.1 MHz frequency a 80-<:mZ barium titanate ceramic crystal is used.

The oscillator consists of an Eimac 4-400A power tetrode connected in
d Hartley oscillator circuit. The coil which resonates to provide the
- frequency of oscillation plugs into a socket. This permits plugging
in of a coil corresponding to the transducer frequency.

The coil and vacuum tube plate are operated at ground potential

while the filament circuit can be raised to minus 2,000 volts dc at

250 ma. Plate voltage and plate current are metered on the front panel.

Tests show the output to be about 5000 V peak to peak maximum
to a series of quartz transducers. The amplitude is constant to about
1% because of the stability of the load and the line voltage regulator
mounted at the bottom of the rack. The output frequency holds to
approximately 0.1%. Air dielectric capacitors and a quartz transducer
at resonance combine to give a stable frequency with a simple and

flexible circuit.
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Figure 5. Ultrasonic equipment for 0.1, 0.5, 1.0, 2.0, and
3.3 Miz frequencies. '
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' C. Audiofréquency Equipment

It consists of the :folloﬁing: _ '

(¢} Audiofxequency oscillator. Hewlett- Packard 1ow frequency
| escillator (Model 202C) -which generates sine waves over the 1 to 100 000 “
. cycles per sec range. Spec1al circuitry insures a wave ‘form of high

L stab111ty and low dlS‘tOI'thIl that is independent of the load connected

' to the 1nstrument

(2) MB Vlbramate v1brat10n exciter (Model EA1250) and electmnlc '
. pawer amp11f1er (Model 2120 MB) Mechanical mot,1on is produced by the
'passage of electric current through a magnet1c field. The exc1ter uses
:~._ceramlc pemanent magnets vhich offer many advantages. It is usable to
20, 000 cps with a maxmmn 0.5" d15p1acement amplltude 11m1t. 'Ihe ampll-‘ ‘
fler con51sts ba51ca11y ‘of three stages: a differential ampllfler type

preanp stage, a push-pull voltage amplifier drive stage, and a push-

B pull parallel oower_outputetege. It is capable of dellvernlg »125 uA .
.+ in the frequency range 35 ‘to 10,000 ps. It drives -the vihration

- exciter.

_ D X-ray Eqmpment and’ Dosmetry

X-ray 1rrad1atlons were perfomed using Norelco MG 150 Industrlal -

'X-ray wnit operated at 150 kV and 12 mA and filtered through 1 mm Al.

. The wnit uses Norelco 150 kV berylhwn—wmdow tube which has an inher-

‘ ent filtration value of 3 mm Be. The emergent beam angle is 40°.
Exposures were carried out with the cells attached to the petri

dishes which contained 2 ml medlum and were covered. Samples. were

‘exposed; one at a time, at a distance of 26 cm from the focal spot.
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The dose was measured with a Victoreen condenser r-meter, with
its sensitive volume at the ‘position occupled by the cells. At the
energy used, one r corresponds to 0.9 rad in tissue. The dose rate .

used for all the synergistic exberiments was 600 rad/min.

E. EXpei‘imeﬁtal 'Tee}:'mique |

About 16 hours before the start of an experiment, a 3 to 4 day
old culture dish having av desired mmbe'r' of cells: (105 to 10»6 cells/ml1) :
is selected the cells trypsmlzed resuspended in fresh medium and
mabated This is done to have cells in log phase as well as a cell
vsuspenswn w1th low nm1t1p11c1ty for the expernnent " At the time of
the expenment the same culture dish is retrypsuuzed and the cells
| are. suspended in fresh medJ.um, a cell count 15 made with a hemocytan-

‘eter or a Coulter counter. Serlal dllutlons of 10S 4 , IQ . cells per
ml are made from the onglnal suspensmn | |
' AllqthS (0 2, 0.1, or 0.05 ml) fmm the d11ut10ns are plated .
~into 35-mm Falcon plastlc petrl dishes (catalog nunber 3001).
nuber of cells plated per dish is such that at the end of the experi-
ment one has approximately 100 cdlonies per dish. This .I'equii'es doing
'pl.'eliminary' experiments to détermine the expected fractional survival.
(The total Volurle‘of medium per dish is 2 ml as made up by adding the. -
necessary amount of cell suspension and fresh medium).

;Ihe dishes are incubated for 4 to 6 hours at 37°C. This permits’
fhe .cellé to attach themselves to the bottom of .the petri dish, recover
from anyv t:ypsinization dainage, and enter the log phase. The dishes:
ere then exposed to the ﬁltraeomd. To have maximm transfer of

acoustic energy 'from the crystal to the petri dish, glycerine is used
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as’ a-cduplin‘g agent. If the petri dish and the : transducer are placed -
in direct contact, they will be in contact gnlfy in a few pla(:es unless
they are both optically flat; in practice a layer of air will separate
them. Very little somid energy will then.be transmitted; however, a
layer of glycerine greatly improves the degree of coupling because of
the very large increase in the characteristic mpedance of the inter-
vening layer.z8
After treatment the dishes are reincubated at 37°C for seven days |

M3-1, V79 cells) or 12 days (T-1, Chang's cells). After the incuba-
_ tion period the colonies are stained for about 30 mln by adding about
three drops of 1% aqueous methylene blue directly to medium in each .
‘dish. Then the medium is decanted and the dishes rinsed gently with
water and inverted to dry overnight. Only the colonies visible to the
naked eye are scored. For éach experiment four dishes are used for
each dose poiht, and the data points plotted in the graphs are the mean

of at least three experiments.

number of colonies in treated dish x 1
number of cells plated : P.E.

Fractional survival =

Plating efficiency (P.IE.) _ number of coloines in control dish’
number of cells plated .

results are reportéd only from those experimeﬁts where the P.E. was
more than 60%. The dose is the dose rate times the.' time of exposure.
Method of ultrasonic -eﬁcposure is shown in Fig. 6. The ultrasonic
equipment was turned on for about one hour before the. start of exposures
~ ‘About 5 to 6 drops of glycerme were placed on the trans&ucer a 35-mm
plastic petri with 2 ml of medium was placed on the transducer and
pressed lightly to squeeze out the excess glycerine. The voltage was

turned up and the frequency knob adjusted to give maximum turbulence
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in the petri dish. The frequency knob was ‘then fixed at that pos1t1on

'and the voltage set to give the de51red 1nten51ty

Everytme the dish was changed fresh glycerme was added onto .

the transducer, but there was no need -for retunlng The frequency,

voltage, and cun'ent were constantly monitored. The variations in volt- ',

age and frequency were mostly m51gn1f1cant but occasionally there

" would be about a 10% change in ‘the current;
| different -survival in those dishes for which the current had changed as E

compared with the dlshes for wh1ch the current had not varied. Except

for ﬂlese obvious varlat1ons, the reproducibility of the phys1cal par-

.ameters, as well as the b1olog1cal results in terms of fractional sur-

vival, were very good.

Petri dish\{a

" Transducer
-

assembly

Cover

Medium

e o o o —

Cells

—— e Glycerine

Cement

——T Crystal
o :‘L\Electrode
T Spring
> ___1 13— Casing
—==23)
XBL717-3865

Figure 6. Schematic representation of the exposure setup.

this’ resulted in an unusually
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- IV. OBSERVATIONS AND RESULTS

A Reproduc1b111ty of Data _

Because of the nature of this. exper].mental setup and the fact

that the dose measurements refer only to the momtored dose rather

| than to the absorbed dose, which may have di ffered for a given moni-

o tored dese because of the possibility of variable loss of acoustic -

"energy due to reﬂectlon between the- crystal and the cells it was

felt that the data mlght not be reproducible. o
To check the reproducibility of the data, four dlshes were used |

B ‘for each dose pomt and each experiment was done at least three times.
: Table 1 shows the fractional survival as a functlon of dose 1n four

experiments involving the exposure of M3-1 cells to 1.0 Mz frequency

fJ,ultrasound at 1. 0 W/cm . *.The data are plotted in Fig. 7.

It is seen that the data are h1gh1y reproducible. Also,

- the results of experiments in wh1ch several physical parameters were

: varled over a range. which m1ght be encountered in any experlment show
o that such’ factors as temperature at the time of sonication, the amount
of med.unn Cboth w1th1n the limits studied), and whether the cells are

B attached or suspended do not 51gr11f1cant1y affect the results.
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_TABLE 1 -

1ggerg/cm2)' EXPT. 1

2

5.
10
20
o
*40"'

50

N "'60'“

. 4.5x 10
1.5 x10 >

5 x 107t
2 %107t
8.2 x 1072

4.0 x 1072
2x10

1x ld_

3

2
2.
3.

FRACTIONAL SURVIVAL

_ CEXPT. 2

. EXPT. 3

EXPT. 4
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. Figure 7. Reproducibility of data.

Fractional survival, for four
different experiments, of M3-1 5
cells exposed to 1.0 Miz at 1.0 W/an
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. B, Physical Parameters

A series of experiments was done to defermine how eicper_:imental
conditions may influrence the effects of sonication.  The following

physical parameters were tested:

(1) To determine whether attachment of cells to the pgtri dish

had any influence on the fractidnal survival, M3-1 cells were exposed

“immediately after plafing when the cells are rounded and in suspension

" and four hours later when the cells have flattened out and are attached

to the bottom of the petri dish. . The results are shown in Fig. 8; it

is concluded that it makes no significant difference in the fractional

survival whethér the cells are exposed in suspension or attached to
the petri dish. This o‘oservation-is confimed by the results of the
experiment with asynchronous V79 cells (Fig. 24) in which it is seen |
that the fractional survival does‘ not change éignificantly with time
after plating. One would expect cells in suspension to receive a -
higher absorbed dose than cells attached to the .bottom of the petri
dish when both are exposed to the same monitored dose. This is because
suspended particles act as inhomogeneous objects, caﬁsing scattering
and thereby increasing absorption. of ultrasonic _ene'rgy. . Hence cells
in suspension should be more sensitive than attached'cells; but our
experimental data show no .significan’c difference in sensitivity. 'ihis
is eﬁcplicable by assuming that cells in suspension have a greater |

resistance than attached cells, possibly because cells in suspension

are spherical and have a smaller membrane per unit volume than attached

cells.
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2y MS—"l'(:e’lls were exposed to 1.0 Miz at 1.0 W/cmz- for five

and ten sec with different amounts of medium in the petri dish (0.5,

-1.0, 2.1,:_2.2,:'2.5, and 3.0 ml) to see if that would have any effect |

on the fractional surrival. There was no effect, probably because

" exposures were under conditions of stationary waves ,- which. condition

" would not be affected by ‘the variation in the amount of medium within

the limits tested. | _
(3) To test the possibili'ty that ultrasound may affect the medium
and thus damage the cells only indirectly, 2 ml of H.U.-15 medium were

exposed to 1.0 Mz frequency at 6.0 W/cm for ten min and an aliquot. of

'M3-1’ cells addedwithin. five sec of exposure. There-was_no difference in .

the fractional survival as compared with controls (although cells
exposed to. that dose would have a fractional survival of less than 1079,
Sonicating the medium by itself apparently does not produce appreciable

amounts of stable toxic materials; and free radicals, if formed, are

- short-lived and low in amount (less than 1011) .

(4) M3-1 cells were plated onto the petri dishes; and after four
hours when the cells had attached themselves fimmly to the dishes, the

medlum was sucked out and the dlshes were exposed to 1.0 M{z at 6. 0 W/cm

for ten sec. In another set of expenments MS 1 cells were plated mto

petri dishes, incubated for four hours, and then placed in a refriger-

ator at 0 to -5°C for betweeh 10 to 15 min, freezing the medium. “The
cells were then “e)'cpo‘s,ed in this frozen condition to 1.0 MHz éﬁt 6.0 W/cm2
for ten sec. In neither case was there a significant difference in the
fractional survival as compared wii:h controls, though the fractional
survival fox;\cells exposed to this intensity with the medium is less

thanflo's (the P.E. for the frozen cells was only 45%). It would seem
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from these experiments thatv a liquid medium is reciuired for ﬁlt'rasoimd
to be effective. |

(5) To see how the temperature of the medium at the time- of

| ‘exposure may affect the fractional survival, M3-1 cells were exposed
to 1.0 MHz frequency and 1,0: W/cm at the following tenperatures
0 to 5°C 10 to 15°C 20 to 25°C. The results are shovwn in Fig. 9,

'__and 11: is concluded that the temperature of the medium at the time of

exposure w1thln the limits studled does not a.ffect the sumval

‘This is because the temperature of the medium did not exceedv 37°C in

any  case.

C.  Dose-Rate Effect |

M3-1 cells were exposed at the following dose rates: 0.125 , 0.25,

0.5, 1.0, and 4.0 W/cn® for varying times. The results are given in

- Fig. 10 which shows the fracfional survival of M3-1 cells, exposed to

1.0 Mz '_frequency ultrasonic waves, as a.finction of dose. for different -

‘dos.e rates. The dose is the p“mdﬁc.t of the dose rate and the exposure

time. ' | ' |
Tt is found that at a dose rate of 0.125 W/cm2 the ultrasolmci is

ineffecfive in causing reproductive cell death. At 0.25 W/cmZ and above. .

| ‘the higher dose rates are more effective than the lower althoﬁgh the

effect seems to reach a plateau. -
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Figure 9. Survival curve of M3-1 celis ekposed to 1.0 MHz
at 1.0 Wam? at 0-5°C, 10-15°C, and 20-25°C.
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Figure 11.  Cell size distribution, in isotone, of cells
derived from different mammalian -cell lines.

Figure 12 shows the survival curves for the four cell lines étO.S

2 . The Ashape

W/cm2 and Fig. 13 shows the survival curves at 10 W/cm
of the survival curves for the four cell lines is similar and the sen-
sitivities for the four cell lines are not very different. The sen-
. sitivity of a cell line to ultrasound does not seem to be related to
‘ofigin of the cell line, the chromosome number, the doﬁbling time, or

the cell-size distribution.




survival

Fractional

.‘O

e
W

| BN B I lel

16%

-52-

I lvl]llll,

]

Ll )

]

20

Figure 12.

] 1 | 3
20 60 80 100 130
Dose (x107ergs)

XBL717-3862

Survival curves for M3-1, V79, Chang's and T-1
cells exposed to 1.0 Miz at 0.5 W/cm?2.
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" E. Frequency Effect:
M3-1 cells were exposed to 0.1, 0.5, 1.0, 2.0, and S.S,Mﬂlz fre-
quencies at two different dose rates. Experimental conditions did not

pemit exposures to be made at  the same dose rate for the different

frequencies; but since the exposure conditions are the same in every,

. case exeept for 0.1 MHz, the dose fate () in W/cm2 for the various

frequencies can be obtained from the follow1ng relatlon

= kvigP

where k is a constant and V and f are the ‘voltage and frequency, respec-
tively. For 0.1 Miz, the transducer is barium titanate crystal instead
of quartz the results obtamed with that frequency are presented in
Fig. 14 simply to show the dose-rate effeet:._and the similarity of the

survival curves.

Figures 15 to 18 show the survival curves for 0.5, 1.0, 2 0, and -

3.3 MHz fnequencies By comparing the results, 1t is seen that 0.5 Miz
~ is the most effectlve of the frequencies tested; but it appears that

the effectiveness further increases -at still lower frequencies.

There are many reports on the biological effects of audiofre-
bquenc:ies 96,97,98 - To stud} the effect of audiofrequencies on the
.,repor'ductiv'e 'integrlty of ma;mnalian cells, M3-1 cells were exposed to
~ different frequencies over the audiofrequency range. The : frequencies
used were arbitrarily chosen to include the whole range of audiofre-

quencies. For a given frequency, the maximum intensity used was fixed

by the maximum output from the equipment and was kept low enough so

| ——————— r — —_—
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- Figure 16. Survival curves for M3-1 cells exposed to
1.0 Miz at 0.5 and 1.0 W/cm2.
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that vibrations did not dislodge the petri dish from the transducer.-
. The maximm intensity for the different frequenci‘eswas. of the order
of 10"2 W/cmz., which is the threshold for pain. . The maximum doé.es

. .used were also-much lower than ’those used for the ultrasonic -frequencies.

The blle’erwncies were tried: 20, 50, ‘60,} 80,,' 100, and 500 Hz; q,z-?

1,'-5, 7, 9,"1.'0, 12, 15, and 20 kHz. In every case the -eicpbs'ine_s were

A

for two minutes. .

The fractional sgrvival varied between 1.0 and 0.95 .as cmtpared

with that of the control cells. It is concluded that gudiofrﬂuem:ies
at the doses used are ineffective in causing reproductive cell death .
© in M3-1 cells. This is not surprising since the doses used are mch. -

lower than for ultrasonic frequencies.

~ G. Dose Fractionation.

 The split-dose technique has been used extensively 1n radio-.

. biology to deMstmie "recovery' phenomena in céils exposed to X-rays;76
we d1d similar split-dose experiments with ultrasonic radiation. A
given dose was split into two equal parts. The first half was_admin-
istered four hours after plating, and thg' second half was given at .

- approximately 15,. 30, 45,.60 or 120 minutes after..tjh'e first exposure. - .
‘_ Between. e:q:oéufés the <':¢.e_11‘s‘ were incubated at 37°C. The results are |
presented.inF_ié. 19. 'Ihé é)cperiinents were done with M3-1 celis 3 -
exposed to 1.0 Miz frequency at 0.5 W/cn? for 45 sec + 45 sec “
(22.5 x 107',¢rgs/qn2 + 22.5x 107 ‘ergs/_cmz) and 1.0 W/,(:ni2 for 5 sec

+ 5 sec (5 x 1()7’er'gs/<:m2 +5x107 ergs/cmz).
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..It is-seen that cells exposed to ultrasound are ''sensitized'
to a subsequent exposure. The maximum sensitivity, in both the experi-
‘ments, was reached at about 30 min after the first exposure; and the |
survival was about half of what it would have been if the total dose °
was given in qn,e' exposure. .There. is some recovery.from sensitization, .
but even at. the end of fwo"-hours the recovery is not comp.lete. ~ This
"'sexlsitizetion’*' observed with ultrasonic energy is in contrast to-the .

" recovery that is observed in.split-dose expeﬁinents_wi-th ionizing -

radiations.
’ H.,’ Szr_xerglsm '

The combmed effect of ultrasound and other phy51cal and chemical .
factors have been stud:.ed in several systems. There are many reports
" of a synerglstlc effect between ul trasound and other env:tronmental '

30 -

factors in microorganisms. Woeber was the fust to report ‘4 syner- ..

' ngth effect between X-rays and ultrasound in the regxessmn of Walker

carcinoma in rats, Clarke et al. ,7

" however, mported ‘that there is no .
synergisfié effect between ultrasound and X-rays in culi:ured lymphoma . -
cells. ‘ | | | '.
To. study the combined effect of treatment with X-rays and ﬁltre-f

sound, M3-1 cells were exposed to either X-rays or ultrasound first

and then either imlediately (within two minutes) or 30~nnin later ivere.; '
'e‘xposed to theiqther radiation. The ultrasonic exposures were to a
. threshold dose or to a dose that resulted in about 40% survival by
itself. The frequency was 1.0 Miz. The X-ray doses were such as to

| cover a survival range fmm 1.0 to 0.1.
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‘The results are given in Figs. 20 to 23. Figure 20 shows the

X- ray survival Curve and ’the sui'\rlval curves obtained when the cells.

. were. exposed to X- rays and w1th1n 2 to 5 min to ultrasound or were

first exposed to ultrasound and then to X-rays within 2 to. 5-min.

' Flgure 21 is similar to Fig. 20 except that the time interval between '

treatments was 30 min. In both cases a threshold ultrasonlc dose was

| .used.'

' ,Fi'gures 22 ‘and 23 are similar to Figs. 20 and 21, 'respe'ct:.ively s

-except that in the former the ultrasound dose was suchthat by itself.

it gave a 40% survival. In Figs. 22 and 23, the expected survival

curve is obtamed from the X-ray curve by multlplymg the X-ray sur- :

: vival at each dose. pomt by a factor of 0.4.

It is seen that there is a synerglstlc effect between ultrasound.
and X—rays even when a threshold ultrasonic dose ‘is used ‘The degree
of synergism depends on 1) the X-ray dose, being greater at higher

doses; . 2)' the time interval between treatments, being more evident

when treatments follow each other by a: half hour than when. treatments

are almost snnultaneous, 3) whether ultrasound follows or preceeds
X—rays (X’rays followed by ultrasound are more effectlve than ultra-
sond followed by X-rays).
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Figure 20. Synergistic effect in M3-1 cells exposed to

150 kV X-rays._and 1.0 Miz frequency ultrasound
at 0.125 W/c:m2 for 60 sec. The time interval
between treatments was 2 to 5 min.
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- Figure 21 Synerglstlc effect in M3-1 cells exposed to 150 kV -

X-rays and .1.0 MHz frequency ultrasound at 0.125 -
" W/emé for 60 sec. The time interval between treat-
~ ments was 30 m1n .



survival

Fractional

-66-

US. +.
X-roys

X-ro s—
3 y

U. Sa

_2A
100~

. Figure 22,

" was 2 to 5 min.

.X-rays - and 1.0 MHz frequency ultrasound at 0.5 W/cm

[ | L IR R
I00 200 300 400 500 600
Rads

XBL7I7 - 3853

Synergistic effect in M3-1 cells exposed to 150 kV

for 20 sec. The time interval between treatments

2




survival

10

Fractional

-67- -

1 I ] | |

‘Figure 23.

l .
I00 200 300 400 500 600
Rads

XBL717-3852

Synergistic effect in M3-1 cells exposed to 150 kV -
X-rays.and 1.0 MHz frequency ultrasound at 0.5 W/camZ
for 20 sec. The time interval between treatments

"~ was 30 min.
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I. Cell Cycle

Synchmmzed V79 cells were obtained through the courtesy of - |

R B1rd by selectlvely harvestmg m1tot1c cells; these synchronized -

cells were exposed to a given dose of ultrasound at various stages in

the cell cycle. At the same tJ_me a control expenment was done whereln_ .

an asynchronous V79 cell populatlon was smlarly exposed. 'Ihe ultra- '

sonic frequency was 1.0 MHz and the doses used were 1 W/cmz_

for 10 sec
and 1 W/sz for 15 sec for synchxpnom cells, and 1 W/cm2 for 10 sec
for asynchronous c;el]s, ‘ | '

' Figure 24 shows th,e results. It is seen that the fractiohal, |
survival for the asynchronous popplation does nbt change significantly
H with time aftet plating .v But for synchronous cell populations, 1t is
* found that almost twice as many cells survive a given dose when exposed
in M and early G-1 phases as compared with cells exposed in S and G-2

phases to the same dose.

J. Growth Curve

To study the effect of ultrasound on the growth of cultured .
. mamnalian cells, M3-i cells were exposed.to 1.0 Mz frequency at 1.0
W/t:m2 for 60 sec and the growth curves of the exposed cells compared
with those of control cells. The results are giiren in Fig. 25. The
| only effect seems to be an extension of the lag phase by about eight

hours in the exposed cells, the douhling time heing unaffected.
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K. * Microscopic (bservations

When M3-1 cells are exi)osed to ultrasound and observed in a
phase-contrast microscope at 250X within 2 min after exposure, it is
seen that cells exposed to 0.5, 1.0, or 2.0 MHz frequency have a
similar appearance. At very low doses the cells remain attached to
the petri dish; at intermediate doses, they detach from the dish and
round off; many cells have characteristic vescicles around them. At
very high intensities, rﬁostly only cell debris is left. Cells exposed
to 0.1 or 3.3 MHz resemble each other, though their appeérance is dif-
ferent from that of cells exposed to the 6ther frequencies. Cells
exposed to 0.1 and 3.3 Mz remain attached to the dish and maintain
their shape, although the protoplasm appears coagulated in a manner
very similar to that of cells exposed to a chemical fixative or to
heat. Figure 26 shows phase-contrast pictures of exposed and contfol
cells.

When M3-1 cells were exposed to 1.0 MHz at 1.0 W/cm2 for 7.5 sec
or at 0.25 W/cm2 for 30 sec were examined in a scanning electron micro-
scope anci compared with controls; it was found that for the exposed
cells the outer surface had a characteristic "bumpy' structure, where-
as for the controls the outer surface appeared smooth. This is shown

in Fig. 27.
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(a) (b)

© | (d)

Figure 26. Phase contrast micrographs (X250) of M3-1 cells
(a) Control (b) 2 min after exposure to ultrasound
of 3.3 Miz frequency at 44 W/cm2 for 60 sec. Cells
exposed to 0.1 MHz frequency look similar. Note
the "fixed'" appearance of the protoplasm. (¢) 2 min
after exposure to 1.0 MHz at 8 W/amZ for 15 sec.
Note the characteristic vesciles around the cells.
(d) 2 min after exposure to 1.0 MHz at 8 W/ cm? for
60 sec. Note the total disintegration of the cells.
Cells exposed to 0.5 or 2.0 MHz appear similar to
(c) or (d) depending on the dose.
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(a) Control

(b) Exposed to
1.0 W/cm2

for 7.5 sec.

Figure 27.

Scanning electron
microscope pictures
(X10,000) of M3-1.
cells before and
after exposure to
1.0 Miz frequency
ultrasound

(c) Exposed to
0.25 W/cm2

for 30 sec.

XBB T19-4381
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To prepare the samples for scannlng electron microscopy, M3-1
cells were exposed in suspensmn, i.e., Jmmedlately after platlng
Two drops of the suspensmn were placed on a slide and 1ncubated at |
37°C for two hours to _lét the cells attache to the slide. The cells
were then fixed in formaldehyde [1 part neutral fdrmaliﬁ (40% formal-
dehyde) and 9 parfs saline] for 30 min, rinsed in distilled water,
and dehydrated through graded series of methanol. The slides were
then air dried, coated with gold, and observed in a scanning micro-

scope at up to 10,000 X.

L. Electron Spin Resonance: Free-Radical Production

To study the ultrasonic production of free radicals, an experi-
ment was done in collaboration with Dr. D. E. Holmes of Donner Labora-
tory. A known concentration of a stable free‘ radical (10"4M, 4-hydroxy-
2,2,6,6, - tetramethyl piperidine-N-oxyl) in water or in H.U.-15 medium
was exposed to ultrasonic waves of 1.0 Miz frequency at different inten-
sities (6.0 W/en? for 1,3,4,6 min, and 0.25 Wen® for 2,5,7,10 min
in water; 6.0 W/cm2 for 6 min, and 25 W/c:m2 for 2 min in H.U.-15 medium;
and 6.0 W/cm2 for 6 min in water after passing N2 gas through the water
for 2 min). Two milliliters of the solution were exposed in a petri
dish in a manner similar to that used with mammalian cells. The pro-
duction of free radiéals was tested by comparing the concentration of
the stable, free radical before and after ultrasonic exposure by elec-
tron spin resonance analysis. Induced free radicals are known to

destroy the stable free radicals.
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No appreciable amount of free-radical production was detected
in this experiment. By this technique the production of as few as 1011
free radicals would have been detected, i.e., the techmque would detect

the free radicals produced by exposure of water to 1 rad of X-rays.

M. Eosin Y Exclusion Test

Eosin staining is a well known technique used for the detection
0f dead or dying cells. To determine the time of cell death, aliquots
of sonicated cell suspensions were mixed with eosin Y immediately’ after
exposure and at intervals thereafter; and the percentage of stained
cells was counted in the nonsonicated control cells and in the irra-
diated suspensions. These experiments were done with M3-1 cells, the
sonication being carried out within 20 min after plating.

For staining, one drop of 2% eosin Y (Allied Chemical Corporation,
N.Y.) in 0.9% NaCl was -added to two drops of cell suspension on a slide.
The preparation was then examined under a phase-contrast microscope at
250 X, and the eosin-stained as well as the nonstained cells were
counted between 2 and 10 min after staining (Fig. 28). }

In the nonsonicated controls the percentage of nonstained cells
remained constant at approximately 95%. Figure 29 shows the results for
the sonicated cells. For comparison, the seven-day survival curve is
also included. It is clear that cells begin to die within 15 min after
sonication and that most of the cells that will be reproductively dead
are dead within two hours after sonication. (After two hours the cells
attach to the petri dish; hence the observations were not carried out
beyénd two hours.) The shape of the survival curves obtained by the

eosin Y exclusion test is similar to the seven day ''reproductive' death

survival curve.
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Figure 28. Eosin Y staining test: The cell preparation
(M3-1 cells) was exposed to 1.0 MHz at 1.0 W/cm2
for 10 sec. 'The living cells do not pick up the
stain and appear bright with a halo around them
in this phase contrast micrograph (X250)
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Figure 29. "Survival curves'' obtained by eosin Y staining

method at various times after exposure of M3-1
cells to 1.0 Miz at 1.0 W/cm2.
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N. Cell-Size Distribution

The cell-size distribution apparatus and technique described

- by Madhvamith95 were used to study the effect of ultrasound on cell-

sizev distribution to investigate the possibility that membrane damage
may play a part in cell death through sonication. |

To obtain the cell-size distribution, 0. 5 ml of the ce’ll suspen-
sion was added to 4.5 ml of 1sotone in a vial. 'Ihe cells were mixed

by inverting the vial a few times and were counted in a Coulter counter

(Model N with a 70-y diameter aperture) . The cell concentration was

kept arblmd 4 x 104 cells/ml. Pulses from the counter were'fed through.

a wide-range linear amplifier (LRL Model 11X1980 P-1) to a 400-chamnel

'pulse-height analyzer (RIDL Model 34-12). Comnected to 'the analyzer
_was a Moseley 2D-2X-Y plotter to plot the distribution.

For the experiment, M3-1 cells were exposed, immediately after
plating into 35-m petri dishes, to 1.0 Miz at 0.5 Wem? for 10 sec.

An aliquot of the cell suspensmn was m1xed with either isotone. or

isotone + distilled water to give a flnal concentration of 50% isotone. |
" The cell-size d15tr1but10ns of these suspensions were then obtained

as descnbed above. The whole analysis was campleted 10, to 15 min

after exposure. ‘ .

‘The results are sho&n in Fig. 30. The size distribution prob-
ably does not represent the exact cell sizes; however, there is a
qualitative differénce jndicating that treating cells with ultrasound

is like exposing them to a hypotonic medium.
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- Figure -30. Effecf of ultrasound on cell size
distribution in M3-1 cells exposed
 t0-1.0 MHz at 0.5 W/cmZ2 for 10 sec.
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V. DISCUSSIN

A. Introduction

The effects of ultrasonic irradiation have been studied by

' numerous authors in various physical, chemcal and biological- systems

and attenps made to relate ‘them to parameters of the ultrasomc bean.

'Ihe blologlcal effects of ultrasound have béeén studied 1n m1cro- .

b'rgamsms viruses, bactenophages, and various un1ce11u1ar and multi-
cellular organisms. A variety of effects .ranging all the way from -
' conplete destructlon of 11v1ng orgamsms to stlnnﬂatory effects in
plants have been reported. Subtle effects on the metabolism.and ultra-'
structure of ultrasonicated 11v1ng organisms have also been descnbed

Insp:.te of a11 the work done in this field the nature and the
extent of the biological effects of ultrasomc energy are st111 uncer- -
| tain. One of the problems in interpreting the results of m\restlgations
in the . f1e1d of ultrasonics has been that experiments carried out so
far have used mdely varymg apparatus and have often been only. qual-
itative in nature, makmg it difficult to compare observatlons of
various researchers because of variations in the techniques of e:qaosure,
the dosimetry, the fmquency and the biological systems used.

Before attempting to .expla:m our experimental results, some of .
the mechanisms that have been put forward to understand the b1010g1ca1

 effects of ultrasonlc waves will be dlscussed

-

2N




_, threshold increases rapidly in the range fmm 100 KHz to 1 MHz and

E that presence of dlssolved gas reduces the threshold con51derab1y 25

- liquid.

fgl- ‘

’ B. Possible Mecharisms of Cell Death

The various mechanisms by which ultrasonication causes death '

~ of cells can be grouped into three principal c'ategories:

(1) Cavidation. When liquids are subjected to ultrasomc waves

at suff1c1ent1y high intensities, the tensile strengﬂl of . the 11qu:1d

'will be overcome by the large local variations of pressure created by

~ the propagation of the ultrasonic vibrations in the liquid and cavities .

will be formed. The term caviation is applied to these cavities or

| vacuoles formed in a liquid' exposed to ultrasound. These cavities are .
. formed in the negative half of the pressure cycle of the sound vibra-
~ tion and collapse in the pos:Ltlve half of the cy’cle. This process is

called vaporous Or transient cav1tat10n 85. If. the liquid contains dis- .

solved gas, there will be a diffusion of the gas into the cavity with
the formatlon of a bubble which will grow in size and eventually escape
to the surface of the liquid. Th:Ls spontaneous grothh of unstable gas
bubbles in a sound f1e1d is called gaseous caV:Lt.su:lon.85

" 'The minimum pressure amp11tude that will induce cavitation is

called the cav1tat10n threshold. It depends on the amount of dlssolved o

gas, the temperatuxe, the viscosity, the hydrostatic pressure,. and the

frequency. No systematlc stud:Les have been done on how these various.

| factors affect the cavitation threshold, but it is known that the

‘The onset of ultrasonic cav1tat10n is accompanied by a charactenstlc

audible hissing noise and the appearance of bubbles in the 1rrad1ated |

25,85 -
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Even at intensities below the cavitation threshold, in a liquid
- with dissolved gas there is a steady growth of a population of micro-
‘bubbles from pre-existing nuclei under the action of ultrasonic energy.
This is referred to as stable cavitation.l00

| Various physical, chemical, and biological effects have been
ascribed to cavitation. The erosion of the propeller screws of ships
and-the'redu’ctipn éf' the flow rate in pipelines are sdne of the f)hys-

ically destructive effects of cav:itz‘altion.so’85

Intense hydraulic
-shocks resulting from the collapse of the cavities have a strong des-
tructive action; pressures of several tens of thousands of atmospheres
can be: deveioped close to a collapsing bubble in a liqi.xid.:”0
Ultrasound induces such diverse chemical reactions as oxidation,

' reductibn, degradati(m, and synthesis' of inorganic and organic sub-
' stances, polymerization and depolymerization, intramolecular n>groupmg,
and free- rachcal formation. 2 According to El'piner, no chemical
- reactions are observed in an ultrasonic field at intensities below
the cavitation threshold inespective of ‘the duration of irradiation.
»Also, ‘all factors which inhibit the formatj.on of cavitation bubbles
also p'revenf: the occurrence of chemical processes X0

" The destructive effects of ultrasound on unicellular organisms
have also been ascribed to cavitation, and some of ﬁle more subtle
effects of ultrasound such as the acoustic streaming observed in various
systems have been ascribed to stable cévitat_ion. Each microbubble as |
it grows passes through a size at which it is resonant in the applig;l
field. In this condition, with relatively large vibration amplitudes,
it effectively converts acoustic energy into éne'rgy of both mﬁLcﬁrec-

tional microstreaming fields and altered chemical bonds , 100
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Disintegration.-o‘f bacterial and other cells is usually ohserv,ed

when the intensity of sonic v1brat10ns is sufficient to produce cavita- -

t:mn ‘bubbles in the 1rmd1ated medJ.um 30 'Ihe-higher the dose rate,

| the more pronounced are the cav1ta1:10n effects and the b1olog1ca1 actlon.
Thus, :mcrease in dose rate is more effectlve than an 1ncrease :Ln the
- duratlon of exposure Also the effectlveness of ultrasomc action on

'mcroorgamsms depends 4m .a definite way on the concentration of mlcro-

'b1al cells; it is less effective against highly concentrated solut10ns , -

-and this has been explained by  assuming that.cantatlon is suppresed in

" the highly concentrated solution because of the increase in viscosity.

L (2) g_rg)_erat . In discussing the role of tenperatm'e m
- the b1010g1ca1 effects of ultrasonic waves, there are two Jmportant
| points to bear in mind. The first'is the temperature mcrease of the
. medium as a whole resulting £rom the conversion. of -absorbed acoustic
“energy into heat ‘energy; the other factor is the locallzedvtemperatuxe
~increase resulting from the adiabatic collapse of cavitation bubbles.
A liquid in an ultrasonlc field is heated by absoxptlon of
acoustic energy which is partlally- transformed 1nto heat energy . 'Ihe
temperature of a liquid rises sharply in the first few moments of
ultrasonic irradiation. ’I’he‘subs_equent temperature rise is extremely
slow, or the heating of the medium ceases altogether—-probably due to
the establlslunent of equ:l.llbnum between the amount of energy delivered
| and the amount given wp to the amblent medlum ‘The phys:Lotherapeutlc
appllcatlon of ultrasound, such as in dlathermy, _15 based on this - |

temperature “increase produced by ultrasomd
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,'Bes'ides this general temperature increase, high temperatures

of ‘the order of 2000°K are created in pulsating resonance cavitation -

bubbles. 85

However, there are: certain objections_to the hypothesis
of a local, poiht increase in temperature to sevaral thousands of

' degrees.:'v’0

- ~Although many authors have attr1buted the b1010g1cal effects

of ultrasound to heat ‘there ‘are s1gn1f1cant dlfferences in ‘the natm'e'

" of the 'damage produced by ultrasound as compared with that pmduced
- by heat. Morphological changes produced in bactena by ultrasound

I usually mvolve breakage of walls.and membranes ~such damage is not

. observed in the case of heat mJury to bacterial cells.-30 |

| “Sudo and Dworkm report that the re51stance of Mococ
' ,xanthus to sonic: nbmtlon developed durmg conversmn of rods to
refractile spheres whereas resistance to heat d1d not appear until
‘after the conversion was complete. -

Also, blologlcal effects of ultrasound have been reported at
| intensities insufficient to cause an increase in temperature which -
could explaln the effects Newcomer and Wallac:e10 in study1ng muta- ‘

.tions mduced by ultrasound recorded increases in the temperature of

- the treatment. medJ.un, ‘water, and were of ,the opinion that the rise in

,,.tempexjature of 25°C from 10.°C to 35°C was not sufficient to cause such

~ damage. 'Ihey did not rule out the p0551b111ty that local hot spots
“had developed however, Newcomer102 does not think that heat is a

11ke1y cause, as no coagulatmn of protoplasm was observed




- -85-

47.studied the effects of 10 KHz. ultrasenic

’Watmoﬁgh, et al.,
waves on the growth of the main tap root in Vicia faba seedlings, and
they report that the observed reduction in the root growth rate cannot
be ascribed to any small rise in temperature. | " |

103

Lehmann et al. report that the hlstologlcal appearance of

~ anion roots exposed to 1 Miz at 110 W/cm was dlfferent from ‘that pro-

duced by heat; but even then they do not rule out localized temperature :

jmcrease as a possible factor.

(3) Direct Effec'ts. It is possible that liitrasomd directly -

affects some cell component and that the biological effect, “including
cell death, may be just an amplificatioh of this primaly damage.

' It has been found that, ,depend:.ng on the 1nten51ty of ultra-
'sound, microflows of varied strength appear in the cell, . disturbing
' the spatial interaction of submicroscopic structures. and leading to
functional changes. High ‘dese's of ultrasound produce a dieordered
destructive shift in the cell ultrastructure leading‘ to sharp dis-
~ turbances in the physiological state of the cell, depressed growth,
and even death o

El'plner has shown that the mitochondria are ruptured nnmedlately _

| following 1rrad1at10n. Such changes appear directly during sonication
'A at a temperature (of the surroundlng medium) which excludes the possi-
bility of thennal coagulatlon of the protein structure of the cell and
for ultrasonic 1nten51t1es which exclude the p0551b111ty of ca\ntatlon,.
Degradation of DNA occurs at intensities too low to produce
"c'avi.tation or significant temperature increase. Such changes may be_
" the result Ae’f'.giirect' interaction of ultrasonic ‘energy with the polymer

bc)nd structure.
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49,50 states that the mechanism for the inhibition of bio-

Burns
synthesis in sonicated yeast cells may be due to disruption of éupra-
molecular organization 1n the cell. According to him, the simplest
é;cpla:lation for his results on the effects' of sonication in yeast is
that the cell membrane may become more permeable to cértain small
molecules during Sonic 'irradiatio'nv

. ~ Ravitz and Schmtzle Sstudied the effects of 85-KHz ultrasomc
waves on the semitendinosus mscle of Rana pipiens. They observed a
range of ultrastructural changes the mitochondrial cristea and compon- -
ents of the sarcotubular system being the most sensitive. They postu-
late the generatlon of steady intracellular stress produced by ultra-
" sonic waves to explain the results which were obtained under ccmditiéns
 that ruled out heating or cavitation as causative ‘factoxs;

: Iépéndin and Ustinbv&,“ on the basis of a theoretical study
"on the mechanlsm of destruction of biological cells in an ultrctsomc
'fleld conclude that resonance vibrations of the ce11 in an ult rasomc'
f1e1d are quite probable. These resonance vibrations may lead to -
destxﬁ;tibn of the cell menbrane.

In conélusim, it may be stated that al'though‘ transient cavita-
‘fion ‘ahd_temperature increase may play a significant part in the bio-

logical ‘effe.cts of ultrasound at high intensities and low freqizen;ies,

' many biolog‘ical effects of ultrasound are nonthermal and noncavitational.

'C. Explanation of Experimental Results

(1) Cell Death. Our results on the survival of mammalian
Céils. are not due to transient caﬁtation since the doses we have used

-are about a faétor of 100 below the cavitation threshold, nor are they
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..due to tu=nperature as the temperature of the amblent med:mn did no’c
‘exceed 37°C. However, we cannot exclude local hlgh temperatures at

-interfaces Wthh are not directly measureable by. phy51ca1 :mstnments

‘We have concluded that the primary cause of cell death in cells L

exposed to 1.0 Miz frequency is damage to the structural or functional

mtegnty of the cell menbrane. ThlS may . be brought about by shearing ' _

action assoc1ated w1th bubble mduced eddying and related motion caused '

by stable cav1tat10n, or ‘the menbrane damage may be the result of
localized high temperature mcreases which may occur due to the fact
" that maximum absorption of ultrasonic energy occurs at an 1nterface--

and the ce11 membrane is just such an 1nterface

The followmg observatlons support the: hypothe515 that menbrane _ |

damage is the primary cause of cell death at 1.0 MHz frequency: .
a) Eosm Y exclusion test. Accord.mg to Goldstein and Okada 99

~eosin staining represents damage to the cell membrane. 'I‘he results of

the experment on eosin uptake by sonicated cells indicate that cells

began to d1e as early as 0 to 15 min after sonlcatlon and that most of.

the cells that are to be reproductively dead are already dead w1th1n

two hours. It is unlikely that primary damage to some other cell sub-

.structure would become subsequently expressed as menbrane damage so0
rapidly.

b) Phase-contrast microscopy shows characterlstlc vesicles
, emtmd exposed cells wlthmZ min after exposure and companson of
scanning electron.nucrograp}s of control cells and of cells prepared
. for microscopy within 2 min after .'exposure shows that whereas the out-

‘er structure of control cells is smooth, that of eicposed cells is
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, "bumpy md1cat1ng that the. membrane had collapsed on the internal -

cell organelles--p0551b1y mltochondrla

c) Wen contrblfcellsi are exposed to 'l'a hypo_tonic medium, they"
‘.swe‘ll; but sonicated cells swell even in an isotonic medium, indicat'f
ing that the inéﬁbme has- become pemeable to water.;- Al_so, certain
| mdie;ule§ maty;leak oﬁt,l'as' haé been suggestetl by Burns It is also -
' '-possibie' that 'ultrasonication damag‘es'v the viscoelastic properties of
- the membrane. The altered microscopic sui'face views attest to this.

11

d) Free radicals,'if -formed, are less than 107~ at doses as

“high as 1(')9 e;fgs/anz. S'onication. of the medium itself, which could
résult in the , formation of long-lived free radic_a_ls, was also
~ineffective. |

e) The increased resistance of synchronized V79 cells in
‘mitosis, as compared with the rest of the cell cycle, also leads us
to believe that it is the membrane which is affected (see p. 68).

f) The i‘nsigﬁifiéént difference in the survival of cells
exposed in suspension or attached to the bottom of the petri dish
may also be explained by assuming that cell déath is due to membrane
' damage (see p. 44). o

g) Lependln and Ustlnova, on the b3515 of a theoretical study
on the mecha.msm of cell death caused by ultrasonic waves conclude

that resonance’ v1brat10ns of cells may- 1ead to destructlon of its
" membrame.

It is concluded that the integrity of the cell membrane is
affected by ultrasonication. The damage may be to. the membrane struc-

tureé, such as pores, or to some components related to membrane
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function, such as ATPase -formati_on. No coﬂuplete:experiments were
done to study ﬂae'medanism of cell death at frequencies other than
1.0 Mz but on the basis of the similarity of “the -lilicroscopic appear-
. ance of cells exposed to 0. 5 1 0, and 2.0 MHz frequency, it is, assuned
that for a11 these frequencnes the pr:.mary cause of cell death is mem-
. brane damage |
Also, again on the ‘basis of the mlcroscop1c appearance of cells

-exposed to ,0..1 and 3.3 Mz, it is assumed that coagulation of the -
-protoplasm is the cause of cell death for these. frequencies. We do .
not ‘know what caused the coagulation of the protoplasm, but. it does v~
not seem to have been caused ‘by temperature, because even for these -
.frequenc:xes the temperature of the medium did not exceed 37°C. ,Itt

may have been caused by changes in the ionic composnlon of the proto-
plasm due to leakage of certain molecules, or due to cross 11nk1ng or .

denaturatmn of protein.as a result of 1oca11zed hlgh temperatures.

(2) Dose-Rate Effect. The dose-rate effect is easily under- L

stood when one realizes that the temm dose rate, as used in this study;~-
' refers to the intensity of ultrasound, which is related to the ampll-
tude or maximum dlsplacement of a particle from its position of rest
and the dose is the product of the dlsplacement and the length of time |
-thls value of the displacement lasts. '

. " If the amphtude of v1brat1on is very small, 1t may have no -
| effect--no matter how leng it lasts. Above a threshold amplltude “the .
' -lugher the amplltude the greater its effect it probably would reach.
a plateau or peak and then become less effective. This has not been :

66.

observed_lnour,expenments, but Clarke et al.  have observed an -

anomalous dose-rate effect.
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The shape of the survival curves can be explained by assuming
that the cell population is HeteregeneOUS'in tegard to its sensitivity
to ultrasound. This is consistent with the fact that cells in dif_fer-" >
ent stages of the cell cycle heve different sensitivities. However, no
quanti_tative co;'relation was estebliShed between the survival curve
and the distribution o:{‘:" v'c:ells in various stages and their sensit:ivities.
- The surviw)al curve shows a sharp initial decrease in survival
with.a. mudx.sldwer_ fall at higher doses. This is quite similar to
the tempefature increase‘causedfby sonication. _The initialvrise in
temperature is rapid, but subsequent increase is slow. One mig'ht there-
fbre be tempted to say that temperature is respon51b1e for cell death;
however, the final temperature never exceeded 37°C. It is more likely .
that the survival curve and the time rate of temperature increase are
both'expre351ons of the nature of acoustic energy absorption.

Another factor influencing the effectiveness.of'ultrasound is
the concentration of cells, as is well known' in the case of micro-
orga:nsms but even at the hlghest doses, the cell concentration wasA
not high enough to 51gmf1cant1y affect the viscosity and thus the
effectlveness of ultrasound A

e prefer to explain the shape of the curve by assuming that
‘ there are a flxed number of "s:Ltes" on a cell membrane which are vulner- :
able and that a certa.m ‘mumber of these have to be 1nact1vated before
the cell w111 die.. In1t1a11y all these 51tes are ava11ab1e and the o
chance of their bemg dm'naged is good; but, with increasing dose, less
. are. available_tobe damaged so that equal -1ncrements at higher ‘doses .

are less effeeti\(e. _
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These sites may be pores on the cell membrane. In an ultra-
'sonic field these pores are stretched, which affects the membrane
permeability; and if the amplitude is high enough, the pores may be

irreparably stretched, thus créating holes in the membrane.

(3) Ceéll:Liné Sénsitivity. If the primary damage is to the
membrane, then it is easy to say see why thére.shotild be no correlation

between cell sensitivity and the origin of the cell line, its doubling

t:me the number of its chromosomes, or even the cell- size dlstnbutlon.

Cell sen51t1v1ty is probably related to some structm'al m1t ‘that has
similar properties for the chfferent cell lines. It .carmot be INA but,

‘may be mltochondna or m1croSmes or ‘membrane units.

(4 Frequency Effect That a certain frequency is more effec-
tive than another is probably due to a resonance - phenomenon as die-
cussed by Lependin‘ and Ustinova. It is possible that the variation
in the effectiveness of dlfferent frequenaes may be an artifact of
dosimetry; i.e., it may be due to variations in-the energy absorbed by
| cells at different frequencies. However, that the greater effectlve-‘
ness of 0.5 Miz frequency may be an artifact of doeimetry is ruled out

By our experiments on the survival of S. cerevisiae 'exposed to the

same set of frequencies. We have found 1.0 Miz to be the most effec-

tive of those frequencies for killing yeast cells.

(5) “Dose Fractiondtion. Cells damaged by ultrasound are in

a state of stress and are therefore probably more susceptible to a
subsequent exposure. From various eicperiments we have concluded that

ultresound affects membrane pemmeability; and since cells are in a
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continuous state -of?-metabolic activity, the primary damage can be
- expected to get progressively worse with time, as has been shown by
the eosin Y exclusion test. However, we do not know why the maximum .
sensitivity occurs.about a half hour after the first exposure. |
It would seem nthal‘t evén at the end of three hours, the cells

do not recover from the initial .damage_,- as has ‘been demonstrated by

. the'split dose vtechni'que' to be the case with cells exposed to X-rays; -

but there is some 'recovery' from the 'sensitization' resulting from
the initial démage. |
, (6) '§mérg‘ ism. There are three possible explanations for the
synergistic effect of ultrasound and X-rayé: ' 4

a) If the treatments are done simultaneously, the temperature
increase produced by ultrasound leads to increased sensitivity to
X-rays, as has been demonstrated by Bridges et a1.;104 However, fh.e
. temperature increase in our experiments, measured as less than 1°C,
was not significant enough to explain the effect.

b) If ultrasound follows X-rays, the chromosome breaks induced
by X-rays might be prevented from rejoining by the mechanical vibra-

tions caused by ultrasound, as suggested by Ccmg'er.105

c) The interaction between the membrane damage caused by ultra-

sound and the nﬁclear damage caused by X-rays may be responsible for .
the. Synexgistic effect, in the sense that one damage amplifies the
other, possibly by interfering with repair meéhanisms. Vibration
causes appreciable changes in the cells, influencing their subsequent
fate. It may be supposed that cells exposed to vibrations become . »
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moTe reactive; and therefore any additional influence is capable of

. radically altering their'biological properties. A cell_ with,a damaged

cell membrane may not be as.able to withstand nuclear damage . and a

cell'with its nucleus damaged may not be as capable of withstanding .

' damage to 1ts membrane, as a normal cell.

At present we do not understand why ultrasound followed by

X-rays should be less effectlve than X-rays followed by ultrasound and

why the synerglstlc effect should be greater if the treatments are
separated by a half hour than if they follow immediately. Probably

the differences are due to di'fferences‘ in the nature of the damage :

»ca:used by the two agents and in t.'he nature and timing of the reparr

process’ for both cases.

(7) Cell Qxcle.. Cells in mitosis probably have a different

. membrane sensitivity than cells in'S phase. This is based on the

observations of Todd et al. 106 yho have found that there is a signifi-

cant difference in the mlcroelectrode tip p@tent1als on cell surfaces ‘

in cells in mitosis as compared with cells in the rest of the cycle.

Con 107 also reports that pronomced variation in cell volune ‘and.
electrical potentlal accompany 1n1t1at1on of mitosis in vitro. Thus, -

if son1c effects are due to -direct. action on membranes, one would

expect some varlatlon of these effects with the cell d1v151on cycle o
It is mterestmg to note that when synchronous cell populatlons o

~are exposed to X- -rays at different stages in their 11fe cycle, cells

in S phase are found to be most resistant. This. too would seem to

| indicate that the mechanism of cell death due to sonication may be .
~different fmm that of cell death due to X 1rrad1at1m, which is due.
" to nuclear damage. However, Clarke et al.’ 6 have reported. that for
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L5178Y mouse leukemia cells eicposed to 1 Miz ultrasonic irradiation,
cells in M phase'are‘ significantly more 5usceptvib1e to disintegration

than the average population.

(8) Growth Curve. Since the primai‘y damage appears to be to

fhe .>membra‘ne . wé believe that important nutrients may leak out during
sonication; and the extension in the lag phase ’may be the period needed
to resynthesize and’ éccunﬁlate ‘those nutrients, and poséibly to repair
any sublethal damé.ge. No effect on ﬁhe dbubling_ time is to be expected:

from membrane: damage, which is what we have observed in our experiment.
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VI. SUMMARY AND CONCLUSIONS

| The colony-forming abilfity.of cultured mammalian Cells (derived
from Chinese hamster bone-marrow cell line M3-1, Chinese hamster lung.

.-oell line V79, hunan kldney cell 11ne T—1 or Chang's human 11ver cell-_u

'11ne) exposed to monochromatlc ultrasonic v1brat10ns of dlfferent
frequenc1es .1, 0. 5, 1 0, 2.0, 3.3 Miz) or to aud.10frequenc1es has
been stud:Led to try to understand the nature of the b1010g1ca1 actlon ‘
of ultrasonic enexgy at the cellular level. The combined: effect of
150-kV X-rays and 1.0-MHz ultrasonic waves on M3-1celks haé aiso been
-studied. | ' '

A commercially available l.O—M{z‘ ultrasonic generator using a .
10 cmz X-cut quartz crystal as a transducer was used for most of the
experiments, after the oscillator had bee.n rede51gned to provide mon-
itoring and mdependent control of the frequency,. the dose rate »(p}ate
voltage), and the time of exi)osuré. Later, another generator was
specially designed to provide ultrasonic waves of 0.1, 0.5, 1.0, 2.0,
and 3.3 MHz frequency using 10 c:m2 quartz crystals- as t'ransducers for
0.5, 1.0, 2.0, and 3.3 MHz and an 80 c:m banum titanate crystal for
0.1 MHz N

. The experimental procedufe involved plating an aliquot of a
. known number of‘ cells into 35-mm plastic petri dishes. After four to -
suc hours of incubation at 37°C, ‘each dish was coupled to ‘the Ss—m
quartz crystal transducer (enclosed in a metal cup) using a thin layer

.of' glycerine. The oscillator was tuned to the resonant frequency of
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the crystal and the frequen'cy monitored on a digital frequency meter.

The samples were exposed to a given freqnency and do,se rate for a given

time. 'I_'he dose rate was COntrolléd by adjusting, _the voltage in the
.. plate circuit, and the plate current and voltage were recorded
‘ After 1ncubat10n at 37°C for seven days (in the case of M3-1
;a.nd V79 cells) or 12 days (for T-l and Chang s) ‘the dlshes were

- sta.med with 1% aqueous methylene blue solution for 30 mJ.n,- r1nsed

: w1th d.15t111ed water, dried ovemlght and the number of v151b1e |
. colonles per dish counted | ' | 4

~ To a limited extent, the effects on gmwth rate, dye uptake,

~size distribution, freel-radlcal production, and mICI'OSCOplc altera- - |

- tions were aJso studied.
The following observatlons were made:

1) 'Ihe surv:wal curves, in’ contrast with those for ionizing

radiatlons, are ne,arly' logarithmic; hut the slope of the line decreases

with mcreasmg dose.

(2) The lethal effects are dose- -rate dependent and have a
threshold dose rate. For M3-1 cells at 1.0 NHz frequency, the thres-
shold dose rate occurs around 0.125 W/cm '

(3) Different mammalian cell lines in vitro do not show
‘appreciably.different sensitivities. |

4 The shape of the survival curve for different frequeneies,
as well as for different cell lines, is similar.

(5) Using a synchronous WQ eeil population, we found that M
” and early G-1 phases are more resistant and S phase more sensitive to.
ultrasound. About tWice -as many cells in M phase survive as do cells"

in S phase.
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(6) Audiofrequencies at the dose rates used (of the order of
0? W/c:m2 which is the threshold for pain) have no lethal effects.

‘ 'Ihe dose rates and doses used in the audlofrequency exper:unents were

P . 'cms1derab1y below those shown to produce lethal effects for the ultra-

- .sanic frequenc1es

) Dose fractlonatlon studles show that pI‘lOI’ exposure sen- .

| sitizes the cells to subsequent treatment, in contrast with what is
observed with X-rays where cells show recovery. ) Max1mum sensitivity

.' occurs approximately 30 minlafter the first exposure, when cells are
' maintained at 37°C betweeh exposures.

| (8) Eosin Y exclusion te‘st“indicates sonicated cells begin to
| die within 15 min after exposure and that 'ahnost all the cells that
o will be counted seven days later as reproductive deaths are already

E dead within two hours after sonlcatlon
(9) . The lethal effects are observed only in the presence of
a liquid mediun during sonication. - No lethal effects are ebserved if
- cells are sonicated in-th_e 'froze’ri* ‘stat‘e or m ‘the 'darnp' state, i.e.,
tﬂthout ‘medium. ' |

. (10) - There is no dlfference 1n the sen51t1v1ty to ultrasomca-

' t10n whether the cells: are in, 'suspen51on' or -attached to the dish,. as

Lo ":_long as they are also bathed in liquid medium.

(11) The temperature of- t.he med.lum over a range of 0 to 25°C at
'the ‘time of sonicatlon does not affect the sensitivity: of cells.. 4
(12) Cells that survive sonication: show a longer lag phase but

the dowbling time is not affected.




-98-

'(13)- Microscopic examination shows that cells exposed to 0.5,
.1.0, or 2.0 M-Izvappear'th'e. same; Microscopically, cells exposed to.
0.1 MHz resemble those exposed to 3.3 Mz but appear different from
A cells exposed. to .0. 5, 1.0, or 2.0 MHz. Cells exposved to 0.5, 1.0, and
2.0 Miz frequency at intermediate doses detach from the petri dish
and round off; many of the celvls show characteristic vescicles around
them. At very high doses, most of the cells disintegrate and appear-
as. cell debris. Cells expo_se.d'to 0.1 and 3.3 MHz frequency remain
attached to the dish even at high doses and retain their nomal struc
' tural features, except that the cytoplasm appéaxs coagulated. |

Scanning electron mcroscopy shows characterlstlc bumpy outer
structure for the sonicated cells as compared with the smooth outer

structure of control cells.

(14) There is a small synergistic effect between ultrasound and
X-rays. The degree of synergism depends on X-ray dose and the time -
interval between treatments, and is gireatef when ultrasound follows

X-rays than when it precedes it.

(15) For M3-1 cells, 0.5 MHz is found to be the most effective

of 0.5, 1.0, 2.0, and 3.3 Miz frequencies.

11

- (16) Free-radical production if any, is less than 10 free -

o -f'adicals_ at the doses used..

an Cell-s_'iz_e distribution studies show that cells exposed to

ultrasound swell as"’.’-théugh' -they had.b‘een' exposed to a hypotonic medium.
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From the above observations the following conclusions have

been made:

(1) The lethal effects are not due to cavitation because the

intensities used are much lower than those required to indi1ce~cavita—" -

tion nor are they pi'imarily dl;e to temperature since. the .effeéts are. ‘,
._ob'sefved even when the 'tempe'rature ;ioes nb,t exceed 37°C. We cannot
completely exclude localized temperature increases at mterfaces
(2) There seem to be two mechalnsms responsible for cell death:
a) * For cells exposed to 0.5, 1.0, and 2.0 Miz frequenc:LeS >
the primary cause of cell death seems to be damage to functional
. behaviour of membranous structures. This 'i.sv indicate,d'byv the. eosin Y
test and ;ell-size distribution studies, as well as by microséopic'

observations.

b) For cells exposed to 0.1 and 3.3 Miz, cell death appears

related to coagulation of protoplasm.

(:5)  Ultrasonic vibrations cause lethal damage as well as sub-

lethal damage. There is a threshold dose rate for lethal effects.

(4) The effectiveness of ultrasound probably depehds on both
the frequency and the amplitude of the waves indicating a possible A
- Tesonance phenomenon. '

(5) Synergism between ultrasomd and X-rays may be due to an
mteractmn between the nuclear damage caused by X—rays and the damage

- to the cell membrane caused by ultrasound
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