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\ STUDY OF THE EFFECTS OF ULTRASONIC WAVTS ON THI
REPRODUCTIVE INTEGRITY OF MAMMALIAN CELLS
CULTURED IN VITRO
Basbino Isidonio Martins
Lawrence Berkeley Laboratory
University of Califomia

Donner Laboratory
Berkeley, California 94720

ABSTRACT

Mhe effects of monochromatic ultrasonic waves of 0 1, 0.5, 1.0,
S0 and, 3.3 Mz frequuncy on the colony-foming 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

sistems at the cellular lewvel. effect of ultrasound and

Urays has also been studied.

The comb i

The following obs: "vations have been made

‘1) The survival curves, in contrast to those for ionizing
radiations, are nearly logarithmic; but the slope of the line Jucreases
«ith increasing dose.

(2) 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

pma————— O 1 | € §

is similar.

(5 Microscopic examinat that cell \ ¢
1.0 or 2.0 Mz appear similar TS 3 pic appearance of cell
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 Mz,
of M3-1 cells exposed to 1.0 Miz show characteristic bumpy outer
face compared with the smooth

uter surface of unexpoged cells

(6) For M3-1 cells, 0.5 ‘M; found to he the most ef fective
of 0.5, 1.0, 2.0, and 3.3 Mz frequencies.

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

(8) Cells in M and G1 phase are more resistant than those
phase, in contrast to the effect of X-rays.

(9) There

is a small synergistic effect between u!trasound ad

X-rays. The degree of synergism depends on X-ray dese and the time

interval between treatments, and is greater wher vitrasound follows

than when it precedes X-rays,

It is concluded that
(1) Ultrasonic irradiation cuuses both lethal and sublethal
damage .

(2) There is a threshold do-» rate for lethal effects.

(3) The eifectiveness of ultrasonic waves in causing cell death

probably depends on the frequency aid the amplitude of the waves for

a given c»l11 line, indicating a possible resonance phenomenon.

canning electron micrographs

\\..

"



«iy- LBL- 37

(4} The lathal offects are not due to cavitation because the
‘Atensitios used are much lower then those required to pruduce cavita-

tion, nor are they primarily due to temperature bacsuse they are
observed even when the tewperature doos not exceed 37°C.
i (5) There seem to be two mechanisms rosponsible for cell death: *
+ 8t 0.1 and 3.3 Miz, cell death probably results from cosgulation of
;  Protoplasm; but for 0.5, 1,0, and 2.0 Miz, the primary cause of cell ‘
death soews to be damage to the cell membrane, .
(6) Synergism botween ultrasound snd X-rays may be due to an inter-
. &tion between the nuclear damage caused by X-rsys and the damage to the
011 mombrane caused by ultrasound,
!
i
;
"
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1. INTRODUCTION

1. General Remarks

Studying the effects of environmental factors on biological
systems has bocome increasingly important in this day smd age, as the
very existence of 1ifs on this plmiet--some would have us believe--is
threatened by man's interference with the ocosystem of our earth, T
such environmental factors are sonic vibrations and ionizing radlations.
The effects of lonizing radiations have bech extensively studied, but
little wrrk has boen done on the effects of sonic vibrations on living
systoms,

Sonic vibrations of various intensities and frequancies are pro-
duced all around us, either deliberately for a specific desirsble effoct
or as "pollutmts"--an undesirable byproduct of an industrial society.
Using audibility by the human ear and frequency (the number of complete
oscillations executed by a particle in unit time) as the criteria, we
can classify sonic vibrations into three c-togoues:l

(1) Auwdiofrequencies, This is the range of frequencies that can
be heard by man, ‘There are individual variations regarding the lower
and upper 1limits on the range of audic frequencies, but commonly the
range is taken to be from 16 Hz to 16,000 Hz. (Hertz, which is sbhre-
viated Hz, is the unit of frequency ana is defined as 1 cycle per second;
Kz %10° Hz and Miz = 10° z.)

{2) Subsonic frequoncies. These are frequencies from 0 to 16 Hz.
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16,000 Hz. The upper limit for ultrasonic frequencies 13 set at around
500 Miz by practical limitations of the generators. Frequencies sbove
15 Miz are somotimes reforred to as microwave ultrasenic frequencies
bocsuse at those high {requoncies, even though particle vitration i3
still being produced, the very short wavelengths tend to make the waves

behave 1ike electromagnetic microwaves.

B. litorature Review

Langevin, around 1920, was one of the first to ohserve the lethal
effocts of ultrasound on living mgami&wms.3 Iuring by investigations
m the use of ultrasound for submarine location, he noticed that small
marine organisms that wandered into the path of his heam were killed
rapidly. Becawe of this, the idea of using ultrasivmud as Jdeath-iays
was considered; but it was not sericusly explored.

Since then many studies have been made on the hivlogical effects
of ultrasouwnd; and ioday ultrasound is used extensively in hiology,
medicine, and dentistry,

Ultrasound has been used for such diverse purposes as the produ-

3,4 the removal of bacteria contained in a milk film

tion of liolograms,
fixed on metal :urfaccs;s the determination of body tissue Lompositiui
in slaughter mimals,5" 14 the treatment of wine to mprowe .ts hoeuguet

and tnste,15 the treatment of Lamm crop seeds to obtain hetter yxeld,"‘

and the treastment of menstrual disorders in wormn.r"

But the primary
application of ultrasmmnd in hiology has been for the breaking down of

cells and the prepuration of cell fractions, such as wmzymes, to study

metabol.c pathways md to investigate localization of cell comonents
within the ce11,18-20




cavy wie wav Uz witrasound parallels the use of X-rays ¢}

Therapautic uses of ultrasound, as in treatment of Miniers's and
Farkinson‘s diseases, genorslly requi,» high intensities, while low-
intonsity ultrasound is used in diagnosis te obtain "echograms', 1.e,,
visual inwges of objects arising from inhomogeneties in acoustic absom-
tion, At intermediate intensities, ultrasound is used in physiotherapy
{diathermy), mainly as a source of heat,

In domtistry, two frequancy rsiges are used: the low-frequency
Tange (20 to 30 Kiz) is used mainly for mechanical processes such 1s
cloaning and drilling of teeth, peridontal prophylaxis, snd amalgam
packing; the high-frequancy range (500 to 1,000 KHz) is used thera

pwtically in the treatmant of clinical conditions such as pulpitis, " N
Thghes and Nyborg' sed suspeasions of fresh erythrocytes an 0.
post-axtrsction gdema, and neunlgia.zz gne Nyborg™ expo penasions Ty y

saline to vibrations of 85 Kz trequency and 0,05 to 5 u amplitude hy

These edrly reparts desiribed manlv the almese total disintegr
tion of & large tariety of unnellular and invertebrate organisms,
More subtle effects have heen observed sine then. schmitt in 1929
shserved rotaticn and fragmentation of the nucleolus of Asterias eggs.
fendt™ reported that Paramecium exposed to low ultrasonic intensities
performed rapid Cirvoular motion which slowly stopped, the cuter mem-
hrane hecoming deta hed and bursting, releasany the ovtaplasm into the
outside mediu:.

Iyer and Nybm‘g”'v‘ ohserved complex patterns of ordered moticn
of intracellular inclusiony an imdivadual «ells of plants when high
frequency vibrations were applied to selected regions of the cell wall,

The biological, medical, and dental applications of ultrasound
are rgviewed by Ncweu,u Kelly.n’z‘ Fry and Dunn.25 firossman et a1,26
Goldberg and Sarim, 27 Brown and Gordor, 28 and Hi11.% 1tie physical,
chamical and biological effects of ultrasound are described in detail
by E1 'pirwn‘,Jo who has also reviewed the literature extensively. The

dipping a vibrating needly into the suspension, and chserved the vells
1n a microscope. They found that under a variety of conditions the
cells were readily damaged, the number of damaged cells increasing with
increasing smplitude. fuspensions of the protozoon Tetrahymena

work relgvant 4o the biological effects of ultrasound at the ceilular pyrifomis were exposed under the same conditions; and, depending
level will bo descirbed here. mainly on the amplitude, effects ranging from temporary inhibitien of
71 motility to complete disruption were found, By cinephotomivrography

Following the initial ehservations of Langevin, Wood and lLommis

. . . the experimenters noticed that the cells hecame violently distorted
in 1927 reported the rupture of Parsmecium and Spirogyra in an ultra-

as they entered the region of highest streaming speeds pear the tip nf °
sonic field; and in 1932 Harvey and locmis>? took cinephotomicrographic Y § 8 s :

. . . L the needle, and the contents of the cell moved in a circular manner
pictures of sea urchin eggs contained in & drop of liquid and exposed

. i relative to the cell motion, When suspensions of E, coli in water or
to ultrasonic waves; they observed that cell rupture required less than

in 0.9% NaCl were treated similarly, Hughes and Nvborg observed many
171200 sec.

empty cells with significant amounts of protein released from the vells,

.

sowever, they found that bacteria are more resisiant than crythrovytes Sudo and l»«‘orkin40 studied the resistance of vegetative rells
~r pretozon. ‘They ascrihed the demage to shearing due tu streaming and mictueysts of Myxococcus xanthus, They found that the microcysts
motions and not to cavitation, which is the fcymation of vaculoles in were 19.3 times as resistant as the vegetative cells and that the resis-
a 1iquid exposed to sonic vibrations. tanre develoned during the conversion of rods to refractile spheres,

‘ Wilson et nl.:"8 reported that ultrasound of 85,000 Hz applied to Ntrasound does not seem to cause coarse mechanical presks in
the surface of egg cells of marine invertebrates produces mtation, yeast cells even after prolonged irradiation at high intensities

* translation, deformation, and fragmentation of the nucleoli; rotation (l?l'pinerm; Martins et nl.“). Lependin and Ustinova®? report that
and deformation of nuclei; acoustic streaming of nucleoplasm and cyto- Bel'kevich et al. found that the greatest destructin:lfor yeast cells
plasw; daformation Gf the cellular surface; and fragmentetion of the occurs at a frequency of 400 Kiz; but Martins et al. ™ found that for
cell. inhibiting colony formation in §. cerevisiae (strains BZ34 and X841)

According to El'pinerw t}e action of ultrasound on microorganisms 1,0 Miz is the most effective of the following frequencies that were
is of a complex and diverse nature, He rules out temperature as a tested: 0.5, 1.0, 2.0, and 3,3 Mz,
primery factor in many of the offacts of ultrasound that have been The mle of ultrasound as a mutagen is discussed by Cordon, ¥
obscrved in microorganisms and says that the ba:tericidal effect of He says that ultrasound produces both structural and gene mutations
ultrasound is duo primarily to cavitation in an squeous medium. Dif- and that a number of authors have found that ultrasound is able to
ferent bacter.s differ from one another in their sensitivity to ultra- cause breuks in chromosomes and in single chromatids, but chromosomal
sound, It is believed that the size and the shape of the bacterium is rearrangement or recombination has not been extensively reported, A
a significant factor in the differential sensitivity cf microorganisms doubling of the chromosomes to form polyploids has also becn reported,
to ultrasound, Gordon considers three possible mechanisms for the mutagenic effect of
For viruses, too, the sensitivity to ultrasound depends on the ultrasound: high pressures and accelerations causing movements within

) structurc and size of the virus particle. El'piner et 51.39 have shown cells, generation of heat at points, and cavitation. He concludes

. that ultrasound produces distinctive disturbances in the strurture of that although there is much evidence to the contrary cavitation is
phage T-2, from which they were able to judge features of the morpho- probably the cause of the mutagenic action of ultrasound. However,
logical structure of this phage. Of the seven T-phages act!ve against the ohservations of Martins et ul.41 on the ultrasonic production of
E. coli, Ty, TA' '1‘6 and Tg are more sensitive to ultrasound and also ".Arg reverse mutants' in §. cerevisiame indicate that the increase in
#g %-rovs, ultraviolet light, and radioactive phosphorous as compared reversion mutation frequency was not caused by cavitation,

iét?z ¥, '1‘3 and T7 which are more resistant to ultrasound and also to
B other physical factors mentioned aove, ¥



Studies on the shrormal esbryon'c development i Nrosophila
Jlaogaster induced by ultrasonic treatment of the eggs at the syncvtial
Plastoderm stage at | Miz with 0.3 to 0.5 Won® for Y0 sec are reported
by Selman and Counce ™ Kirsten, Zinsser and Ried'® reported that
wvhole-body irradiation of ll'l mice at | Miz frequency for 5 min hoth
continously an' | pulses (intensity 1/7 to 4 ./oz, “id not produce
genetic dmaage (average litter size being the criterion used) in those
mice that were maffected by the sonication (no skin burn) when these
were bred brother -cross-sister for six litters.

Scimulatory effects of ultrasonic waves were first reported by
Istoming and Ostrosvkii. % They found that ultrasonic treatment of
potato seeds Lucreased the weight of the tubers and reduced the weight
of the leaves. Stisulatory effects of ultrasound on the germination
of seeds and on productivity of fodder beans have been reported by
Mm." while Watmagh et d.” found that ultrasound caused a
reduction in the growth rate of seedlings of Vicia faba,

(bservations on the effects of ultrasonic waves on metabol ism
and on submicroscopic structures of cells and tissues in animal organ
isms have alsu been reported. Jankow:ak et a found an increase in
the RNA content of ultrasonically irradiated rat liver cells and o
reduction of the INA content of the same cells.

m.u.so
doses of ultrasound ‘[requency 10 KHz), found inhibition of biosyn-

in his work on Saccaromyces cerevisiae at sublethal

thesis during sonication, synthesis being resumed immediately after
the sonicator was tumed off. Ultrasound also inhibited protein syn-
thesis and caused leakage of free histidine, but these effects were

not immediately reversed when sonication was stopped. Uptake of

“5r measuring the influence of ultrasonic energy on living tissue

under experimental conditivas. It depends on the observation that the

maber of injured mast cells in the mesentery of the rat is propor-
tional to the applied ultrasonic dose. %
Basurmanova et al.‘w noticed changes in the fine structure of

*  the brain nerve cells of Hyalophora cecropia (a caterpillar) when the

whole body of the larva was exposed to ultrasound (760 Kz, at 2 to
5 Wand).

Ultrasonic treatment of rabbit testes at 2.25 Miz frequency and
| @i/ca’ intensity for 2 to 10 min produced no noticeable structural
or functional changes as stated by Hahn and Foote®®, but Andrianov®’
noticed significant histological, histochemical, and ultrastructural
changas in the testes of albino rats exposed to ultrasound of 800 ¢ 10
KHz frequency and 0.2 l/uz intensity. These changes were most pro-
nounced 24 to 72 hours after the ultrasonic treatment, and the testi-
cular structures tended to retum to normal a month after the treatment.

Covich and Tsukada® found that ultrasenication (at 27 KHz) of
cosporangial walls of Chara zeylanica separates the imner and outer
wall but does not alter the intemnal cell morphology; however, a 30 -min
exposure erodes the pspillae.

Kovalevs! ") has studied the effect of ultrasound on Brucella
and reports temporary chinges in the physiological properties following
lsmum;b\nmm‘munpmtnasmﬂmnm
properties, the properties of the original culture being restored follow-

ing repeated culturing.

seoniw lon and adenine or purine nucleotides Is unaffected, but p

take and/or retention of ceriitate is reduwed. le believes that uitra
sound causes disnption of the “uprmolecular organization of the cell,
particularly *he cell membrane, making it more permesble (o certain
kinds of small molecules but not to other kinds of smal! molecules or
to Jarge wlecules,
Mityushin and ll'ylm-t“ have observed very subtle changes in
the ultrastructural organization of the ergastoplasmic reticu’un, the
mitochondria, and the nucleus of the cells of Erlich ascites carcinoms
exposed to witrasound of 800 KMz freq ency for 10 wan at 1§ b,»’a"
ltensi v,
S'l-mshsz studied the effect on the lodine metabol ism in guines
Figs exposed to ultrasound of 800 KMz frequency at an intensity of 0.5
to 1 b/m" for 1 to 30 times with each exposure of 10 min. e concludes
that ultrasound stimulated or depressed thyroid function depending on
the dose. e also observed morphological changes such as diminished
nuclear volume and a lowering of the height of the alveolar epithelium
in the exposed thyroid glmdx.“ Amctional und morphological changes
in the thyroid gland are reported also by Hrazdira et al " who expesed
rabbits to ultyasound of 800 Kz frequency at | and 2 W m" intensity,
\'mllmcnss studied the effect of wlrvasound of 1 Miz frequency on
the fine stru

2re of the liver parenchymal cells of mice whe,: the ultra-

sound was applied to the upper abdomen. The appearance of the liver
cells ranged from nearl” nomal (intensity | ﬂ/m: for 1 min) to cam-
plete loss (coagulation) of the fine structure of the cell organelles

2

(intensity 3 W/em™ for " min). He also describes a histological method

<10~

Kleimenov®? has studied the effect of local and general ultrasonic
treatment on antibody titers and interrelations hetween sens proteins
in rabbits. Hz observed inhibition of production of precipitins but no
effect on agglutinin synthesis in whole-body irradiation. local ultra-
sonic irradiation of the lymph nodes resulted in a marked decrease of
the titer of agglutins to E. coli when the latter were injected helow
the site of the ultrasonic application,

The effect of ultrasound on muscle fibers has been studied by a
number of investigators following the picneering work of Chambers und
Murwy."3 Ultrasonic waves affect the morphology as well as cause
subtle changes in the biocatalytic function.

Shtrankfel'd et al.%! have studied the effect of high- intensity
ultrasonic waves (800 KHz, at 10 to 12 Wan® for % to 300 min) on G-
and F-actin proteins in solution. Exposure to ultrasonic waves leads
not only to a "lousening' of the polymer structures of F-actin but also
to more significant changes affecting G-actin which is inwolved in the
formation of the polymer molecule of F-actin.

Ravitz and Schnitzler®® observed changes in the fine structure,
particularly the mitochondrial cristae and the components of the sarco.
tubular system, in frog semitendinosus muscle fibers following highly
localized ultrasonic treatment (85 KHz) at intensities that ruled out
thermai effects and cavitation.

The effect of ultrasound on cultured mamalian cells has been
reported recently by Clarke and Hil1,% They report that the intensity
threshold md intensity optimm for cell disintegration occur at shout
1and S Wea®. They cbserved mn ancmslous dose-rate effect md found

= ag




that the medium exerts & chemiprotective offect on the cells, My
have also studied the effect of ultrasound as & fiunction of the cell
crcle and report that cells in M-phase are more sensitive than the
average populatian.®’

The combined effects of ultrasound and other physical and chemical
factors have been studied in several systems.

l.l“ cbserved that ultrasound enhances the morphological changes
produced by penicillin in E, coli, u'plmr” reports that F, coli
becomes more sensitive to ultraviolet light if it is exposed to ultra
sound be forehand or simultaneously . fdl‘le reports that preliminary
ultrasonic treatment of spores from various Actincmycete strains
increased the lethal and mutagenic effects of U.V. radiation, Avakyan'®
reports that combined treatment with ultraviolet and v'trasound is
better than either separate treatment in improving the bouguet and
taste of wine. According to brm.” radiosensitivity of biological
material (seeds of grass: Lollum italicum) may be increased by simul-
taneous ultrasonic and y-radiation.

lalborn has observed a synergistic effect between ultrasound
ad X-rays in the regression of Walker carcinoma in rats. lhnlu’
has coserved a synergistic effect between ultrasound and X-rays on the
colony - forming ability of cultured masmalian cells.

2

Clarke et nl.," however, did not observe any synergistic effect
between ultrasound and X-rays in lymphoma cells. Also, Repacholi’®
states that the e(fect of combined ultrasonic and X-ray treatment on
the electrophoretic mobility of Ehrlich ascites tumor cells was additive,
rather than synergistic.

(8) The mechanism of the action of ultrasound.

Most of the experiments were done with Chinese hamster bone-
marrow cells (M3-1) at 1.0 Miz frequancy. The experiments with other
cel' lines [human kidney (T-1), human liver (Chang's) and Chinese
hamster lung (V79)], were done to compare the sensitivity of different
cell lines to a given frequency. The experiments at 0.1, 0.5, 2.0, and
3.3 Miz, and at the audio-frequencies, were done to campare the sensi-
tivity of a given cell line to different frequencies.

C. Statement of the Problem
Bver since Puck® and his co-workers developed a technique for
culturing single mammalian cells in vitre, that tecwmique has been wsed

extensively to study the biological effects of various environmental
factors, particularly ionizing uduuom." These studies give valu-
wble information sbout the nature and the mechanism of the action 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 various purposes in industry, biology, medicine, and den-
tistry, only limited and rather controversial work has been done to
study the nature of its effects and the mechanism of its action at the
cellular level,

This investigation deals with the effects of ultrasonic waves
on the colony-forming ability of mawmalian cells cultured in vitro.
The study was done to obtain the following information:

(1) The nature of the dose response curve for mammalian cells
cultured in vitro.

(2) The dose-rate effect and the occurrence of threshold.

(3) The effect of dose fractionation

(4) The sensitivity of dafferent 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 ultrasound.

(7) The combined effect of ultrasound and X-rays.

-14-

11. PHYSICS OF ULTRASONIC WA\ES

A. General Princi

The physics of ultrasound is treated extensively and thoroughly
by Beyer md Letcher,™ B1it2,% Cravford,! Richardson and Brown,"!
Bergaann,”” Kittel,” Carlin,? Krasil'nikov,®® mnd others.”®'%0 mege
references also describe the methods for the generation of ultrasound,
and techniques for its measurement. The latter are also described by
Fry and Fry,% Newe11,® und by Hi11.%% The physical aspects of ulti.-
sound which are of importance to biological studies are discussed by
Fry @4 Dum,?® by Brom and Gordon,?® and by Peacocke and Prichard.®

Sound is a wave motion. It is caused by the vibrations of the
particles of a medium which has been disturbed. Sound waves differ
from electromagnetic waves in that the latter can be propagated in
vacuum. Wave motion .ay be classified in different ways depending on
the criteria one chooses; thus it may be:

(1) Pure if it is produced by a source vibrating with a single
frequency, or Complex when the wave motion is the resultant of a mmber
of frequencies.

(2) Continuous when the wave motion is regular as in a musical
note, or Discontinuous as in an explosion.

(3) Longitudinal (L-wave) when the vibrations of the particles
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 wive is propagated



. ek ames WAL ANTAGENCANG the DULK Of the medium below the
surface. Only longitudinal waves can be prepagated in fluids, while
transverse and Rayleigh waves can travel only in solids,

(4) On the basis of the nature of the wave front (the “eading
surface of the advancing wave), there are plane, spherical, and
)indrical waves. For plane waves the scurce of sound has & plane
surface and the wave front is planar. When the sound source is a point
source, the wave front close to the source is spherical and spherical
waves are propagated. [f the source of sound is a rod, the wave front
is oylindrical, giving rise to cylindrical waves,

The sonic waves used in this study are pure planar longitudinal
waves described on the model of & simple sinusoidal harmonic motion
(Fig. 1).
scceleration of & body towards some fixed point on that line varies in

proportion to the displacement of the body away fram that point.

This is defined us that motior along & line for which the

W L
N

-

Figure 1. Displacement y of a body executing SN from the
position of rest against time t.

Simple harmonic motior is characterized by the following
parameters

(1) Time period (T). the time taken by the particle to complete
# single vibration. The wnit for T is sec.

(2) Fngquency (f): the mmber of vitrations completed in one
second, It is cbviows from the definitions thet f « 1/T. The unit of
frequency is the Hert: which is defined as one cycle per sec.

(3) Displacement smplitude (A): the maximm displacement of
the particle from its positian of rest. The displacement of a particle
in relation to time t obeys a sine law y = A sin 2 »ft,

(4) Velocity mplitude (v )

particle, observed as the particle passes through its initial position

the maximm velocity of the

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

v o« dy/dt » 2efAcosinft if A » Constant

v * A ( cosinft = 2w+ |)

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

. - »
unit time, For gases ¢ m “.‘! RT
p*density, v = c'/cv
pressure (cp) to *the specific heat at constant voluce “v)' M is the

where P« jressure,

is the ratio of the specific heat »t constant

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

ce m; B 'E/o“p s where §_, * adisbatic campressibility,

l“ * isothermic compressibility, & = <1/V dv/do. For solids ¢ -d!/c.

where E is the Young's modulus .

(6) Wave length (3):
troughs or crests and is defined by the relation ¢ » fx. The wnit for
wavelength is the cm. Since the frequency of scund waves is determined
by the source of the vibrations and because the velocity of

is the distance between two consecutive
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syund has a characteristic value for a given medium, it fcllows that
“en sowd travels from one medium into another only the waveiength
will change if the adjoining media diffei from one another as regards
the velocity of sound.

: (7) Intemsity or Energy: when a sound wave travels through a
sedium, there is no actual movement of a particle in the medium awa
“rom 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 vibratioms in 1 sec through an area
1| o per~endicular to the direction of rropagation determines the
strength or intensity of the sound. For a plane progressive sine /ave
the sound intensity I = lezoc where P is the acoustic pressure or the
excess pressure created by the propagation of the wave, over and above
the mean pressure in the medium. Acoustic pressure is related to the
vibrational velocity (v) being equal to vpc where pc is the specific
or characteristic acoustic impedance of the medium.

Sound intensity is measured in lutc/az or oruuc-az Qa l/c:z -
107 erg/sec-ca’). Another unit cosmonly used to express intemsity of
scoustic energy is the decibel which is ten times the logarithm (to the

«  base 10) of the ratio of a given sound intensity to a rvference (thres-
hold) intensity. The threshold intensity usually chosen is 10 '¢ waa’

*  which is the intensity of sound close tr the threshold of sudibility
of the umen ear. A sound intansity of 10°> W/ca® (140 @) produces s
strong sensation of pain. The intensity of nomal conversational
spooch 1s 60 & (10°10 waa?). %

~18-

™ displacement amplitude (A) of a particle is related to the

intensity of sound as 1’ollon;m

v = 2nfA

P = woc = 2nfApc .
But e Praee; 1o OGO . 2222,

2pc

Sourd does not pass through a vacuum, so for the propagation of
sound waves it is esscntial to have a medium. In discussing 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
case in our experimental set up.

A sound wave may undergo any one or more of the following types
of iateractions with the medium' absoiption, reflection and transmission,
standing or stationary waves, resonance, diffractio.  scattering.

(1) Absorption. When sound waves travel through a medium, there
is a conversion of some of the acoustic energy into other forms of
energy, primurily heat energy. The loss of acoustic energy is expressed
in terms of the sbsorption or attenuation coefficient a given by the
following relationship:

A e A ™ or

1. 1070,
m%uxommmsuuuu-muqumpm“
A and 1 are the mplitude and intensity at a further distance x.
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The various mechaniws responsible for absorption of sound may
re classified into two general categories: 4} viscosity or frictionsl
1sg mnd b) relnvation processes vhich refer to the thetmal and st
tural reorimtation of the wolecules. The exact mechanmisms leading to
sheorption of a soivdd wave in a medium, and particularly in complex
biological media, are not fully understood

(2) Raflection and Transmission
Indd-nt wave
Tranmitted wave

Refisctod wave

Mediim 1 Modiim 2
Figure 2

Mo a plane wave 15 incident at a normsl angle to a plee
boundary separating two media, (1) wxl (2) n Fig. 2, some of the
mergy of the incident beam is reflected and the remsinder 15 trans
mittad into the second medim, The relstive seounts that are reflected
ad transmitted are determined by the reflection and transmission
cosfficients, which depend on the specifiL scoustic umpedances of
the two mocin, 28

The presence of intervening media creates difficulties since
-uch depends on the thickness of the intervening layers as well as on
their charactu~istic impydances, The resultant value of the trans-
mission coefficient may not necessarily be obtained by multiplying
tagether the coofficient for each of the boundaries,
(3) Stationary or standing waves. When the reflected waves
Somm a continuous beam, they will interfere with the incident waves
and give rise to stationary or standing waves, In pructice, for any
finite sized meditm we always have stationary waves. In contrast to
standing wavss, we have progressive waves, for which wave motion is
in one diraction only.
(4) Resonance, This occurs when the length of the medium has
a certain value related to the wavelength of the sound within that
neditm, Thus we have half-wavelength or quarter-wavelength resonance.
(5) Diffraction. A parallel beam of sound waves leaving a
plane surface will remain parallel up to a certain distance and .hen
diverge. This phenomenon is known as diffraction. It can be shown
that within an approximate distance of Dzlu from the radiating aur-
face (D being the dimmeter of the source and A the wavelength) the
°  beam will be spproximstely parallel, The region in which the bcam
is parallel is known as the Fresne.l region or near field, and the
region beyond that where the beam becawes divergent is known as the
Fraunhofer region or far fie1d.%8
T6) Scattering. When the boundsry has dimensions which are
camparsble with or less than one wavelength, scattering takes place,

The tramsmission (ol gent

n, » S L intensaty of traamitted wave
¢ (’1"!“ 2;2)1 Intensity of 1w i1dmt wave

The refle tion cosffi dent

kd

Dty e g \®
o e [REINNY [ Intenvaty of reflected wave
o 2'”1‘& inteRvaty wf afi1dent wave

for a gaven boundary,

nt*qr w 1,

From the abova equations one can sed that since gases have very
lcw charactorists. impedances, alrost 100% reflection and practially
no transmission will take placye at a boundary between & gas and a sold
or & laquaa. (his property 13 utilized in the detection ot hubbles n
.dtivus baological syrtems.

The efficie.cy vf the transfer of sound energy from one material
to another, as sxpressed by the transmussion voefficient, i~ known as
the degres of scoustic matching or coupling. Where s is very low the
tw, media are poorly matched, hut where g 18 suffii1ently nigh for
there to be & loss of only a tew detibels (for oxemple, & value of
about 108}, the mecdin are said to be well matched. This property 13
used to obtuin'bchograms' and detect tumors.

R. Genaration of Ultrasound

There are four prancipal ways of producing ultrasonic waves:
mechanical generators, thermal generators, magnetostrictive generators,
and piezoelectric generators.

(1) Mechnical generators

a) Twnirg forks. These have bosn used to produce ultrasouwd
of frequency up to 50 Kz, but they are unsuitable because the waves
ava cusily demped and energy output is low,

b) Galton whistle, Sound is produced by latting a current of
air escape through a narrow slit and fall upon the sharp edge of an
object facing the slit. Frequencies wp to 100 Mz have been obtained,

¢) Hartmann generator. A jet of compressed aix sscaping from
a hole jmpinges on & coaxial ring-shaped edge which may be the mouth
of & small bottle resonator, Though high-energy outputs may be chtainad
from these sources, both the mmplitude and the freyuency are difficult
to control.

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

& glass or metal rod to vibrate lengtiwise. Holtomann Produced a fre
quency as high as 33 XHz,

(2) Thermal generators. Alterb generated sound WaVeS 1p to a
frequency of 300 KHz by memns of a spark gap fed by o damped oscillator
circuit, This generstes a mixture of frequencies from which the desired
frequency may be selected using a diffraction grating,

(3) Mugnetostrictive generstors. The principle on which these
generators are based is the megnetostrictive or Joule offect, which




M BARM VI U GATULLION OF the
fleld, If mn Mltemating magnetic field is applied along the direction
of the axis of & rod of ferromagnetic material, the rod oscillates st
twice the frequency of the applied field. Maximm output is obtained
by operating st the fundemental resonant frequency (f,) of the rod
#iven by

(, = am) wa'?,

where I is the sdishatic Young's modulus for the material of the rod,
o its density, ond L its length,

(4) Piewoelectric generstors. e Curie brothers discovered
that (¢ certain crystals having axes of nonsysmetry were subjected to
Sachanical stress, then electrical charges developed on the surfaces.
This is known as the piezoslectric effect. The Curie brothers also
aheerved the converse plezoelectric effect, i.e., vhen mn electric
fleld is applied in the direction of an axis of nonsymmetry, the crystal
s mechanically strained, the mownt of strain being proportional to
the intensity of the applied fisld. It is this converse plezoelectric
effect vhich is used in plezoelectric _emerators. A closely related
effect is the electrostrictive effect, the significant difference being
that for the electrostrictive effect the magnitude of the mechanical
strain produced is proportional to the square of the applied field
strongth. The pletoelectric effect is ohserved in quartz, Rochelle
salt, tourmaline, and similar crystals.

The electrostrictive ef fect
is pronounced in ferroelectric materials such as barium titanate and
lead zirconate. The ferroelectric materials have an advantage over
plezoelectric crystals in that they are polycrystaline and it is

possible to cut thee into almost any desire | shape | %0 they can be
wed to obtain focused ultrasonic beams . A polarized ferroelectric
tramsducer ats Like a plezoslectric tramducer. For the experimmts
described herein, X-cut quart: crystals were wed to prodece ultrs-
sonic waves of 0.5, 1.0, 2.0, and 5.5 Mz frequency ; and & barium
titanate crystal was wed to produce 0.1 Miz frequency .

For an X-cut quart: crystal the natural frequency it given by

l' - /I,
vhere ¢ is the velocity of sound in the crystal, L is the thickness
of the ;'ate, and n is order of the hamonic,
Since ¢ = 4500 w/s ¢, the first order or Aundemental frequency
is given by

f = 2700/L ke/min
The experimental value is 2080/L ke/mun. The ¢'icrepancy may be due
0 ifa
plezoelectric crystal is placed in mn altemating electric field so
that & polar axis is in the direction of the field, then the crystal
will altemately expand wnd compress , producing longitudinal oscillas-
tions in the surrounding medium.

There are two main types of cricuits used to drive pieroelectric

to the presence of (ransverse waves as woll as longitudinal .

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 tuned to the funda-
mental or & harmanic of the quartz crystal. The Hartely circuit is pre-
ferable to the Pierce circui! for radiating ultrasound into 1iquids.

C. Messuremsnt of Ultrssonic Fnergy

Verious methods are availsble for the msasurement of ultrasound:

(1) Calorimetric method. T™e tempersture increase in an sbsorber
of imown mass and specific hest placed in the ultrasanic beaw is taken
o8 & measure of the acowstic energy dissipsted in the sbsorber.

(2) Radistion belance method. At & boundary betwesn acoustically
dissimiler xaterials & radistion pressure is developed and the force
enerted on the interface is & direct measure of the ultrasonic intensity
in thet region.

(5) Thempslectric probe. Tis technique developed by Fry and
mn‘ﬁm&vhﬂmuhomwuﬂ
dom to betwesn 0.0005 and 0.0005 inches in dimmoter in the neighbor-
hood of the Jwction snd esbedded in a small quantity of acowstic
sording msterial .

(4) Pleseelectric receivers. ™ | ge genersted in & trans-
@t placed in an ultresonic field is proportione]l to the intensity
of the ultresonic beam and msy be used to meamre the latter.

(5) Optical methods. These methods are based on the diffraction
or refraction of & beam of light by ultrasonic weves. The diffraction
sethod messures the relative light intensity in the various orders of
s diffraction psttern vhereas the refraction method is based on observ-
ing the periodic varistion in the gradient of the refractive index.

(6) Pils sethod. Various cypes of photugraphic and other films
are sensitive to ultrasonic redistion and have besn uwsed for measuring
sound intensity.
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All the shove methods were found to be unsuitanle for measure-

ment of the ultrasonic intensity for the experimental set-up used.

(1) The measursment of the rate of increase of tempersture did not

give reproducible recults even *hough the monitured electrical emergy :
was constant. (2) Redistion balance methods were unsuitable because

of the hydrodynamic flow of the medium, which vas evident even at fairly

low intensities. (3) The thermoelectric probe can be used only with ' :
progressive waves and not in the presence of standing waves. (4) Pleso-

electric receivers are very sensitive to orientation, especially in the

Fresnel field. A hydrophone produced by Gulton Industries, Inc. (Mbdel:

@emite VPE0OC) was tried, but ith unsuitsble for even qualitative ‘&
messurements. (5) The optical methods are not suitsble for measure-

ments of intensities, but are mainly uwsed for getting pictures of wave
forms. (6) The film wethod is rot very reliable and was not tried.

Thus the measurement of the intensity of L ltrasonic energy sbsord-
od in the medium could not Se made setisfactorily; but it is possible
to measure the power sbsorbed by the transducer fram the electrical
mergy input.

The output of acowstic intensity from a resonant piezoelectric
transducer backed by air and radisting into s medium of acoustic imped-
mce oc is

1o Nl
vhere V » yas voltage applied, L = thickness, ¢ = appropriste pieso- 5
electric stress constant ® of quarts » 0.17). 717585 gince L 19
inversely proporticnal to the rescnant frequency, the intemsity for 3
given exciting woltago is proportional to the square of the frequency.

i

——-




If the o8 (1lator frequency is adjusted to be st resonance with D. Production of Audiofrequencies
the fundamental frequency of the quarts crystal, the mplitude of the To produce sudiofrequency vibrations, electrical signals of
oscillations will be & maximm and the intensity of the ultrasound gen- tesired frequency produced by an sudiofrequency oscillator are conver-
ersted vill vary inversely as the scowstic lmpedance of the sedium to 1od Into mechanical motion uwsing & trensducer or vibration exciter,
which the crystal is coupled, as the square of the applied voltage and which consists of & movesble coll suspended in & strong dc magnetic s
8 the square of the frequency . fleld. When an altemating current is passed through » coll of wire

Since all the quantitios in the squetion are knowr, one can get located in & magnetic field, & forve of altermating divection is pro-
o value for the intemsity. Also, since the exposure conditions are dxced. This causes mechanical motion of the coll. If & sine vave
cmstant for the variows frequencies (except 0.1 Miz), one can essily signal is applied to the coil, simmoidal motion results. By covtrel-
cbtain the intensities st different frequencies. ling the frequency and mplitude of the signal spplied to the woving

T™he intersity values plotted in the graphs were cbtaind from the coil, the force and magnitude of vibration can be cuatrolled, Parts
oystion sounted on the exciter table, which is rigidly sttached to the coil,

I = 3"0'/!‘! can therefore be forcwd to experience controlled vibration.

For 0.1 Wiz, only qualitative data are given because the physical con-
ditions are different and also because the frequency decreased with E. Dosimetry for .udiof requencing
time as the tempersture of the crystal increased during operstion. The intensity of sudiofrequency sound was measured using an

7.2 nature of the intensity distribution over the surface of the scceleroneter (Columbin Research Laboratories Model 650-1). An accel-
petri dish can be obtained from the knowledge that within an approxi erometer is & transducer which developes .n electrical signal propor-
mate distance of o‘m from the radisting surface of & plane ciruiar tional to sccelerstion when placed on & vibrating chject. These are
disc, the beam will be apyroximately parallel (D being the dimmeter of calibrated to give the acceleration in 'g' units where
the disc and ) the vavelength) g = 0.08120 .2,

T™e crystals used in the experiments (except for 0.1 Miz) have » (f being the frequency aad A the displacement -'IIMP from which
dimmeter of 35 mv; since the wavelength is 5 mm for 0.5 Miz, 1.5 w for on» can calculate the intensity in .,az. knowing that
1.0 Mz, 0.7 mm for 2.0 Miz, and ~0.3 m for 5.5 Miz,* the veam will o
be parallel for distaxes from ~ 100 w for 0.5 Miz to 1000 m for

(ser page 18).

5.5 Mz,

111, EXPERIMENTAL METHODS AND MATERIALS

A. Cell Culture

Puck and his associates’® were the first to introduce the tech
nique of growing single mammalian cells in vitro. The general princi-
ples and techniques have since been described extensively by a mumber
of nmn.”'"'" The materials and techniques, as used in this
lboratory, have been described in detail by Todd"® md by Siege1™,
so only what is specific to this study will be described here.

The cultures are maintained in a water-jacketed mz incubator
(National Appliance Company Model 3221), which is surplied with a mix-
ture of air and 00, so that the final concentration of (0, is 5%, The
air passes through two filters tc remove any moisture wh'.:h may carry
contamination. The mixture of gases is bubbled through water kept in
a tray at the vottom of the incubator. This keeps the incubator humid
wid prevents ¢ “porution of medium from the dishes. The flow rate of
m.‘ is adjusred to maintain the pH between 7.2 and 7.4 as indicated by
phenol ' =5 wh'ch is present in the medium. A)l work requiring sterility
is done .. @ .40 Con Co. hood fitted with an ultraviolet lamp which is
turned on for sbout a ainute before the start of work,

Stock cultures of the following cell lines are maintained rou-

tinely in the laboratory by subculturing at intervals of 4 to § days

(1) M3:1 cells. These cells are derived from the bone marrow

of .ale adult Chinese (striped back) hamster (Cricetulus griseus) Figure 3. 2 to 3-day old cultures of (a) M3-1,
(Fig. 3a). () V79, (c) T-1 and (d) Chang's cells

(2) T:1cells. A subline derived originally from a normal
faman kidney (Fig. ®).
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(3) V79 Cells. ODeyived from a subline of \"9-1 (hinese

- — ™he composition of the <olutions used i+
Faster lung cells (Fig. %). 1) MH.U.-15 medium (for M3-1 and \ "9 cells
(4) Chang's. Derived from husan liver (Fig. M). 500 ml Eagle's MEM

21 ml NCTC 109
Stock cultures are grown in 100 @ Falcon plastic dishes (Cat.
6 ml Penicillin - Streptomycin (5000 units each/ml)
No. 3003). For sub-culturing, & dish having 1/2 to 2/3 of its surface
75 ml Fetal Calf Senm
covered with cells [« s»1ected and trypsinized as described helow,
6ml L ,lutamine
After resuspwision o (veny wedium serial dilutions are made into

) Tl i (for T-1 cells '
100-mm Falcon plastic dishes containing 10 ml fresh medium to give ' WS L ’ -

500 ml Lagle's M
1/10, 1/100, and 1/1000 of the original cell concentration for M3-1 = Bgie’s W

50 le y Se
ad V19 cells, and 1/5, 1/10, and 1/100 for T-1 and Chang's. 8 Fetal Glf Sonn

6 ml Penicillin and Streptumycin (5000 units each/ml)

Trypsinization is done as follows: 6 ml L-glutamine
3) Chang's Medium (for Chang's cells
(1) Aspirate medium out of the dish and rinse with 1 o (N Qg (v Ghing’s o033e)
BML, Bated Med. (Eagle's) with Hank's Salt Sclution
0.0% trypsin solution. (1x) l 500 ml . ' z _
) M, anm acids (100x), e
(2) Add 3 ml of the trypsin solution and incubate for about Y. 3 -,
MIM non-essential amino-acid solutiey (100x)....... 12 ml
six minutes at 37°C with gentle agitaticn after three minutes. . S - S . <
Calf semm (heat inactivated)....... 60 mi
(3) Add 7 ml of fresh medium and pipette repeatedly with 7.5% Ne-Bicarbonate....... 13 ml
strong blowing to break up clumps of cells. L-glutamine - 200 mM (100x)....... 6 ml
Adjust pH to ~7.2 with IN Na(H
(4) ’l_ymsm, Dissolve 30 mg trypsin (lvophilized trypsin 220 u/mg
Worthington Biochemical Corp.) in 100 ml Puck's saline A (Ix); filter

; through 45 uNalgen filter and add 1 m]l pencillin and streptomycin,

B. Ultrasonic Fquipment
One of the major difficulties in the analysis of the results of
the experiments in ultrasonics that are reported in the literature is

i
1

the variety of equipment used by different investigators. More often

»*
than not details are lacking regarding the method of exposure and the AT o o ;:‘em
111} Ll como

. physical parameters of ultrasound.
At the beginning of this investigation we had a commercially

9 TURNS 25 TURNS 45 TURNS

available ultrasonic generator (Tomac, Model 1700) made by the American

g [ + ..
Hospital Supply Corporation anu meant for diathemic treatmen e 2 C' o s a0
consisted of an X-cut quartz crystal transducer connected to a Hartley ¢ iHbg 1.2 =
c-2 [ ¥ ;
oscillator circuit. A timer, a meter to indicate ultrasonic energy in Tt iz ® | - - Q
2 + T
%/cn“, and a knob to control the intemsity were incorporated into the t::] [mrm! W
R- —==—Tr===
circuit. It was meant to be a 1-Miz frequency generator, but initial ' — §
£
: investigations soon showed that the intensity-control knob was in fact J'ﬁ.f?f&’»u ]
! s frequency-control knob and that the intensity was controlled by 5
The electronic circuitry (Fig. 4) was modified by A Windsor of FUSE m}',‘.“;‘,b
— e
Domner Leborstory. It is now possible to change the intensity by vary- ._._:T‘,..
| =
ing the plate voltage. The plate voltage and the plate current are ! UNE FILTER
1 indicsted on meters on the front panel and the frequency is measured L% & _soua
e o g MNE

on a digits] frequency meter made by Beclman Instruments, Incorporated —_ ’-I‘-E‘L;!{;_ ‘ :
g £ (Bput meter w -1 “170R). The transé cer is made by H. G. Fischer and + % LDTAR i
: Compeny. It is fauricated by cementing 10-cn? X-cut quartz crystal

to the imner surface of a cup-shaped metal transducer assesbly. The Figure 4. Modified electronic circuitry o T

for the Tomac 1.0 Miz f;
voltage is fod through a cocxial cabe and connects to the surface of ultrasonic generator. The
modifications ave shown in light 3
the crystal by means of a spring loaded round alumimum plate. shade.

c




A second ultrasonic generstor (Fig. 5) was designed by A, Winds
to provide 0.1, 0.5, 1.0, 2.0, and 3.3 Miz frequencies It consists
of an oscillator, described below, connected te a transducer with a
Hewlett-Packard digital frequency meter to measure the f requency

The transducers are fabricated as describe. above except that
for 0.1 Miz frequescy a 80 m: borium titanate cermmic crystal is used
The oscillator consists of an Eimac 4-400A powsr tetrode connected in
8 Hartley oscillator circuit, The coil which resonates to provide the
frequency of oscillation plugs into a socket This pemits plugging
in of a coll corresponding to the transducer frequency

The coil and vecuam tube plate are operated at ground potential
while the filament circuit can be raised to minus 2,000 vo'!s de 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 splitude is constant to about
I\ because of the stability of the load and the line voltage regulator
mounted at the bottom of the rack. The output frequency holds to
spproximately 0.1%. Air dielectric capacitors and a quart: transducer
at resonance cosbine to give a stable frequency with a simple and

flexible circuit,

! Audiof uipmen t

It consists of the following:

(1) Audiofrequency oscillator. Hewlett-Packard low- frequency
ascillator (Model 202C) which generates sine waves over the 1 to 100,000
cycles per sec range. Special circuitry insures a wave form of high

. stability and low distortion that is independent of the load connected
to the instrument.

(2) ™8 Vibramate vibration exciter (Model EA1250) and electronic
pover mplifier (Model 2120 M8). Mechanical motion is produced by the
passage of electric cnrent through a magnetic field. The exciter uses
corvmic permanent magnets which offer meny advantages. It is usable to
20,000 cps with a maximm 0.5" displocement amplitude limit. The ampli-
t1er consists basically of three stages: s differential amplifier type
presmp stage, a push-pull voltage mplifier drive stage, and a push-
pull parailel power output stage. It is capsble of delivering 125 uA
in the frequency range 35 tc 10,000 cps. It drives the vibration
exciter.

D. X L)
X-ray irradiations were performed using Norelco MG 150 Industrial
. X-ray unit operated at 150 kV and 12 mA and filt:_ed through 1 mm Al.
The wmit uses Norelco 150 kV beryllium-window tube which has an inher-

at filtration value of 5 mm Be. The emergent beam mngle is 40°.
Bxposures were carried out with the cells attached to the petri

dishes vhich contained 2 ml medium and were covered. Samples were
cxposed, one st s time, st & distance of 26 cm from the focal spot.

Figure 5. Ultrasonic equipment for 0.1, 0.5, 1.0, 2.0, and
5.3 Miz frequencies

™he dose was measured with a \ictoreen condenser r-meter, with
its sensitive volume at the position occupied by the cells. At the
energy used, one r corresponds o 0.9 rad in tissue. The dose rate

used for all the synergiscic experiments was 600 rad/win,

E. Experimental Technique

About )5 hours before the start of an experiment, a 3 to 4 Jay
01d culture dish having a desired number of cells (10° to 10° cells/ml)
is selected, the crlls trypsinized, resuspended in fresh mediiam and
incubated. This is done to have cells in log phase as well as a cell
suspension with low multiplicity for the experiment. At the time of
the experiment the same culture dish is retrypsinized, and the cells
are suspended in fresh medium; a cell count is made with a hemocytam-
eter or a Coulter counter. Serial dilutions of ‘.Os, 10‘. lo3 cells per
ml are made from the original suspension.

Aliquots (0.2, 0.1, or 0.05 ml) from the dilutions are plated
into 35-mm Falcon plastic petri dishes (catalog number 3001). The
number of cells plated per dish is such that at the end of the experi -
ment cne has approximately 100 colonies per dish. This requires doing
preliminary experiments to determine the expected fractional survival,
(The total volume of medium per dish is 2 ml as made up by adding the

necessary amount of cell suspension and fresh medium) .

The dishes are incubated for 4 to 6 hours at 37°C. This permits
the cells to attach themselves to the bottom of the petri dish, recover
from any trypsinization damege, and enter the log phase. The di . i.cs
are then exposed to the ultrasound. To have maximm transfer of
scoustic energy from the crystal to the petri dish, glycerine is used




8 a coupling agemt. If the petri dish and the transducer are placed
in direct comtact, they will be Ix contact only in a fes places nless
they are both optically flat; in practicn & lwyey of alr will separate
tham. Very 1ittle sound emargy will then be tzmmitted; hovever, a
layer of glycerize greatly improves the degres of coupling bacmme of
the very large incresse in the characteristic impedmce of the inter-
voning layer. 28

After trestamt the dishes are reincubated at 37°C for seven days
M31, V79 cells) or 12 deys (T-1, Chang's cells). After the inciba-
ticn period the colonies are stained for wbout X0 min by sdding about
thres drops of 14 rquecus methylene blue directly to medium in each
dish, Then the medium ix decmted md the dishes rinsed gently with
water mnd inverted to dry ocvemnight. Only the colonies visible to the
naked eys are scored, For esach experiment four dishes are used for
oach doss point, and the data points plotted in the graphs are the memn
of at lesst three experimmts,

sh 1
Practional survivel = wﬁgﬁw of cells pia x FE

£l JE,) = Dumbey of coloines in contro] dish
Plating efficimcy (P.E.) number of cells plated !

results are reported only from those sxperiments where the P.E. was
more than 60%. The dose is the dose rate times the time of exposure.
Method of ultrasonic exposure is showm in Pig, 6. The ultrasomic
squipment was tumad on for sbout one hour before the start of exposures,
Ahout 5 to 6 drops of glycerine were placed on the transducer; a 35-mm
plastic petri with 2 ml of medium was placed on the trmsducer and
procled lightly to squeese out the excess glycerine. The voltage was
turned Wp and the frequancy Jnob adjusted to give meximm turbulence

IV. OBSERVATIONS AND RESULTS

A, Reproducibllity of Dats

Because of the nature of this experimental .'etup andu the fact
that the dose measuremsts refer only to the monitured dose rather
than to the absorbed dcss, which may have differed for a given moni-
tored dose becsuse of the pousibility of varisble loss of acoustic
energy dus to reflection between the crystal and the cells, it was
folt that the data might not be reproducible,

To check the reproducibility of the dats, four dishes were uied
for each dose point and each experiment was done at least three times.
Table 1 shows the fractional survival as a function of dose in four
experimnts invelving the exposure of M3-1 cells to 1.0 Miz frequency
ultrssamd st 1.0 W/ca?, The data are plotted in Fig. 7.

1t is sesn thet the data are highly reproducible. Also,
the results of experiments in which seversl physical parmeters were

varied over a rmge which might be encountered in mny experiment, show
" that such fact.rs as tempersture st the time of sonication, the amount

of medivm (both within the limits studied), and whether the ceils are
sttached or suspended do not signifi mntly affect the results,

in the petri dish. The frequency knob was then fixed at that position
ad the voltage set to give the desirved intensity.

Bverytime the dish was changed, fresh glycerine was added onto
the transducer, but there was no need for retuning. The frequency,
voltage, and current were constantly monitored, The variations in velt-
sge and frequency were mostly insignificant, but occasionally there
would be about & 108 change in the current, this resulted in ar unusually
different survival in those dishes for which the current had changed ss
corpared with the dishes for which the current had not varied, Bxcept
for these obvious variations, the ~eproducibility of the physical par- b
maters, as well as the biologi.al results in terms of fractional sur-
vival, were very goud.

Petri dish ~

Cement
—— Crystol

! =~ Electrode
' Spring
| 4#———Cosing )

Tromducoq
assembly

XBL717-308%
Schematic representation of the exposurv setwp.

Figure 6.
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TABLE 1

SAWLE DYSE FRACTIONAL SURVIVAL
MMBER (x 107erg/on?) EXPT. 1

EPT. 2 EXPT. 3 EXPT. 4
1 2 sx10 sex10l 33x10l 3x107?
2 5 2x10l 2x100 2.2x107 1.9x107
3 10 8.2x10% *rx10!  9x10? 8.5x 102
4 "0 40x10% 2,0x10% 35x102 3.5x10%
s » 2x10% 1.x107 1.8x1072 2.5 x 107
6 40 1x10%  8x10%  gx103 9x10°8
7 56 45x20°  sx100%  4x103  5xq03
s 0 1L5x1670  2x103  2x1073 2.5x10°3
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A series of experiments was done to determine how experimental
conditions may influrence the effects of smication. The following
physical parsmeters were tested

(1) To detemine whether attachment of cells to the petri dish
had any influence on the fractional survival, M3-1 cells were exposed
imediately after plating when the celis are rounded and in suspens ion

and four hours later when the cells have Mattened out and are attached

to the hottam of the petri dis) The results are shawn in Fig. 8§, 1t
ncluded that it makes e gni fic nt difference in the fractional
survival whether the cells are exposed in suspension or attached to

the petri dish. This ohservation confimed by the resuits of the
cxperiment with asyn hronows V™Y cells (Fig. 24) in which 1t is seen
hat the fractional survival does not change significantly with time
ifter plating. One would expect cells in suspension to receive a
higher absorbed dose than cells attached to the hottam of the petri
dish when both are cxposed to the same monitored dose. This is because
suspended particles act as inhomogeneous bjects, causing scattering
and thereby increasing absorption of ultrasonic energy. Hence cells
in suspension should he more sensitive than attached cells; but our
experimental data show no significant difference in sensitivity, This
1s explicabie by assuming w.at cells in suspension have a greater
resistance than attached cells, possibly because cells in suspension

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

cells.

(2) M3-1 cells were exposed to 1.0 Miz at 1.0 h/az for five

and ten sec with di fferent amounts of medium in the petri dish (0.5,
1.0, 2.1, 2.2, 2.5, and 3.0 ml) tc 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 possibility 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 Miz frequency at 6.0 W/cm® for ten min and an aliquot of
M3-1 cells added within five sec of exposure. There was no difference in
the fractional survival as compared with controls (although ce'ls

exposed to that dose would have a fractional survival of less than 10'3).

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 (iess than 10'!),

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

medium was sucked out and the dishes were exposed to 1.0 Miz at 6.0 '/Gz

for ten sec. In another set of experiments, M3-1 cells were plated into
petri dishes, incubated for four hours, and then placed in a refriger-
ator at 0 to -5°C for between 10 to 15 min, freezing the medium. The
cells were then exposed in this frozen condition to 1.0 Miz at 6.0 l/u2
for ten sec. In neither case was there a significant difference in the
fractional survival as compared with controls, though the fractional
survival for cells exposed to this intensity with the medium is less
than 10”3 (the P.E. for the frozen cells was only 451). It would seem

.
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‘rom thess sxperimsnts that a liguid medium 15 required for ultrmsound
te be offective.

(5) To see how the tespersitire of the medium st the time of
exposure nay affect the fractional survival, X3-1 cells were expored
to 1.0 Miz frequency md1,0 W/en® at the follawing tesperstures:

0 to 5°C, 10 to 15°C, 20 to 25°C. The yesults ave shown in Fig. 9,
ad Lt is concluded that the temperature of the medium at the time of
exposure, within the limits studied, does not «ifect the survivsl.
This is becauss the temperature of the mediim did not sxcesd 37°C in

my case.

C. IDnse-Rate Bffact

M3-1 cells were mposed at the following dose rates: 0.125, 0.25,
0.5, 1.0, and 4.0 Wt:-2 for varying times. The results are given in
Pig. 10 which shows the fractional survival of M3-1 cells, exposed to
1.0 Miz frequency ultrasonic waves, as a function of dose for differmt
dose rates, The dose is the product of the dose rate and the exposure
tine,

It is found that at 4 dose rate of 0,125 W/’ the ultrasownd is
Ineffective in cmuming reproductive cell death. At 0,25 W/on and ehove
the higher dose rates are more effective than the lower although the
effect sooms to vesch a plateau,
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Figure 10, Dose rate effect in M3-1 cells exposed to
1.0 Miz frequency ultrasownd.
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Figure 9. Survival cu;ve of M3-1 cells exposed to 1,0 Miz
a

at 1.0 K/em¢ at 0-5°C, 10-15°C, and 20-25°C,

It is interesting to note the occurrence of this threshold dose

Tate. The shape of the zJrvival v3, dose curve is also interesting in
that it is quite different from the classical survival vs. dose curves
one obtains with ionizing radiations. Unlike the sigmoid or exponential
curves obtained with ionizing rudiutions,76 ultrasonication gives sur-
vival curves which are nearly logarithmic but with decreasing slope with
increasing dose.

The dose-rate effect is observed with the other cell lines: T-1,
V79, md Chang's (Figs 12 and 13); and with M3-1 cells at other fre-
quencies: 0.1, 0.5, 2.0, and 3,3 Miz (Figs, 4-18), In all these cases

the shape of the survival curve is also similar,

D, Cell-Line Sensitivity

Four different cell lines wero exposed to 1.0 Miz £requency ultra-
sound at two different dose rates (0.5 mnd 1.0 VI/cnz) to determine the
sensitivity of different cell lines. Of the four crll lines tested, two
are of human origin (T-1 is derived from kidney snd Chang's is derived
from liver) and two are of Chinese hmmster origin (M3-1 is derived from
the bone marrow and V79 is derived from the lung).

T-1 and Chang's cell lines have a dotbling time of approximately
24 hours; V79 md M3-1 cells have a dowbling time of about 9 to 12
hours. T-1 md Chang's have 60 to # chromcsomes, and V79 and Ms-iA
have sbout 22 chromosomes, Another difference among the cell lines is
the cell-size distribution, which is shom in Fig, 11, The experimental
procedure used to obtain the data in Fig, 11 is described o, p. 78,

v~
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W/cn® and Fig. 13 shows the survival curves at 1.0 W/om™. The shape o -
of the survival curves for the four cell lines is similar and the sen- - ]
sitivities for the four celi lines aro not very different. The sen- L : .
sitivity of a cell line to ultrasound does not seom to be related to » 1
origin of the cell line, the chromosome mumber, the doubling time, or -4 .
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Figure 12, Survival curves for M3-1, V79, Chang’s and T-1
cells exposed to 1.0 Miz at 0.5 W/oml,

M3-1 cells were exposed to 0.1, J.5, 1.0, 2.0, und 3.3 Miz fre-

| T ] T T ]
i

o Chang's

® M3-1i

% V79 .
A T~ frequencies; but since the exposure conditions ~.e the same in every

quencies at two different dose rates. Experimental conditions did not
permit exposures to be made at the sams doi. .ate for the different

case except for 0.1 Miz, the dose rate (I) in W/cm2 for the various
frequencies can be obtained from the following relation:

I = kvl ‘

where k is a constant and V and f are the voltage and frequency, respec-

A JJLLI)JJ

2 tively, For 0.1 Miz, the transducar is barium titanate crystal instead
10 of quariz; tho results obtained with that frequency are presented in
Fig. 14 simply to show the dose-rate effect and the similarity of the

survival curves,

survival

Figures 15 to 18 show the survival curves for 0.5, 1.0, 2.0, and
3.3 Miz frequencies, By cosparing the vesults, it is seen that 0.5 Miz
is the most effective of the freyuencies tested; but it appears that
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16°

the effectivness further increases at still lower frequencies,

F. Aduofrequencies

. i There are many reports on the biologiral effects of sudiofre-
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; 64 s i n I | \ quencies.’ 9798 1o study the effect of audiofrequencies on the
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that vibrations did not Jislcige the petri dish Nivm the tramsducer.

‘the maximm intensity for the different [requencivs was of the order

of 10°2 Won?, which 13 the threshold for pain, The mkximm doses

used ware also much Jower than those used for the ultrasonic frequancies.
The following frequencies were tiied: 20. 50, 60, ¥0, 106, and 500 Hz;
1,5, 7,9,10, 12, 15, and 20 Mz,
for two minutes.

The tractional survival varied Latween 1.0 and V.95 m compared
with that of the control vells, It is concluded hat audicfrequoncies
at the doses wmed are ineffective in causing reproductive cell desth
in M3:1 cells. This is not surprising suwe the doses usad are much
lower than fo ultrasonic frequencies.

In every case the eXposures were

G, Fracti

The split-dose technique has been used extensively in radio-
biology to demonstrate "recovery' phenomena in cells exposed to x-m;”
we did 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 the secand half was given at
approximately 15, 30, 45, 60 or 120 minutes after the first exposure,
Between exposures the cells were incubated at 37°C, The results are
prezented in Fig. 19. The experiments were done with M3-1 cells
exposed to 1.0 Miz frequency at 0.5 w/ulz for 45 sec + 45 sec
(22.5 x 107 evgs/v:m2 + 22,5 107 oru/ouz) and 1.0 W«:n2 for 5 sec
¢ 53ec (5x 107 ens/anz +5x 107 ens/u-z).

survival
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Figwe 19, Dose fractionation in M3-1 cells exposed to

1.0 Miz frequency ultrasound,

It is seon that cells cxposed to ultrasound are “sensitized”
to a sibscquent cxposure, The maxims sensitivity, in both the sxperi-
ments, was reached at shout 30 min after the first exposure; and the
survival was sbout haif of what it would have been if the total dose
wes given in one exposure. There is some recovery from sensitization,
but even at the end of two hours the recovery is not complete, This
vsenuitication" observed with ultrasonic energy is in contrast to the
recovery that is observed in split-dose experiments with ionizing

radiations.

H. Sergis

The combined effect of ultrasound and other physical and chemical
factors have bean studied in several systems, There are many reports
of a synergistic effect between ultrasound and other environmental
factors in nlcmumi-.” Wosber was the first to report a syner-
gistic effect between X-rays and ultrasound in the regression of Walker
carcinoma in rats; Clarke ot nl.,n however, reported that there is no
symergistic effect betwesn ultrasound and X-rays in cultured lymphoms
cells,

To study the cosbined effect of treatment with X-rays mnd ultra-
sound, M3-1 cells were exposed to either X-rays or ultrasound first
and then either immediately (within two minutes) or 30 min later wers
sxposed to the other vadiation. The ultrssonic exposures were to
threshold dose or to a dose that resulted in sbout 40% survival by
itself. The frequancy was 1,0 Miz. The X-ray doses were such as to
cover a survival rmge from 1.0 to 0.1,




The results are givas in Pigs. 20 to 23. Pigure 20 shows the
Yeray survival curwe and the survivel curves cbtaine. when the cells
ware exposed to Xe-rays and within 2 to 5 min to ultresoimd, or were
'l first sxposed to ultresound md then to X-rayr within 2 tu 5 min.
Figure 21 is similar to Pig. 20 except that the time interval between
trestments wes Y0 min, In both cases a thresheld ultrssonic dose was
wed,

Pigures 22 and 23 ave rimilar to Pigs. 20 and 21, respectively,
excopt that in the former the ultrasound dose was such that by jtself
it gave a 408 survival, In Pigs. 22 end 23, the sxpected survival
axve is cbtaimd from the X-vey curye by multiplying the X-ray sur-
vival at sach dose point by a factor of 0.4,

It is seen that there i3 a synergistic effect between ultrasound -§
md X-rays sven whent a threshold ultrasonic dose is used, The degrve §
of synergism depends on 1) the X-ray dose, being greater at higher -
doses; 2) the time interval between treatments, being more evident g R -
vhen treatments follow each other by a half hour than when treatments = 8 J
are almost simultaneous; 3) whether ult-asound follows or procesds u§. i
X-rsys (X-rays followed by ultrasound are more effoctive than ultra-
sond followed by X-rays). i .
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Figure 20. Synergunc effect in M3-1 cells exposed t¢
150 kV X-rays and 1,0 Miz frequency ultrasouwd
ut 0,125 W/em? for 60 sec, The time intervas
between treatments wes 2 to 5 min,
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I Qllode

! Synchronised V19 cells were obtained through the courtesy of
R, Bird by selectively hervesting mitetic colls; thise synchrwnised
colls were ouposed (o & given dese of ultreseund at varims stages in
the cell cycle. At the sume tinme & control experimont wes dene vhersin
= seynchronous V19 oo}l population wes similarly ewposed, The ultre-
somic fremuency was 1,0 Miz ad the doses Lsed were 1 Wan® for 10 sec
md 1 Went for 15 sec for synchronous cells, md 1 W/ca? for 10 sec
for ssynchreneus cells,

Plgure 24 shows the results, It is sem that the fractionsal
swrvival for the ssynchronous population dees not change sigel ficantly
with time after plating. But for synchromous cell populations, it is
found that almsat trice ss many colls survive a given dese vhen exposed
in M ond warly G-1 phases as compared with cells exposed in $ and 0-2
phases to the sam dese,

Fractional survival
=1

J. _anh Ouve

To study the effect of uitresound en the grovth of cultured
samalism cslls, M3-1 cells were expesed to 1,0 Miz frequency st 1.0
W/ea® for 60 sec snd the growth curves of the exposed cells compared
vith thoes of control cells. The results are given in Pig. 25. The
anly effect seems to be an extension of the lag phase by shout sight
hours in the sxposed cells, the dowbling time being wmaffected,
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L e rescmpic Bervetime

Whea M) | colls orn cuposed to ultresomd and cbeerved in o
prmsy - CHRE rest Bicrescape o 1984 withia 1 aln after exposure, It Is
seon thet colls spasad to 0.5, 1.0, or 1.0 & frepancy haw &
similar qppeerance. At vory low deses the cells remein sttached to
the petri dish; ot intevmadiate duses, they detach (rom the dish and
rond of 1, misy colls howe Aarscteristic wacicles armad them. At
wry Mgh intemsitios, mmetly enly coll debris is left. Colls snposed
0.0 or 3.0 Mt resesble sach other, thagh thelr apwarance s dif
forent frem that of colls enposed to the other fregencios. (ells
enposed 1o 0.1 md 3.2 Mt resmin attached to the dish and maintain
their shape, slthagh the proteplam sppears congulated in & s r
vory similar to that of colls emposed 10 & chemical flxatiw or to
Moot Figure 2% shows phase contrmet pictures of exposed and cont o)
cells

Whon 101 colls were exposed 1o 1.0 Miz ot 1.0 Won' for 7.5 sec
ermt 0. .I.' for 30 sec wore enamined in & scaming electron micre
scope and cempered with contrels; It was found thet for the exposed
cells the suter surfoce had & harscteristic ey’ strature, vhere
o for the controls the outer surface appeared smooth. This s shown
in Pig. 7.

Mo apprecidle st of free- radical production ves detected
in Bhis eaporiamat. By this techmique the prodction of & fov as 10!
froe radicals weuld have been dotected, |.¢., the tochnique wouid detect
e free radicals preduced by exposure of water o | rad of X rays,

N fSesin Y Sechwies Test

Besia stalning 15 & wil nem tecdmiqw wed for the detection
of doad or dying calls. ™ determise the time of call deeth, aliquots
of senicated coll smpensions wre mined with eosin Y lsmedistely ofter
oposure and ot Intervals thereafter; and the percentage of stained
colls vas comted i the nemsanicated control cells and in the irre-
disted smpesions. These expoeriments were done vith M3 | cells, the
senication being carried owt within 20 min ofter plating.

for stalning, one dvop of 2% ecsin Y (Allled Ohemical Corporation,
NY.) in 0.9V NaCl was addnd to two drops of cell suspension on & slide.
The preparetion wves then examined wwier & phase-contrast sicroscope st
150 X, and the eosin-stained s wil & the nmetained cells were
comted botvasn I and 10 min after staining (Pig. 20).

In the nonsonicated controls the percentage of nonstained cells
remained cosstant st spprocimstely 950. Figure 29 shows the results for
the sanicated cells. For camparisan, the seven-dey survival curve is
aloo included. It is clear thet cells bejin to die within 15 min after
sonication and that most of the cells that will be reproductively dead
are doad within two hours sfter sonication. (After two hours the cells
sttach to the petri dish; hence the chservations were not carried out
boyand two hours.) The shape of the survival rurves cbtained by the

oosin Y exclision test is similar to the seven day “reprmductive” death
swrvivel cure,

Figure 2%

Figure 28,

(n) (h)

(¢) ()

Muse comtrast micrographs (V250) of M3 ) cells
(n) Control (h) 2 min after exposure 1o ult rasound
of 3.3 Mz frequency at 44 k/eml for 60 sec. Cells
to 0.0 Mig look similar. Note
the “fixed" appearance of the protoplas . (¢) ! min
after exposure to 1.0 "'z ot & K/om? for |5 sec,
Note the characteristic vesciles around the oglls,
(d4) I min after exposure to 1.0 M at § W/ on' for
60 sec. ote the total disintegration of the cells
Colls exposed to 0.5 or 2.0 'V, appear siullar to
() or (d) depending on the dose

fosin Y staining test: The cell preparstion
(13-1 cells) was exposed to 1.0 Miz at 1.0 N/on?
for 10 sec. The living cells do net pick up the
stain and appear bright with a halo around them
in this phase contrast nicrograph (X250)
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Figure 27,

Scaming electron
RiCroscope pictures
(X10,000) {f M3
wells before and
after exposure to
1.0 Miz {requen
ultrasound

(c) Exposed to

0.25 Wemd
for ¥ sex
XBB “19«4
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Figure 29. "Survival curves' ocbtained by eosin Y staini
pethod at various times n!:s exposure of M3-
cells to 1.0 Miz at 1.0 Wemé,

To propare the sg ples for saning electron sicroscopy, MY |
vells wore exposed a0 simpers ion, L0, mediate'y after platirg
o drops [ the sumpens lon sere placed on 4 slide and Incbated ot
150 for tvo hours 1o 1ot the cells attache to the slide ™he #ils
woere then fised e formaldebhyde [1 part nevtral formalin (404 forma)
shyde ) and 9 parts saline] for W min, rinsed in distilled water,
| dehydrated through graded series of methanol ™he slides were

“a oalr dried, costed with gold, and cbserved In & scamning micre

sope at W to 10,000 X

i Klectron Spin Resonance: Free-Radical Prodis tion

fo stisly the ultrasonic production of free radicals, a experi
mnt was done In collshoration with Dr, D, | vimes of Nonner Labora
tory A known concentration of a stable free radical (10 ‘M, 4 -hydroxy

2.,1.,0,0, tetramethy! piperidine-N-oxyl) in water or in .U <15 sedium

was expospd o uitrmsanic waves of 1.0 Miz frequency at different inten

itie (6.0 Wem' for 1, 5,46 min, and 0.25 Wem" for 2,5,7,10 min
in water;, 6,0 N o’ for 6 min, and 25 h/m'l for 2 min in H. U, <15 medium;
nd 60N "_v for 6 min in water after passing N, gas through the water
for I min) wo milliliters of the solution were exposed in a petri

lish in a manner similar to that used with mamalimn cells The pre
duction of free radicals was tested by comparing the concentration of
the stable, free radical before and after ultrasonic exposure by ele.
tron spin resonance analysis, Induced free radicals are known to

destroy the stable free radicals.
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N. Cell-Size Distribution

The cell-size distribution apparatus and technique described
by hhdwmnhgS were used to study the effect of ultrasound on cell
size distribution to investigate the possibility that sesbrane damage
may play a part in cell death through sonication,

To obtain the cell-size distribution, 0.5 ml of the cell suspen-
sion was added to 4.5 ml of isotone in @& vial. The cells were mixed
by inverting the vial a few times and were counted in a Coulter counter
(Mode]l N with & 70-y diameter aperture). The cell concentration was
kept around 4 x 10" cells/ml. Pulses from the counter were fed through
& wide -range linear amplifier (LRL Model 11X1980 P-1) to a 400-chawnel
pulse-height malyzer (RIDL Model 34-12). Commected to the anzl!yzer
was & Moseley 2D-2X-Y plotter to plot the distribution,

For the experiment, M3-1 cells were exposed, immdiately after
plating into 35-mm petri dishes, to 1.0 Miz at 0.5 W/cm’ for 10 sec,

An aliquot of the cell suspension was mixed with either isotone or
isotone ¢+ distilled water to give a final concentration of 501 isotone.
The cell-size distributions of these suspensions were then chtained

as described sbove. The whole malysis was campleted 10 to 15 min
after exposure.

The results are shomn in Fig. 3. The size distribution prob
A1 or e mprernl the svact cell sizes; however, there is a

M. e ditferwace il ag et cmating cells witk Wi sepe

e ik posing Oe 41 3 ruDMer sole.
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Figure ¥0.

%, Possible Mechanisme of Cell Death

The various mechanisms by which ultrasonication causes death
ef crllz can be growed into three prinvipal categories:

(1) Caviation, When liquids are subjected to ultrusonic waves
at sufficintly high intensities, the tensile strength of the liquid
will be overcome by th: large local variations of pressure created by
the propagation of t/e ultrasonic vibrations in the liquid and cavities
will be formed. The term caviation is applied to these cavities or
vacuwles formed in a liquid exposed to ultrasound. These cavities are
Sormed in the negative half of the pressure cycle of the sound vibra-
tion and collspse i1 the positive half of the cycle, This process is
called vaporous o trmsient cavitation.’s If the liquid contains dis-
selved ges, thove will be a diffusion of the gas into the cavity with
the formstion of a bubble which willgow in size md eventuslly escape
to the surface of the liquid. This spontensous growth of unstable gas
whbles in a sound field is called guseows cavitation,®s

The misimm pressure caplitule that will induce cavitation is
called the cavitstion threriold, It depends on the mownt of dissolved
gue, the taaperature, the viscosity, the lydrostatic pressure, and the
frequency . No systemstic studies have been dwme on hov these variow
Jactors affect the cavitstion threshold, bwf it is knom that the
chrosheid incresses Tepidly in the wange from 100 Hiz to ) Miz asd
et presemce of dissolved g reduces the threcheld considerably. s
The enset of ultrasenic cavitstion is sccespesded by s cherscteristic
auiible hissing neise md the sppoarence of L1hdLil in the irredisted

Hgis, 54
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Voo DISUUSSTON

A. Introdxtion

The effects of ultrasonic irradiation have been studied t ¢
numerous suthors in various physical, chemical, snd biological systems °
and attemps made to relate them to parameters of the ultrasonic bems,

The hiclogical effects uf ultrasound have been studied in micro-
orgmisms, viruses, bacteriophage.., and various unicellular and multi-
cellular organisms. A varicty of effects ranging all the way from
complete destruction of living orgmisms to stimulatory effects in
plants have been repurted. Subtle effects on the metabolism and ultra-
structure of ultrasonicated living organisms have also been described,

Inspite of all the work done in this field the nature md the
extont of the biological effects of ultraronic energy sre stiil uncer-
tain. One of the problems in intarpreting the results of investigations
in the field of ultraso.ics has heen that experiments carried out so
far have uswd widely varying apparatus and have aften heen only qual-
itative in nature, making it difficult to cospare observations of
various researchers because of variations in the techniques of exposure,
the dosimetry, the frequency and the hiclogical systems used,

Before attempting to explain our experimantal results, some of

the mechanisms that have hesn put forward to understand the biological

effects of ultrasonic waves will he discussed,
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Even at intensities below the cavitation threshold, in a liquid
with dissolved gas there :s a stesdy growth of a population of micro-
bubbles from pre-existing nuclei 'mder the action of ultrasonic energy,
This is referred to as stable cavitation 10

Various physical, chemical, and biniogical effects have besn
scribed to cavitation. The s:osion of the propeller screws of ships
and the roduction of the flow rate in pipelines are some of the phys-
ically destructive effects of cavitation,'®° jntense hydrsuiic
shocks resulting from the collapse of the cavities have a strong des-
tructive action; pressures of several tens of thousands of atmospheros
cm be cCeveloped close to a collspsing bubble in liquid.”

Ultrasound induces such diverse chemicsl reactions as oxidation,
reduction, degradation, and synthesis of inorganic and organic sub-
stmces, polymerizatisn snd depolymerizstion, intrsmolecular Tegrouping,
and free-radical br-uun.” Aciording to El'piner, no chemicn
Teactions are chyerwd in an ultrasonic f’m:d at intensities belay
the cavitastion threshold irrespective of the duratiom of irradiation,
Also, all fsctors which ishibit the formstion of cavitetion bibbles
also prevent the sccurrence of chemical pmm.”

The destructive effects of ultrasomd on wnicellular orgmism
hawe also besn ascribed to cevitation, sud some of the more subtle
effocts of ultrasound such as the scowtic streming chserved ix variow
systens have boen sscribed to stble cavitstion. Bach nicrobvbble m
nmmiﬂnnuuﬂmnmmhmm
field. In this confition, with rvlstiwly large vibratiom wplitule,
1t efectivly comverts (umtic enevgy inte emorgy of beth waldivec-
tioal nicrestroanisg fialds md alterd dhanicel bends.}0
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A 1o

mmmﬁmmum«mumwm
whon the intensity of senic vibratiens is sufficient %0 preduce cavita-
tien bubbles in the irredisted wdiwn.® The higher the dess rate,
umwmummmuwwwm..
Ts, an increese in dese vate is mere offective then m incresse in the
derstion of esposure. Ain,hofbcﬁmauﬂwm.n
micreorgenisns depends in a definite wey on the comosntration of micro-
blal cells; it is less effective aguinst highly cumcemtyeted solutiens,
and this hes bemm explained by smsowning thet cavitation is swriesed in
ﬁmmmmmofﬁMMMltw

(2) Twmperetyre. In discussing the role of tasperetwee in
hbiulqicnoﬁuchofulttudcm.bnmhm
peints to boar in mind, The first is the taperature incresse of the
wodivm as a whole resulting from the comversion of sbeorbed acoustic
mergy into heat emergy; the other factor is the localised tempersture
increese resulting frem the adishatic cmllepse of cavitation bibbles,

A iquid in s ultresonic field is heated by skeorption of
scoustic energy which is pertislly trensformed into lwat energy. The
temparature of a liquid rises sharply in the first fou mmeats of
ultrasonic irrsdistion. The sbsequnt Lempersture rise is extremely
slow, or the heating of the mediun coases ultogether--probably duw to
the establishment of equilibrium between the mount of swergy delivered
ad the mount given up to the mbimt medium, The plysiotherspeutic
spplication of ultresound, such as in distherwy, is based on this
temperature increase produced by ultrasoumd,

Watmough, et al. ,‘7 studied the effects of 10 KHz ultrasonic
waves on the growth of the min tap root in Vicis faba seedlings, and
they roport that the observed reduction in the voot growth rate canmnot
be ascribed to sy small rise in temperature.

’ Lelmann ot 31.103 report. that the histological appearance of
amion roots exposed to 1 Miz at 110 tl/c:m2 was different from that pro-
duced by heat; but even thsn they do not rule out localized temperature
imcreass as a possible factor.

(3 Direct Effects, It is possibie that ultrssound directly
affocts some cell component and that the biological effect, incluiing
cell death, mey be just = ssplification of this primary desage.

It has been found that, dopending on the intensity of ultra-
sound, microflows of varied stiength appear in tha cell, disturbing
the spatial intersction of submicroscopic structures and leading to
functional changes. High doses of ultrssound produce a disordered
destructive shift in the cell ultrastructure lesding to sham dis-
turbances in the physiological state of the cell, depressed growth,
ad even death, 16

El'piner has shown that the mitochandris are ruptured immedintely

»  following irradistion, Such changes sppoear directly during sonication
at a tesperature (of the surrounding medium) which excludes the possi-
" Bility of themsl cosgulation of the protein structure of the cell ad
for ultrasonic intensities which exclude the possibility of cavitation.
Degradation of INA occurs at intemsities too low to produce

sgvitation or significant tespersture incresse. Such changes may be
the result of direct interactios: of ultrasonic ensrgy with the polymer
bond structure,

-

Besided this general tewperature incresse, high tesperstures
of the order of 2008°K ary created in pulsating resenance cavitation
wibles, " tmever, there arv cortaln cbjectiens te the hypethesis
of a lecal, polat incresss in temperature to sevaral thowmds of
dogrons ¥ ‘

Althowgh sy swthors have sttributed ‘e biolegical effects
of witrasound to heat, there are significaut differences in the nature
of the danage preduced by ultresound a compared with that predued
by heat. orphelagical changes produced in bacteria by ultrsend
wually invelve breskage of walls and mushrmnes; such demige is net
obeerved in the case of heet infury te bacterial cells.™

Sulo and Deorkin®® repert that the resistance of Mrmcscom
AU to smic vikmtion dewloped during conversion of rods to
refrectile sphoies whoress resistamce to heat did not appear wntil
after the conversien was ceaplete,

Also, bislegical effects of ultrasound have been teportsd at
intensities imsufficiont to cause mn increase ir temperature vhich
could eaplain the effects. Newcemer and Wallace!®! i studying mna-
tions induced by ultrasownd recorded increases in the temperature of
the trestmant usdium, water, mnd were of the opinion that the rise in .
tespersture of 25°C fram 10°C to 35°C was mot sufficient to cmse such
dmage. They did mot rule cut the possibility that local hot spots

had developed; however, Nowcomr!9? does not think that heat is &
likely cause, a8 no coagulstion of protoplase wes cbserved.

Bumns*?'50 states that the mechanism for the inhibition of blo-
synthesis in sonicated yemt ceils mmy be due to disnprion of supra.
woleculur organization in the cell. According to him, the simplest

explmation for his results on the effects of sonication in yeast is
that the cell mesbrane ney become more permesble to certain small
molecules during sonic irradiation.

Ravitz and Schnitzler™ studied the cffects of 85-Kiz ultrasonic
waves on the semitendinosus mscle of Rma pipiens. They observed a
rrnge of ultrustructural changes, the mitochondrial cristea and compon-
They postu-
late the generation of steady intracellular stress produced by ultra-
sonic waves to explain the rewults which were cbtained under conditions
that ruled out heating or cavitation as causative factors,

Lependin md Uszinovs,*? on the basis of a thearetical stuly
on the nechanism of destruction of biological cells ix on ultrmonic
field, conclude that resonance vibrations of the cell in sn ultrasonic

wits of the sarcottbular system being the most sensitive.

field are quite probuble. These resonsnce vibrations mey lead to
destruction of the cell mesbrane.

In conclusion, it mey be stated that although transient cavits-
tion and tesperature increass msy play a significant part in the bio-
logical effects nf ultrasound at high intensities and low frequencies,
wmy biological effects of ultrasound are nonthormsl and noncavitational,

C. Explanation of Experimental Results

(1) Cell Death. Our results on the survival of mmmelisn
cells are not &ms to tmlmtaviuumnmanhuwhlnud
are shouwt uhcwroflwbolwmcmuﬂmdmdnld.mmthq




Gt 10 tewperature as the temperature of the msbient medium did not "bumpy"’, indicating that the mmmbrane had collaspsed on the internal
exceed 37°C. However, we camnot exclude local high tomperatures at cell organelles-«possibly mitochondria.
interfaces which are not directly measureable by physical instriments.

We have concluded that the primary cause of coll ceath in cells
exposed to 1.0 Miz frequency is damege to the structural or functional
integrity of the cell mesbrane. This may bo brought sbout by shearing
action associated wath bubble-induced eddying and related motion (aused
by stable cavitation, or the mesbrane damage msy be the result of
localized high temparature increasos, which may occur dus to the fact
that maximum abson.tion of ultrasonic energy occurs at an interface-
ad the cell membrane is just such an interface.

The following observations support ths hypothesis that membrane
demage i3 the primary cause of cell death at 1.0 Miz .requency:

¢) Mhen control cells are sxposed to a hypotonic medium, they
swell; but sonicated cells swell oven in mn isotonic medium, indicat-
ing that the membrane has bovoms parmesble i) water, Also, certain ?
molecules may leak out, as has been suggested by Burns. 1t is also
possihle that ultrasoniiation damsges the viscoelastie properties nf

the membrane. The altered microscopic surface views attest to this.

6. Foee radirzls, if formed, are less than 10u at dosos as
high as " ,s/mz. Sonivation of the medium itself, which could
result e formation of long-lived free radicals, was also

ineffecti ve,

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

a) Bosin Y exclusion test, According to Goldstein and Okad:,99
wosin staining represents dasage to the cell membrane, The results of
the experiment on eosin wptuke by sonicated cells indicate that cells

begmn to dis as sarly as 0 to 15 mn after sonication and that most of £} e insignificant difference in the survival of cells
the cells that are to be reprodu tivesy dead are alrendy dead within exposed in suspension or attachied to the bottam of the perri dish
two howrs. It is unlikely that primary damage to some other cel: sub- may 8130 be explained by assuming that cell death is due to membrane
structure would become subsequently expressed as membrane damage %0 damage (see p. M). .
rapidly. g} lependin and Ustinova, on the hasis of a theoretical study

b) Phesz-contrast r croscopy chows characteristic vesicles on the mechanism of cell death caused by ultrasenic waves, conclude .
around exposed colls within2 min after exposure and vomparison nf that resonance vibrations of cells may lead to destruction of its
scanning electron micrograpls of control cells and of cells prepared menbrane,
for microscopy within 2 min after exposure shows that whereas the out- t is concluded that the integrity of the cell membrane is

er structure of control cells is smooth, that of exposed cells is affected by ultrasonication, The damage may bo to the membrane struc-

tures, such as pores, or to some Camponents related to mesbrane

sunction, such as ATPase formation. No complete cxperiments were The shape of the survival curves can be explained hy assuming
done to study the mechanism of cell death at frequencies other than that the cell population is heterogencous in regard to its sensitivity
1.0 Miz; but, on the basis of the similarity of the microscopic appear- to ultrasound, This is consistent with the fact that cells in differ-
ance of cells exposed to 0.5, 1.0, and 2.0 Miz irequency, it is assumed ent stages of the cell cycla have different sensitivities. However, no
" that for all these frequencies the primary cause of cell death is mem- yuantitative correlation was established between the survival curve
brane damage. and the distribution of cells in various stages and their sensitivities,
’ Also, again on the basis of the micsoscopic appearance of cells The survival curve shows a sharp initial decrease in survival
exposed to 0.1 and 3.3 Miz, it is assumed that coagulation of the with a much slower fall at higher doses, This is quite similar to
protoplasm is the cause of cell doath for these frequencies. We do the temperature increase caused by sonication. The initial rise in
not know what caused the coagulation of the protorlasm, but it does temperaturs is rapid, but subsequent increase is slow, One might there-
not scem to have been caused by temperature, hecause even for these fore be terpted to say that tempsrature is responsible for cell death;
frequoncies the temperature of the medium did not exceed 37°C. It however, the final temperature never exceeded 37°C, It is more likely
may have been cased by changes in the ionic composition of the proto- that the survival curve and the time rate of tewperature increase are
plass due to leakage of certain molecules, o. due to cross-linking or both expressions of the nature of acoustic energy absorption,
denaturation of protein as a result of localized high temperatures, Another factor influencing the effectiveness of ultrasound is

Rate Effect. The dos te effect is easily under the concentratioa of cells, as is well known in the case of micro-
(2) Dose-Rste Effect. The dose-rate e -

organisms ; but even at the highest doses, the cell concentration was
not high enough to significantly affect the viscosity and thus the

stood when one realizes that the term dose rate, as used in this study,

refers to che intensity of ultrasound, which is related to the umpli-
effectiveness of ultrasound,

We prefer to explain the shape of the curve by assuming that
there are a fixed number of "sites" on a cell membrane which are vulner-
this value of the displacement lasts.
- . able and that s certain mumber of these have to be inactivated before
1f the swplitude of vibration is very small, it may have no
the cell will die. Initially all these cites are available, and the
chance of their being damaged is good; but, with increasing dose, less
are svailable to be dmmaged so that equal incremsnts at higher doses
are less effective.

! tude or maximm displacement of a particle from its position of rest;
| *  and the dose is the product of the displacement and the length of time

effect--no matter how long it lasts., Above a threshold mmplitude, the
higher the mmplitude the grenter its effect; it probably wouid reach
a platesu or pe1k and then become lezs effective. This has not been
cbserved in our experiments, but Clarke et al,% have cbserved an

amomalous dose-rate effect.




These sites may be pores on the tell mebrane. In mn iltra- continuous state of metabolic ACtivity, the primary damsge can be
sonic field these pores are stretched, which affects the membrmi e ox, octed to get progressively worse with time, as hes been shown by
permosbility; and if the mplitude is high enough, the poares may be the sosin Y exclusion test. Howsver, we do not know why the maxjmm
trroparably strutched, thus creating holes in the mesbrane. sonsitivity occurs sbout a half hour after the first exposure,

It would seem that even at the end of three hours, the cells
do not recover from the init.al d:imge, as hus been demonstrated by
the split dose technique tc be the vase with cells exposed to Xerays;
but there is some 'recovery' from the 'sensitization' resuiting from
the initial demege.

(3) Cell-Line Sensitivity. If the primary damage 1s to the
nesbrane, then it is oasy to say see why there should be no correlation
betw..n coll sensitivity and the srigin of the cell line, its doubling

time, the number of its chromosomes. or even the cell-size distribution.
Cell sonsitivity is probably related to some structural wnit that has

similar properties for the different cell lines. It cannot be DNA but (6) Synergism. There are three possible explanations for the
may be mitochondria or microsmes or mesbrane units, synergistic effect of ultrasoumnd and X-rays:

(4) Frequency Effect., That a certain frequency is more effec- a) If the treatments are done simultancously, the towperature
tive than another is probably due to a resonmue phenomenon as dis- increase produced by ultrasound leads to increased sensitivity to
cussed by Lependin and Ustinova, It is possible that the variation X-rays, as has been cemonstrated by Bridges et a 104 liowever, the
in the offactiveness of different frequencies may be an artifact of tomporature increass in our experiments, measured as less than 1°C,
dosimetry; i.e., it may be Gue to variations in the energy absorbed by was not significant enough to explain the effect.
cells at different frequencies. However, that the greater effective- b, If ultrasound follows X-rays, tht chromosome breaks induced
ness of 0.5 Miz frequency may be an artifuct of dosimetry is ruled out by X-rays night be prevented from rejoining hy the mechanical vibra-
by our experiments on the survival of $. cerevisiue exposed to the tions caused by ultrasound, as suggested by Conger.l0S

same sct of frequencies, We h ound 1. the -
108 ave f 1.0 Miz to Le rost effec ¢) The interaction between the mosbrane damage caused by ultra-
tive of those frequencies f i1li '
Teq es for killing yeast cells sound und the puclear daaage caused by X-rays may be responsible for

(5) Dose Fractionation, Cells dsmaged by ultrasound are in the syneigistic effect, in the sense that one dasnsge amplifies the
a state of stress and are therefore probsbly more susceptible to a other, possibly by interfering with repair mechanista  Vibration
subsequent exposure. From various experiments we have concluded that causes sppreciable changes in the cells, influencing their subsequent
ultrasound affects mesbrane permeability; and since cells are in a fate, It may be supposed *' 3t cells exposed to vibrations become

aore reactive, and therefore any additional influence is capable of LS178Y mouse leukemia cells exposed to 1 Miz ultrasonic irradiation, !
radically altering their biological properties. A cell with a demaged cells in M phase are significantly more susceptible to disintegration
cell mesbrane may not be as able to withstand nuclear dmmage und a than the average population.
cell with its nucleus damaged may not be as capable of withstanding (2) Growth Curve. Since the primary dessge a5 to by to
*  demage to its mesbreie, as a nommal cell. the membranc, we believe that important nutrients wzy leak out during

At present we do not understand why ultrasound followed by sonication; and the oxtenvion in the lag phase 43y be the periot needed

to resynthesize and accumulate those nutrizats, and possibly to rvpsir
why the synergistic effect should be greater if the treatments are any subletha) demsge. No effeut on the dobling time is to be expecied

separated by & half hour than if thay follow ismedistsly. Probably from mesbrane damsge, which is what we have observed in our experiment.
the differences are due to differences in the nature of the damage

caused by the two agents, and in the nature and timing of the repair

X-rays should be less effe:tive than X-raysfollowed by ultrasoud and

process for both cases.

(7) Cell Cycle. Cells in mitcsis probably have a different
mesbrane sensitivity than cells in S phase. This is based on the
cbservations of Todd et a1.1% who have found thst there is & signifi-
cant difference in the microelsctrode tip potentisls on cell surfaces
in cells in mitosis as compared with cells in the rest of the cycie.
canlw also reports that pronounced varistion in cell volume and
electrical potential accompeny initiation of mitceis in vitro, Thas,

. if sonic effects are dus to direct sction on mesbranes, one would

expect soms variation of these effects with the cell-division cycle,

“ It is interesting to note that when syrchronous cell ropulstions
ure exposed to X-rays at different stages in their life cycle, cells
in S phase are found to be most resistant. This too would ssex to
indizate that the mechaniss of csll death dus to simication ney be
Zifterent from thet of cell desth due to X irredistion, which is e
to naclesr damage. Hovever, Clsike ot al,™ have reported that for




VI, SUAXY AND OCONCLUSIONS

The colow-foming sbility of cultured memmalim Colls (derived
from Chinese hamster bomo-marrow cell lime M3-1, Orinese hemster lung
coll line V79, Imem kidnoy cell }ine T-1, or Chang's men liver cell
iine) exposed to morochromatic ultrssomic vibrations of different
frequencies (0.1, 0.5, 1.0, 2.0, 3.3 Mix) or to audiofrequencies has
been studied to try to understand the nature of the biologicel action
of ultrasonic energy at the cellulsr level, The combined effect of
150-kV X-rays amd 1,0-Miz ultrasonic woves on M3-]1 celd has also been
studied,
A commercially svailable 1,0-Miz uitrasonic generator using a
10 X-cut quartz crystal as a tramsducsr was wmed for mrit of the
sxperisents, after the oscillator had bean redesigned to provide mon-
itoring and indepandent comt-ol of the frequency, the dose rate (plate
voltasge), and the time of exposure, Later, snother aenerator was
specially designed to provie ultrasonic waves of 0.1, 0.5, 1.0, 2.0,
and 3.3 Mz frequmcy wsing 10 cnz quartz crystals as transducers for
0.5, 1.0, 2,0, and 3.3 Miz and mn 80 ca’ barium titanate crystal for
0.1 Miz.
The experimental procedure involved piating an uliquos of a
s mmber of cells nto S-mm plastic petri dishes. Aftsr four to
six hours of Incubation at 37°C, each dish was coupled to the 35-mm
quartz crystal transducer (enclosed in a metal ap) wsing s thin layer
of glycerine. The oscillator was tuned to the resonant frequency of

(6) Audiofrequencies at the dnse rates used (of the onder of
1072 w/cn?, which is the threshold for pain) have no lethal effects.
The dose rates and doses userd in the audiofrequency experiments were
cansidersbly below those shown to produce lothal sffects for the ultra-
sonic frequencies.

(7) TDose-fractionstion studies show that prior exposure sen-
sitizes the cells to subsequent trestment, in contrast with what is
dbserved with X-Tays vhere celis shov recovery. Waximm semsitivity
occurs approximstely 30 min after the first exposure, when cells are
msintained at 37°C between exposures.

(8) Bosin Y sxclision test indicates sonicated cvlls begin to
die within 1S min after @xposure snd that almosy; sll the cells that
will be comted seven deys later as rrproductive deaths sre alresdy
dond within two hours after sonicatiom,

® The lethal effects are cbserved only in the presence of
s liquid mdiwm during sonication. Mo lethal effects sre cheerved if
cells are sonicated in the 'frozen' state or in the ‘demp’ state, i.e.,
without medium,

(10) There is mo differsnce in the semsitivity to ultresonica-
+  tion whether the cells s in 'suspension’ or attached to the dish, as
long as twy are also bathed in liguid medium,
{i) The tempersture of the sedium over & range of 0 to 25°C at
the time of sonication des not affect the semsitivity of cells.
(12) Colls that muvive scmication show & longer lag phase, but

the crystal and the (requency monitered on & digital freguensy meter,
The samplos were oxposed to a given frequancy and dese rate for a givem
tine. The dose tate wvas contrelled by ndjusting the veltage in the
piate circuit, amd the plate current wnd woitage were recenrded,

After incbation at 37°C for seves days (in the case of M3-1
andd V79 cells) or 12 days (for T-1 and Chang's), the dishes wre
staimed with 14 squecis methylone blue solution for 30 min, rinsed
with distilled water, dried ovemight, m the maber of visible
rolonies per dish counted,

To a linited extent, the offects on growth rate, dye ptake,
size distribution, free-radical production, snd aicrescepic nliters:
tions wery also studied,

The folloving ohservations were mede:

(1) The survival curves, in contrast with those for ioniting
radistions, are nearly Jogsrithmic; but the slope of the Jine decremsen
with incremsing dose,

(2) The lethal effects are dose-rate dependent and have
threshold doso rate. For M3:1 cells ut 1,0 Miz frequency, the thres.
shold dose rate occurs sround 0,125 W/ca®.

(3) Different memmalian cel) lines in vitro do not show .
appreciably differsnt sensitivities,

(4) The shape of the surviwl curve for differmt frequencies,
as w1l as for different cell lines, i3 sinilar,

(S) Using a synchronoim V79 cell population, we fourd that M
wd early G-1 thases are more resistat and S phase mere semsitive te

ultresound, About twice as memy cells in N phase survive as do colls
in S phase,

(13) Microscopic exmsination shows that cells erposed to 0.5,
1.0, or 2.0 Miz appear the same, Micyoscopically, cells exposed to
0.1 Miz resaule those exposed to 3.3 itz but appear different frem
cells exposed to 0.5, 1.0, or 2.0 Wiz, Cells anpesed t3 0.5, 1.0, and
2.0 Mit frequancy at interwediste doses detach from the petri dish
and rond of f; many of the cells show charsclerisiic vescicles arewnd
them, At very high doses, most of the celis disintegrate md appear
as cell debris. Cells exposed to 0.1 and 3.3 Miz frequency Temain
attached to the dish svon at high doses asnd retain their nomel struc
turel features, ercept that the cyteplesm appears coagulated.

Scuming eloctron micrescepy shews chavecteristic buspy eutsr
structure for the senicated cells as compared with the smoeth outer
structure of control cells,

(14) There is a small symergistic effect between ultresownd amd
X-rays. The degree of synsrgisa depmds on X-ray doss and the tine
fnterval batween trestments, snd is groater when uttrasound felles
X-rays than vhen it procedes it,
(15) Por Mi-1 cells, 0.5 Wiz is foumd to be the most effective ;
of 0.5, 1.0, 2.0, md 3,3 Miz frequsncies, :
(16) Prea-radica) production if my, is less then 10%) free
radicals at the doses used,
(17 Coll-size distribution studies shov that cells eposed to
ultrasound swell as though they had been exposed to a hypotanic medium,

m{‘:{}:' is e
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e wrwmermwenmbe WHY S WNINE WURCIUSLONS ROVe
woan mads:

(1) The lethal offects ave mot duw to cavitstion because the
intonsitios used ore much lowwr than those required o induce cavite-
tion ner ave they primarily dus to tempeveture since the effects are
cbearvnd even when the tempersture doss not sxceed S7°C. We camnot
completely exclude localised tempersturs inCreases at interfaces.

(2) There seem to be tw. mechmisms vesponsible for cell death:

8) For cells exposed to 0.5, 1.0, and 2.0 Miz frequenciss,
the prisary cause of coll death sewss to be dmmage to fimctiomal
behavicur of mebranous styuctures, This is indi.ated by the ecsin ¥
test and coll-size distribution studies, as well as by microscopic
ohservations.

b} For cells exposed to 0.1 and 3.3 Miz, cell death sppesrs
related to coagulation of protoplasm.

(3) Ultrasonic vibrations cause lethal damage as well as sub-
lethal demuge. There is a threshold dose rate for lethal effects.

(4) The effoctiveness of ultrasound probably depends cn both
the frequency and tho awpliiude of the waves indicating a possible
resonance phenomenon,

(5) Synergism between ultrasound and X-rays may be due to an
interasction between the nuclear dsmage caused by X-rays and the daage
to the cell meshrane caused by ulcrasound.
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