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Abstract o R

! U1trasound is one of the most w1de1y used tools in
therapeut1c and d1agnost1c medicine today However, very . 11tt1e
s kgown of 1ts modes_of action. Exper1ments were undertaken to
dete;hine whether ultrasound at a frequency and intensities close
to thoge used in therapy produced measureable effects on human
1ymphocytes .

Th1s work presents the results of 1nvest1ga§1ons into
fthe effects of uTtrasound -both within and on the surface of human
per1phera1 biood lymphocytes exposed in vitro.: Exper1ments were

des1gned and performed with the aim of e1uc1dat1ng the predom1nant

mechanisms of u1trasound on lymphocyte cultures.

Ultrastructural. studies indicated that ooncanagalin A
kCon A) - activated lymphocytes exposed to ultrasound >
(870 kHz, 4 W/cm?2, 30 min) did not suffer.any gross damage.
" However u1trasouod did-appear to produce stresses within the
Con A-treated cell that caused reversible disassenmbly of
,mdcrotubu]es | Exposure of lymphocyte cultures to u]traéound'
at an 1mtens1ty of 4 W/ecm? produced an increase of 5°C above
. ’the ambient (37 C) temperature of the water bath. HoweV“r
heating was shown not to be one of the~more iﬁportaﬁt'
predominant mechanisms of action of u1trasouog¢gﬁjthe 1ymohocyte.
‘Evidenoe Was oroduced to show that continuous wave,
near field, 870 kHz ultrasound exposures at an intensity of
4-W/cm2 for 90 min produce anlimﬁediate,.significant"(P’ﬁ.0.00T)
reduction in the incorporation of 3H-thymidine into 1ymphocytes
activated with Con A for 2-3 days.prior tolsonication“ This.
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effect was! not observed in rest1ng ce11s At 1ower'1ntens1t1es'
o a s1gn1f1cant st1mu1at0ny effect on 3H thym1d1ne 1ncorporat1on
occurs 4n act1vated Tymphocytes- some two to three-days after
exposure, These changes in 1ncorporat10n %f 34 thymidine did
. not appear to resu]t from var1at1ons in the injtial rates of
toensport ‘of the radioactive precursor across the 1ymphocyte
membrane However, 1nvest1gat1ons of unscheduled DNA synthes1s
in act1vated lymphocytes suggested that u]trasound may be\

producwng damage, either directiy or indirectly to the DNA

Simultaneous r\duct1ons in the 1ncorporation of
-?H-thymidine, JH-leucine and 3H-uridine were observed in
activated ]ymphooytes fo11owing eprsure to u1trasoqu. It
is suggested that these reductione may be interrelated.

Ultrasound produced a 51gn1f1cant reduction in
the total binding of 3H Con A to the Tymphocyte cell surface
This resylt suggested that a study should be made of the effect
of ultrasound on the mixed 1ymphoE}te reaction (MLR).

Exposure of responder cells at day 0 to ultrasound caused af
reduction in ‘the incorporation o® 3H-thymidine when this was
measured at day'é. Eupoéure of stimulator cells to ultrasound
us1ng the same exper1menta1 cond1t1ons also produced a reduct1on_
in the 1ncorporat1on of 3H-thymidine at day 5. Exposure of

both the responder and stimulator cells to ultrasound reduced
the 3H-thymidine incorporation at day 5 to a ]eve] substantially
lower than if either the respondeu or stimulator cells alone

were sonicated.
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" Cells were suspended in'dégassed mé&ié in an
'attgmpt to reducé“ultrasound-inducedlcavitation.-.Both.the.
experimenta]-resu1ts and theoretical prédicﬁ%ons sugﬁest
that mechanical stresses other than cavitation'cqu1d be |
reaponsib1e;f0r the ef%écté proauced in thg lyﬁﬁhocytes by
~'y1trasound. . ‘

Mﬁny of the results obtained from this work may have
clinical significance. Further, a number of the experimental
procedures and techniques have not previously been'performed
in the ultrasound field, making the results unique and
difficult to compare to othér works. Howevér, the résu]ts_a%e
discussed and compared as far as possible to current theory
on ultrasound actions in biological systems, and further

experimental approaches are suggested.
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Régumé

. On présente ici les régultats de recherches. portant sur

leg effets des ultrasons tant d& la surface qu'd l'intérieur de
lymphocytes humains de' la circulation .sanguine périphérique

exposés in vitro. On sait que les ultrasons provoquent une

"

Elévation de la température du syst®me exposé et sont responsables

. >
de contraintes'mécaniques comme la cavitatidn et les courants

T

acoustiques. Les expériences ont donc &té congues et effectuées

dans le but de connaltre les principaux mécanismes d'action des

ultrasons ﬂans les cultures de lymphocytes.

-
-

‘

Des etudes dé\%'ultrastructuré ont montré que des
lymphocyteé'activésfé la concaﬁavaline_A (Con A) et exposés aux

ultrasons (870 kHz, & W/cmz, 30 min) ne subissaient pas de

[

dommages importants. Les ultrasons ont cependant &t& sources

de contraintes, chez les cellules traitées 5 la ConA, qui se

sont traduites par un démantélement réversible des microtubules.

L'exposition des cultures de lymphocytes aux ultrasons, & une

N .

intensité de 4 W/cmz, a provoqué une &lévation de la température

de 5 9C par rapport i la températuyre du bain d'eau (37,°C). Ce
réchauffement ne s'est cependant pas avéré &tre l'un des prindipauk

mécanismes d'action des ultrasons sur les lymphocytes. .

4

On a bbtenu la preuve que'des expositions en'éhamp
proche & des ultrasons, en onde entretenue, de 870 kHz et

d'une intensité de 4 Tr{/cm2 pendant 30 minutes, se traduisaient

[
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par une diminution immé&diate et significative (p = 0,001)
de-1l'incorporation de la thymidine-3H dans les fymphocytes

activés par ngia Con A pendant 2 ou 3 jours avant le traitement

/
aux ultrasons. Cet effet n'a pas &té& observé chez les cellules.
au repos. Il a_ &t& noté, aﬁx‘blus faibles intensités, une

stimulation sigzificative de l'inéorporatton de la thjmidine-JH
dans les lymphocytes activés environ deux ou trois jours aprés
l'exposition. Ces modificationé de l'incorporation de la

5

thymidine-SH ne résultalent pas de variations des vitesses de

b Al

transport initiales du précurseur radioactdf 3 travers la
membrane lymphocytaire. .Mais des &tudes sur la synth@se de
réparation de 1'ADN chez lés lymphocytes activés portent i penser

que les ultrasons altéraient 1'ADN qui &tait ultérieurement

réparé.

Des réductions simultanées de l!incorporation de la
thymidine—3H, de la leucine-3H et ;'uridine—3H ont été& notées

- chez des lymphocytes activés. aprés exposition & des ultrasons.

On suggére la possibilité d'une interrelafion entre ces réductions.

-

Les ultrasons ont provbgué une réduction slgnificative
de 1la fixatioﬁ totale de la Con A-3H a la sﬁrface cellulaire
des lymphocytes. Il serait donc utile d'effectuer une étude
portant sur les effets des ultrasons sur la réaction lymphocytaire
mixte. Ei'exposition aux ultrasans des cellqles réagissantes

au jour 0 a provoqué une diminution de 1l'incorporation de la

s

!



thymidine—3H quand celle-ci a &té& mesur@e au jour 5. L"Yexposi-

tion aux ultrasons des cellules stimulatrices, dans les mémes

conditions expérimentales, a aussi provoqué une diminution ST

.

de l'incof : : 34 au ‘ ! .
poration de la thymine-"H au jour 5. L exposition

’

aux ultrasons des cellules réagissantes et stimulatrices.a - “

v

provoqué, au jour, 5, une réduction de l'incorporation de la

thymine—3H d un niveau substantiellement inférieur 3 celui noté -

-

aprés exposition d'un seul de ces ﬁﬁ#x types cellulaires.

Des cellules ont été mises en suspension dans un milieu
dégazé dans le but de rédduire la phénom@ne de cavitation par
ultrasons. Les résultats expérimentaux et les prévisions th@oriques

portent a3 penser que des contraintes mécaniques autres que

& .

‘1a cavitation pourraient &tre responsables des effets des

ultrasons chez les lymphocytes.

’h\ . . .
'Un bon nombre des résultats obtenus lors de ces travaux

présentent une importance clinique. De plus, plusieurs de nos
méthodes et techniques n'avaient jamais &té utilisées dans le

. : L
" domaine de 1'étude des ultrasons:de sorte que les résultats
obtenus sont uniques et difficiles & comparer avec ceux d'autres

travaux. La discussion et la comparaison des résultats ont

cependant &été menées aussi & fond que possible, en demeurant dans,

-~

le cdadre de la théorie actuelle de l'action des ultrasons sur les
systémes bilologlques, et d'autres approches expérimentales ont

8té proposées. SO -
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. . Chapter 1. “Introduction

In PEcer years applications of ultrasound in mediciné
have increased tremendously, espec1a]1y in the diagnostic field.
This has resu]ted partly from the commonTy held contention that
there is no risk to health from exposure of ultrasound. o

U]trasbund was introduced to diagnostic medicine
Tn mid-1950s and has been growing at such a rate that "with
expénding services in ultrasound diagnosis, the frequency qf
human exposure is increasing witﬁ the potential that e;sentia11y
the entire population may be exposed‘n (IRPA 1977). The Bureau
of Radioldgical Health (U.S. Department of Hea]tﬁ, Education
'and Welfare) estimates that by the early 1980s,.every
pregnant woman in the United States will undergo at 1g§5t
one u1traséund-examination‘of the fetus (Stratmeyer and Stewart
1976},

Ultrasound therapy has been used for over 40ryears
in physiotherapy. It usually inVo1ves application of a hahd-
held ultrasound transducer to the injured area of a patient,
and treatment with either a continuou§ or pulsed beam. The
tfansducer head is generally moved over the‘area of injury
to obtain ag uniform a treatment distribution as possible.

The objective of ultrasound therapy is apparently

to stimulate the blood flow within the injured regﬁon, which

S

it appears to do effectively (Franklin et al 1977a, 1977b), and o

provide deep heating to muscles and other tissues. . Summer
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and Patrick (1964) claim that the therapeutic éffect of ultra-

sound is achieved by four snecific effects: . .

-

(i) Thermal - a temperatﬁ%e rise within the tissue "’
_.which is proportionél to the input power and
exposure time. U]trasnunq seems to have the
advantage that it is absorbed moré in"muscle than
in . fatty tissue. | = --

(i#) Micromassage - this effect is caused by the mechanical

reactions of the ultrasound in tissue, such as

o

compressioq \and_dilation.

(iii) Volume reductio; - as the ultrasound wave'pﬂsses
through the tissue it produges ins;antane0usiy small
reductions in volume which are {ndependent of fre-
qﬁency but proportional to <the intensity.

(fv) Motion and aﬁp]itude - pressure waves set up stress
" patterns ‘in tissue, producing reciprocal movemgnt
df cells.- '
»
Lehmann et al (1974, 1978) point out that the main
therapeutic value of ultrasound is related to its selectivity

of absdrption. In soft tissue this absorption may be directly

related to the protein content of the tissue (Piersol et ail

1952). Lehmann et al (]97&) claim that the benefit of ultra-
sound as a therapewﬁé agent is that it heats selectively the
areas that cnne'é desires to be heated, including superficial

bone; scar tissue within soft tissue, tendons and tendon
lsheaths, etc. The& claim further, that ultrasound may accelerate

diffusion process across biologic membranes, producing an

increased rate of healing.,
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-It is, “however, very difficulm to assess the o™
benefit of u1traapund therapy, as Romanw??aﬁo) found. Of
one hundred pat1ents greated or sham irradiated for 1ower‘
back pain, bursitis‘of*the shoulder and mya1g1a,v60% of

those receiving ultrasound were categor1zed as good or

normal, but 72.1% of the shams were in the same category
’ .

-

;1.1 The Problem and the Approach

1.1.1- The Problem : . )
Therapeutic ultrasound ie-used atrfrequencies
between 0.8 and 3 MHz (Lehmann et al 1974) and at intensities
up to'4 ¥Wem2. Pulsed ana continuous ware modes are,both in
comman use. " Therapy devices have recent1y been the subject
of.extensive investigation. In-Canada,'RepaEho1i and Benwell
(1979) fouhq that most u]trasound therapy dev{ces were not
de]irering the "dose" prescrfbed for the patient. The
average treatment times varied between'1 and- 20 minutes,
typical spatial average 1ntepsities {cw mode) between 0.1 and.
4 W/cm?2, timing errors went ue to #20% of setting and there
were errors in tHe ratio of measured to indicated acoustic
output over x200%.
- The problem arises from the facts that:
“ (i) millions of people are exposed to therapeutic
ultrasound each year,

(i) the 1ntens1t1es used in therapy are we]l within

the range known to prodice adverse b101og1ca1 effects,

»



(i)

(1‘v.)

C1.1.2

4
‘the mechanisms of b1o]og1ca] action of uTtrasound
in therapy have not been adequately 1nvest1gated
in a systemat1c manner, and
aTthough the action of h1gher 1ntens1t1es

(> 10 w/cmz)\~ﬁ}ultrasound have been 1nvest1gated

very 11tt1e is known of possible subtle effect at

Tower 1ntens1t1es

The Approach

The major emphasis and purpose of this work has ‘been

to attempt.to elucidate predominant mechanisms of action of

ultrasound on an impdartant biological model system, the human

Tymphocyte in culture. . Experi&ents were désigned tohréproduce,

to some extent, the situation ex?sting for patients receiving

u]trasound.therapy. Human;1ymphocyte cultures exposed in vitro

provide a

reasonable analogy to peripheral blood Tymphocytes

exposed:in vivo. Ultrasound exposure parameters used were at

the upper

specially
(i)
(i)
(i14)

(iv)

Timits of the therapeutic range.ﬁ An apparatus was
designed to allow:
near field ultrasound exposures to be made;

cells to receive as even a distribution of acoustic

. energy as possibTe;.' )

&
sterile conditions to be used throughout the

. k4 qr
experiment; :

exposures to take place under free-field conditions.
cell cultures to be contained without air bubbles.
Thus the effect of *‘ultrasound induced cavitation

could be determined.



. . f e ) - .
- - o .. ~ 5
. ) Y

-1 attempted to demonstrate reproducible effects
both n the cell surface and internally. Ultrasound is:known
to produce both‘fherma] and non-thermal effec®s. End-points.

therefore had to be found that would 110w oné, not only to

}

’drst1ngu1sh BetWeen these two effects, but to permit a more

deta11ed 1nvest1ght1on of an apparent]y d0m1nant mechanism.

-/ . ".

- —

‘3
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Chapter 2. Lymphocytes

2.1 Gengral Description

Ihe presenf studies were conducted on a popﬁ]atign
of smali roundrce1js called 1ymphocytes, a type of 1eyq0cyte,.
Categoriied‘as agranulocytes, because they have few if any
prgminépt granules in the cytoplasm. Huménrpgribhera] Slood
Tymphocytés have a diaméte# bétwéen;7 to 14 wm. In the resting
state the nucleus is typically roundagf\§oqewhat indented but
may;-on occasion, show a deep  ¢left. Thehbhromatin bf the nucTeué
is highly condensed and lies predominént1y-at the nuclear periphery.
Nuclear pores are preéent gnd.are generally free of densél |
chromatih {Mandel 1977). Thé nﬁcleolus is usa]]y'visib1e only
in suifab]y thiﬁ Sections. ?he narrow rim of cytoplasm of small
- lymphocytes contains feﬁ organelles, generé1]y several mitochrondia
and a small Golgi zone, that contains a pair of centrig]es and
'Eparely distributed free:rfbosomes.: The rqugp endop]asmic'féticu1Um'
~is sparse and few microtubules may be seen underzoptimuq conditions
(Lfﬁg'andﬁgay_1975). When Tymphocytes are activated into cell .
divisjon, their nuclei increase in siie, the chromatin becomes
'more dispersed, and the nuclear outiiné more irregular; in activated
cells, large nﬁcleo]i may be p?éggnt. “In activatgd cells the
cytoplasm swells considerably, contains a gré?ter concenéﬁation

of organelles and large numbers pf free ribosomes (Mandel 1977).
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Although the Tymphocytes are small they are very
motile and are récognized to be an integral part of the human
‘def%ndelsystém'against foreign cells and materfalg, being
responsible for virtuaiiy all specific immune reactions
(Roitt 1974). Ce]]s_having.a similar morphology are found
in the spleen, bone marrow, lymph nodes, tonsils, thymus and

other areas, e.g.’ the Peyer's patchés.



2.1.1.  Origins

?one marrow cells apﬁ;ar to contain the stem c?l]s
from which fwb major lymphocyte populations (8 and T) are
processed. fhe distinction between B and T cells is bnlthe
basis of presumed differences in ontogeny, cell surface
markers and funct{on (Mandel 1977}. The point during ontogeny'
at'@hich the stem cells become committed to the T or B cell
pathway is st#11 unclear. | ) ! /;)
. Lymphocyte stem.cells processed through thé tpymus
are called thymus-derived or T-lymphocytes. These cells are
concerned directly in cell-mediated immunity and indirectly
with antibody formation by functioning as helper cells iﬁ the
antibody response to many antigens.

- In chickens, the bursa of Fabricius is responsible
for Ehe development of immuﬁocompetence in cells destined to
make humoral or circulation antibody, functioning predom1nant1y
as precursors of antibody secreting plasma cel]s These
"cells are bursa-derived or B-lymphocytes. The equivalent
of ;he'bursa in man has nbt yet been identified, although the
bone marrow has been implicated (Kincade and Moore 1977).

When an antigen enters the body the central importance
of the 1ymphoc¥te is manifest-through yﬁ:ﬁdifferent types of
immunological reactions. Both B- and T-lymgﬁocytes, after
appropriate stimulation by an antigen, proliferate aqd undergo
morphological changes. Thé B-Tymphocytes défelop into plasma

cells which synthesize free antibody and release it into the

eV
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blood and other body fluids. Humoral or circulating
antibodies act, for example, by direct combination with,
and neutralization of, bacterial toxins, as well as by

coating bacteria to enhance phagocytosis.

]



2.1.2. Ce11 Surface

" The ‘plasma mémb?ane serves asathg interface bétween
the céT] and its external environment: This mehbrane‘ﬁ]&ys
a vjta[ role in recognftion of moleculan structures, direct
cbntaéf with other cells, and in the initial phases of cell
activation. Lymphocytes have plasma membranes which are
predominantly a fluid mosaic of 1ipid and proteih (Singer and
" Nicolson f1972) with some_cémponents anchored to micro-
filements and miérotubufes (Loor 1979).

More than.25 different proteins (immunogTobu1ihs and

‘various glycéproteins) on the membrane serve as surface
mafkers (Marchalonis 1977). These, proteins are involved in-
conditioning the response of lymphocytes to éxternal molecular
stimuli. Distinct lymphocyte types are chafacterized by their
surface markersfgnd their differing capacities to respond to'
mitbgens. B-1ymbh0cytés bear readily detectable surface
1mmhnogTobu11n_mo]ecuIes and have receptors for the third
component of complement detected by the ability te form rosettes
with sensitized sheep erythrocytes. T-lymphocytes lack these
markers.and form rosettes with unsensitized sheep erythrocytes.
In humans a third fype of lymphocyte - null cells (non-T,
'non—B cells) lack easily detectable surface immunoglobulins

and fail ‘to form rosettes with sheep erythrocytes (Boldt gi al
1975). o



11

Biochemicai analyses of the'p1asma membrane
indicates that it is éomposed of approximately equal
quantities 6} Tipid and protein, with carbﬁhydrate

const1tut1ng some 3 - 5%. -A Sma11 amount of.RNA egists

| in this membrane, but no DNA (Crumpton and Snary 1974).

Although 1t is known that fox lymphocyte act1vat10n
to occur, m1togens or antigens must bind to receptors
exposgd on the plasma membrane, the mechanism is still
obscure. The plasma membrane appears to constitute the
cellular orga?el]e which regulates differentiation, growth
and Aivision in 1ymphocytes'(Rescﬁ 1979).

Glycoproteins are responsible for the cell
surface charge fesu]ting from the ionic and highly pd]ér
groups on proteins protruding from the cell membrane.
Nonrpolér groups are largely buried in the hydrophobic
interior. It has been suggested (Santer 1927) that this
layer has an important role in determiniﬁg migrato}y behavior,

antigenic reactivity, and in forming receptors for mitogens.
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2.2 - Activation of Lymphocytes:

When human lymphocytes are cultured in vitro,
fhey remain mitotically inactive. bbweQer, thgse resting ‘ g
‘Tymphocytes can pe activated by addition of mitogen, to
undergo a series of biochemica1 and cytological events
cu1min5ting in mitosié, as Nowei] f1960) discovered 20
years ago. This is termed blastogenesjs and 1is generé]jy
accepted to be a mode{ of the iﬁ vitro proliferation.
process associated with the immune response,

Hhile proceeding through blast trahsformatioﬁ,
the Tymphocyte enlafges some 2-3 times its diameter in the
resting.state,.to a diameter of 15 - 25 u. During blasto-
genesis.khe densely packed heterochromatin.in the nucleus
decondenses, so that the ratio of euchromatin to hetero-
chromatin changes from 0.56 to 10.8 (Cooper 1972).

Nh;1e many systems are available for studying
molecular events associated with the transition from resting
to actively dividing cells, the lymphocyte is exceptional .
in havingwdirect physiological significaﬁce tb humans.

| In the present studies% the mitogen used for

activation was concanava1i& A (Con A), a plant Iectin derived
from jack bean. It binds specifically to =-D-glucopyranosides,
«~-D-manno-pyrannosides, and to polysaccharides or g]ycopfoteins
containing such residues (Sharon and Lis 1972). Con A is a non-
specific stimulant bec#use blood or tissue T-Tymphocytes of
many different specificities are stimulated; such a response

is said to be polyclonal and no requirement for prior

sensitization to the substance coﬁcerned is necessary.

=

S T
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" For activation of iymphoéytes by a mitogen it is
necessary that the mitogen bi%d to the cell sﬁrface.\\
Although binding of the mitogén to the cell surface 1is
@ necessary first step in 1ymphocyte activation, it seems
that the simple binding of the ﬁitogen does not ensure that
the 1ymph0cyte-wi1] in fact be aEtiVated. Certain prerequisites'
must bi met before activation can'procéed (Stubo 1977).

i, A.th;eSholéaﬁumber of mitogen m01écu1es must bind
to the surfacé of the lymphocyte to provide.a-
sufficient stimulus.

2. There must be a linkage between events occurring
at the cell surface and inner mechanisms for cell

activation. For example, Stubo et al (1972) and

Anderson et al (1972) have found that there are

between 0.8 - 3 x 107 molecules of Con A bound

per cell for saturation of murine tﬁymocytes.

However only 2.5 x 106 molecules of mitogen 6r

approximately 20% are needed to initiate blast

transformatién and DNA synthesis.

Once the ﬁecessary binding has taken place, the
cell must possess a mechanism by which information is relayed
from the cell surface to the inner cell machinery to trigger
blast transformation. Similarly, surface membrane movement
and endocytosis occur shortly a}ter mitogen binding, but
their exact relationships to cell activatipn still remains

J

obscure (Stubo 1977).
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2.2.1 Early Effects of Mitogen

v

.A;tivation,of Tymphocytes by Con A resembles in
mény ways,specific'antigen-induced~1ymph6cyte stimulation
(Wands et al 1976). Con A has been used to understand the
mechanism by which Tymphocytes are stimu1é£éd byla specific
antigen. Since it has been shown that the mitogen needs to_
bind té ‘the lymphocyte cell surface for blast transformation
to eccur, it is reasoanIe to expect that the initial effect§
of the mitogfn on lymphocytes are observed as changes in the
properties of the cell membrane. ;

Hu]serfand Peters- (1971 ) showed that immediatély
after P HA adminfstration, the Hbrma11y high electrical
resistance of the 1ymﬁh0cyte's membrane was reduced at sites
of cell contact, In their studies to determine the mechanism
by which P.HA rapidly stimulates phospholipid metabolism of
human lymphocytes, Fisher and Mieller (1971)‘f0und that a
four-fold increase in the turnover of phosphatidyl inositol
occur%éd within the first three minutes and was combTete1y
restricted to the Tymphocyte plasma membrane. In their
work on phospholipid metabolism in the plasma membranes
of stimulated lymphocytes, Resch and Ferber (1972) and

Resch et al (1973) found that stimulation of de novo

synthesis of Tecithin and neutral fats is also very rapid.
Puntis (1977) reported a two-fold increase in phospholipid

synthesis 12 h after addition of mitogen to human lymphocytes.
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From studies of the incorporation‘of g]ucosaminé fﬁto
L1ntermembrane glycoproteins of PHA stimulated 1ymph0cytes,
Hayden et al (1970) found that the membrane gfycoprotexn
turnover is doubled in three hours. Some 5 to 30 minutes
a}ter the addition of mitogen increased sodjum and potass1um‘
ion f1uxes and increased oaubain sensitive ATPase act1v1ty
occurs (Quastel 1970, anste] and K§p1an 1970, Kaplan 1977,
Averdunk 1972)’ as we]1'as.increased, fluxes of calcium iohs
(Whitney and Sutherland 1973, Kaplan 1977 ), glucose (Averdunk
1972), uridine (Peters and Hausen 1971), and amino acid.

(Van den Burg and Betel 1973).

"The mechanisms by which Con A exerts its bio]ogical
effect on lTymphocytes may depend in part on the organization
o% its subqnits, the number and type of binding sites, and
valence. At physiological pH, Con“A exists brimarin as a
tef}americ molecule compri;ing four identical subunits of
approximately 25,000 molecular weight, eéch of which possesses
a carbohydrate binding site (Edelman et al 1972). Studies by
Gunther et al (1973) on a dimeric mo]ecuTe-of Con A and by
Wands et al (1976) on a monovalent form of Con A indicated

that both forms of the molecule bound to lymphocyte surface
: -

receptors as well as wish the intact molecule, but displayed :
important biological differences. The d1mer1c form of Con A
produced only weak agglutination of Iymphocytes, and induced

no cap formation by its g]ycoprotqin receptors but was
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_mi;ogepic; 3(Immunog]obu11n molecules are not rigidly fixed
on the cell §urface and can be drawn gé oée end of the cell
td:bind with an antigen. A "cap"” at one end of the cell can
be observed when a fluorescent labelled anti-immunoglobulin
is added fo B ce]1;.) The same number of monovalent Con A
moltecules were bound t0'1ymphocytes as the tetrameric form,
but did not stiﬁu]ate.b]ast transformatipn or cytotoxicity,
suggesting that Con A must.br{dge binding sitesbon the 1ymphqcyte
surface to induce lymphocyte aétivqtion..

There is ev;dence (Boldt et al 1975) that the number
of receptor sites for any lectin on thelsurfaCe of human
Tymphocytes is the same for each type of Tymphocyte. Lymphocyte-
ﬁinding studies with!2S I-lectins indicate that human T, B,
and Npi] cells bind equivalent amounts of each lectin. In
particular, the number of Con A receptor sites on T, B and
Null lymphocytes was determined to be 1.7 x 106/cell (Boldt
et al 1975). This.value is in reasonable agreement with the

number of Con A binding sites found in bther studiés (Boldt

et al 1972, Wands et al 1976, Krug et al 1973).

-

1
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2.2.2 Metabolic Functions (DNA, RNA. and Protein Synthegis)

—

2.2.2.1 Protein Synthesis

The rate of Iymphacyte prqtein synthesis increases
markedly aftey the addition of mitogen, a significant
increase being observed a;\early as 2 - 3 h after stimulation
(Kay et al 1971), Thekuptake of radioactive precursor was
observed to rise about 2 ?oId.afterr4 h and 10'f01d‘after
48 h (Wallace g;!gl_19795, and appeared to be due to an
incredsed rate of translatioﬁ of pre;existing mRNA by pre-
existing ribosomes. Studies on 1ymphocyte.cytop1asm indicate

tﬁﬁf/the low rate of proféin synthesis in unstimulated cells

is due to low activity of one or more protein initation

factors, and the specific activity of these inhibitors is

decreased affgr activation of 1ymphocytes Qy mitogen
(Kay et al 1978, 1979).

Early de novo prdtein synthesis may be responsible,

at lTeast in part,'for the observed increases in DNA polymerase
and RNA polymerase activities. Along with a doubling of amino
acid incorporation, the'number of polysomes is increased one

hour after stimulation (Hausef gg_gl 1978).

4

[i~g
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2.2.2.2 RNA Synthesis

‘“§ynthe§is and processing of RNA in lymphocytés

has recently been reviewed by Kaplan et al (1979). Resting
lymphocytes seem to maintain a basal Iévei of RNA synthesis.
then Tymphocytes are activated by a mitogen; theré is no
increase in total RNA synthesis for some 4 - 6 h. Thereafter,
it increases ;teadi1y for the next 40 h until a plateau is
reached during S-phase. |

_ 'Ear]y reaction of iymphocy}eé to mitogen appear

not to be on the initiation of new RNA chains, (Mitchell

et al 1978), but rather-on RNA processing including
polyadenylation, splicing, methylation and Eapping, RNA
export to the cytoplasm, and RNA binding to and thénsToéation

by polysomes (Schafer and Mitchell 19797).

-

P



2,2.2.3 DNA Svnthesis

Resting 1ymph§cytes are normally in GO. When
.activated, the lymphocytes enter.a growth phase G1 in which
there ﬁs no DNA synthesis. Subséquent1y‘the cells enter

S-phase where DNA synthesis occurs, then G, in which DNA

2.
J-synthes1s has been comp]eted and the cells prepare for
m1t031§. The onset of DHA synthes1s in human per1phera1
1ymbhdcytes is delayed usua]]y for at least 24 - 30 hpups
of incubation of the 1ymphocyte cultures w1th the.mitogen:
Bard et al (1978) have demonstrated that in human 1ymﬁhdbytes
stimulated to proliferate by addition of mitogen, approximately
.25% of the population enters blast transformation after 20 h
.and appreciab]e_Dﬁﬂ synthesig did not occur until 3% he
Soren (1973) found quite some varjability in the time
at which PHA s1tmu1aTEd 1ymph0cytes dnitiate DNA synthes1s, y
rgport1ng that maost cells commenced synthes1z1ng DNA bgtween 48
~and 72 hours of culture. HOwgVer, some cells were jn S-phase
as early as 24 hours, Qh11e oihers did not enter their
first S-phése until 120 hours of cuTturéf This variability
. was confirmed in the f1nd1ngs of the present stud1es, where
peak DNA synthes1s occurred at var1ng “times after cell st1mu1at10n
Gengra?]y the ‘peak of incorporation of (3H) thym1d1ne-occurred

2 - 4 days after stimulation and then trailed off.
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There is evidence that DNA golymérase-éctivity -
in PHA treated human 1ymphocytes~in;reaseslihmediate1y‘
prior to replication of the DNA }Loeb.and Aéarw31 1971) .
This DNA polymerase activity increases 30 to 150 fold and
prob&b1y~resu]ts fromrde¥nov0,synthesi§ of the.enzqu.

‘ Besides syntheéis for normal DNA répiication“
_in lymphocytes acfivated in vitro with.p1ant ﬁ?togeﬁs or
specific antigens, there is evidence (Boldt et al 1977)
for release of a 1afge percentage of-newly synthesized DNA
into the culture ;ediqm. 1t is suggested that excreted
DNA might serve a commwgicative role in cei]-ce11 interactions
.-among various Iyﬁphocyte subpopulations. -

v

i
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2.3+ Mixed Lymphocyte Reaction B

The mixed 1ymph6cyte fnteracti&n’ﬂég first reported’
by Bain et al (1964), who demonstrated that leucocytés
from two. unrelated individuals when mixed together resulted
in the traﬁsformation of some of the cells into blasts typich]
of the proliferatfve resgonse. ~To distinguish the response -
due to one bopu1étion of cells {responders} stimulated by -
the other (stimulators), it is genera11& necessary to inhibit
the DNA 'synthesis ofzthe stimulétors. The response oéserved
will then be that of the uninhibited cell population. This '
inhibition can be achieved by mitomycin C (Ba¢h and Voynoﬁ

1966) freapment of the stimulating cell population.

Stimulator lymphocytes must be viable, metabolically

‘active cells at the time the MLR is set up, otherwise ngw

activation occurs (Ling et al 1974). This would indicate

~that the stimulator is not merely a carrier cell on which

the appropriate antigens are expressed.

T-cells are the requnding cells 1n.tﬁe'adt0]bgohs
MLR,'énd may be stimulated by Tymphocyte activatina deterﬁihants
(LADS) on a]]égeneic leucoyctes (Fainboim et al 1979).
Béaler_g‘_l (1979) reaffirmed the_obserQation.that T cells
are-the principle résponder in autologous MLR, but found that
macrophége_are also necesSary for mitogen stimulation.

A good review on the biological significance of the

MLR has been completed by Nabholz and Miggiano (1977).
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2.4 Unscheduled DNA Synthesis \

Repair of damaged DNA in_bacteria\and mammaTian‘ce11s
has recently Beeﬁ reviewed by Hanawalt'gg al (1979). DNA in |
cells is continually subjectéd to a]te?ations, either spontaneous
pf.produceq by some external agent. Damage to DNA i's fesponsiE]g -
for most mutagenesis and some Iethglity. Thus repair processes
to DNA éré essential for the cell 's continuity (Hanawalt et al
1979). '

Damage can be‘defined as any modjfication of DNA that
a1ter5‘its coding properties or its normal function in replication
or transgription. Minor base changes may resu]t.in.an altered
DNA sequence while otmfr types of damage may distorf DNAlstructure
-and interfere with replication. To be repaired the damage must -
be recoénized.by 2 repaijr enzyme that éan initiate a sequence of
biochemical events leading té its'elimination and the restoration
of the intact DNA structure. | '

Mamﬁa]ian cells are capable of incorporating nucleotides
after singTe15¥ double strand breaks in DMA chains, excising
cyclobutane dimers or repairing other types of damage to DNA
following exposure to chemicals or radiations. However, the
nature of the DNA lesion determines the nature of.thé enzymic.

mechanisms responsible for the repair (Trosko and Chu 1975).
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An example of one of the better Known DNA repair
processes is excision repair. In éssence'this process requjres
that:, damage ﬁo thh DNA be recognized by a spe;ific'enzyme; )
~a'phosphodiester strand scission made; the Tesjon excised;

and the deleted section reconstituted using the intazt
complementary straﬁd as a template. Possible DNA excision
repéir brocesses are shown in Figure 2;1 (Hanawalt et al, 1979]).

Certain physical anh chemical agents can induce
damage to the DNA in both stranas at the same or neighbouring
base pairs. *In this case, neither strand can function as a
template for error-frge resynthésis. Nevertfeless mammalian

.*cells appear to repair this type of damage (Hanawalt et al IQZE)Z
An example of this is Mitomycin C, a chemicai agent which produces
covalent cross-linking of complementary strands of DNA (Iyer and
Szybalski 1963) and is subsequently repaired (Sasaki 1978).

Both Sasakf (i975) and Fujiwara et al (1977) have reported an
uhschedu]ed_DNA synthesis in mammalian cells fo]Towing treatment
with Mitomycin C. Models that invoke both excision repair

~and strand exchange in the repair of-cova1ent cross-Tinking

(1978) and Cole et al (1978).

of complementary strands of DNA have been proposed by Sasqki
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Resting Iympﬁocytes have been found more‘susceptible,"

to DNA'damaging agents.than activated ce11§. Only 5% of

“unstiMUﬂated-1ympﬁbcytes survived for 6 days after treatment with .
150 rads of X rays, wh11e*30% of m1togen st1mu]ated cells

.-surv1ved 1200 rads during the same pewiod. S1m11ar1y, no rest1ng

';1ymphocytes surv1ved treatment with 5 ug/?glntroqen mustard, “but

50% did so in mItogen st1mu1ated ce115 (Ling and Kay 1975) The
rad1osens1t1V1ty of Tymphocytes appears to be assoc1ated wlth 1ts
metabo]1ca11y resting state and it was suggested that this was:
related to their 1ncapacity to repair damage (Vaughan-Smith and
Ling 1974, Timberlake et al 1976). DNA repair synthesis was
demonstrated to occur in mmmw]im1ce11.nﬁc1ei at G1, G2 aed S-phase
and in metaphaEe chromosomes (Stich and San 1970).

To date no singﬁe enzyme has been isolated from
mammalian cells with the combined excision and poiymerizing-
activities equivalent to E coli DNA polymerase 1 (Hanawalt
et al 1979). However, Bertazzoni et al (1976) meaegred the
levels of tﬁe DNA polymerases -= and -8 in PHA stimulated
lymphocytes during a 12 dax period. Although both enzymes
were present in detectable amounts in restiﬁg cells, the peak
rate of DNA synthesis correeponded to a peak of DNA p01ymerase;a;
increasing 20 fold over resting cell values. Evideece‘was
produced to indicate that, although the levels of DNA po]ymerasefs

increased with the DNA synthesis tate, it peaked some time after

maximum DNA synthesis and seemed to correlate with UV induced DNA

repair synthesis. Thus Begﬁazzoni t al (1976) suggested that

the DNA polymerases had a eﬁdency to specialize, the =-enzyme -
correlated with DNA replication and the g-enzyme assisting the

cell to perform repair type synthesis.
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DNA excision repair has been, studied’ us1ng a variety
of methods Mon1tor1ng the loss of radioactively labelled DNA
.or measuring the Qisgppearance of lesions using chromatography
proyide di#gct measurement J? excision repair (Hanawait ég al
1979). Sedimentatioh in alkaline sucrose gradfents can be
used to fo]]ow the 1n1t1at10n and completion of excision repair
. from the appearance and disappearance of strand breaks in DNA

A number of methods have been. deve1oped to monitor
DNA repair synthes1s that do not depend upon a know]edge of the
spec1f1c Jdesion be1ng repaired. Combined dens1ty.and radioactive
‘ﬁabe11ing of newly made DNA, followed by separation on density
gradients, ;IIOWS repair synthesis to be-determined by the
radioactivity incorporated into unreplicated parental deﬁsity
DNA. The most useful but Teast quantitative method for deter-
ménation of repair synthesis. that circdmvents the necessity for
sepafation of DNA strands, is unscheduled DNA synthesis (Hanawalt
et _1-1979). This technique involves tHe incorporation of a
radioactive precursor into DNA after damage has occurfed aﬁd
“using an autoradiographic.teéhnique to allow observation of
silver grains over the cell nucleus. However the interpretation
of results with mammalian cells is complicated by the organization

‘of DMA - into chromatin (Trpsko and Chu 1975). The. substrate for

damage and repair is a highly structured DNA-protein complex.
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2.5. Nucleoside Tranqu#% o

-Transport is the unidirectional trans]oéitiow of
maté;ia]s across the plasma membrane into the cell. In order
to medsure transchation mediated by membrane carriers one
muSp measure influx of subatrate—(nuc1ebside) dqfinghthe'.
time interval befére backflux of the_nuc1eo§ide becomes-
significant. This intervé& ﬁay only last a matter of
‘seconds.” For experiments.measuring 6n1y tranSport over
a period of time, the quantitiesltaken'up will extrapolate
back to zero (Berlin and 01iver 1975),

Rapid.sampling techhfques haveheqﬁbled measurements

[} .
of nucleoside transport to be taken in times as short:.as

4 seconds (Strauss et al 1976). Results from such methods
applied to murine sp1eﬁbcytes and rat hepatoma cells have
shown initial rates of transport, before backflux occurs, last

al 1977, Wohlueter et al 1978).

as long as 60 s (Strauss et
Resting human perfphera1 lymphocytes (Ruda - personal
communication) and murine spleen cei]ﬁ (Strauss et al 1977)
exhibit no apparent t;ans10cation of thymidine in a carrier-
mediated fashion. These authors have also shown that Con A
induces the appearance of two membrane transport systems for
’thymidine.in Tymphocytes "in vivo" as early as 24 h,

corresponding to the onset of DNA synthesfs.

1
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2.6 Why Lymphocytes Used As Test System

Ljﬁphocytes constitutg some 30% df.the‘wpite cell .
population in human blood, and are in continous circulation
between the main blood stream and 1ympﬂbid tissue. About
‘1300 grams of lymphocytes exist outside the'b]oad, 3 grams in
the ciréd]atiﬂg'b1odd:-70 grams- in the bone marrbw, and
100, gr&ms in the i;mphatip‘tissue (Ling and Kay, 1975). 'In~

ary clinical exposure to ultrasound, therefore, it is inevitabie

that at least some of these cells will be subjected to sonicatjon;

About 60% of the circh]ating lymphocytes have a
lifespan meésured in years (chkton and Pike 1962) and may
never divide under normal conditions;lso that subfle or even
delayed consequences of ultrasound actidn, such as short- 6r
]ong‘térm impairment of lymphocyte functions, particulartly
their immune response, may we]]\be.significant: Their ubiquity
and impartance ensure that lymphocytes are a useful system -
for studying bioiogica1 consequences of ultrasound aétion
"since their normal in vivé existence within (fluid) blood
ensures that in vitro 1?qufd culture irradiations may produce
“information relevant to the uncovering of dominant physical
mechanisms of ultrasound action.

Perhaps one can gain an overall ihpression of the

test system from the following ditty:

"THE LYMPHOCYTE

The LYMPHOCYTE-is small and round ¥
And innecent of face,

Which is extremely handy

For a cell that circulates.

10
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Its size and shape alldw our friend

The LYMPHOCYTE to squeeze

Through tissue spaces, nodes and sp]een,
And small capillaries. :

Into every nook and crevice

It wanders with its peers;

- Its 14fe is long: the LYMPHOCYTE
~ Can live for months, or years.

But when it meets a foreigner -
An antigen or graft - -

The LYMPHOCYTE discards its c001
And goes completely -daft.

It grows, expands, unfolds, "turns on',.
-And even (so they say) : o
Prepares 1tse1f for fission ) \
By making DNA..

The .LYMPHOCYTE, that seemed S0 meek
Goes all .the way to Hell,

And transforms to a f]am1ng
PYRONINOPHILIC CELL:

- B. Bain .- "

a

i
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Chapter 3 Ultrasound

]
.

Characteristics

=

]
1.1 d

Natur;S\\

Ultrasound is-a mechanical or acoustic radiation

3
3

that cannot exist in vacuo; it ﬁequires_a.mo1éguTar ﬁedium

in which to propagate., o ; f
‘U1if§sound propagates {; waves at frequenciesr

above. 16 Hz. A wave is a disturbance whose position in

space‘changes With timé. One can describe the wave mofion

of the particles using the wave equation

d2uy _ 1 d2%u

dz? c? dt2

where u is a func£1on of z describing the dishfééément of a
particle in the medium at ény given time t, as the wave moves
in the z-direction Wwith a velocity c. Wave mgf?on causes

a transfer of eneray théough the ﬁedium without a transfer DR
of matter. This‘transFer is described.by the wave equation.
The mechanism of the éhergy transfer, jnfo%mat{on on
interactions bgtween-the wave and tﬁa_ﬁédium,'and changes

in the properties-of the medium due to the wave, are all

contained in the parameter c.

y

B
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| _ & .
& If we consider a wave moving along the z-axis,
L_part%cles in the medium wif] be QisplaCEd u from'this axis

" and can be desgcribed by a functioh-of z2 and -t where

u =.f(ct-z) w ' o —
Since an ultfésbund transducer is usually &riven

with a sinu§ofda1 wave of{éiectrical impu1§es,‘u will bé é
$imple harmonic displacement, so that an ghpropriate gﬁoice

of function is

fl

u uplsin k{ct-z)

where k = Zf/k is called the wave number and X'iéltheawave

1engfh.d | _ Y.

~Since the energy transmission of'uTtraSOund-ﬁchrs-
via molecular stimu]ationfof'théfmedium,‘it ban propagate in
gaseogus, Tiquid or so]jd media; i}-dpgs ép_most}y-via 1ohgi—
tudinal or compressional waves, where the-ﬁblecu1es vibrate
to and fro in the direction of ehergy propagétion. As
energy-passes through the mo1ecu1af structure of the medium,

. the wave is fo;méa-by-a1terndte areas of compreséjon'and o
rarefaction (re]axationj of molecules. Energy maves from
‘molecule tb'mo]écu]e, rather than the molecules moving them-
selves . When the molecules undergo compression, thefe is an

 accumu1at%on of enetgy,-and conversely a réduction of energy

in rarefactidn. .

7~
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For soft biological tissues such as fat, b1obd,

muscle and Brgans,.the velocity of ultrasound deﬁends on

~

the inhomogeneities of the medium, but generally lies between

1490-1610 /5.

E

Absorption of ultrasound in a medium occurs when
' R

the vibrationai_energy is dissipated into internal molecular

energy or as random molecular motions. There are many.

h

mechanisms by which ultrasound absorption occurs in a medium.

(1)

(11)

(ii7)

Viscous Loss: wultrasound is strongly absorbed in

““viscous 1iquids because. of friction between ‘the

.moving particles or interfaces. The compressing

action of the beam causes movement of some iqter—
faces (particles) aé 90° to the direction of the

beam, resulting in the frictional Toss of beam

energy.

Hysteresis Toss: a medium not behaviné perféct1y
elastica11y'causes extra energy tobe réquﬁrea or
dissipated to drive the partic1ss'of the medium 7
through each wave cvcle. . |
Rélaxation: At given points in the cycle,

Ultrasound waves cause éroups of particles to have

- an increased kinetic energy {particle velocity).

The energy from these particles can be trdnsférred
to the next group of particles, which could be for
example, in a state of higher internal molecular

energy. At the beginning of the next part of_fhe
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‘ . .
-wave cycle, the‘kinetic energy of the second group
of part1c1es due -to the wave motion is reduced

caus1ng energy to pass back to the f1rst group

-

. L of part1c1es . ) ‘_ T

Energy transfer between the -two groups of part1c]es takes t1me,-
character1zed by the relaxation time of the med1um The u]tra-

-

sound 1ntens1ty 1s reduced by this re]axat1on process

(a) Theﬁma] re]axatzon is the process by which energy.is

- 3 transferred-to’1nterna1 mo]ecd1ar energy and back.

"o
-' -‘

(b) Conduct1ve relaxat1on'oceurs when .the transfer-of -

energy takes t{/.form of heat flewing.from one

region to another and back.

rw

(c) Structural,re1axat1on occdks when fhere is- a passage
of energy'between'tno.§edtes of dfffenent pnyéical
struetdred ‘ | |

3’ 'Attenuationiof,the beamfﬁntensity and amplitude occurs
exponentially according to tne_eﬁpnesefon ‘ -

Ix N I0 e"Ux - ) ) Ll
R 3 o

where I 1s ‘the - 1ntens1ty of a progressive p1ane u1trasound
wave, after trave111ng a d1stance X in the attenuat1ng med1um,e

I, is its initial intensity (at x = o) and u is the 1ntens1ty

attenuation coeff1c1ent of the med1um The larger the va1ue

of u, the more rap1d is the decrease in 1nten51tx_of the' beam’

v

in. the medium.
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THe'ettenuation f the beam by a medium increases
at higher ultrasound frequenc1es accord1ng to the. general

express1on

Wy S oW (f/ )_n
T fo fo )

whére . = intensity attenuation ceefficient of'che medium at
frequency f (MHz), uf = intensity attenuat1on coeff1c1ent of
the medlum at reference frequency f ,_ann n is a constant

having vaIueQBeEween 1 and 2 for most .human tissue.
BEREEE )Y :
A

c3.1.2 '.Generetion of Ultrasound

e

Langevfn produced the first denendable u1trasound
source in']918‘- He built a quartz transducer thCh ut111zed
the p1ezoe]ectr1c effect to produce u]trasound with contro]]ed
) frequency and 1nten;1ty ‘_Nnen‘certqrn crysta]s are subJected
co pressure or mechanical etre553 an electrical potential
appears on their surfacesi¥+'the pfezoe]ectric-effecf _ Jacque
and P1erre Curie first descr1bed this effect in 1880 " In the
following year, L1ppmann found that there was a reverse
p1ezoe1ectr1c effect: a_mechan1ca1 dwstortqon of the crysta]
occurred when an e]ectrice1 potentfa1 wes aup]ied. Only
crysfa]s with an esymmefrice] scructure-(possessing one or

more pbler;a‘ﬁs), gaE% as tourmaline, Tithium sulphate,

- Roche11e”sa?t; lead niobate and quartz, exhibit this effect.

o
A
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Ultrasound can be generated by simple devices

called transducers. The structure of a basic'transduéer_

used «in most ﬁedica] app1icati2n§ ig,shOWn in-Figure 3.1.

A c&lindrica] metal tube encloses a.disc-shapeq, piezoelectric
" crystal ét oﬁe‘end. -A thin metallic film is evaporated 6nto
the front and.back'faces of this crystal to form the electrodes.
Logically, the front electrode }s earthed to the case to allow
handling and applicat%on of the transducer to the patient
skin without fear of e]etfrica] shock. The back electrbde

is connected to a wire carrying the e]ecfric§1 impulses.
Backing materfal is useq to damp crystal vibrations in the
~direction_opposite to ﬁhat’of'the uséfui bgam. Similarly,
acougtic insU]ating‘materTa1 is.used to attenuate vibrations

transmitted ‘toward the casing of the transducer.
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\
BACKING
MATERIAL |
\ .
WIRE D
s CONTACT .
= 'C"'-'__PIEZOELECTRIC
= CRYSTAL
METAL — ':"" "~ EARTHED
BOX - T\ | FRONT COVER"
ACOUSTIC o
INSULATOR
Figure 3.1

Structure of an U]trasound
Transducer.
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3.1.3 Sfructdre'of Ultrasound Fields

\ > The "u]trasonic‘fie1d" of a transducer is the
term used to descr1be the spatwal d1str1but10n of its
radiated energy. If a transducer is considered to be an 1dea1
oscillating piston sgurce, prbducing a con;inuous wave of
ultrasound intd water, the field produced will apprbximate
the shape shown in Figure 3.2(a). The field is divided into
two regions - the near field or Fresnel- zone and the far field
:or Fraunhofer zone:

- The near field fis characterized
by violent fluctuation; in beam intensity ajong the central
axis. A slow divergence of the beam occurs in the far field,
characterized by a smooth falling-off of beam intensity,
as is shown in Figure 3.2(b). Huygen's.princip1e can be applied
in the analysis of the field, where the surface of the transducer
is conswdered to be an array of individual elements, .each
radiating spherical waves in the forward direction. Since
each element moves synchronously with equal amplitudes, the
crystal can be considered to be a piston, the surface of which
vibrates in phase at constant amplitude. Using this analysis,
the cross-sectional intensity distributions at selected positiohs
along the céntra] axié of the beam, and the theoretiéa1 |
distribution Ef the field can be determined (Figure 1.2(b)).
In the far field, the beam diverges at an angle ©
{calied the Fraunhofer zone d1vergence‘%ﬁq1e) given by
sin @ = 1.22 A»/D.
B
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csinf =|.22%-‘ o
4}%*:’
| BE A -8

! 2
be—— O o FAR FIELD
| 4 | (FRAUNHOFER
| NEAR FIELD |  ZONE)
(FRESNEL - ¢ ﬂ
ZONE) - S

\

NEAR _ FAR __,
|"__FlELo_"f'_""r»‘lELD'"*_’”"
TRANSDUCER | |

| lcentRAL .+ . F
| |AXISOF- ‘a8
10 BEAM

1 |

., == 0 50 100 -~ 150 200
- DISTANCE FROM_ TRANSDUCER
(WAVELENGTHS)

RELATIVE
INTENSITY
o
wn

i/ Figure 3.2
Structure of ultrasound fields: (a) The near and far
field regions in.-relation to the transducer. (b) The
field distribution of an ideal piston source generat-
ing a continuous wave. In this example the transducer
thas.a diameter of 10 wavelengths. The ring diagrams
represent the cross-sectional intensity distributions

6f selected positions along the central axis of the
beam.



Wavé1ength of the ultrasound .beam-and

It

. where 2

D

diameter of the crystal.
The Fresnel zone extends from the crystal to a

-

distance = D2/4x when D2 >> A2,
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3.2. Mechanisms of InteractToN e

-bmmtihay -
Yibibany L L Y
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Nhén any form of gnerﬁy is abﬁsrbed by mattef;“it
is pdrtia]]y.converted into heaf, the temperature elevation-
dependiﬁg on the amount of enérgy absorbeﬁl Thﬁé one 6f,the
mechanisms of interaction of ‘ultrasound with matter has to
be thermal. Other mechanisms such as cévitation; stress,
radiation‘force, radiation pressure, andlradiation torQuel
havé al%? been oBserved in 61610§1ca1 systems. Unforiunaté1y
the present state of know]edgé on interaction mechanisms is
very I%mited and so discussions of theée cannot be given in
the detail one would like to have. Excellent reviews of
u]trasoun& mechanisms have been made by Nyborg (1978,

19797 1980).

' oo
~ 3.2.1 Thermal Mechanism

3.2.1a1 Volume Heating . | : .

\. ‘
When ultrasound interacts with.matter, part of the

enérgy\of the beam will be absorbed and converted into heat.

If there is no heét transfer, the rate at which heat is

generafed per unit VO1ume'within the matter is_Q given by

the equation Q = «I; where « is the absorption coefficent

and I is the inténsity of a plane travelling wave. Without
heat conduction away from the exposed medium the rate of

temperature rise will be (Dunn'1965)
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df _ 2«1
dt pCm' 3.1

where dT/dt is the temperature rise per unitakime, p is
. the density of the medium and Ch is the specific heat per

“unit mass.

Consider the examp]e of an ultrasound beam of

intensity 1 N/cm2 exposing: soft. t1ssue, If ¢ -1 g/ml

' Cm = 4.2 J/g/°C and = is 0.1 Np/cm, the temperature rjse

dT/dt is then 0.048°C/s. The absorption coefficient of:
0.1 Np/cm is approximately the'va1ue, for mammalian Hﬁver
or brain at a frequency of 1 MHz.
Equation 3.1 is only valid for a stat%onary medium,

S0 wouid not epply tb a f]bwing 1iduid such_as blood. 'FUrther;
the equation applies only for an in%tia] period, since_with‘? .
time, heat will be lost by conduction. 4

Consider the effect of heat conduction away from -
exposed matter. When the medium is inttia11y sonicated,
the temperature will rise Tinearé]]y with time at a- rate
given<by equation 3.1. As conduction occurs, heat flows -
away from the 1rrad1ated area affect1ng the rate of temperature
rise. In t1me, the heat loss through conduct1on becomes
s1gn1f1cant, even at .the point of direct irradiation. .The
temperature then rises more and md’re s]ow]y and approaches
a ]imitqu'va1ue when-equilibrium is achieved. Equi]ibrium
occurs when the rate of{temperature rise due to ultrasound

equals the rate of temperature loss by heat conduction from
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.the irradiated medium Th1s phenomenon was observed in the _ .

present study and is shown in Chapter 4
e

If the sonicated-medium is a sphere, the equilibrium

temberatqfe Tc at the centre of the sphere is given by'(Nyborg 1978)

~4

K- | 3.2
where To‘ie the -initial temperatyre,;K is the thermal
conductivity-coe%ficient and R 1s'the radius of the heated
sphere. |

| The time required to reeeh'the equiTibrium
temeerafure‘is

t = 'pngz/KS . ' | 3.3

where t is the time for the temperature at the centre of
" the sphere to ‘rise to 80% of the euu111br1um value An
estimate of time to reach the equilibrium temperature can

be obtained for water where .

I

0.006 W/cm°C - | L
. p = 1 g/ml |
Cm = 4.2 J/g/°C and

»

fl
[}

0.1 Np/cm.

»

If the intensity of the ultrasound beam is 0.1 W/cm?2 then
from equations 3.2, 3.3 |

- =. 2
Tc T0 1.67R end

t = 700 R%



For a water 'sphere of radius R =1 cm, the

equi]ibrjum temperature rise tTC 'Tb) at its centre 15}1.62°C'

ang the time (t) to reach this equilibrium is 700 seconds:

The predictions of this simplified model havedbeen'showﬁ to

be comparable with experimental mgasuremenfs {Lele 1975).

This analysiE éssumes} howevef, thai a]I‘tﬁeiu]trasound energy

is absorbéd withiﬁ-the‘wéter sphere ahd'that the exposures

are «conducted in the far f1e1d where acoustic 1ntens1ty

“va{/;k1ons are gradual.

3.2.1.2 Surface Heating ' _
ATthough the average temperature rise of a sonicated

medium e.g. céll cu]turés as a whole may be sma]],_u]trdsound

induced shearing and streaming forces may produce%sufficienf

heat at the molecular level to cause denaturatiom. Let us

consider thig at thé ée]]lsurface ' ' K\m |
There ex1sts the possibility of preferent1a1

membrane heating, since the pr1mary effect of the u]trason1c

‘beam is to impose "an oscillatory motion on tissue, together

with a sinusoida1'pressure variation. A temperature.increase

is produced by the action of viscous forces beéween the cell

-

membrane and the extgrnal medium. The pfci11atory'f0rce is.
"in dynamic equilibrium with the sum of the inertial foﬁces
(F) of the paffic]e* according to Stoke's viscous drag
formula, where

F = 6riVr

*

N is the v1scos1ty of the external f]uﬁd, r the radius of
the cell (assumed spher1ca1), and V the re1at1ve velocity

between the cell*and the external fiuid.

-
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The acoust1c energy converted to heat per second
\

(from Fry and Fry 1954)

- TO . )
Q = T g Gri:(Vr) dt

0
0 |

where TO-iS the periodic time for the wave.
-7 If the suspending 1iquid moves sinusoidally with
respect to time, its motion can be'representéd by‘

X = U sih uwt '": S F
where U is the particle Veiocity ofmthe wavé at frequency w.
Let pf‘be the density of the fluid externa1fto the cell,
-.and’-pC the average density of the cell, ﬁhén
V- U sinpt, Lot
r = Th-_:_E;)
For o, = 1.1 and oo = 1.0° ~

Vo= O

P 77 sin wt

so the acoustic energy converted into heat per second is

given by

' 2
6xNr (%TTZ sinZet dt

e )
1
——

il

2
3arN 1%777 erg/s ‘ ’ 3.4

N
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lConnole and Pond (1967) quote the max1mum cyclic velocity
(in an queous medium) as_U - 115 (I)§cm/s wheié I is the
jntensity of the incident ultrasound beam in W/cm2. The value
of Q becomes

Q - anen Q282 L

ABY! 7 X 10_7.c§1/s

The 1077 factor converts ergs to joules. -

For I.= 4 w/cmz, cell radius r = 1.4 x 1073 cm “

(1ymphocyte biasts) and N = 0.02 poise (from Ackerman 1962)"

Q= 3.17 X.10713 cal/s

‘ " This heating results from drag developed by a ce]]
osci?ﬂat1ng in a viscous fluid. Enerqy is d1ss1pated in the
boundary layer of medium surrounding the cell @embrane. The
boundary 1ayér exists around an osci]]a;ing.cell such that,
out of this layer, no.disturbance is detected from the cell
oscillations in the ultrasonic field. Nyborg (1965).gives

the boundary layer thickness d by the expression

hatas

(ZN) i ) ‘
= 3 3.5
d (9.{:“’52 ‘ i

For N = 0,02 poise, pp = 1.0 and w = 2xf = 25 X (0.87 X 108) Hz

the value of d is approximately 0.2 X 103 cm.
_Jﬂng’ Consiqer the case wher? all the heat goes into the
boundary layer of a typical 1ymphocyte, the boundary layer

- . . o
having a thickness of 0.2 X 10 3 cm and the cell radius

1.4 X 1073 em. The mass (m) of the boundary layer (p = 1}

assumed spherical is

e
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ms E o (r+d) - 130

7 (1.6 X 1073)3 - (1.4 X 1073)3] X 1.1 -

1
W]

= 5.66 X 1072 g

e g am et

The temperature rise (T) in the boundary layer, exposed to
an intensity of 4 W/cm2? is given by

Q=mxc xT | 3.6

where Cm, the specific heat of the tissue, is approximate1y

1 cal/g/°C. Thus for Q = 3.17 X 10713 cal/s and m = 5.66 X 10°% g.

3.17 x 10 13
5.66 X 109

‘T = °C/s

5.6 x 10 ° °C-

Ll

*

0.7°C

for a 30 min exposure if the y1tras§Und energy absorbed j;
fhe‘ce11 membrane occured without diffusion. This temperaturg
_rise indicates that at a frequency 0f~870.kHz an intensity

of 4 W/cm?2 for 30 min causes heat production due to shear

" ~“viscosity at the cell surface which could be considered as

1néignificant. ATthough preferential membrane heating can
occur, the heat generated by the viscous forces is shared

.rapidly with -the rest of the cell and its sﬁrroundings. ' -

B |
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' 3.2.1.3 Summary of Thermal Mechanisms

£

A ‘ .
One can summarize the therma] mechanism of action

of u]trasound in the f0110w1ng way. B1olog1ca1 media sub-
Jected to an ultrasound f1e1d will experience a temperature

rise; since heat is produced at a rate per unit Vo]ume
"'

. proportional to both the ultrasound intensity.gt the point

in question, and the absorption ﬁoefficient of the medium.
Initia}]y the temperafure rises at a constant rate, but this
rise slbws as the temperature reaéhés an-equ§1ibrium value.
With the sphefica] model, it is found that the
P

increase to the equilibrium temperature above the initial

temperature is proportional to the'square of the sphere's

radius. The time required to reach this equilibrium temperature

is also proportional to the square of the sphere's radius.

A small body, uniformI; exposed to ultrasound, will thus
experience only a small temperature rise, but does SO‘quickly.
By contrast a body having a large radius unifgrm1y”exposed

to the same ultrasound intensity reaches a higher final

temperature but over a longer period of time.

Ultrasound energy converted_to-heat due fo shear.
visEbsity, generally results in a very small tehperature rise
at the celt? surface, which 15 rap1d1y d1ss1pated into the
cell and_its surroundings.

»
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3.2.2 Caﬁﬁtat}on
Under certain conditions;_an.u]trasonnd field

-can give rtse to'éavitiES or bubbtes w1thtn tne exposed

: mediUm. Th1s phenomena is termed cavitation, and requ1res

pre ex1st1ng nuc1e1 of gas or vapor 1n the med1um U1trasound

induced cdv1tat1on is a complex activity which may include

growth from pre- ex1st1ng nuclei and eventual co11apse of the

.bubb1e.or cav1ty When the bubble expands and contracts during

_ the u]trasound pressure cyc]e, the surround1ng medium flows

j1nward and outward w1th ve]oc1t1es much greater than if

the gas bubble was absent. ‘The phenomenon of cavitation

has “recently been rev1ewed by Coakley and Nyborg (1978).

_ There are two forms of cav1tat1on ‘

Stable cav1tat1on, or non- co]]apsing bubb]e formation, is..

- ,
important at relatively low 1ntens1t1es, and consists

of simple breathing osc111at10ns, or pu]sat1ons,

< in response to t1me3varV1nq pressure imposed on
a nuc]eus of gas by the amb1ent ultrasound f1e1d
ThTS t1me vary1nq pressure 1is. due to- theaa]ternatTng

influence of the expansive and compress1ve phases

of the ultrasound wave, and gives rise to streaming

M‘;_ﬂ;z///ﬁf motions or acoustic microgtreaming around the bubble.

This can produce~changes in the re1at1ve pos1t1ons
of 1ntrace11u1ar organe11es and breaks in cytop]asm1c'

structure. (Akopyan and Sarvazyan 1979) - o
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- Transient or collapse cavitation is more violent and

Al .

s
[

Qpccurs at highEr_u1traSOund intensity levels.

When fhe gas bubble or nucleus within the medium

~is acted on by an\?1trasound f1e1d having a high

pressure. amplitude, it may collapse or 1mp1ode

The gas nuclei expand and collapse ftom the alternate
negative andvpositive pressure of the ultrasound
wave. ~ Kinetic eneréy given to a relatively large
volume of liquid has, in the finql stages of
collapse, to be dissipated in an extremely small
vo1ume, and high temperatures and pressures result.
When the gaseous -material w1th1n the c011aps1ng
cav1ty is rap1d1y compressed idealized thermodynamic
calculations shows that for a compreséion in which no
heat escapes the_cavity; at, the end of the cavity's

existence, the final temperature is around 8000°K

and pressures greater than 10,000 atmospheres.

_Sutherland and Verrall (1978) report that under act-

t ]
ual conditions, ali.the heat does not remain trapped

" in the cavity during collapse, part 1is conducted ‘

aQay, producing temperatures of the order of 3500°K.
Effé;ts of biological systems can obviously be

. . 7 E

produced by the sudden changes in pressure or

mechanical sho¢ks during the bubble collapse.
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@es are common]y produced by cavitation,

Chem1ca1 chan
The comb1nat1on of high pressures and temperatures can generate
aqueous free radicals and hydrated e]ectrons w1th1n the
sonicated med1um and result in the disassociation of water
vapsr'in'the bubble during 'its contraction. Chemical inter-
aptidns of biomacromolecules with these free-radicals often

resu1t, especially with hydrogen H® and h§droxy OH" and

significantly altering their properties. This caﬁ be accompanied

by the formation of sush compounds as HNOZ, HNO3 and H202
{Akopyan and Sarazyan 1979).
Equations for these reactsoﬁsang given below. d
T H,0 Jtrasound oL g 3.7
RH ‘ulﬁrasound SR 4 B 3 3
.R" + H® ————RH ( 3.9
R™ + OH".— >ROH 3.10
- R" R SR -R 3.11
OH' + OH" — H,0, 3.12

1] r

Equation 3.7 ﬁepresenﬁs the u1trasound'fnduéed dissociation

of watsr.vapor into aqueous .free radicals, whi1s equation

3.8 represents the same type of dissosiation of a’typica1
macromolecule R from one of its hydrpgen atoms. Both equations
are ne@er51b1e and if this reverse reaction occu#s, you have
rebair (equation -3.9). However, if the OH" radical tombines

with the macromolecular radical R*, or if the R’ combines

wit another R*, damage occurs (equation 3.10, 3.11) through



~the formation of new macromolecules. At sufficient]y h%gh
ultrasound intemsiities, where many of the water molecules
'rare dissocieted, the cﬁanceé of forming toxic substances such
as-H202 (equation 3.12), a strong oxidizing agent causihg
further chemicel changes in the biological medium, are increased.
r In‘genera], the Tifetime of these radicals is very
shprt (approximately 10712 s} 50 in most cases dissociated
molecules simply rgcombine. With high intensities of ultra-.
soundk more highT} reactive radicals are'produced 1ncrea51ng
'the chances of damage through various .combinations of the -
free rad1ca1s.‘ |
K1ibanov et al (1974) reported quite conv1nc1ng
evidence that the enzyme =-chymotrypain. was 1nact1vated
irreversibly by reactive free rad1ca]s, produced by ultra-
sound induced cavitation. The authors determ1ned the cavitation
threshold to be approx1mate]y T W/em? from the 880 kHz u]tra—
sound field and inactivation of’ the enzyme occured at 2 W/cm?.
The addition of chloroform, an efficient donor of free rad1ca1s
caused a sharp increase in the 1nact1vat1on rate. In _the
presence of ethanol, which prevents free radical format1on,
u1trasound had practically no effect on enzymatic act1v1ty

(K1ibanov et a1l 1974). | { _—
y ' 4 /
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‘The u]trasound 1nten51t1es requ1red to produce

. collapse cavitation exceeds a thresho]d value wh1ch varies

’

cons1derab1y from one condition to another.
Hill (1972) def1ned cavitation as the cond1t1on

in which three exper1mentaT criteria were s1mu1taneous]y

satisfied:
J (i) DNA in aqueous solut%on was degraded.by at least
50% of its initial molecular weight, |
(iij free iodine was &e]eased.at a rate of -at least
1079 mol/s/cm f;hm a solution of KI in thelgresence
of Ct14, and |
(1i1). the first order subharmonic of the driving freduencies
| was detectable by means of a focused hydrophone
on the region of the exposed specimeh.
With all criteria satisfied, Hill determined the cavitation
threshold intensity for various-frequencies (0.25 - 4 MHz)
inyair—equijibrated water for continuous wave'u1trasound.
The threshold to produce collapse cavitation was
found to vary'from‘hbouf 0.1 W/cm? at a frequency of 0.25 MHz to
about 4 W/cm? at 4 MHz . The Tower the frequency, the lower -

the intensity required to produce cavitation and vice versa.
. t,
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Pu1sing conditions were found to have a marked
influence on cavitdtion (Hi11 and Joshi 1970). At shorter
pulse durat1ons the cav1tat1on intensity thresho1d increased.

A]ternat1ve1y as the pu]se durat1on decreased the duty

9
B

factorxhad to be increased to produce cavitation at a'giveﬁ ihtenéity.
At sufficiently short pulse durafions, cavitation activity can
be inhibited entdre]y. Higher ambient pressures‘cause higher -
threshold intensities for cavitation. For a 1 MHz continuous -
wave ultrasound beam, this threshold ihtensity varied from
just under 1 W/cm? at an ambient pressure of {'bar to much.
greater than 16 W/cm? at 1.75 bar. Thus increased ambient
pressure provides a very effective means of inhibiting
cavitation. | "

| \ tavjtation can be produced ﬁore~readi1y at higher
temperatures " The threshold intensity for cavitation was
found to decrease linearly on a log-log graph, w1th the volume
of the irradiated Tiquid (Iernetti 1971)..

The cavitational potential of a Jiquid‘is-determined
by the number of gas nuclei within the medium. Unfortunafe1y'
this is not easily measured. Little is known whether ahimaT\.‘
tissue or cells contain these nuclei or gas bubbles. Thus -
one should not assume that cavitetion induced biological

“effects observed from in vitro experiments on aquepus suspensions,

would be expected in animals.

"

l’:\)



\ :
If biological tissue contains'bubb1e&, it could

absorb ultrasound energy readily, and this effect1ve1y act;
as a heat source. This may account for .the very. h1gh
absorption coefficient of lung tissue be1ng caused by gas’

bubbles in the lTung {(Dunn 1974). " When ultrasound pééses

*%hrough a biological medium-the rate.of heat generatibn is

Y

proportional to the absorpt1on coefficient. One would thus
expect heating to occur preferentialiy in any tissue contaf%1ng

an apptec1ab1e number of bubbles resonant in the ultrasound

field. .

Cons1der the s1tuat10n where iltrasound causes gas

nuclei to. pu]sate in response to app11ed pressure osc111at10ns

A gas nucleus can be apppox1mated to a sphere of radius

contracting to R -~r and expanding to R + r, once during

/ each ultrasound cycle, wheré r is the radial displacement v

amplitude and R is the mean bubble radius. The pulsating gas b

bubble may be analagous to.a mass-spring model, the sphere &
acting similarly to a spring while a portiﬁﬁjof Tiquid

surrdunding the sphere behaves like a mass {Nyborg 1978).

If the pressure applied by the ultrasound is "in phase"

with the bubble pressure, the bubble radius (and volume) i§

minimal when applied pressure is maxima1 and conversely the

radius s maximal when the applied pressure is mjnima]. This

condition occurs primarily at low ultrasonic frequencies, below

‘a few hundred kilohertz. In the hegahertz range, the phase

difference between the app1ied'u1trasound pressure and ﬁubble pressure
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differ in phase by 1$0°, j.e. the bubble radihs fncreases

when the appliied pressure increases. Thus there must be a
resohaﬁt fréqgehcy fo where’the'phasg Qif%érence is 90°. A
general ‘equation describing small bubbles exposed to ultrasound

at the resonant frequency is given by (Coakley and Nyborg 1978)

p0w20R2 = 3y {(p + 20/R) - 2¢/R; 3.13

where °y is the dengity of water, mo (= 2wf0) is the angular
frequency at resonance, vy i§ the .effective ratio of specific:
heats for the gas,-b is the hydrostatic pressure and ¢ is

the surface tehsion of the air-water interféce. Equation

3.13:reduces to f

\ -

: f = 3260/R C - 3.14
\ 0 :

if o/R-is much Tess than p, amd vy is approximately 1.4. The
latter assuﬁption app]iés to air when the votlume changes
adiabatica]]y (without change in temperature). Thus, equation
3.14 is approximately true for resonant air bubbles in water
at frequencies up to a few hundred kilohertz. From this

equation one derives a resonant ultrasound frequency of 65.2 kHz

L.for a bubble hﬁying a mean radius of 50 uym. However, in the

megahertz range}%this-adiabatic condition does not hold and

the effective va1h€ of ¢ s not accurately known. For air o

lies betwéen 1 and qu’ the Tower 1imit applying to very small

[

bubbtes oscillating }@othermaT]y.
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‘Expepimental measurement carried out by Mil]er

(1977) indicates that a free air bubble of radius R'= 3.5 um

has a resonant frequency fy = 1 MHz. This value is

cons{stent with the thedry if one assumes a value of v = 1.2,
"Let us now return to the situatioh where a gas

bubble in an ultrasound field with a mean radius of R is

pulsating between R + r and R - r, where r is the radial

displacement. Coakley and Nyborg (1978) have developed a

theory describing the-resppnse of such a bubble assuming - , y

.mgeg1igib{;:surface tension effects. If at the site of a \\\\H_//

" bubble, but-in its abseﬁée, an ultrasound field exists

._producing pressure variations sinuoida]Ty in time with

Jfrequency.f and amp1itude Py> then, as was deﬁcribed above,

the phase difference between the bubble radius and applied

pressure is 180° if f << fo and 0° if f »>»> fo. At rqfonance,

the pﬁase is 90° and f = fo. The radial displacement r is

.given by:

r =.r0X,
where ry = DOR/3YP,l

X = [C(1 - @2)2 + 92523'% , 3.15
and Q= f/f0

6 is the damping constant, which is a measure of the energy
dissipation and is equal to the reciprocal of the oscillation
quality factor. As mentioned above, at frequencies we]]
below resonance f << fo’ @ is much less than 1 and“so the
relative amplitude X = r}ro is unity. At resonancé f = fo’
@ = 1, then from equation 3.15 the relative amplitude X.has

the value of 1/6.



'57 . . - -

~ As a bubble vibrates in a cavitatiné ultrasonic

field, it extracts energy from'the'Sougq field applied to it.
Some of this energy is converted irnevérsib1y int6 heét and
the rest is réfadiated from the bubble as an outgoing
spherical wave (Nyborg 1978). It has been shown that in water, -
a resonant bubble at 1 MHz in an ultrasound field of intensity
100 mW/cm? removes about 60 uW from the field.. Of this, h
about 90% is converted to heat and the remaining 10% reradiated
or scattered. |

It has been observed by‘Nyborglgg al (1975} that bubbles
“wi]1'atfract each other if they are equal in size or if‘botﬁ'are
smaller than the resonant size. -If one bubble is larger and
the oﬁher sma11erxthan resonant gize, they repel if at large
distances apart, bﬁt may attract at small separat{ons, giving rise
to the "pear] %q?in" effekt. In a progressive u1trasoﬁnd

wave the radiation force propels the bubbles along the dirsction

of propagation and the force is maximum\if the bubble is
resonant. ]

When a gas bubble pulsates, its motion is not
usually spherical, either because of distortion by an
adjoining so1id boundary, or because of surfaté’giveé‘set
.up by the ultrasound field. Asymmetr¥c or nonuniform
oscillation of the air-Tiquid interfdce, at the surface of
an air pocket or bubble, causes steady eddying motion to be
generated in the imhediate]y adjoining liquid. Since this
motion is usually small, it is appropriately call micro-
streaming. Microstreaming .can give rise to high velocity
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g}adients around air pockets at;fhe surface of a solid
boundary. If biopp]ymer mo]ec@ies or small bioIdgica]

cells are suspended in thé 1iq@id, they may be swept into

a region of high velocity gradient. ‘The biological system

. will then be subjected to shea}ing action and damage may
occur, such as fragmentation 0?.macromo1ecu1es and membranes
(Nyborg 1978): :

“Significant bio]ogiéa] effects would be expeéted
in suspensions near resonant éubbTes, even at low intensity
levels. This was recently réported by Miller et al (1978),
whokfound that blood p]ate]efs tended t0'aggregate-around
aftificia] HoLes (?orming_ga% bubb1e§) in.a membrane..-
Previousiy,mechanical stresges produced-by cavitation at 1dw
intensit{es of 20 kHz u]traéound were reported by Rooney
(1970), who found that cqniﬁe red cells weré lysed by a
. single air bubble (at iﬁs résonant size). The intensity
Tevel was below that rgahifed for transient cavitation or
free-radical production,-bﬁt could be caused by shearing
stresses set-up by microsfreaming near the Bubble (Nyborg

1979).
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3.2.3 Stress Mechdnisms

Stress mechanisms .or non-thermal, non-cavitational

“mechanisms have recently been reviewdd by Dunn ahd Pond

(1978). Ultrasound exposure produces various stresses within

pio]ogicaT systems, the magnitude and significance depending

‘on the detailed characteristics of the ultrasound field and

the exposed biological systems. -
Stresses-or forces due tohfhe ultrasound field

acting on inhomogeneities in the medium can be considered in
‘ . : AL

four categories (Dunnfand Pond 1978): ‘ " ' ¢

1. "buoyancy forces which are déci]]atory, time-aVerage

Ll

to zero, and produce a radiation pressure Qn‘

'bodieé having deﬁsity differences from the Eurroun@ing

medium, {

2. displacement or radiation forces.whiéh have a non-
zero time average and can cause an appretiab]e
re]ative-vg]oﬁify between the inhomogehfety &wq
thg surrounding medijum, T |

3. viscosity-variation forces or viscous stresses

result in acousting streaming due to variations in

viscosity over the cygie of the applied j]trasohnd,

- and o o ./

\ /-
» S

e
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4. Lthe Oseen force; another  time-average force due
to the‘deﬁéndente of drag on the second power of
relative velocity. Stokes "viscous drag" fqrmu]a
for a sphere only accounts for the first power

of the relativeive1ocity. ,

The Oseen force can be considered as accounting
for the fact that.a mo#ing(pafiicle 1eavé§/a wake whose ehergy
per unit path Tength increases with the relative VeTocfty..
Viewed in another way, if‘bne con;iders a pu;e sinusoidal
ultrasonic wave travejTiﬁg through a medium, it will suffer
distortion. .Thﬁs the rateiof change of moﬁéhtum 6f a particle
Tying in the pdth of the ultrasound wave will b& greater at the
leading edge than at the trailing edge, and tﬁe particl w%11_
experience diffgrent forces (Oseen) Etlthese edges (tefr. Haar

and Wyard 1978). The Oseen fogce is given Ey,(westervelt 1951)
i ‘

CF = 6wNr U (1 + & [U])

ﬁhere U is the fluid velocity, N %he'goeffjcient of viscosity,"~
r'the radius of the ;phere and k a constant dépendent on the.
"degree of dibforfﬁon. For ceT]s'suspendeq in water or blood
p]asma,'the_Oseéhforces were reported to be ﬁegligib1e

(ter Haar and Wyard 1978).
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L - o w2fn ultrasound causes. 11nu1d to undergo
osc111atory flow near a rigid boundary wh1ch 1mposes a

'non slip condition on thas fﬁow, the v1scous stress exerted

.on the boundary is the product of the ve]oc1ty grad1ent and
the shear v1sc051ty coeff1%1ent.N. This viscous: stress S at
the boundary variesrsinugoidally in time w1th-frequen;y o,

. and has an ampldtude'éiven by'Nyborq (1978) .

S = uo‘(uN'p‘/z)'%} - C < 3.16 0

t N -

- o . o _ |
_where w15 the free field velocity amplitude, w is’the
- . ¥

-angular frequency of the f1e1d (assumed continous and singTe-"
frequencﬁ’ p is the dens1ty of thp Tiquid and n 1E§:shéar-
v15cos1ty.; For an u]trasound wave of frequency 1 MHz in water .
é;.=‘1, no:-.11.5 em/s, N = 0.0] po1se) and 1ntens1ty 1 H/cmz,
- . then, using equation 3.]6,'the stress amp1ftude_is 2640 dyn/cm?.
If boundary 1ayers such as macromo]ecu]ee or:oe11 surfaces are.
©in the 1qqu1d med1um viscous stresses of thiSﬁsfie_couid act.
on them and be Jgéce of damage However, thie stres§ is

not comstant since it reverses 1tse?f each ha]f cyc]e of the

wave. Osc11}ﬁtory shear may g1ve >1se to steady fluid motion

. ca11ed acoustic streamung

v Ve

?Q_ Non- therma] non -cavitational stresseﬁiﬁharacter1s;1ca11y
-have a time 1ndependent component and arise from such phenomena

as rad1at1on pressure, radﬁat1on force, radiation torque and
"%

- : éacouét}c.stream1ng Th1s has recently been re%1ewed by Nyborg
Lo ,
P*41979 -and. is summar1zed here. L e | 5}
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3.2.3.1. ,Radiation Pressure
When u]trasound 1s generated in a med1um, the:
‘hressure varies with tjme. At anl,grven ¢1me, the pressure
‘varies from po%nt to'pbint w1th1n the med1um. For cont1nuous'
wave dﬁtrasound having one frequency, the pressUre has a
eomponent whigh varies sinusoidally with time, and is called
,the first order contribution to the pressure. There is
.a1so a secend order'cohtribUtion consisting of two parts.
One part} the second harmonic, variesdsinusoida11y‘with'time
‘ and‘frequency ef twice the fundamenta]ltrequency; The other
.hart -called rad1at1on pressure, is steady and 1ndependent
of time {Nyborg 1979) The total pressure P produced by an
: u]trasound field can be considered as the sum of all the
:contr1but10ns, ] |
P= P+ Pll.‘+ P,
. Here P is the zero-order contribubioh of the pre55ure, which_
 exists in the absence of an ultrasound field, P, is the first
rbraer contribution and P, is the second order contribution.
Third~anf'subsequent order cehtributions are ne§1igible. The
.t1me 1nd@pendent part of P, identified as the radiation
pressure (ﬁr d)’ is like an 1ncrease in the static pressure.
Frought ‘about by the ultrasonic field, and so may be pos1tlve

ot negatave. If the inflyence of J??Eei;ty can be neglectéd,
P éan be written:ins terms of energy dénsities. The

rad

rad1atmon preesure is equal™®td the.t1me averaged potential
'energy'densfty m1nus the t1me averaged kinetic energy per
'unst.ﬁo1ume 1n,ghe‘u1trasound field plus a constant.’

Lo ¢ . ¢ A

- B ]



63

P

[y

rad = dPE> - <KE>-+‘cohstant
For a plane travelling wave the time—averagéd
potential energy density and time-averaged kinetic energy
per uqit vo]pme are.equal, and equal tp I/2C.where I is the
intenéity and C is the velocity of the_qu?asound. Hence
the radiation pressure is a constant. For a plane standing
Jwave the radiation préssure is a maximum in a series of |
planes one-half wave]ehgth apart, and minimumfin planes midwaj
between successive maxima. The maxima of the radiation ‘
pressure occur when the pressure 15 a maximum in the standiQ?
wave, while the minima occur at velocity maxima. For a |
spherical travelling wave, the radiation pressure is constant,
being typically zero, when the distance from the or1g1n is large
but decreases as this distance decreases. Near the origin

or ultrasound source, the time-average kinetic energy per

unit volume is large and dominates over the time-averaged

~
¥

potential energy density. Here the radiation pressure takes
on rziatively large values. Spatial variations iﬁ tﬁé - ///
radiation pressure can lead to forces on bodies in an uItrasound
field and also a fluid flow through tubes or channe]s wh1ch
connect one part ‘of the u1t59§pund field to another. .
There isvevidence for theﬁexispence of radiation

pressure being exerted by u1tra;0und‘puise§ on brain tissue,
~giving rise to disturbances thaf can be sens;d Py the eﬁ@

(Foster and Wiederhofd 1978). Further, Gershoy and Nyb
‘(1973) havé postulated khat gradients of radiation pfessure

.in son1cated plant t1ssue g1ve rise to water flow in cytop1a5m1c

channels,
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3.2.3.2 . Radiation Force

-

Material exposed to‘an ultrasound field is usuai1y
acted upon by a steady time independent force called the
\Radiation‘Force. When acting on a stat%énary Eddy; this
force is just the integrated resu1t.of the radiation pressure

acting on all parts of its surface. However, if the material
vibrates, there is an extra contribLtiqn to the radiation
force. Consider the example of an u1trésound field exposing
I an 1;h0mogeneous bdological medium. In the medium, forces
wj11 be exerted on the 1qﬁ6megengities and on the containing
wall, because of the ultrasound. In part, the force wji1 be
oscillatory in time, having the same frequency as the ultra-
sound, gnd a time average of thié.part is 0. ﬂowever, there
is another cowponent of the force which is usually present
and whose time average fs not 0. _Iﬁis constant or time
'1ndépendent component is the radiation force. One Qses'this
force,fo measuré the acoustic output or intensity of an
ultrasound device. In this application, the ultrasound beam
interacts with a- plane reflector, and the force can be |

Ameasured. The intensity can then be computed using available

theory (Nyborg 1980).
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Gould and Coakley (1974) found that if a suspension
is sufficiently dilute, so that the particles are widely
spd&ed, the radiation force on each particle is exerted as
if the other particles were absent. If the particles are
.closely spaced, they interact with each other by virtue o%
interparticle radiation force. Radiation force theory for
closely packéd partic1e§ has been reviewgd by Nyborg (1978}.
The effect of ra&iation force on a c1ose-packed suspension
of particles oBserved as a formation of pﬁftic]e chains f%
suspension - a pearl chain effect, was noted in section 3.3.2.
Suspended particles form chains, since the ultrasound field
in a fluid medium produces an excess positive of negative
static pressure, which varies from point to point in the
fie]d! The excess.static pressure at any given point‘is the
radiation pressure. Gradients in the radiation pressure
contribute to fhe radiation forces on the suspermded particles.

If small channels exist in the fluid, a difference in
.ri&;ation pressure at the ends of the channels will cause.
filuid to ftow within them.

Radiation forcé has been used to explain the -flow
produced by q1trasodnd in the cytoplasmic layer surrounding
the large vécu01é of a p]ént ée11. Gersﬁoy'and Nyborg (1973).
'repoffed.that a.rgdiétion pressure~f1é1d set up in vacuoles
'of,ce11s could cau§é“ﬁntrace11u1ar flow of fluids between the:

-vacuoles and the cytoplasmic layer.
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If the influence of the viscosity of the medium

. !
is negligible on a small suspended, particle (spherg), the
radiation force Frad can be expressed in terms of energy

densities as follows (Nyborg 1979):

Frag = VD7<KE> = v(1-y)v<PE> , 3,17

tad

where V<KE> repfesents the gradient of the time averaéed
kineticxenergy density of the ultrasound fieid, v<PE>.
represents the gradient 6% the timé averaged potential
energy of the medium, y is the ratio of the compressibility
of the particle to that of the surrounding medium, Frag i
the radiatior force on a sphere of volume y'and.density 03

in a liquid of\density o’ and
D-= 3(p = )/ (20 + )

Equafion 3.17 can be used tOudetermine;the_radiation
force on small particles #n an ultrasound field. In a

standing wave field exposing a suspension of part{c1e§ of

arbitrary density and kompressibi1ity,.there‘js some éistance,_

(repeated along the path of the beam) where F = 0, and

rad
where particles having the same characteristics collect. In-

princip1ezFe11s having different density and compressibility
e

par@%ed in a standing wave field Apfel (1976).

i

i



67
A

Radiatjon fprce'is an important mechanism by which
u]tfasognd interacts with biological éistéME. An example df_
radiation force is the blood flow stasis pgenomenon reportéd by
Dyson gg.gl'(1974), where red.ce11§ in the blood vessels of
‘chick embryo#co11ected into par%11e1 bands spaced-at half
.wave1éngth intervals in an ultrasonic stan&inghwave fie]d.;

- 3.2.3.3 "Radiat{op-T?rque ; .

- Nybofg et al t19?5) haVé éﬂsérved spinning of
infrabe1]a1ar bodies dufing éxposure to u1frasouhd;r When
an ‘ultrasound field is propagating within a 1iqu1d, éltwistind
action‘may be exerted on suspended objectﬁ, and on elements
of the liquid itse]f."For-asymmetrica1Ty shaped objects such
as a‘rod ér disc, this radiation torque varies with‘thelf
orientation of the object relative to the oscillation
direction of the surrounding 1iquid, so that the objéctitends
to assume a favoured position.‘ Thii/j?dﬁured position- being
one in which the force on the objec is least. Such an
effect may be important when cohsjdering the effects qf
ultrasound é\\ifymmetrfca11y Ehaped cells, 6rgane11é§ or

macromolecules.
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Accord1ng to theor& (Nyborg 1979) this sp1nn1nq

i§ exbected in fields existin 5% a boundﬁry where a

progressive u1trasouﬁd wave impinges ob]iquely and is. |
reflected back.. The ve]ocity f ;pinning of the objeét is.
proportﬁona] to the rat1o Qf the absorpt1on coeff1c1ent for
the Tater1a1 in this spherical g{:j and the coefficient of

shear viscosity for the surrounding fluid (v “rﬁﬂl

N\

Dyer (1972) observed that when the boundary of moss

protonema was sonicated durxng cell d1v1s1on, the incipient
cross-wall was set into steady rotation about the axis

perpendicular. to the protonemal axis. This rotation was

probab]y due to radiation torque. Subsequence cell diyisioﬁ.-

proceéded in a number of instances, but some’of the daughter

cells and their_proggﬁy were abnormal.

Recently. Martin et al (1978) have observed the

effects of radiation td*que'%n sonicated (2.1-MHz, 43 mW/cm?)

leaves of Elodea and root tip of Vicia faba. ~How radiation

“torque effects other macromolecuiar structures or organelles

]
»

within or outsidé cells is at-present unknown. - However, it
is certainly conce1vab1e ‘that such a mechan1sm of uTtrasound

could provide adverse biological effects at suff1c1ent1y high

u]trasound*#&fgg;;tjes.

x
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3.2.3.4" Acoustic Streaming

-

" When an u]tra50und field is propaéat' g within a
11qu;d the part1c1es of the 11qu1d take part ?h\ﬁn SN
,oscwl]atory—row."Near a boundary, “the 11qu1d mo%es to and
fro 1qagid1rec¢gqupara11el to the boundary. At the, boundary

B

“itself the velocity of thei]jdufd‘f1ow;ﬁil1 be zero

ovided.

the boundary is a fixed rigid solid and "non-s1ip" condTQjﬁnS

apply. A thin $oundéry 1ayer-may'eﬁist between the surfdéi

of Ehe bouﬁdary and the Tiquid itself where thé velocity \\ _
gradient is Iarge: For gsciﬁlatory flow in an u1trasoﬁic \\\
field of frequency f, the charactefistic thickness df this \\\;
boundary layer is (Rooney,1872) ' 'l
.2
¢ = [;;::?]5 IR 3.18 .

whgreff is the.foefficieﬁt of shear viéco;ity and‘p0 the \
‘density for the fluid. This is shown diagrammatically in

Figure 3.3. The ﬁe]otity gradient in the boundary layer

can produce stresses of the order'df 2000 ¢yn/cm2. Viscous
stresses of this magnitude would act on any biological

moiecules or ce]]s‘thch might exigf in or near the boqndary
1ayef. U]trésoﬁnd fields which generate osciT]atory”shear |

in boundary layers give ‘rise to small scale steady fluid

motidns called acoustic streaming. The particle velocity of
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Figure 3.3

Boundary layer, of thickness &, near

a rigid boundry exposed to.an
ultrasound field.
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compgnenfs within a Tiquid medium exposed to a propagating
ultrasound field canbe expressed in a' series of terms as

shown below:

The Tirgt ordeﬁ contribution u;, varies sinusoidally in time
wfth freauéncyc} The component u2 has two parts, one a’

second harmonic which varies sinusoidally in time with the -
frequency 2f and the other is a steady time- 1ndependent
component called the acoustic streaming. .Such streaming

has been'oLserved as circuiatory flow in'the-vacdoles of
plant cells (Nyborg 1978). " However, to set up this streaming
- there must be non-uniformity or asymmetry of some kind. For
'éﬁ u]tragound field propagating in a suspension of particles,’
relative motion occurs between the particles and the fluid,
where boundaryiaayers of streaming 1iqu§d ére estab{ished' \
around each particle andlgiVe rise to an acougtic streaming
field; this consisting of an eddying péttern of small scale
and is appropriately called microstreamihg. This was shomq
as early as 1959 by E1der who demonstrated and analyzed

four regimes of streaming as shown in Figure 3.4.



Figure 3.4

Four ré&gimes of streaming. The bubble {which is
shown stippled) is excited by the vibration of the
surface to which it is attached. (a) A surface-
contaminated bubble in a liquid of low viscosity,
oscillating at Tow amplitude; (b) a pattern observed
over a wide range-of amplitudes and viscosities;
(c) a pattern which occlrs at low amplitudes in low
viscosities, and at high amplitudes in high
viscosities; its appearance coincides with the
onset of the first surface mode and the dissolution
of régime (h) at higher amplitude; (d) a pattern
which occurs only at low viscositi€s, and which
seems to represent a return to régime (b) as the
amplitude becomes too” large to permii the existence
. of a single stable surface mode. {From Elder, 1959).
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.For a %0116 rod or wire“(cyIHnder) vibrating

transVerseTy intan-ultrasound fie1d' streaming occurs in

symmetr1ca1 counter rotat1ng c1rcu1at1ons as shown in

F1gure.3.5 Re]at1ve1y high ve1oc1ty grad1ents occur near

" the-boundry. . The viscous, stress S associated with.a ve]oc1ty

'gradient G at the~boundry of a cy11nder of radius FO;

[

T

v1brat1ng ‘with angular frequency w and d1sp]acement

’ 'amp11tude e, is g1ven]by (Nyborg 1978)

S.= a6 = nee 2/T, d - | 3.19

LI . - -

where d is the gﬁTckness of the boundry layer as defined

by equat1on 3.18.. —

Early effects attrxbuted to acoust1c stream1ng
were reported by Nyborg and Dyer (1960) who demonstrated7
migration of protop]asm-towards'a vibrating needle at 25 kHa

in intact cells of E1odea Setman and Jurand (1964)

. described the d1sorgan1zat1on and subsequent recovery of ¢

the arrangement of the endop1a5m1c ret1cu1um fo]]owxng-
irradiation for five minutes with 1 MHz ultrasound at
intensities between 8 and 15 W/cm?. More recently these
stresses were suggested to have beeo responsible for such
¢hanges as ' o
1} altered cell surface.charge (Repacholi et al 197f) . f’//
2) a1%ered ce]i membrane permeability (Chapman 1974) |
3) reduction in cell haﬂfjjife after reintroduction h
= , of cells into circulation (Roooey 1976)

i

E
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Figure 3.5 b )

&

Acoustic Streamihg near a vibrating cylinder.
Double headed.arrow at center shows direction

. ' of cylinder oscillation. Other arrows show
o - direction of steady fluid flow (fvborg 1979).
OREE :
? "
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4) separation from ce]]ﬁ“of small fragments
" (Apfel 1976)
5) rupture and fraghentation of cell membranes
(Brown et al 1975, Williams 1972).

H]

3.2.3.5 Surface Modes of Resonance

In 1960 Ackerman proposed that under certain
conditions of ultrasound exposure, requjrfng transient
cavitation, modeg of resonance may occur at sites on the
surfdcé of biological cells. Presumably such sites have

1

‘specitjc conditions yhich,a11ow resénant absoghtion of

energjﬂfrom the u]ttgsound field to occur. Storm (1974)

invesfigaﬁéd the behavior of gas bubbles in gels exposed.

to ultrasound, and found oscillations occurring at the

surface, superimposed on volume oscillations. | ‘(L_
Watmough et al (1979) have reported circumstantial

evidence for surface modes of resonénce acting on the

surface of HeLa cell nuclei. They re-examined electron

micrygraphs of their previous work (Watmough et al 1977)

on the effect of therapeutic ultrasound (750 kHz) o

suspensions of Hela cells. The sonicated-cells appeared

fo have geparated inner and outer membranes, notably on the

nuclear membrane, at approximately reguTar intervals. Periodﬁq

changes in the chromat1n were also observed c1ose to the

inner nuclear membrane The ultrastructural studies also
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revealed that some cells had burst nuclear membraﬁes but
~ intact cytoplasmic membranes, indicating direct ultrasound -
action with the nuclear membrane.
Although Watmough et al (1979) have only produced
circumstantial evidence for surface modes of.resonance,
it does appéar to be a potential mechaﬁ%sm 6f ultraéound

worthy of further investigation.



77 .

3.3 M'U1trqsound: Biological Effects
3.3.1 General

In reviewing the rather extensi@enliterdfure on
the biological actions of ﬁ1trasbuhd, reported effects |
-1ogica11y fall into distinct areas of‘bio1ogica1
org?nization | These could be arranged in order of 1ncreas1ng
.comp1exify, from macromélecu]es to comp1ete multicellular
organisms. For purposes of this thes1s{ this review will o
be restricted to u1trdséund effeéts on macromolecules and “'ﬁ\
cells onTy, will be made,.

Only a few b1olog1ca1 structures have been -
subjected to systemat1c exam1nat1on for effects from u]tra-
sound. Evidence presented‘in many cases should be cpnsydered‘
as inconc1u§iye‘since‘cpnfirm;tion from independent labo-
ratories has nof been made. Estimates of ultrasound field
intensities in iiving systéms still suffer from a lack of
'acéepted methods 6f méasurements; and the inadequacy of many

reports'in stating the exact experimental conditions.
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+3.3.2 Macromolecules

"The effects of-u1§rasound on biologicaf.mo1eeU1es
-‘areseéthe} revereible oh irreversib]e; debendfng denerally
on .the biem 1ntens1ty High ihtensjty léve1s can cause
“1rrevers1b1e, d1srupt1ve events such as degradat1on or
edepo1ymeryzat1on of long cha1n.b1op01ymers.\ This is usua11y$
"recoghdzed_by a reduction in the molecular weight (Shea

| and Bradery.192§). Colson and Fredericq (1970) were able
.td'eﬁow that at high intensities,the frequency of the
.'ultrasound is not the factor determining the efficiency of
degradat1on of b1omo1ecu1es.

‘ Degradat1on may be.related to the d1st1nct1veness
'df'the'prote1n structure and its initial m01ecu1ar weight
(Zor{ﬁaiand El'piner 1972). .

peacocke and Pritcfiard (1968) claim that, in
genera] “the higher the molecular weight of the biological
"mo1ecu1e, the more susceptible 1t is to degradat1on in an
ultrasonic field. Prote1ns and nucleic ac1ds are not usua]]y
‘degraded to monomer units, but to 1ower molecular weight
mo]ecu]es dependent on the exper1menta1 conditions,.

At 1ower 1ntens1ty levels, the effects of u1tra-‘
" sound tend to be revers1b1e. Events may be characterized
by a dependence on the ffequency of the ultrasound ane.
Reversible effects usual]y involve some perturbation of a

. physico-chemical reaction.



One eould.cfaesify the effecte of u1tresoehe on. -
bjomp]ecules.by_meehaeism of action: theseidee.te the
“raction of cavjtdiiph,ffesultinglfrom the prodﬁctionﬁof
chemica]ly?aétive free radica]S in:the.soniceted solution:
and the mechan1ca1 vibration of 1arge frag11e molecu1es,
'591V1eg rise to degradat1on A good review of earlier wotk‘
carried.out in this area can be feund.in ET'piner (1564f:

The effect of ultrasound on some of the more
importanf constituents of ee11s,'proteins,‘nuc1eic acfds
and carbohydrafes‘haye been studied,lenqu111 be'discussed..

+

here.

3.3.2.1 ° Proteins

Carstensen et al (1953) studied the effeet of
u]trasound‘in-human blood, aﬂd found that the absorptwon

of the acoust1c beam was 1n d1rect proport1on to the'
_content of prote1n 1n the b]ood ce11s and p1asma : Further,
the’ acoust1c propert1es of the b1ood were determ1ned 1arge1y
'by the protein content. Later, Carstensen and Schwan
(]959&) Showed that' although ﬁost of u]frestnd absorption
occurs at the mo1ecu]ar 1eVe1 there was a small contribution
to the total absorpt1on from the presence of intact ce11s

A relaxation process was suggested (Carstenseén and Schwan -
(1959b) as be1ng respons1b]e¢f0r the acoust1c absorpt1on

Edmonds et al (1970) produced evidence to support this

relaxation mechan1sm-1n~therfrequency range 33 kHz -;470_kHi.
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Studies (Zana and Tondre 1972 wh1te and S1utsky

. 1972, 0! Br1en and Dunn 1972) of u]trason1c absorpt1on in

Various prote1n-so1ut1ons at d1fferent pH 1eyer-have led to
fhe coné]ﬂsion that ultrasound absorption i§ sensitive.to
“the oyera11;conf0rmatiqn of the pb]ypéptidé”mo]eéuTelbut'
probab]ylnot to the equi]ﬁbr{um befween'the\he1ix and coil
fqrms of proteins. Thgre'are stii] uncertaiqtiés af to thé
exact role of the protein conformafion (whﬁte and §ﬁut5ky
1972, Q{Brien and Dunn ]972) sincefevidqnce'is still scant
 and_§ubjec§ to a number of interpr;tatiqnsf
Hhen.u1tﬁésonic absorption méaéurements were
berformed-(zaha ahd Toﬁdre 1972)lon solutions ouf’-pow'-‘j

‘L—1ysine,ﬁpolnyLF1ysine andjpo1y-L;ornithfne‘at'pH

values in the range 5-13, and 1n the frequency range 1. - 115 MHz,

absorption curves undg{gd/a max1mum at pH 11.4 - 11.5. :fhg‘
'absorptjon max1ma.appear_t0;be due to proton—transfer o
regctidﬁs‘dnithe.side-cﬁaih émino.grbup of the polypeptide.
‘The effect of fnpquency.bn the hﬁgh absorptfbn_of u1trasound
;_{n the polypeptide sdlutions'enab]e détermjnation of'tﬁe-
ratéa;onétants andivo1ume éhanges for‘thefproton‘trqnsfer
reactions. The proton‘tranéfer or exchange may actually
invo]ve'a11 the fesidues on protein gidé chains. Aﬁ example
of a proton tr;nsfer‘ﬁeaction on a carboxy]ié grqupfis'shown

in the equation
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| Later work (Y{v _3 _l 1975) on u]trason1c.f1:
'":absorpt1on 1n£adenos1ne 5'-di and tr1phosphate (5 ADP
‘and 5'ATP) indicated that excess absorpt1on 1n these
nuc1eot1de coenzymes is determxned by proton exchange:f

) between differeht ionized forms of the nUc]eotides'

These authors aTso cla1m that excess u]trasound absorpt1on,'dll'

N
v1a proton exchanges are Tikely to occur in cells, and

1nvo1ve nuc]eot1des, nucleic acids and proteins at phys1o—7-'

1og1ca1 pH 1eve1s
Son1cat1on of various enzymes to d1fferent

ultrasound exposure parameters have produced conf11ct1ng

resu]ts.' An,ana1ys1s-and camparison of exposure parameters’

indicate that, in general, where the irradiation conditions
cpuld pfoduce cavitation, and hence highiydreactiﬁe free

radicals, enzyme inactivation was found.
" : . .
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' also app11es to the nuc1e1c ao1ds
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Muoh of the exper1menta1 resuits and conc1us1ons

“Jﬂabout the absorpt1on of u}trasound 1n prote1n so1ut1ons

BTN

Cav1tat1ng u1trasound fragments nuc1e1c ac1ds,

n, the case of DNA backbone c1eavage oocurs ' preferent1a11y ;

1n the

i” -Q;sound expos re- of DNA in so]ut1ons 1nd1cated (Peacock and

H:Prltchard 1968) that breaks in the strand structure occurred o
: preferent1a11y around the m1d po1nt 1end1ng support to thei':
\"Jdea that 1n u1trasound f1e1ds where cav1tat1on was supposed

" to have been prevented DNA degradat1on may resu1t from f.

@

"v1scous stresses estab]1shed around the mo]ecu]es 1n-‘

. A

‘so1ut1on These-stresses probab]y resu]t fFrom the reTatiue7‘“'
' mot1on between two mo]ecu1es of d1fferent dens1ty - the

'DNA and water mo1ecu1es

Further support for the u1trason1c 1nduct1on of

DNA degradat1on v1a the hydrodynam1c shear mechan1sm comes

from the work of. Pr1tchard et a] (1966) The1r ca1cu1at1ons

1nd1cate that DNA degradab1on by ultrasound under conditions

-of "stable cavitation" is ma1n1y the result of shear1ng

forces within the DNA so]ut1on
| Galperin-Lemaitre . et al (1975) described the

degradation of ca1f—thymus DNA by u]trasound at intensities

" as Tow.as¢200-mw/cm2.

'-0 and P~0 bonds (Coak?ey and Dunn 1972) Re5u1ts of: u1tra-
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3.3.2.3 - Carbohydrates

,U]trasound_af sufficiently high exposure Tevels
degrades starch into dextrins (short chain po1ysacchar%des,
Vgénera11y 6 - IZ‘quCoéé units) (E1'piner 1964)'. In ééneﬁa]
‘fcargbﬁydrétes undergo depolymerization in an q]trasoni;
field at high intensities. )

. ‘3;3.2.4 Summary - “ ' | <

‘ One can brieny summari;é.the observed ultrasound

"biGEffects at‘tﬁe_macfomo1ecu1ar level as those due to

' (i) degradation of deﬁo]ymerization, most probably
via the mechanism of cavitation, and

- (i) " enzyme inactivation due to cavitation.
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3.3.3 Cells

3.3.3.1 Cell Death

Ultrasound at sufficiently high intensity Tevels
can completely destroy microorg;nisms, viruses, bacteria,
animal and plant ce]1§ (Edmonds et al 1970, Young'and
Smithwick 1976, Peacocke and Pritchard f968, Clarke and
Hi11 1970, Coakley et al 1971). Systematic investigations
(Clark an{ Hi1l 1970, Coakley et al 1971, Hi11 1972) of
the physicaT and Qhemica] aspects of cell disruption have
shown that cavitation is the predominant mechanism.

Exposure of monolayers of Chinese
hamster cells to continuous 990.5 kHz focused ultrasound
at intensities above 400 W/cm? and long exposure times °
indicated that single cells could withstand up to 30 £1mes‘
greater intensities and up to 1000.times greater exposure
times than any sonications producing - Tesions in mammalian
tissues. Damage was attributed to the production of
cavitation. Non-cavitational or non-thérmgl effects']ea&ihg~

to cell death were not demonstraEed in this case (Moore i /

. R . I'd
and Coakley 1977). : Y
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Studies on disruption.dnd viability of Hela and CHO
cells exposed to 1 MHz ultrasound at inténsities uphﬁo'éﬂ W/cm2
for 1 - 15 minutes reported (Kaufman et al 1977) indicated
that the thresho]d for ]ysis was approximately 1 W/em2. For
thoée‘ce11s surviving tﬁé'treatment, there was a decreaséhin”£ﬁ>
viability, ﬁossibTe decrease in prd]iferation rate and an
increased incidence*in giant ce]i formation.u Lysis genera11y
occurred within the f1@a§ 5 minutes. An interesting feature of
this work was the finding that 1an increased cei] surV1va1

occurred after exposure to h1gher intensities, conf1rm1ng the

earlier work of Clarke and Hi11: (1970). ‘\§

3.3.3.2 Cell Cycle

Only a few reports have been published-~on the e
varigiion of response of cultured mamma]ian.ce11s to ultra-
sound, during different phases of the cell cycle. CTa;ke
and Hi11 (1969) exﬁosed mouse leukaemia cells to a 1 MHz
beam having a peak intensity of 15 W/cm? and an éverage'

intensity {over the irradiated container) of 5 W/em? .

Sublethal irradiation for 5-hours (pulsed 1 ms on,'10 m$ off)

+had no significant effect on the progress of cells through

the cell cycle. Cells exposed to 5Q% Jlethal ultrasonic

irradiation for 10 seconds (continuous) were found to be more

- sensitive to-disruption during mitosis. No.clear evidence




"in the cell surface charge of mammalian cells were found to
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of delayed death‘f011owing,1etha1 irradiation of cells has
been reported (Hil1 1974).

Nakamura et al (1 977),have.confirmed the.increaeed
sensitivity to cell deathrduring mftoeis. These euthohs

also noted that the decoiling of chromosomes during mitosis

" increased significantly following ultrasound exposure.

o

\

3.3.3.3 . ‘The Cell Surface, .

Ultrasound has been shown (Repacholi 1970,
Repacholi et a] 1971, Taylor and Newman 1972, Joshi et al
1973, Chapman 1974) te act at the cell surfaceﬂ .Changes

occur foTTowing exposure tg u1trasoﬁne?(Repecho1i 1870,
Repacho11 et al 1971). This was later eonfirmed by }ay]or and
Newman 1972 and Joshi et al 1973 This effect was detected .
by measur1ng the e]ectrophoret1c mokility of Ehr11ch ascities
tumour cells. ‘The reduction "in mpb111ty was found to be
independent of the\puTse length between 20 us and 10 ms, and
no further change: in the e1ectroph0ret1c mobility was found
after § m1nutes*tota1 1rrad1at1on time. Repacholi (]970)

suggested that the effect may be due to uTtrason1c micro-

streaming produc1ng some a]terat1on to the carbohydrate-r1ch

layer of the cell surface. ‘Evidence was presented that
‘cavitation may not be the effective mechanism (Taylor and’

. Newman 1972).
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Joshi et al (1973)‘in subsequént work on cultured

mouse 1ymphoma'ce11s we}e_also able t; find a reduction of .
9e11 surface charge from electrophoretic mobility measurements,
following exposure to ¢1trasound at 2 MHz and 10 W/cm?2 peak
intensity (pulsed 1:0)'f0r up to 5 minutes. These authon§
suggested that the changes in ce11,surfacé charge occurred
as a result of cavitation.

| Exﬁbsure of rét thymocytes kept at 39°C in vitro,
to 1.8 MHz ultrasound at intensitfes above 1.0 N/cm?, for
" 30 minutes produced'an immediaje‘decrease in thg potassium
content of the cells (Chapman 1974). Alteration of membran¢'
‘ permeability and presumably u1trasdund induged changes to the
cell membrane strupture appear to have oécurred.. The author
shggestedthat the efﬁegt waé-probab]y not attributable to
heating, but may result from “microf]ow turbulence" (micro-
streaming) at the membrane-liquid interface, ihf]uenging'the
passive_diffusion rate of ions ‘through the membrane,‘byl

causing transient changes in the ion concentration gradient

either side of the membrane.
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“'3.3.3.4 Chromosome Aberrations ¥,
' In 1970 MacIntosh and Davey (1970) reported ii\ -

having found chromosome aberrations ip human leucocyte
R .

cultures exposed to very low intensity Tevels of 2125 MHz

ultrasound.” In a later paper (MacIntosh éﬁd“DaVey 1972),
these¢ authors claimed the threshold intensity of=ultrasound ™

= - * N 9 .
was 8.2 mW/cm?2, below which no chromosome damage occurred.

A

Their fgports prompted a numbew‘of laboratories around the
; w5;1d to attempt confirmation of-tHiS'effecf, since diagnosfic
‘"ﬁ1trgs;und'Was 16 widespreadlﬁse and the imp1fﬁations of

human health were potentially seriqus.' Virtuaj1y a]]‘subsgquent

reports (Buckton and Baker 1972, Hi1l et al 1972, Chakley et al

1972, Watts et al 1972, Brock et al 1972, Braeman et al 1974)"

-l

. reached the same ‘conclusion -<in vitro exposure to cells to

-

1

continuous or pu]séd~u1trasoun§ at different frequencies, and
‘éyen at higher intensities under cavitating conditions, does not

; Wcrease the number of chromosome aberrations.

e

. i 'Haclntosh t al (1975) tried to reproduce, as

cToséiy as possible, their_ear1igr work. They were unsuccessful, 3

~ 1

and suggested that the original aberrations were produced by
* . )

an unidentified artifact, unrelated to the ultrasonic treatment.

2

er

7

ks
Py
e
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. ‘A review of the iiteréture 6nrthe possibility of
u]trasound induced genetic hazards (Thacker 1973) conc]uded
that pos1t1ve genet1c effects seem possible on1y at very
h1gh gltrasound 1ntens1t1es where it is.difficult or !
1mposs1b1e-to exc]ude heat shock. At ultrasound 1ntetjj}$§s
ptesently used fn medical applications, there 'is 1it
‘11&311h00d that genetic effects will be found.

More - recently, L1ebesk1nd et al (1979a)\have reported
.an jncrease in sjster chromatid exchanges from exposuye to
human Tymphocytes to 2 MHz pulsed u]tr;sbpnd at a spa%iai average,
tempora]-average intéﬁsity of 2.7.mH)cm2 for 30 minutes. This
result is in contrast with that of beris et al (1978) who
were unable to detect any 1ntrease in s1ster chromatid exchanges
in human 1eucocytes exposed far 10 min to 1. 05 MHz cont1nu0us
wave u1trasound at 1ntens1t1es between 15 3 - 36 W/cm?,

Although there do not appear to have been confirmed
reports of chromosome aberrat10ns 1n,mamma11an cells exposed'

it

to ultrasound, a number of studies on the broad bean Vicia faba

suggest that ultrasound may induce non-breakage types of

chromosome gberrations such as bridged,'agglomeratéﬂ and

laggard mitotic figtres (Cataldo et al 1973, Gregory et al
1974, Kokhar and QOliver 1975) Miller (1978) however failed-
to find any 1ncrease over contr01 Teve1s of chromosomal -
fragments (mxcronuc1e1)f1n Vicia faba root meristem cells
exposed to ultrasound (1.1 MHz, 8 w/cmi peak, 1 min céntinuoﬁs
,pxﬁosure). |

[
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Liebeskind et al (1979b) have reported that exposure
of synchronized HelLa $-3 ce11s to d1agnost1c leve1s of pu]sed |
‘ultrasound (3 us pu]ses at 200 Hz, 2. 5 MHz frequency, an

" estimated spat1a1 average, temporal average - 1ntens1ty of
'16.9 mW/cm?2 end spatial peak, temporaﬂ-peak jntensity 35.4
' N/cﬁz, for times up to.40.minutes) produced unwinding of the DNA-
helix structure. Single Etrand breaks in the DNA were claimed
to have occurred following the observation of unschedu]ed DNA
.synthes1s us1ng autoradiography. These authors aIso reported
that breaks in the DNA were not.observed on a]ka1ire sucrose
gradients. _IF is perhaps worth mencioning that single strand" ‘
breaks to the DNA would not be detecced using the autoradiograchic
) cechnique; Unscheduled DNA synthesis is usually vieuaTized
*-~—~_e____US1ng autoradiography fo1rcwing excision repair replication of

DNA Tesions.



BﬂS,#.S'kjteli'Funct%Bh "
| -f In-recen£ ;ears there have been a nuﬁbér'of
rep;fté on functional changes in ce]is'expoéed to UTtrasound;
0f particular ihtere;t has-beén‘fhe aciion af ultrasound. on
DNA ang protein §ynthesis} PrdSad et _l‘(1§76) and Fung"
“et-al (1978) have reported changes in .the DNA:Synthesis of'_'
u]tured_mamma1ian cells exposed t0'very-1dw u]frasound
intensities. Prasad et al (1976) reported ﬁhat‘unéxpose&
Hela cells showed up to 14% mbre DNA syntﬁesi§ than cells
exposed to T MHz pulse—eéhé deViCe for 10_minutes.at'an

intensity of 4 mN/cmé. Fung et al (1978), on the other

hand, reportgd'd-dose—rETated biphasic effect of ultrasound;
Exposure\of Tymphocytes to 2.1 MHz ultrasound at an {ntehéity"
of 5 mW/cm?2 for 3 and 6 minutes stiqufated DNA sjnthesjs

whi]é 1onger exposure times (30 min:tes) supprgésedlDﬁA
synthesis. Both these results are difficult to interpret
because the ultrasound induced effects on DNA synthesis are
small compared to the errors encountered in the (3H)-thymidine

incorporation technique.

L
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Enhancement of DNA synthes1s in neonata1 mouse
ut1b1a] ephiphyses (chondrocytes) was observed after three
- S-minute- exposures, 24 hours apart to J MHz: u]trasound w1th -

4

an 1ntens1ty of 1.8 W/cem? (E1mer and Fleischer 1974), It

. was not determjned whether-the st1mulat1on in DNA syntheeiE_

e’was related to either:DNA rep11cat1on or repair. However, no
_stat1st1ca11y s1gn1f1cant 1ncrease in radicactive: pro11ne
incorporation 1nto prote1n in the cart11ag1nous ep1physe5‘
Qas found, rThese_authorsesuggested that _u1traseund degraded
'the Bone matrix,_poséiﬁ]y by affecting the 1ysosomes, causing
an early re%ehse-df their hjdro1ytic enzymes . | This |
exp]anat1on is poss1b1e since. enzymes do play a ro]e in the
erosion of cart11age, and . ultrasound has been observed to'
produce Tysosomal swe111ng (Curt1s 1972).

Belewa- Sta1kowa and Kraschkowa (1967) lusfng
an u1trasound therapy transducer for 5 m1nutes s1ngTe
exposures, found an 1ncrease in. protewn synthes1s in hepatIc,
renal and myocardial t1ssue at acoust1c 1ntens1t1es of 0.2
and 0.6 W/cm?2. However, they observed a depress1on of

synthesis using an ultrasonic'intensity of 1.0 W/cm2,.

~a
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Changes in'b;otein contentein“the 1ive%;'

. small 1ntest1ne and 1ung t1ssue, as well’ as s11ght changes

* in the b1ood .serum prote1ns have beEﬁbﬁb&erved after partial

body exposure of 75 adult gu1nea pigs.to s1ng1e doses of "

‘ 800 kHz ultrasound for 10 m1nutes at 1ntens1t1es of 0 5 -

\

"'4.N/cm2,(Bernat et al 1966). Changes .in protein metabo11sm

was found to be dose dependent and varied with the region
of the an1mal treated with the uitrasound Low ultrasonic
1ntens1t1es caused no change in protein compos1t1on while
1ntens1t1es of 2.5 - 4 N/cm2 produced s1gn1f1cant changes,
- especially in the 1iver and small 1ntenst1ne.

| Harvey et 51_(1975) observed insvitro stimulation
of prote1n synthes1s in human f1brob]asts exposed to 1, 3 and
.‘5 ‘MHz u1trasound at intensities of 0.5 to 2. 0 W/cm2 for
5 minutes. These authors found that pulsed, ultrasound
(2 ms ong 8 ms off) produced greater stimulation then the
.continuous wave mode. | |

De Ta. Maza et al (1976) studied the susceptibility-

 of chromatin . from norma1 and transformed cells to breakage
by ultrasound; in an in vitro system in which DNA repair
was reduced to a minimum. In both normal and transformed
cells, the euchromat1n fract1on was found to be more |
susceptible to breakage. It was suggested that u]trasound
(20 kHz - Branson sonifier Model S125, 8-11mA), having a,]ow-
penetrating energy, would make the condensed heterocﬁnomatin

less susceptible fo breakage than the diffuse'euchromatin.



'3.3.3.6 Intrace11u1ar Compenents .
| | The electron microsope (EM) has been used - Lf

| ,to great advantage to determ1ne the effects of‘uTtrasound

on intracellular structures and organe]Tes The EM allows

exper1menters to use . ultrasound 1ntens1t1es norma11y used _ | £,

“in med1ca1 pract1ce and possibly observe if subt]e effects

™

occur at the subce11u]ar level, ‘ . ‘ |
| ‘U1trastruetura1.changes'?odnﬁ in sonicate&'ee11s

‘iﬂ !itgg, by comaariSOn to controls were: more free'rfbosome$, l .
~dilation of the rough endop]asmic reticulum, morepc;top1asmic
; vacuo]ataon; c1oser @pprox1mat1on of the membranes of adJacent
ce11s, greater numbers of autophag1c vacuo]es,.and damage to
1ysosoma]_and m1tochqndr1a]'membraneS-(Harvey 93.3111975),
These.etfects,were fpundin.human'ftbrob1asts'ekposed'toft

.ultrasound at‘O 5 W/ cm2, 3 MHz puTsed 2/10 ms. Hela ce1157 I 0

"i eqused to. therapeut1c uTtrasound of frequency 750 kHz, to

wrpower levels between 0.1 - 3 watts,. for up to 5 m1nutes,

Showed damage in the plasma, nuc]ear and mrtochondr1a1

-

al 1977). L S

‘membranes ‘as well as the endop1a5m1c ret1cu]um (watmough

e SR



Chater and W1111ams (1977) found Ln_ulirn_
evidence to suggest that therapeut1c 1ntens1t1es of
ultrasound may have the potent1a1 to tr1gger p]ate]ets to
1n1t1ate or accelerate thrombogene51s Expos1ng‘the cells

ﬂ'

-.to u1trajgund frequenc1es of 0. 75 d. 5 and 3“MHz and -

"\

intensities between 0 and 5 w/cm2 for up to 7 m1nutes. these
authors found tnat the most effective exposure parameters
were a frequency of 0.75 MHz.and 1ntens1t1es above 2.5 W/cmZ.
“From 3 tb 3.75'N/_cm2 there ‘was a progressive increase in
the amount'of aggregation in the p]ate1etse .DaMaged platelets
were found in aT] irradiatee sampIeSTmappeaning sw0T1en with
“11ghter cytop]asm and a red1sﬂ?1but1on of organe11es w1th1n-.
‘the cells.
The subce11u1ar organelle pr1mar11y affected
by u1trasound appears tda@e the m1tochondr1on : M1tochondr1a1
' membrane d1srupt10n and swe111ng in cei] systems eipoeed to
u1trasound has been reported on a nuhber of occass1ons.‘
(Hrazd1ra 197Q, nrazd1ra and Havelkova 1966, Stephens et al
1978). Tyniea1 jntensities used in these stud1es‘were in
the range of 1 ~_].5"H/cm2 at frequencies of 0.8 -2 MHz.
Tab1es 3.1'and‘3.2 giveia summary of.uﬁtraa'
structural effects pfoduceg-by qurasound exposUre of

biological systems in vitro and in vivo respectively.
. f . 1
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3.3.4 Tissue and Organ's - N
- > \ ., - . ’ _ -

When u]trasound ﬁé absorbed by any b1oloq1ca1
maberia1:’ﬁgat mater1a1 1ncreases in temperature, depend1ng‘
on the exposuﬁe,cobd1t1ons. B1o1og1ca1 material can absorb
u1tra$bnic energy at very high rates. "For example the
qbsorpt1on of 1 MHz ultrasound in liver is approximately
600 times greater than that in water, in striated muscle
absoﬂ&thnxié approximately 1000 times greater than water
(IRPA 1977) The distribubion of heating within tissues or

organs depends generally on their size and shape as we]] as

the absorption coefficient of the material. k--The heat

d1str1but1on 5150 depends on the u]trason1c beam 1ntens1ty

d1str1but1on and frequency.

Ultrasound is-absorbed:in tissue primarily at the
macromolecular']eyef. Such absorption can, in turn, be )
modified b; macromoﬁecu]ar interactions. However, the specific
physical or.chemica1 relaxation mechanisms respbnsib1e for the
absorption of uTtrasbund are as yet ‘'unknown. The macroscopic
1nhoﬁogeneitfes in tissue or organs affect ultrasound
propagation:end can lead to artifacts in¢:ertain methods of
measurement of bfssue absorpt{on (Carstensen 1976). Localized

heating by u]trasound at impedance discontinuities or tissue

interfaces have been observed in many instances. The mechanism

of mode conversion to shear waves at these discontinuities and

~
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subsequentlabsetption.pt these waves'in'a_VéFyﬁsmaiJnthtance-
was'theught.to ﬁfevide an exﬁ]ana‘tdn'fon thts%ﬂoc§1ized
heating Howener, Jt has been fo nd'(F1zze11 and Carstensen
1976) that neg11g1b1e energy was converted to the shear wave
mode at a. d1sc0nt1nu1ty %F interféce. )

When u1trasound passes- through. t1ssues 1t undergoes
a comp]ex series of 1nteract1ons with the medium.’ These
processes attenuate, scatter and refract the u1trasound .beam.
‘from its initial path, generaliy at interfaces wh1ch are not
-distributed un1f0rm1y throughout the tissue. Further the
scattering 1ntenface may not 1ntercept or alter the whole
cross- sectlon of the beam to the same extent As a result, the
scattered u]trasound beam within the t1Ssue bears Tittle
resemblance to the initie] beam at the entrance to the
bio]bgicat-medium. | .-

An in-depth neview'of the 1iteretnre on biologicai
effects of u]trasound.hasﬂrecent]y been drafted in a criteria
dOCument by Repacholi (198%).x Other recent reviews have been

completed by Dunn (1979, 1980). , .- -

b
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- Chapter 4 Methods and Materials .
. T : o
4.1 Lymphothb Culture Technique -

et

Per1phera1vq\dﬁsb100d from hea]thv human- donors

was w1thdrawn into 60 ml syringes containing 2- 3 m] of.
sod1um hepar1n (100 U/m1}. The contents of each syringe was
m1xed wwth 40 m] of RPMI - 1640 cu]ture med1um (Flow Labs)
This d11uteH b]ood mixture was then gent1y layered onto .

15 m1 of F1co1I~Paque (Pharmacia) in 50 ml plastic (Fa]con) s

'R
SR
Lt

tubes. These tubes were then spun at 400 q for 30 min at
]8°C."F0110Q1ng centrIfugation each tube contained a ye110w1sh
upper layer of mostly plasma and platelets, a distinct b;nd
of lymphocytes, a clear area of F1c011, and f1na11y a .
pe11et containing predom1nant1y agg]utinated-red cells and
granulocytes. The plasma laver was quick1y removed to
within 3 4 ml above the lymphocyte band Lympﬁocytes were
removed and traﬁsferred to clean, ster1]e 50 ml tubes.

| ‘Approximage]nyO m1 of RPMI 1640 culture medium was
added to each éO ml of lymphocyte rich solutiom, mixed well
and centrifuged at 400 g for 20 min.at 18°C. The supernatant
was removed and the Tymphocyte pellet resuspended with fresh
culture medium into 15 ml1 sterile, plastic (Falcon) tubes. A
secong w;sh was carried out at room temperature, the

1yhph0cytes resuspended in 5-10 m1 of 0.83% NH4C1 and allowed
to stand for 5 min to lyse red blood cells. A few (2-3) ml
~ |

-

»
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of'fetal‘celf serum were layered on thefbotfbm of the ‘!
‘tube and the sueﬁensfon pelieted again. The cells were
resuspended in RPMI -"1640 cu]ture medium qahta1n1ng 15%
. fetal calf serum and 1% pen1c1111n 3100 IU/mT) - streptomyc1n
\ *(100 ug/m]) (D1fco Labs) Ceﬁis were cu]tured in plastic
75 ¢m?2 culture flasks. (Corn1ng) at a cell concentrat1on of -{g\"
1 x 10% lymphocytes/ml in 5% CO2 in an 1ncub3tor at 37°C. ‘

Sterile cond1t1ons were maintained throughout the separat1on ) s

-and cu]tur1ng procedure : .

4.1.1  Cell Concentration and Viability Defehm?nations

.Cell concentrations were determined using a.
‘$tandard hemocytometer. . Prior to counting, cells were ;'
dilufed with 0:1% gentian Violet in 0.2% acetic acid which »

-

“stains the nyc1eus.and.1yses any femaininé:?ed‘ee115. At
least Zbo.cp11sﬂﬁere-counted to determine cell congentrations’,
for each sample. The leucocyte diegribution.was geheral]y “
found to be 95-97% small 1ymphoc§teé, 2-4% thtrophi]S and
abput 1% mohocytes, eosinophiis'or baspphi]s.v T@is distributidn
was found to be in agreement with thaf reported by Farneés and
B&rker (1977). For most experiments, "the final cell con--
centration of the culture was 1 - 5 X 106 ce11s/h]¥

| Cell viabilities were routinely determined by
'd11ut1ng ce]] cu1tures with 0. 5% trypan blue in 0. 85% saline
-(F]ow Labs) This dye is. echuded by live ce]]s



’

, 103 .

. fe

T4

. Dead cells are observed to take up the dye and appear b]ue
Kaufman et al a] (1977) found that tests us1ng trypan blue
exclusion and colony-form1ng ab111ty'gaventhe same‘resu1ts
fon'determining survival of mammalian ceils exposed to T
ultrasound ‘ . - | B e

| S1nce Tive cells pass1ve1y exc]ude trypan b1ue,"‘g
a few tests on viability were cbnducted using - fluoroscene _.

-

d1acetate Here 0.1 m1 of fluoroscene diacetate (0. 25 g

7.

cin 10 ml acetone) was.- mi xed w1th 10 m1 of cells (in PBS)

Live cells act1ve1y take up the dye and show as a br1ght

fluoroscene green, wh11e dead ce11s are co1our1ess.‘ In all

_tests conduced, viabilities using trvnan blue and fluoroscene

diacetate were the same.

: g

e

4.1.2 Lymphocyte Activation
In experiments requiring activated lymphocytes, the

celTs‘were cultured im RPMI - 1640 culture medium supplemented

~

with 15% fetal calf serum and 1% (100 IU/m1) penicillin -

- (100 ug/m]) streptomycin, at a concenbrat1on of 105 ce11s/m1

and 1noﬁbwted w1th 25 ug/ml concanava11n A (Con A) {Calbiochem)

'_In|a 5%‘002 1ncubator~at 37°C.

*
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4.1.3 Preparat1on of Isotopes ' ';. ' ,Vl % .
- Stock solutions (Amersham) of (3H) thymidine,. (3H)

.ur1d1ne and (3H) leucine were at a spec1f1c activity of

approximately 50'Ci/mMo1; For_most experiments “the stock

solutions were diluted with REMI 1640 cﬁlture_medium or PBS

to give final concentrétjons of 10 or 100 nCi/ml.

' Stock so]ution; of (5H) concanavalin A {New Eﬁgland
Nuclear) had a specific activity of around 66 Ci/mMol and were
diluted with 0.85% NaCl to 10 uCi/mi. 0.1 ml of ‘this solution
would then be added per 0.9 mﬁ of culture to give a final

activity of 1 uCi/ml.

4.1.4 - Incorporation of Radioactive Precursors

To minitor DNA, RNA or protein synthesis in restimg
or stimulated lymphocytes,.the cells weré incubated with the,
apprdpfiate radioactive brecursor'((3H) thymidine for DNA,
(3H) uridine for RMA and (3H) leucine for protein) in 5% COZ'
at 37°C.- The. Towest concentrations needed to obtain good
statistical results were used since high concentrations of .
radioi§¥tope were previously suspected and later reported
by Pollack et al (1979) to perturb the cell cycie progression
of stimulated 1}mphocy{esn '

In most e§periments, de115 were incubated wjth 2 uCi/mi
of (3H) thymidine for 3 h, unless otherwise indiEated. Incorporation
of either (3H) uridine or (3H) leucine was carried out at a |

concentratijon of 20 uyCi/mT for 3 h. \
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42T.5' Determ{ning Radioisotope Activity im Cells
4,1.5.1 Intracellular Ef."-

Manifolds {(Millipore) containing twelverwe11s geach
weré'dsed_to Tayer cells ;?;o g]aés.qufofjpre filters
(Whatman type GF/C), havfng a diameter of 2.4 cm. Prior to
samp1ing; 'the manifold was cleaned thoroughly and eacﬁ filter
was moisteneﬁ with phosphate buffered saline (PBS). . A T ml
sample of cells was wasHed onto the fi1ters using about 30 ml
of PBS. The supernatant and PBS washes were then vacuumed
and washed through the fi]ters leaving the labelled celils.
Finally all cells were lysed with 5% tfichoroqcetic acid while
layered Sn the filters so that fheAintraée11u1ar isotobe which
was no?‘incorporated into.the DNA, RNA or protein, was washgd
through the filter. ' ‘ -

’ Filters were partially dried by vacuum, removed frém
the manifold dnd left to air dry. Dried filters“were placed
into giass vials, filled with 8 - 10 mi of scintillation
solution (Scin%ilene, Fischer) and counted on .the Beckman.

model LS233 liquid scintillation counter.



’ : S
o 4.1.5. é Bohﬁd‘(aﬂ) Concanéva]in A _ ,

Man1f01ds (M1111pore), conta1n1nq twelve we11s
each, were used to- 1ayer samples of 1ymphocytes onto gﬁass '
micro-fibre f11ters Prior to samp11ng, the man1fo1d was
cleaned thorough]y and the f11ters were moustened with 5 ml
of 0.5% bovine serum a]bume; (BSA) and vacuumed through the
filter. This BSA treatment of the filters was repeated 3
times to réduce noﬁ-specific.stickjné of .the isotope to “the
fiaters. wheqll mT‘samp1e of cells were .placed in ;he wells
on the fi]ter?, the empty tubes that contained the samgles
were filled tﬁree times wifh 10 hl of ice cold calcium and ..
magnesium freé phbsphate'buffered.sdline (CMFLﬁBS) and emptied
into the wells. Thé supernatant:and washes were then vacuumed
and washed through the filters with 20-30.m1 ice cald CMF-PBS,
1eaving-the labelled cells to be counted.

The filters were dried, placed into via]ﬁ, and
8-10 m] of_;Scinti]eﬁe”.scintillafidn solution éddeﬁ for
counting in a Beckmén LS233 liquid scintiIIétﬁon‘counter.

To determ1ne the percentage background counts from
st1ck1ng or binding of the (3H) concanavalin A (3H Con A) to
everything else except the cell surface, increasing.numbers of
the binding sites on the lymphocytes for Con A were bound using s

higher concentrations of methyl «-D-mannopyranoside {(«mm)

(Novogrodsky 1972).



107

when just cu]ture medium and the 3H Con A (no
ce11s) were passed throuah the f1]ters, the same percentaqe
background was recorded Th1s meant that the background |
counts were due ma1n1y to sticking of the IH Con A to the
filters. Filters treated with medium and 3H Con A were
"routinely used as blanks fdr'ai1 the binding experiments.

Using high temperatures to ki117ce11s, it was
determined that the 3H Con A would bind equally well to both dead
~and Tive cells. Thds viability determinations wére'made for

all experimenﬁ% and corrections made where appropriate.

4.1.6 Procedure for'Degassing Ce]]'SUspension Medium
In exper1ments where u]trason1c caV1tat1on

was to be e]Ianited, the ce1]s were suspended in degassed
medium to ensure that no air bubbles (cavitation nuc1e1)
were formed external to the cells. | . | | .

PBS was degassed by autoclaving at 120°C. for 26 min.
Immedjate]y following autoclaving thé@PBS was sed]ed from
the air and cooled at 37°C for immediate use. The RPMI 1640
m;diUm Qas degassed by 1eaving overnight in a Fischer vacuum
oven (set at maximum vacuum). The degdssﬁng procedure did ndt

significantly alter ihep@%df the medium {pH 7.40‘to-7.45).

-
&



e

Both degassed PBS and 1640 medium were used for

sonicating cells under conditions where cavitation should .

. be significantly reduced externally to- the cell. To ensure

: that the suspend1ng med1um did not conta1n gas bubbtes, the
7 ce]Is were washed tw1ce in degassed medium and resuspended
in fresh degassed med1um, prior to p1ac1nq 1nto the teflon
d1sc The disc was des1gned in such a way that 1t could
conta1n the ce11s tp be son1cated between plastic sheets,'
while not e110w1ng air bubbles to enter. | )
. To deteérmine the degree'of degassing that had
ogeurred in the suspending'mediag'measuremEnts-of gasebus
oiygen content was made using e YSI Model 54ARC oxygen meter.
This metér wes‘temperature compensated and utilized and
'biochemieaT oxygen demand {BQOD) probe. The inserument
had been calibrated by the manufacturer and gave a
read-out in parts per mitiion (ppm) on a scale of 0 - 14.
| | Visual obserﬁation'foregas bubbles near ee]ﬁs'
- suseended‘in'the“degassed medium while ﬁn the tef}on disc

were made using a standard Taboratory microscope.

-
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- 4.2" Ultrasound Apparatus and. Exposure Procedure

_4.2.1 ﬂU1trasoundﬂGenerating Equipment

U]trasound was generated with a- wavetec 20 HHz

‘variable pu1se/funct1on qenerator mode 145 prov1d1ng

sinusoidal, continuous waves into an RF power amplifier

(EIN Inc.) model 204L. The power amplifier had-a 50 dB gain

and was loaded at the output with a 50 g Joad (Heath modeT

HN-31). This-resistive Ioaﬁ allowed the.power amplifier to

operate near peak efficiehcy and drove a Siemeﬁs therapyi
transducer, " The wave frequency was continuously monitored
by a frequency counter kHew]ett:Peckard mode] 5382Aj.

A sChematic‘:diagram'of the‘u1trasouﬁd gﬁneratinq
equfpment‘is shown 1n F1gure‘4;]. A photo of the apparatus
connected for operation, with the water bath outside its

incubator is shown in Figure 4.2.

4.2.2 Equipment Calibration

~ The u1trason1c power output of the transducer was

&

-\

ca11brated with the kind ass1stance of the Bureau of Radiological

Hea]th, u.s. Department of Health, Education and Welfare,
Rockville, Mafy]and. A11 calibrations under free-fie1d
conditions in a bath of degassed Qater were conducted at the
resonant frequency of the trahsducer (870 kHz). The diameter

of the radiating surface of the transducer was found to-be
I .
1.9 cm.
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Figure 4.2 .

The exposure jig containing the disc of
Tymphocytes is placed in a water bath
(at 37°C), in contact with the face of
the therapeutic ultrasound transducer.
Pimpled rubber and fibre-glass wool is

used to absorb the transmitted ultrasound
beam. : ' . : :
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. Figure 4. 3 shows the averaqe output power of the'
u1trasound beam measured for each value of voltage applied-
“to the p1ezoelqctr1c_crysta] of the transducer. From this
fcé]ibratfon',curve, Figure 4. 4 was derived.giving the -
voltage applied to the trgﬁsducer vérses the output.intgnsity :
_of the beam, Tﬁe'avefage;outpuf iﬁtensity was calculated
as the rqtio of the output power to the aétive of‘effectivé
radiating area of the transducer. This curve was then used
as the standang.for determinihg the;acousticwﬁhtput in;ensity.
Periodic checks on the ou%pdt power were made to ensure that
there was no variation of output with time. |

The fine structure of the ultrasound field, was
determined Gﬁing the Ultrasonovision '(at‘the U.S. Bureau
of Rﬁdio]ogica1'Heanh) | This uniquely accurate device
utilizes the optical 1nterferometry pr1nc1p1e (Stewart 1980),
and measures the acoustic intensity distribution. Figure 4.5 a
gives the two dimensional distribution of the ultrasound
i%tensify as it ﬁop1d appear at the centre of the teflon
disc (cell ch1tu}e cdhtafner). Thé three dimensional ﬁ]traQ
sound intensify dfﬁtribution'is shown in Figure 4.5 b.
Measurements for figure 4.5 were taken without the teflon
disc in position.

From Figure 4.5; it is evideht that the ultrasound
field 1s quite non-uniform, primarily becéuse‘exposures were
made and measured in the-near field, where the acﬁustic
power fluctuates significantly. It was importént

" therefore to enSuré that the lymphocyte cultures were exposed

at the-same distance from the transducer. Further, cells
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Figure 4.5

field distribution of the u];rasound
beam intensity as it would appear at the

centre of the teflon disc.
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Figure 4.5

S

Three‘Diménsjqna1 Distﬁibptioh:
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‘Qithih the u]trasound.tie1d would reeefve dﬁ;oreeven
distriﬁdtion'of'energ} if they were moved’tﬁ;ooqh the fie]d;
‘and were prevented from sed1ment1ng to the bottom of the
oonta1ner.dur1ng exposure. This was ach1eved by des1gn1ng
an ekposdre jig that could be reproducibly positioned at

- the same distance from 'the transducer; and that rotated the

cell cu1tures_witﬁin_the ultrasound field during exposure.

¢
4,2.3 Cell Culture Container: Teflon Disc

Lymphocytes to .be exposed to u1tresound wére conf‘
tained within'a sterile, teflon disc (1.5 cm internal
diameter X 2 cm Tong), closed at both ends B& sterﬁ$§
p1aetic (NASCO, Hhirt-?ak) held on by neoprene "0"_rihgs.
To contejn'the cells, a Whirl-Pak was cut and one of the
sheets of. plastic, with the sterile side inwards, was-held
to‘the disc-with a oeoorenei“O“ ring. The disc was then
'_turned”over and the'ce11 cu1ture poured in so that the -fluid
Tevel made a men1scus above the top of "the d1sc’ A second
sheet of p1a5t1c waSothen placed with 1ts sterile 51de towards -

the cells, so that it formed a seal from the air with the

top edge of the teflon disc. The second "0" ring was then

LY

L

pressed on in such_a way that no air bubbles remain in or entefed the
container.;\TeT1on discs with-and without cells are shown in
'Figuye 4.dﬁ The plastic sheets on the ends of the teflon

. disc offer virtually zero attenuation to the ultrasound beam.

Jt
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Figure 4.6

Teflon disc used to contain lymphocyte
cultures under .sterile conditions: 'The
shape of the disc was ‘designed in such
- a way thgt the lymphocyte cultures
could betsealed from the air without
air bubbles in the sample.

&






The tef]on disc was specia11y shaped so as toninimize"

scatter1ng of uTtrasound into the conta1ner At the front -

edge of the’ d1sc, the 1nc1dent beam outside the centre of the'

disc would be _scpttered away from the ce11 cultures

S1m11ar1y for any beam scattered back towards the ce11s

¥ [

.4.2.4- Cell Exposure J1q

Prior’ to son1cat1on, ‘the teflon dTSC Was placed

o

and held by fr1ctton,'w1th1n the cell exposure J1q, shown in’

"

Figure 4.7. "The teflon disc was aligned to be paraltel to

" the transducer face. The ce11 exposure jig was then pos1t1oned

at a set distance from the transducer, 1.0 cm from the
transducer face to éie centre of the disc.
The cell exposure jig was constructed so that the

teflon d1sc conta1n1nq the ce11s could be ea511y 1nserted

~and removed A ho]khon the s1de furtherest from the transducer

allowed the ultrasound beam to pass through w1thout scatter1ng
The exposure jig was constructed of p]ex1g1as,

with a smaI] motor which rotated. a p]ex1g1as cy11nder

ho1d1ng the teflon disc. The motor rotated the cell cu]tures

}
at T.G‘revolut1ons per m1nute via a rubber belt drive. A}l

metal screws were made of brass to prevent rusting.
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Figure 4.7 -

s
1

Exposure Jig: a disc cantaining 1ymphocytes

is placed inside a jig having a motor to

ratate the cell suspension at 1.6 rpm during-

~ultrasound exposure.

the exit point of the ultrasound beam so that
" no part of the beam is reflected back into-

the cu]ture.

The jig has a hole at

K

<
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T 4.2.5\ Water Bath ‘
Near field u1trasound exposures.were conducted in
a bath conta1n1ng degassed, distilled water at 37°C." To ensure'!
that anechoic, free-fte1d5cooditions were maintaihed (i.e.
no'scattertng of the transmitted ultrasound beam back into
the lymphocyte samp]e), f1breglass woo1 and p1mp1ed rubberl
was arranged around the s1des and rear- of the bath as shown
in F1gure 4.8. ' ' ;" . o .
The bath was cohstructed with 2 walls form1ng 3
compartmentS'. a wall ho1d1ng the transducer which a1lowed
the removal. of the tran;ducer without losing the degassed
water, and a" second wall wh1ch cou1d be removed to a11ow far-.
field exposures to be’ conducted. Only the compartments with |
the transducer and the cetl-expoSUre jjg.#zfe fi]1ed-mith
Adegassed water. | ‘ | h
h The bath was norma]]y 1ns1de an 1ncubator kept at
37°C. A calibrated thermometer was aiways-kept w1th1n the
water bath to monitor temperature,. o |
Distilled water was degassed in an autociave for
20 min at 120°C. The water was thengp1aced 1nto a container,
f111ed to the top, ahd sealed from the air.. The contaioer
of water was then transported to .the incubator and left overn1ght
to reach a temperature of 37°C. This water was used to fill the
bath and.carry out.u1trasound exposures the following morning.
Sonications were always conducted with.degassed water that had
been exposed to the air for less than 4 h. It was noted by

Taylor (1969) that water could be considered degassed for

_ ultrasound exposures for periods up to 12 h in a large water bath.



- water at 37°C. Fibr

Figdre 4.8
"y

..Bath containing degbﬁsed, distilled

.glass wool and
pimpled rubber is arranged around the
sides and rear of the kath-to mimimize
scattering of.the transmhtted beam
back into the lymphocyte ltures.

’
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o essential that the temperature rise be measured n-cell

123

4,2.6 U]tresound Induced Temperature Rise Within
Ce11 Cu]tures - |

- Since one of the best known consequences of

ultrasound action on b1o1og1ca1 media is heating, 1t was

cu1tures:during sonication To ach1eve this a ca11brated

fine wire thermocoup]e was, connected to a Ke1th1y eTectrgmeter
vo]tmeter and a chart recorder, for contnnous readings of .
output“ The thermocoup1e was placed through the p]ast1c con—"

ta1n1ng the ce11s and into the centre of the tef1on disc,

‘and.pos1t1oned with its axis along the central axis, g1V1ng 

'the peak-intensityhof the ultrasound beam. Thie not 0n1y"

allowed the ce1le to be rotated during sonication'and temperature

_measurement in the water bath, but caused minimum perturbetion )
"to the ultreeound,fie1d: Prior to measurement the

: T
temperature of the cells was a]1owed to become the .same

as the surroundings before sonication commenced.
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._4.5 Binding pf (3H) Concanavalin A td'Lymphocytes:
P This exper1menta1 technique was deveToped pr1mar11y

- as” a model for determ1n1nq the mechanism of act1on of

' K;r'u1trasound at the cel] surface The technique is a mod1f1cat1on

.~fof one. developed by Jones (1973)

'~Pr1or to -treatment,. a11 1ymph0eytes were suspended
,at a ce11 concentratlon Uf 3 5 X 105/m1 in ca1c1um_and magnesipm
'free phosphate buffered sa11ne (CMF PBS)-at'pH 7.5. Part of

the cu]ture vas exposed to 870 kHz uitrasound at an 1ntens1ty

. of 4. W/cm? for 30 mtn_whjje‘1n a water bath at eather

30 or 37°C. Control samptes underwent exact1}'the‘_:

same procedure except that u]trasound was not qenerated
Samp]es of ce11s were a1so heated .in a water bath at a .
temperature of 42 5°C for 30 m1n Fo]]ow1ng each treatment,
o cell V1ab1]1ty was determ1ned by trypan b]ue dye exc]us1on

and a]l cell conceﬁtratTOn readjusted to 3- 5 X 105 V1ab1e.

s ce11s/m1 One m samp]es were then pu]sed with 3H Con A"

‘(New Eng]and Nuclear) at 1 uCi/ml and- 1ncubated in a 5% COZ-
incubator at 37°C for predetermined.peribds‘upftd 80 min.

: .. After 1ncubat1on, the cu1tures?yere harvested on
"a manifold (M1T11pore) according to the method of Jones (1973),.
and the 1eve15 of radioactivityv determined.in a Tiquid

‘se1nt111at1on counter (Beckman model L[S5233).

GYE

-7
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’ T ' . 3
4.3.1 :Determination of the @umber of -€on A Binding
" Sites bnMHhﬁan‘Lyhpho;ytes

- .

To determ1ne the number of b1nd1ng s1ta§ ‘for Con A
on human 1ymphocytes, it was. f1rst necessary - to ca1cu1ate the -

counting efficiency of the 11qu1d sc1nt111at1on count&n

.;Th1s was. achveved by add1ng 1T uCi o

Con A to a f1jtenh
paper W1th1n the count1ng v1a1 dry{hw ahd then adding the
same volume of Sc1nt11ene ‘as w1th experimental samples.

The count1ng eff1c1ency (E) was they determined using

E o cpm (1 uC1 counted in system)

_ dpm (from T,uC1)

';The count1ng efficiency was found to be (2. 24'1 0.15) X 1072.

' | The number of Con A b1nd1ng s1tes on the 1ymphocyte

- was determ1ned know1ng the act1v1ty of 3H Con A bound to the
cells, as mEasqred by “the tiquid sc1nt11lqp1pn counter. "This
has converted to toté],diSintegrafion;imin bound to the total
number of cells/ml by di}iding'by the cOunp{ng efficiehcy}'

. . Converfing the diéinteghations/min to-Ci and dividing

by thé'shecific activity of the 3H Con A (Ci/miMol) one

“obtains the nuaber of m Mol of *H Con A in ce1ls; or the
number.of m Mo1/ce11 by d1v1d1nﬂ this by the tota1 number of )
cellis/ml. If the number of atoms of Con A’ bound per cell is
equivalent to the‘number of'binding sites/ce]];-then'
mu1tipiyin§ thgadhos number (atoms/mﬂo1) by the number of
mMol of Con A/cell gives the number of binding sites for

Con A/cell.



‘ 4.4 . Unscheduled DNA Synthesis - Autoradicgraphy_:
To obtain‘an indicatidn'whether“uTtrasoUnd'produces
dagage to the DNA wh1ch could be observed as an. unschedu]ed DNA

synthesis, the fo11ow1ng procedure wa's undertaken

-

;;(i) lymphocytes were 1so1ated and st1mu1ated I
~  with Con A for 20 h then - ‘ | . -
':(iij. pulsed with (3H). thym1d1ne (10 uC1/m1) for’é-h
dur1ng wh1ch time the ceT]s were exposed to
. PN 870 "kHz' ultrasound at 4 N/cm2 for 30.min.
_(iid)' ce]]s were washed tw1ce 1n cold. PBS, resuspended
an. 1 m1 PBS + & mi 2% g]utera]dehyde 1n 0.1 H
s o - ‘pH 7.2) and left overn1qht ' ‘
‘ (iv) ce115 were peJ]eted, resuspended -in cold PBS
h and 1eft 30 min (on Jce) |
(v)“.step {iv) was repeated tw1ce again .
(vi) cells were.pe11eted, and resuspended in 4-5 dropsa
of fetal calf serum‘ | L |
(vii) cells were smeared onto c]ean si1des and a1r
dried overn1qht ,
(viii) f0110w1ng 2 washes in PBS. and 2 washes in d1st1d1ed
| water, the ce11s were air dr1ed | _ ‘ i
{(ix) si1des were dipped in d11uted (1 1 water + 2% qiycerol)
nuc1ear emu1s1on (Kodak NTB 3)' dried, wrapped
11ght t1ght and kept 1n the refr1gerator for 2- 3
. o weeks o R o ;
' " (x) Foi}oWinn deve{opment; fixing and waehing, the cells -
on the slides were stained in a 2% solution of -

N Giemsa for up to 15 m1n, then dr1ed for s+1ver;graﬁn
’ count1ng S
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Ce]]s 1ncubaé§d

1th m1tomyc1n C were used as

positiVe contro]s for the- xper1ment Mitomyc1n-c at.

“concentrat1ons of 15 50 and 100 ng/m1 here added to the

: cell” cu]tures fgr 2 h The m1tomyc1n C treated ce]]s were .
‘then washed tw1ce in RPMI 1640 med1um and pu]sed w1th (3H) _
_thymid1ne (10 uC1/m}) for 2 h., A1l samples then underwent

the autoradtography procedure commenc1ng at step (111)

4.5 Miked'Lymphocyte‘Reaet{dn.(MLRL‘;“

“ h'_-f The MLR 1s w1de1y used c11n1ca11y as a pre11m1nary
' ‘test prior to tassue and organ graft1ng _ ‘
| . The MLR 1nvo1ves 1nteract10ns at the ce]] surface and
}w1th1n the ce]h Thus 1f uItrasound effects the MLR 1t prov1des'h
an opportun1ty to obta1n further 1nformat1on on the mechan1sm of
act1on of. u]trasougd by determ1n1ng whether u1trasound acts‘h'

predom1nant1y at the ce11 surface or 1nterna]1y, to produce the

.

effect. - . - j :.*ffg-?f'iﬁ |
_- t The present procedure was mod1f1ed to that descr1bed 7
,by 0 Leary et al (1976) In br1ef 1ymphocytes were 1solated from‘ts
two hea]thy donors --one made the. responder (A} and the‘other the
- st1mu1ator (B). St1Mu1ator and part. of the responder cells were,
h1ncubated at 37 c w1th 25 ug/m1 of m1tomyc1n C for GO m1n,:
l‘then washed three t1mes 1n RPMI 1640 medium supp]emented w1th

-10% fetal ca1f serum + 1% pen1c1111n (100 IU/m])-- streptomyc1n

(100 ug/m]) Incubat1on of ce11s w1th m1tomyc1n C prevents normal

;DNA synthes1s w1th1n the ce]1s

B T S T T PR SIS S S
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Samp]es of the st1mu1ator (untreated w1th m1tomyc1n.
C) and responder (treated and untreated with m1tomyc1n C)
cells were exposed to 870 kHz,. u1trasound ‘at 4 W/cm? for 30
m1n, washed three times and resuspended in the supp]emented

P

'medium
Equal volumes of-samp1es were.combined and‘

incubated at 37°C for‘5~or 6 days. Where only one sampie
is referred to, itrwas combined-with an equa] volume of *
cu]ture'medium Fo1low13g thxs 1ncubat10n period the a
samp]es were pulsed with (3H) thym1d1ne (2 uCi) for 4 h,
.washed, harvested and counted. '

e A A stimulation index (SI) is determined to measure

. ) 1 : 3 .
- the degrees of stimulation between cells of the two tissues,

" and is given by o .
" .
S ABM - BM . .

SI = for the control cells

AR, - A
“M M ’ ’

A B, - B, -

s1 = — LM M_ for the sonicated cells.

Ayh= Ay

The subscript M refers to mitomycin_treatment_and U means

exposed to ultrasound.
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4;6 preparation for Electron Microscopy

Humgh 1ympoc&tes were'prgpared for 1ec£ron
microscopy'using standard fixation, dehydration'anq'
embedd1ng procedures ‘

In br1ef the f0110w1nn procedures were conducted
{a) Fixing 1mmed1ate1y fo110w1ng sonication {within. 10 sec).

(i) treated lymphocyte cultures were placed 1nto an
equal volume of 4% g1utara1dehyde (Po1ysc1ences
Inc,) in 0.1.M PO, (pH 7.0)
© (i1) cells were.pelleted and:resuspended in 4%.
glutaraldehyde in 0.1 M PO, for 1.5 h at room
_temperature ‘ ' -
(111) cells were pelieted and resuspended in 0.05 M PO,
(pk 7.0) for 10 min | X |
(iv) steﬁ (iii) repeated three.timesl
 (v) cells were pelleted and resuspended in 1% 050,
~in 0.05 M PO, (pH .7.0) for 1.5 h (on ice in
fume hood) - .
(vi) three washes were carried out as in step (iii)
(vﬁi) cells were pe11eted,_resushended in 10% acetone.
and left for 10 min (on ice). This step_was'
. repeated using 30%, 50%, 70%, 90% acetone and

_finally 3 times in,100% acetone.
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(viii) cells were heITeted, infiltrated with Spurrs

N . and left overnight
E(ix) nex;‘morhing - cells were pelleted, Spurrs
l femov;d'ahd infiltrated ééain q{th Spurrs
(x) _same aftefnoqn Beém capsules were Toaded with
ce]]é,‘topped.up with fresh Spurrs and heated
“overnighf fn a 55°C oven to cure
(x1) -ce1ls'werelthén sectioned and placed onto
"ggopper.grids and stained for EM., The staining:
procedureéinyo]ved dipping the sdmples in 25%
urényllacetate (fn methanol) for 10-15 min,
‘Wa;hihg‘ihdi;t111ed'ﬁater, and dipping in lead
citrate {Reynolds) forwapprbximately 10‘Min"
befd;e wéghing and a]iowinﬁ the samples to

dry before'viewing.

.Fixing-30-60 min after sonication

'_ —-Stakféd'at'step (i1) andrc0mp1eted‘the entire

brocedure.
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4.7 'Thymidfﬁe Transport

.,Thymidﬁne transport in hyﬁhn peripheral 1ympho;yté§
was measured by mbdificéﬁion-ofithé.rapid sampling techniﬁue |
of Strauss et al (1976). .Cé11s in RPMI-1640 culture .
med{um (15%.feta1 calf serum + 1% ben—strep) were exposed

\to 870 kHz ultrasound at 4 W/cm? ‘for 30 min,.or were
subjected to the same procedure but without ultrasound
_ génération, then weré washed twite and suspended in LMGB
-at aconcéaf}ation of 107 cells/m1.. LMGB consisted of 10 mM
. sodium phosphate buffer, pH.7.5, 0.9% NaCl, 0.1% bovine
serum a1bumin'(5 X crysta11izéd (Sigma)) and 5 .mM g1ﬁcose
(Ffshek). Transport was measured by mixing equa1 volumes
(0. 25 X 0.25 mT) of cell suspensxon with thym1d1ne at the
des1red concentration at 20 uC1/m1 in LMGB. After
the appropriate incubation time (15-100 s), 200 ul- of
reaction mixture was ]ayered'in a 400 p1 microfuge tube-
(Canlab) coniaihihg 50 ul1 of 7%:perch1oric acid as the
bottom 1ayer and 150 pl1 of s111c0ne 01l (12 parts 550" fluid
. and 13 parts 510 f1u1d (Dow Corning}. The tubes were spun
at 10,000 rpm {Pr 20 s using.a Beckman m1crofuae The
m1crofuge ‘tubes were frozen {n ethanol/dry ice and the tips
a}]iced intd a sciniti]Jation vial for counting. Cell '
d%éeition was accomp]iéhed‘ovefnfght with T m1 of Protosol
(New England Nuclear) at 37°C. This was thén neutralised
d&th'1oo a1 glacial acetic acid and counted in 7 mi of
scintillation fluid (Scintiverse, Fisher) with a Beckman

Scintillation counter.  Counting efficiencies, which rafged
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+.8. . Fluorescence Analysis of ONA uhwindihg'c#KDU)l"

. Th1s techn1que for, ana]ys1s of bneaks in the DNA ;‘
: ;was deve1oped by Dr H.C. B1rnbo1m and Mr. J. Javcek at’ the
Chalk R1ver Nuc1ear Laborapor1es, .These exper1ments-were

- conducted with their assistance and cooperatian’.
e : C T T

yot

.Lymghocyte Isolation

%

1. Dilute 1 volume qf-b]pod (from hea1thy donor) w1th 3 volumes
of 0.87% NH,C] in 1@ mM Tris (BDH_]abs) at ph 7. 2 for
ﬁZO'miﬁ at OPC. | - L

2. Céhf}ifuge at 400 g for 26 miﬁ‘at 0°C o

3 Wash in 0.87% NHC1 70 10 mM Tris at 0°C for 10 min.

",4ﬂ Centrifuge at 400 g for 20 min at 0° C | :

5. Suspend at des1ﬁed cell concentrat1on‘({—5 x 108 céTlS/m]J

_in RPMI - 1640 (6r modified-Earle's salt solution) at 0°C.

Treatment | :

6. EXpose cells tolultrﬁsoundégﬁfaiﬁétéf bath of desasseq; o
‘dist111ed;watér at 0°C. . - _'
7. wégh cells twice in modified Earle's salt solution at 0°C.
-S. ‘Resuspend cells in inositol (éS m1 6f 0.5 M meso-inosital
(BDH), 0.5 ml of 1'M phosphate buffer, 0.1 ml of 0.5 M MgCl,,
24 .4 ml H 0 and 2 to 3 drops of 1 N NaOH to ra1se pH to
7.2) for FADU assay, or in modified Ear]e s salt solution

supp1emented with glucose for repa1r analys1s



o 134 -
Analysis |

To aésay'initial damage to*DNA'immediateTy after

treatment, one cont1nues stra1ght on w1th the procedure be1ow

"

:For repa1r analysrs, cells are 1ncubated foriiiyy1ng per1ods

‘

of t1me after treatment before proceed1ng w1th the FADU assay

o9, D1str1bute 0.2 ml ce11s at. 0° 'Crinto 12 tubes

: 4‘sets‘of‘3 tubes marked P,T and B

n- -

Note: .© P. sample of  DNA: part1a11y unwound

T

sample of DNA kept total]y in double
. stranded form- (O% unwound)

' B ijbackground DNA samp]e wh1ch 15 unwound 100%

'10, Add O 2 ml of urea (9 M urea, 10 mM NaOH 2.5 mM cyclodiamine
tetra acet1c ac1d 0. ]% sod%um dodeCy]-squhate to all SampTes,_

‘ [U°C, for 10 min (th1s gent]y 1yses cells. to release DNA).

‘11.'Add 0.4 m] of g1ucose (I M g1ucose, 14 mM 2- mercaptoethano])

| - to a11 P samp]es (g]ucose prevents DNA denaturat1on)rand vortex

.-,12.;Add 071_m1-of-a1kai1 (0.2 N NaOH 1n urea)_to P samples for .

' ‘;30_m1n etibqb,then”transfer to 15°C water bath‘fon'1 h
(alkali unwinds nioked DNA) . |

13. Add O.Z;ml of'a]kati o T and B semp1esband,yortex

~ (note: samples are 1ight senSitive ~‘cover). '

14.eShear samp1es T and B (using u1trdsound cell disrupter

l:(Heat Systems - Ultrasonics Inc. ) for 2-3 sec), and leave

.at reom temperature‘ |

15._Add 0.4 ml g1ucose to samp1es P and B.

16. Shear samp]es P.



17.

18,
19,
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- JAdd 1. 5 ml of Ethydium Brom1de (6 67 wg/ml EtBr in

13.33 mM NaOH) to-all tubes and vortex s
K
P1ace a11 samp1es 1n 20°C water bath for/lS min.
Dry- tubes, a110w 311 samples to rise to;room temperature

and read in a Spectrof1uorometer (Farrand 0pt1ca1 Co. ).

o
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4.9 '.Statistiés' e L o |V¥y: ___________ -

_ " The modified t test (Bia]ddk 1960)Iwas used to détefhiné 
Ithe stat1st1ca1 sign1f1cance between’ correspond1ng po1nts in thel
data. Th1s test takes 1nto account any dwfferences that may \
‘occur in the standard ‘deviations ( Oys Ty ) If the standard
:dev1at1on5 are not compatab]e'(a conservat1ve assumpt1on)

- then the degrees;of freedom df) for the t test determuned

[o,2/ (N-1)+a, 2/ (Ny-1)12 L
[q12/(n “1)12/ (N 1)+ Lop?/ Nz—I)]zl(N 1)

usin thleorWu]d cE - ' ; .

df" =

where N1'and_N2'were the'number,of'samplés used to determine

the means §1'and‘§2,‘and standard deviations 01'and 02 ‘
respect1ve1y

The value of t was determ1ned us1ng

- - o
_X.‘ P_XZ

t = '
I/c 2/(N —'I) k+ 022/(N2-—1) '_ ' "

N1th the values of t and df- known, the level of
Significanqb for the twoftdil test was then determined by
‘referring to tables Tisting the distribution of t for given
degress of freedom. | ‘ |

The Ko]mogordv Sm1rnov two samp]e test (KS-tesﬁ)
(Siegel 1956) compares o distributions as a whole by finding
the maximum difference between the two emp1r1ca1 d1str1but1ons

"and determining whether th1s difference is significant, g1ven'

that the popu1at1on d1str1but1ons were equa]
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CﬁapterJS. Results | o - | : : |

Nhere appropriate the standard dev1at1ons are prov1ded -

cin the tab1es of resu]ts and as error-bars" in the graphs.

5.1. Gross Effects . . 4

In some cases. error bars were drawn on one s1de of a po1nt pure1y"

‘for c1ar1ty - In a11 cases the error bars shou]d be assumed to

have" equa] magnltude on each side of a po1nt

_AI] statistical ana1yses, except the KS-test, compare

- corresponding points on the graphs under comparison.

5.1.1- Cell Survival

Survival in vitro-pf_humah\lyhphOCytes, stimu]ated

.. for 2 days,. then exposed;te_870 kHz, near fie]d;_COntjhuous‘

wave uItrasohnd at varying intensities for 30 min was determihed.

using trypan blue dye exc]us1on and is shown in Figure 5.1.
It is evident that for u]trasound 1ntens1t1es up to 4 W/cm2 the.

ce]] v1ab111ty Was not s1gn1f1cant1y affected by ultrasound.

f)
the modified t.test showed that‘syrv1va1 up to 4 days after

Stat/§$1ca1 ana]ys1s of corresponding exper1menta1 po1nts us1ng -

uTtrasound -at intensities up to 4 W/cm? was not significantly

“differént (P = 0.1) than control’ values. Nevertheless, in all -

experiments cell number and viability were'determined after
treatments.
The sUrviva1'of the cells in the present studies is

in agreement w1th the f1nd1ngs of Harvey et al (1975) and

'B1eaney et aT (1972) ' _ . Lo
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Figdre 5.1_" :
. CELL SUR\{IVAL CURVES FOR HUMAN LYMPHOCYTES STIMULATED WITH
“ CONCANAVALIN A FOR 2 DAYS THEN EXPOSED TO 870kHz CONTINUOUS WAVE
" NEAR FIELD ULTRASOUND OF VARYING INTENSIlIES FOR 30 min
' Co & NO.OF LIVE CELLS .
GO °/o SURVIV&L - — x 100
_ ‘ N0.0FU..IVE'*' DEAD)CELLS
. %o -
o
‘ X
sol— . 0 N8 ,
n o .
5
80—
v 7ol
T~ o
N4 3
>
E:: . ] -1 w/cma
v 60— “ Ao-aw/em?
& . .
X'2-76 W /em?
50_-_'. o ' - ' nk_"_-:-_focon"rn_ol. -
‘ ! . ‘ \___‘B 4“'/.“';? -
40—
30— _ -
o
20 : : | L 1 ‘
0 ! .2 3 . - 4
N \ .
. DAYS AFTER ULTRASOUND EXPOSURE.



139

5.1.2 Temperature Rise o | B

- Exposure’.of living ce]ds or pio]ogieal.fiuids.to
~ultrasound je'known to produce7ep.increa%eiin temperature,

the rise'dependent on the acoustic intensity, duration and
;exppsure‘cpnddtions . Whe-temperature rise of cu]tured humén
'1ymph0cytes, exposed in‘a constant temperature water bath at 37°C
to various 1ntens1t1es of 870 kHz, continuous wave, near.f1eld

ultrasound, is shown 1n thure 5 2 . Temperature measurements were

Ve

cont1nued after term1nat1on of u]trasound generatton

Temperature determ1nat1ons were made us1ng cell
‘concentrat10ns vary1ng from 106 to 107 ce115/m1 Vary1ng 3
the ce]d concentrat1on did not affect the temperature
‘measurements. - o
v One notes from Figure 5 2 that ultrasound at an
1ntens1ty of 4 w/cm2 produced an 1n1t1a1 rapid rise in
;"temperature for the first 3 m1n, thewxas thermal diffueton
'became significant, the rise became less repid and an

'equi]ibrium‘temperature was -reached within 6-7 min. ATthough

g F1gure 5 2 1nd1cates the temperature of the cells during the

f1rst 10 min, measurements were taken for the full 30 min,

confirming the time at which thermal equi]ibrium was achieved.
The maximum temperature Withtn the cell cultures was

found “to be 42° C when exposed to an intensity of 4 w/cm2a.

w-Th1s is 5 C. above the ambient teﬁperature.of the water bath.
Similarly inten51ties_of 2.75 \chn2 and 1.10 W/cm? increased

theltemperatureiof the cells by‘4.1°C and 2.2°C.respective1y.
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ﬁ?en the”water bath temperature was-Towered
to. 309C exposure of the ce11s to an u]trasound 1ntens1ty
of 4 w/cm2 produced a temperature r1se of 4 6 C A lower’
 f1na1 temperature wou1d be expected wheh~u]trasound gxposure -
takes place in; a 1ower temperature water bath because of“ |
therma1 d1Ffus1on However, one wou]d expect that then |
._temperature rise would st111 be 5 C The d1screpancy
cou1d be exp1a1ned partialiy on the bas1s of exper1menta1
'-ierror,but more probab1y-because of a change in the-absorption',:
r.coeff1c1ent of the water in the bath due to an 1ncreased gas.
content at the 1ower temperature of- 30° C o : _ o
Hhen the ultrasound energytwas removed the temperature

a\_of the ce11s 1n1t1a11y dropped rap1d1y and then the fa]I‘

f tapered off until thg;water bath_temperature mas-reachedpl

)
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'5h1:3 -Ultrastructdral_gffects. . _-.* S

~An u1trast£ﬁctura1 study was. uhdértékéh primarf1y'
_to dete;%1ne 1f u]trasound produced gross damage to act1vated
Tymphocytes F1x1ng of the ;e1ls was carr1ed out e1ther'
immediately (within a few\§écﬂhds or- w1th1n 30 - 60 min
after tréatment' Vary1ng the t1me of f1xat1on was done in
an a%tempt to determine 1f 1mmed1ate effects occurred that
;were 1ater repaired.

| Figure _5.3a showg the tjpicaT appearance .of a
norha1 aﬁtivated 1ymph90yfe?which'hasxndt_been treated.
fAn extensive network of m%cﬁotubu1és is nbted:radiatjng ffqm
the;centfid1ar reg%oh,és;reported fpr-mquge.1ymphocytes.by.'
"Rogers and Brown (1979) and Rudd ét‘a]'(1979) Ekaﬁinatﬁon
df'sonicated cells in F1gures 5.3’ b and c, revea]s nuc1e1 thh}:
the typ1ca11y d1ffuse chromat1n of b]ast ce11s,'apparent1y
undamaged nuc]ear or pIasma memb(anes, endop1asm1c ret1cu]um,- )
Golgi apparatus and mmtochondrxa. |
o In cells where fixing was:éatfied_oUtifmmediétéTy

affer'sonicétion, there was no-evidence of micfot;buiéé in the
centriolar region near thelnuc]eérinotch (Figurg.5.3b). “Hhen.
a_comparison was made with cells théttﬁefe fixed‘some_30 - 60
min after sﬁnicaiion, mic?otubuTeé'wefe again evident (Figure
5.3c): It apbearsfthat ultrasound‘causéd diSSaséembly of :

microtubules by producing stresses that were strong enough to )
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break their weak hydrophobic Bonds_pr py'acting indirectly
in some marner to pr&ducefhe'dissassemqu. MWithin a few

‘minutes-the microfubu]es then'began'reassemb1y from the

" tubulin submits that were evi@ent]y nef much affected by
'u1tr'a'sl0,und; | o |

| No ﬁ]trastructuré1 differences weré“detettéd

| between cells heated. in afﬁ2°c water'Sath‘for 30 min

(Figure 5.3d) and the contro]sl

w
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Figure 5.3(a) -

‘Electron micrograph of untreated human

lymphocytes stimulated for 3 days
wjth Con A. Arrow.indicatesﬂmicrotubu]es,
radiating from the centriolar region.

LTy
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Figure 5.3 (

Electron micrograph, of hfman lymphocyte.
stimulated for 3 days. then exposed to
870 kHz, near field, continuous wave
ultrasound at 4 Wem2 -for 30 m1n and
f1xed 1mmed1atey.






o
: Figuré”5;3(c§'

-

Electron micrograph of human Tymphocyte
stimulated for 3 days then exposed to
870 kHz, near field, continuous wave '
ultrasound at 4 W/cm2 for-30.min and
f1xed 30 60 min after. - \
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Figure 5.3(d)

Etectran’ m1crograph of human Tymphocyte
stimulated for 3 days then heated in a
42°C water bath for 30 m1n and f1xed
1mmed1ate1y after

T
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5.2 . }ntracé]iuTar £ffects-of-U1trosoung

'5.1976) that ultrasound cou]d affect DNA synthesis. in cells

. ‘after act1vat1on therce11 popu]at1on was_most sensztiveﬁ'

3

'5.2.1  DNA Synthesis _

. It has been;reoorted'(Fung et al 1978 Prasad et al
' v

a

"both in ivo end,1n v1tr0 Thus it was dec1ded to 1nvest1gate

fthjs effect by me&sur1ng the incorporatiom of (3H) thym1d1ne
Cinto human Tymphocytes in an.attempt to determ1ne a threshon
| 1eve1 of exposure and obtawn a reproduc1b1e end -point for the.

evaluation of the poss1b1e mechan1sms of act1on of u]trasound

.

L : IR e S :
5.2.1.1 U1trasound Exposure at.Varying.Times.After Activation

To assess the effect of u1traSOUnd on {3H) thym1d1ne

1ncorporat1on 1t was necessary to determ1ne at what -time
Incorporat1on of (3H) thymidine into'resftng‘ |

"Wymphocytes was unaffected by~ exposure to - uTtrasound up to

an 1ntens1ty of & w/cm2 l Both contro] and son1cated rest1ng

'Zlymphocytes showed only basa1 1eve1s of (3H) thym1d1ne

.-%1ncorporation when fo110wed fOr up to 4 days after son1cat1on

Further, if rest1ng ]ymphocytes were exposed to 4 w/cm2

‘ u1trasound and then 1mmed1ate1y act1vated WTth Con A,

:.the same level of 1ncorporat1on of (3H) thym1d1n2 as the

contro1s was found (Table 5. 1)

- “
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Table 5.1
. H
Incorporation of (3H) thymidine‘{Z\uCi/m1§for
3 h) in 1ymphotytes exposed_td 870 kHz
ultrasound at 4 N/crr_t2 for 30 min.then‘activated.

.with 25 ug/ml Concanavalin A.

Days After .. '{ - *(Mean'cpm  SD) x 1073

| Sonication -
. and Activation - 0 R 2
Sonicated = - | 5.4 0.5 | 235 + 16| 383 ¢

it
[
[+

200

I+

20| 340 +

Control A;g '5.0
8 - |
* mean of quadruplicate sampies {counts per

.minute & standard deviation}.

o

L
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Nhen 1ymphocytes were exposed to: u1trasound (4 Nfcm2 Q;j'f,f .

. Lo -for 30 m1n) at vary1ng t1mes after act1vat1on, there was’ 1? | };iﬁ],“

: eV1dence that 1ncorporat1on of 3H thym1d1ne was 1nh1b1ted ff

“ : ) 1ymphocytes do not undergo s1gn1f1cant DNA synthesis unt11

-

(ngure 5.4).. Bearing in m1nd the fact that act1vated '_: c '5Tf"“

. some 30 - 36 h.after add1€1on of the- m1togen, one wou1d " ; -i‘?-

‘not expect cells attlvated for on1y 24 h to show an uTtrasound
- induced sens1t1V1ty ‘to aTtered DNA synthes1s. Th1s is supported
ﬂ‘by the data on restlng ce11s exposed to u1trasound or 1n ce11s"‘p
\ | son1cated and then 1mmed1ate1y act1vated (TabTe 5 ]) Lymphocytes

| seem most suﬁ@ept?ble"o an u]trasound 1nduced redu&t1on in DNA

synthes1?2 -3 days after actwatwn (F1gure 5 4), correspondmg

_ “to . the per1od of peak bNA syntheé&s in the popuTat1on (Repacho11-r

et al 1979) L j,"_ v o T Sl
& The 1n1t1a1 reduct1on in the 1ncorporat1on of -

_(3H) thym1d1ne for both 2 and 3 day st1mu1ated 1ymphocytes
. Was found to be s1gn1f1cant1y d1fferént from the: controTs at -
':the P ='0. 00] evel (mod1f1ed t- test) However, cells son1cated
‘after two days st1mo1at1on recovered to contro1 va]ues of (3H)
thym1d“ne 1ncorporat1on after a coup]e of days,,wh11e 3 day
;st1mu1ated 02115 d1d not fully recover to controT 1eve1s over
.o f .the per1od exam1ned~ e - : ':__' f o .:. e
| X An ultrasound intensity’ of 4 W/em?, ‘ége'oppernJinit

ofathe range used in therapy, was used in’ these exper1ments

'.\\3;: 'ﬂt was thus of 1nterest to determ1ne the effect of lower .
. &»

/

3 ) iﬁcjﬂntens1t1es of the 1ncorporat30n of (3H) thym1d1ne
S ]

AR . .
) . . - .- L.y . . I
" . ) ) . R e . )
. -, . N f.
)

o

—_———— pR e b
B
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_51211.2 Varying Intensities of U]trasound
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‘To dexerm1ne the effect of u]trasound at varying .
1ntens1t1es the incorporation of (3H) thym1d1ne into 1ymphocytes
after son1cat1on ‘at intensities of 0 - 4 w/cm2 f&r 30-min was
obta1ned. The resu1ts are given in F1gure 5.5. Exper1ments

v -

on 1 day activated ceTs were conducted to determine if ~

N

stimulation of DNA synthesis occurred at Tower fntensities.

It is evident that'an exposure-of'4 W/cm2 is the only intensity
. to. produce any substant1a1 dev1at1on from contro] values.
when 1ymphocytes were activated for 2 days before

ultrasound exposure ‘at intensities of 0 - 4 W/cm? for 30 min,

_ é{gnificent.deviations.from control values of (3H} thymjd‘ne‘
-ihcorporation occurred (Figure 5.6). As demonstrated previously,
‘an intensity of 4 N/c_m2 produced an immediate significant

(P = 0. 001). depressioo\bf‘3H-thymidine incorporatioh' A similar

1mmed1ate depress1on occurred on exposure ‘to an intensity of

"N
2.75 w/cm2 a]though thjs.popu]at1on of cells rapidly returned
to control 1evels-of'(3H)'thymid{ne incorporation. ///
~ It is fnteresting fo’note'from Figure-5 6. that an

~immediate s1gn1f1cant (P = 0. 001) ‘stimulation in 1ncorporat1on

of (3H) thymidine occurred from exposure to an ultrasound.

intensity of 1.1 W/cm?. A similar stimulation, significant

at P = 0.01, occurred from#efposure to an intensity of
- _ .

0.5 w/cmz. | B R . -
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Figure 5.5
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~ Figure 5.6 o ) L

INCORPORATION OF (>H) THYMIDINE (2 AL Ci/mi FOR 3h) INTO. HUMAN
LYMPHOCYTES STIMULATED FOR 2 DAYS WITH CONCANAVALIN. A

THEN EXPOSED YO 870 kHz ULTRASOUND (0O-4 W/cm? FOR 30min)
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When 1ymphoeytes were activated for 2 days7then-the
: \
‘cells removed the supernatant exposed “to 4 W/cm2 u]trasound

and the cel]s resuspended in the son1cated medaum, no .deviation
\\
from control levels of (3H) thym1d1ne 1nc0rporat1on was “Yound

for up to 4 days after son1cat10n

F1gure 5. 6 can. be 1nterpreted to mean that the

-

" Q_J "
threshold ultrasound intensity. to produce an inmediate |

éigniffcant depression.of_({H) thymidine incorpore%ion-]ies
~ between 2.75 and 1.1 W/em2, It wou1d1a1so eppear that if a
-reproduc1b1e s1gn1f1cant 1n1t1a1 depression .of - (3H) thymidineﬁ
was, to be used as an end po1nt, an. Hntens1ty of 4 w/cm2 ”
shou]d be used, with this b1010g1ca] system.

A11 u]trasound exposures were for 30 m1n, S0 1t -
was of interdst to determjne_1f.the same effects could be
pnoduced with dporter exposure %imeS“usfng‘an intensity .

of 4 W/em2, .

¥/
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5.2.1.3 i Varying Durations of Uffrasouod Exposure'
_ i . -
1 w1th the resu]t from the prev1ous exper1ments that

4

a very s1gn1f1cant 1nh1b1t10n of (3H) thym1d1ne 1ncorporat1on"'

l

occurred’1n activated 1ymphocytes fo11ow1ng exposure to

4 N/cm2 for 30 min, it was-of 1nterest to determine if th1s

_1nh1b1t1on wou]d occur following shorter exposure durations.

Such a result wou]d allow the sett1ng of f1xed exposure para-

meters where . a reproduc1b1e effect coqu be used to study the‘

‘ u1trasound mechanvsms of act1on

Incorporat1on of 3H- thym1d1ne into lymphocytes

iact1vated for 2 days.then exposed to u]trasound (4 w/cmz)

for varying t1me durat1ons 15 given in F1gure 5.7. This

time- thresho]d curve shows that more than 8 min of u]trasound'

exposure is requ1red to produce the fu1] depress1on in the

'1ncorporat1ng aof 3H: thym1d1ne observed after 30 min exposure

A 15 min exposure %o A W/ em2 uTtrasound was

necessary to produce the max1mum depress1on of 3H- thym1d1ne

. 1ncorporat1on 1nto activated ce]lf,(//
- o - -
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. 5.2.1.4 Intermissian.

From experimental results-obtained thus far on
changes.in the incorporation of (3H) thymieine into activated

1ymphocytes after exposure to, u]trasound “the f011ow1ng

N N
- Ea .

conclus1ons can be drawn: . '
/ ) .Aﬂ"-(al' To have any significant effect on. (3H) thymidine
incorporat1on, 1ymphocytes.must be stimulated for 2- 3,days".

L3
before: exposure to u1trasound L.

(ii) Varying the 1ntens1ty of ultrasound exposure
of act1vated 1ymphocytes produces quite -unexpected results.
t‘hmost reproduc1b1e end po1nt depress1on of 1qcorporat10nf
of (3H) thym1d1ne, occurred after an. exposure to 4 N/cm2 | The
thresho]d intensity for th1s end-point occurs beqw’En 1.1
»and 2. j;;h/cmz,'at 1east for the 30 min sonication time used
in these experiments (F1gure 5.6). A s1gn1f1cant stimulation
of (3H) thymidfne intdrporation occurred in activated,ce]Ts)/?
‘H'eays after ffeing exposed to ultrasound at an iﬁteﬁsity of v
1.1 N/cm2 (Figure 5.6). _ |
(111) The maximum depress1on of {3H) thym1d1ne
dncorporat1on into lymphocytes activated ‘for 2 days occurred
for u]tresound (4 W/cm2) exposure times between 15 - 30 min.
{(iv) - A striking effect of the experiments WES-the
_immediate_depressidn pf incorporation(of (3H) thymidine intoA
-activated (2 day) ]ympﬁecytes exposed to 4 W/cm? ultrasound.

-

There was no lag time for-this depression to occur,
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From the exper1menta1 data 1t can
.be concTuded that a reproduc1b1e,1nh1b1t1on of (3H) ?hym1d1ne
1ncorporat1on occurs in ]ymphocytes act1vated for 2.-'3 days
and then exposed to 870 kHz u]trasound at 4 N/cm2 for 30 min.
These exposure conditions were then ut111zed to 1nvest1gate
how ultrasound was acting within the ce11
To determ1ne what u1trasound was do1ng to
inhibit (3H) thymidine’ 1ncorporat1on, ‘a number of approaches
had to be considered. It was possible that ultrasound cou]d
ect at the cell surface to alter the transport of radioactive
precursor across‘fhe cell membrane. If this_were the case, .
the reduced incorporation of (3H) thymidine could be due
to Iese of the radiocactive precursor beip; avai]ab]e‘for -
incorporatfon into phe.DNA. h _
| {;*is-we11,known'that_absorbed u1frasound enery
15 conve#ted tp'heat Since an 1nten51ty of 4 W/ cm? was
found to produce a temperature rise of 5° C (F1gure 5. 2)
‘th1s thermal mechanism of ultrasound act10n needs further
1nvest1gat1on (sections 5.2.1.6 and 5.2.1.7). ‘
Ultrasound can also act via mechanisms of cavitation
and mechanical stress. The mechanisms of b1o]og1ca] action
of ultrasound that occur -inside the. cell are d1ff1cu1t to
d1st1ngu1sh Problems arise through tack of 1nformat10n on

the nature of cell contents. For example doeS'the cell

contain dissolved gases that could act as cavitation nuclei?
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Is the arrangement of 1ntrace11u1ar organe]]es 50 cr1t1ca1 that
\acou&t1c streaming. could have a s1gn1f1cant effegt? In an
attempt to. shed somefxaght on these*prob]ems, two aphroaches_
.were takep: (i) determine whether u1trasound‘pfoduces the

same end~pdint"when thelcells'are suspended in a\deéaésed
<mediﬁm, (i1) ?dvestigate uTtrasound induced mechaﬁica1

'etress ‘ oa thelDNA molecules themselves by deterﬁining if
-direct damage occurs and is subsequently repaifed.

Finally, could the reduced tncorporatiea of (3H)
thymidine be due to an-overa]i ultrasound'induced debression
of eEIT'fuecttoh.’ Such mwght be the case 1f ultrasound
caused a "shake-up" of the cell and time was needed
to either re-grganize or repair damage To investigate thie,‘
measurements were made of incorporation of (3H) uridine and
(3H) 1euc1ne, precursors used for determining effects on
RNA and protein synthesis respective1y. _

In all appropr1ate experiments,
1nc0rporat1on of (3H) .thymidine into 1ymphocytes
activated for: 2 - 3 days and then 50n1cated to 4 N/cm2 for'
30 min, was used as a,pos1t1vetcontro1. If for some rea§bn
there was not an immediate'significant inhibition of (3H)

thymidine ihcorporation demonstrated, .the whole exheriment

was repeated.
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"5.2.1.5 Transpoirt of (3H) Thymidine .

Jo determine \if the ultra;éun&-induced inhibition of
i(ﬂﬂ¢hymidine incorparat{bn‘qu due to a dhange in the rate of
'traﬁSpoﬁf of PHLthjmidine across the'membréne, experiménts

were undertaken to measure the qmount_bf thymidine trans-
located into cells after 15 s expoéure'to thé‘isotope. Minimal,
backf1ﬁx from the.ce11 occurs provided‘times of exposure to -
the<{sotopg is less than 60 s (Strauss et al 1977, Rudd,
-M.Sc. Thesis, University of Ottawa 1980).

‘\19 determine.{f there was a difference in transport:

at varyjngAconcenfrations of thymidine, cells were pulsed

with different conceﬁtrations of thymidéne. The double
-reciprocal plots (Lineweavé}-Burk) presented in Figuré 5.8
show that there was no significant difference between the
control. and sonicatep ce]fs in the transpbrt'of (3H) thymidine

at varying.molar concentr;Eions. The regression analysis

. completed for the data indicated that: for the controi plot

the slope  standard error was 0.0059 + 0.0015 and for the
sdnicated plot 0.0064 = p.OO15t Theacorrelatian coefficient
for fitting the-EOntroT curve was r = 0.971 and for the \
sonicated curve r'=0.974. The maximum transéort of.substrate
across the membrane (fermed the V max) was fouﬁd to be
approximately 9 p ﬁo1/ce]]/s} The cohcentratioﬁ of substrate
at i}V max (termed km) was found to. be apbrgximate1y 700 M.

Both these values are in good agreement with Strauss et al

(1977) and Rudd (M.Sc. Thesis, University of Ottawa 1980).

By
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'ce11s in a 42° c water bath\for 30 min.

5.2:1.6 . Thérmal Effects. - o o BT
Knowihg-that u1trasouhd exposure at 4 Njcmé_for-
'30 m1n produced a temperature rise 1n the cells. of 5°C, .

g1v1ng a f1na1 temperature of 42°C, one can determ1ne if

'the u1trasound 1nduced depre551on in the 1ncorporat1on

of (3H) thymidine were due to heat a1one by treat1ng the

e

Experiments were performed that compare¢ ‘the

'1ncorporat1on of (3H) thym1d1ne into 1ymphocytes stimulated
.for 2 days then- exposed to 870 kHz ultrasound at 4 H/cm2 for
'30 m1n, with that 1nto cells heated in a constant temperature
'water bath at 42° C for ‘30 m1n,ltyp1ca1 ‘results are g1ven in

\
'Tab}e.5.2.' It 1s ev1dent that treatment of cells w1th ultra-.

sound produced a significant (P = 0.001) depression of

{34} thymidine incorporation compared to the control 1eveTs;

by contrast, heatipg in the 42°¢C Water bath did not reduce
C

, the 1ncorporat1on from the contro] level.

These data ‘suggest that heating does not appear to
be the predominant mechan1sm of actlon However, the possiBility
that heat1nggmay be a contr1but1ng mechanism to efrects aused

by cavitation or acoust1c stream1ng for eﬁamp1e is not -

prec]uded by these results. q'

[



164

«

Table 5.2

Incorporation of (¥H) thymidjne into human
Tymphocytes' stimulated for 2‘days then
exposed to 870’kHz ultrasound at 4 V/cm?
for 30 min, or heated in a 425C water bath

for 30 min,

Sample (medium) *(cpm & SD) x 1073
" control _ - 204 = 16

Sonicated B 40 = 3

Heated to 42°C . 202 = 15

* Counts per minute (cpm) * standard -
deviation (SD) of 4 x 1 ml samples.

¢
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Experiments to deiermine if heating plays an
auxiliary role in u1trasou£dlaction were conducted ési
follows:
(i) measuremenfg of the temperature rise produced
in lymphocytes during exposure tot ultrasound were made at
an aﬁbient temperature of 30°C, .
kii) with the water bath at 30°C, the rise within the
cells was measured tb be approximately 4.6°C, giving a final
température of 34.6°C, well Ee]bw the physio1ogica1.temperatufé-
of 37°C. | |
(iii) incorporation-of (3H) thymidine was measured
in lymphocytes-stimulated for 3 dayS‘and then exposed to 870
kHz ultrasound at 4 W/cm? for 30 min in a water bath at 30
or 37°C. Typical results of these experiments are given in
Table 5.3. It is apparent from these data that ultrasound
appears to be acting predominantly through some mechanism

other than heating. .
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Table 5.3

Incorporation of 3H {thymidine) into human

lymphocytes stimulated 3 days then exposed

to 870 kHz ultrasound at 4 N/cﬁ@ for 30 min

in E water bath at 30 or 37°C.

Sample *(cpm +:.SD) x 1073
Control (37°C) 409 = 30
Sonicated (37°C) 177 + 6
Control (30°C) 416 + 30
Sonicated (30°C) 14 £ 5

*.Counts per minute {cpm) = standard
deviation (SD) of quadruplicate

samples.
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5.2.1.7 RNA and Protein Synthesis

"It was of 1nterest to determine whethen u[trasoond
dodid effect other and earTierﬁeyenfs in b1astogenesis than
DNA synthesis, such as RNA and protein synthesis.

Since DNA synthesis in'the"ceil depends to some extent'on e
previous;fynthesis of'both RNA and prote?n, exper1ments
conducted to determ1ne the effect on RNA and protewn synthes1s

could shed some fhrther information on how DNA synthes1s wou]d

_be subsequently'affected. Exper1ments were conducted on 1ymphocytes-"

act1vated for T day since the rate ‘of RNA and protein synthes1s

was much greater than tha¢ of - DNA synthes1s and S0 any effect

‘obta1ned wou1d not be confounded by th1s 1atter process.

Resu1ts of 1ncorporat1on of appropr1ate rad1oact1ve

"precursors.(ur1d1ne for RNA and Jeucine for. prote1n) into
’Wymphocytes act1vated for 1 day with Con A then exposed to

_870 kHz u1trasound at 4 w/cm2 for 30 min is shown in F1gure 5 9.

Following exposure to u1trasound ‘there 1is an 1mmed1ate“ s1gn1f1-

- cant (P = 0.01) depress1on in the 1ncorporat2iz;:f (3H) leucine,

" . which remains for another two days afters,sonic

¢h. It is of
interest to note that no imnediate depression of {3H) uridine

1ncorporat1on occurs, up to a*24 h was_ necessary for th1s

. phenomenon to be observed. Incorporat1on of all precursors

1

is suppressed significantly (P = 0.01) one day after exposure_
to ultrasound and only (3H) thymidine jncorporation recovers

to control levels by the second day after sonication..

»



.1975) used f1brob1asts and s11qht1y

- exposure parameters, these data

"‘;_:»%=Q¢£;jn‘1§31fi{d7;.M_ﬂ?;@jsg;yjf“ﬁ

(S

A stat1st1ca]1y s1qn1f1cant (P = 0 01) st1mu1at1on

{“‘: of. DNA synthes1s had been observed 1n act1vated 1ymphocytes
3 days after exposure to ultrasound at an 1ntens1ty of L
;] 1 U/cm2 (F1gure 5.6). It was of 1nterest therefore to .
- determ1ne if u1trasound at 10wer 1ntens1t1es produced a L
ﬁst1mu1atory effect in prote1n synthesws as had prev1ously .

been reported by Harvey et al-(1975)

The 1ncorporat1on of (3H) 1euc1ne 1nto

'1ymphocytes st1mu1ated for 1 day then exposed to 870 kHz
,:uTtrasound (0 - 4 W/em? for 30 m1n) is shown in F1gure 5.10.
fA s1gn1f1cant (P = 0. 01) st1mu1at1on of (3H) 1eup1ne
“1ncorporat1on occurred 1mmed1ate1y f0110w1ng u1trasound
exposure to 1.1 U/cmz, but th1s 1ncorporat1on returned to

~contro1 levels w1th1n a few days A1though Harvev et a1

1fferent ultrasound
e in-basic agreement
with the1r results §1m11ar st1mu1at1ons in prote1n

synthes1s have been reported\qi Webster et al (1978 1980)
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INC,ORPORAIION OF RADIOACTIVE PRr:.CURoORo INTO HUMAN LYMPHOCYTES

| STIMULAT[-_D FDR | DAY WITH CONCANAVAL]N A PRIOR TO EXPOSURE TO
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Fi‘gure"s.’w‘_ o vs

_INCORPORATION OF {3H) LEUCINE (2L Ci/ml FOR 3h) INTO HUMAN

"

m AS % OF CONTROLS )

(¢ b.

INCORPORATION OF (3H) LEUCINE

CLYMPHOCYTES STIMULATED FOR'| DAY WITH CONCANAVALIN ‘A
'THEN EXPOSED TO 870 kHz ULTRASOUND (O-4 W/cm? FOR 30min)
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A 5;2,1.8 Unschedu]ed DNA~Synthesis'“
The 1mmed1ate 1nh1b1t1on of (3H) thyuiddne
1ncorp0rat1on coqu be due to the ultrasound causing: damage
to the DNA, either d1rect1y or 1nd1rect1y " To 1nvest1gate '
whether mechan1ca1 stresses produced by u]trasound at 4 W/cm?
~for 30 min could cause reparab]e damage to the DNA of st1mu1ated;
lymphocytes, an autorad1ograph1c study was undertaken to |
determine whether unsqheduled DNA synthes1s occurred
A]though this techn1que is a good indicator that damage to the
_DNA ‘has occu>ved 1t does not prov1de any 1nformat1on on the
type of l;5k{n that was repa1red (Hanawa1t et al 1979). Since
there is evidence (see sect1on 2.4) ‘that very 11tt1e repair
‘synthes1s takes p]ace in resting cells, the 1ymphocytes were
stimulated for 20 h 1nto G] before exposure to u1trasound’
Using convent1ona1 autorad1ograph1c techn1ques, a.
typ1ca1 exper1ment showing the effect of u]trasound and
m1tomyc1n C on the DNA ‘of 1ymphocytes is shown in F1gure 5.11.
Two other exper1ments were-performed with similar resu1ts
The'hi§tograms'show that in the control population, half the
cells had no grains over the nucleus and 90% had 3 or less, |
with an eiponentia]]y shaped decline in the number of grains
per cell. Mitomycin C is known to cause damage to the DNA,
'detectab1e.as unscheduled DNA synthesis (Fujiwara et al
1977,.Sasaki 1975) and was thug_used‘as a positive control.*

7Unschedu1ed DNA synthesis-is seen in the mitomycin C histogram

as a second peak around 7 grains per cell.

* Mitomycin C induces low levels of unscheduled DNA synthe51s
(UpS). Higher levels of UDS may be more desirable for

such a control.
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Compariﬁon of the ﬁistqgraﬁ‘of the cells expoged
to uTtrasound with that for'cellé‘incubatgd with mitomycin t
provides an indication that uitrasound could be pfoducing
damage to the DNA.

Stétist%cal ané]ysis bf these distributions were
donevusing'the Ko]mogorov-SmirnoQ two sample {es%_(Siegé1
t‘1956). This test compares the histograms as a wholé by
finding  the maximum difference between the two expericéJ
distributions aﬁd determines whether this difference is
significant, givén that the pbpulation distributions are
equal. According to this test, the cﬁntro] and ultrasound
histograms were found to be significantly different at the
P = 0.001 level.

Using the binomial distribution, the standard
devfation_ for the numgér of cells having 7 grainsjicell in
the ultrasound histogram is 8:5, giving.a 95% confidence
int;rva1 of 78 = 17. For the control hfstogram the standard
deviation at the same point is 3.0, giving a 95% confidence

interval of 9 + 6.

Fujiwara et al (1977) have compared the unscheduled
DNA synthesié induced by UV and mitomycin C in normal hﬁman
fibroblast 1ines. 10 q/m2 of 254 nm UV exposure céused an
average 33.8 grains/nucleus while 3 ug/ml of mitomycin C for

1 h\caused 2.10 grains/nucleus. The latter finding is in
reasonable agreement with the'2.6 grains/nucleus above coﬁtro]

values, found using mitomycin C.in the present study. It

js not possible to make any direct comparisons of results
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' since the amount of unschedu1ed DNA synthes1s will depend on
2 number of dmfferent var1ab1es éﬁlh as the cela 11ne, the
stage in the cell- cyc]e (Sotomayor et al 1979), t1me of
exposure, type and concentration of the drug, and cel}
synchrony. Fujiwara-et al (1977) used a synchronous

population of fibroblasts while in the present a heterogeneous

pepulation of lymphocytes was used.

!
g
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\

DNA REPAIR SYNTHESIS - HISTOGRAMS OF THE NUMBER OF GRAINS /CELL

FROM THE UPTAKE OF 'HTdR (1opCi/mi FOR 2h) INTO HUMAN LYMPHOCYTES
EXPOSED TO'ULTRASOUND ( 870 kHz ,4W/cm®, 30min} OR MITOMYCIN C
(to0 ng /ml FOR 2h)
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5.2.1.9 Fluorescence Analysis of DNA Unwinding (?ADU)
| - ‘

. . Y
Following the evidence from the autoradiography

that ultrasound appeared to produce damage to the DNA, it nas
neceésary to determine whether exposUre,of human'lymphocytes
to ultrasound at 4 w/cm2 wou]d produce _ damage in the
DNA. For this the FADU technique deve]oped by B1rnbo1m and
bavcek {personal communication) was used. The techn1que
invelves thé post-treatment labelling of double stranded

DNA by auf1uore;cing dye (ethydium bnomidg). . The ethydium
bromide dye intercalates 0n1& between the double strands of
the DNA. Thus -the measgre of.f]uorscencé from the sampie
relates directly to the degree of double strandedne;s of

the DNA. Re1ative DNA damage is determined by an index (D)
relating the degree of partially (P)'unwdund DNA with both
the background (B = fully" unwound) DNA and the completely

double stranded (T) DNA samples. This index given by

x 100) %

is determined from the fluorescence given off;by the P, B
and T samples of each of the control. and treated cells. The
deg}ee of damage;to tne\DNA bf.the trented cells fs given
by ab, where‘ —

AD = DcontroT - Dtreated
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Figure 5.12 g%vés the dose~respon§e Lurve'of AD
for celis éiposed tP var}ing infensities of ultrasound for
15 min. The points on this graph ate the resFIt_of fhreg
separate experiments. . ‘ | f
. Preliminary "repair" exper1ments 1rd1cated that -

cells exposed to 10 W/cm? for 15 min initially had a

AD -2 28,44%, but after 30 m1n-1ncubat1on atk37 C had a

4D = 7.8%, implicating substantial repair tJ the DNA in this

time period. i
!
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5.2.1.10 Suspension_of Lymphocytes in Degassed Media

%he:primary objectivé of this work was to determine
the predom1nant mechanisms of act1on of u1trasound on cells.
From pré§1ous exper1ments, it appeared that heat1ng was not
éhe pred0m1nant mechan1sm of u1trasound act1on played some
role, it would have been 1dea1 1f some fac111ty was available
fbu&;ace ghe 1ymphocy£es under a few atﬁosphergs of ﬁréssure
dur1ng son1cat1on This has Been shoﬁn‘toabe a very effective

means of reducing. cavxtat1on (see Section 3.2). Another

effective method of reducing cavitation would have ‘been ta

~utilize an ultrasound beam having pu]ses-of short durat1on.

'However, the use of pulsed beams would not be compatible with

the purpose of the experiment, whfch was to determine tﬁe v

) + - .- :H
mechanism of action of a continuous wave beam.

One can greatly reduce cavitation in the medium

at the cell surface by performing sonications in degassed

media. However, there is the pqssibility thaf.gas bubbles
or cavitation nuclei maj exist or be formed within the
cytop]ast Although there is presentiy no évfdence of this,
the possjbiiity ;annot be echudea. | |

To ensure that the medium used to suspend cells
Wwas dégassed, its 02 content was determined. Using a YSI
model 54ARC oxygen meter, the ppm value was determined on
a weight basis. Thus a reading of 10 ppﬁ of 02-%0u16 A

indicate that 10 mg of 02 was dissolved in 1000 g of water.
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The oxygen content’ of RPMI 1640 medium p1aced in a vacuum
oven overn1ght was found to be* 4.7 ppm. | By contrast,
autoclaved PBS was found to have an oxygen content of ‘
approximate1y 0.6 ppm {the limit of accuracy of the meter);

| The dfssoTved oxyg;n content of‘wdter at §7°C at . ~
equiTibrium‘witu the atmosphére is 6.8_pbm. Thus it s
apparent that RPHI 1640 medium is 0n1y‘partia11y degassed.
However the autoclaved PBS had an order of magn1tude less
oxygen . If'cavntat10n played a role, one would expect that
the differing degrees of'dissolved oXxygen 1in the'msdium wquld Pl
_give'rise to correspondingly different effects.

| The resu]ts of experiments on the incorporation of ;

(3H) thym1d1ne into 1ymph0cytes stimulated for 2 days then

- suspended in either culture medium . or degassed phosphate
buffered saTine and exposed to 870 kHz ultrasound at 4 W/cm?

for 30 min is typified by those shown in Table 5.4. A
statistica11y sjgniffcanf (P = 0.001) ultrasound-induced
depression of (3H) -thymidine incorpgoration in cells occurred
even if the cells were suspended in degassed PBS. What is
important from these results is the fact that the reductiou'in
incorporation of (3H)-thymidine caused by sonication‘of cé11s
suspended in either degassed or aerated medium, -is identical.
Similarly ultrasound-induced depression of (3H)-
thymidine incorporation into 3 day stimulated ]ymphocytes ocdurred
to fhe‘same degree euen.if the culturing medium was partially
degassed, as shown in Table 5.5. Thus the poss1h111ty that u]tra~
e

sound 1nduced cav1tat1on in the medjum caused 1nh1b1tory effects

at the cell surface has been reduced by these data

4
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-Table 5.4

Incorporat1on of (3H) tbym1d1ne into- human 1ymphocytes
st1mu1ated for 2 days then exposed to 870 kHz u1tra-
sound at 4 W/cm2 for 30 min while suspended in culture

medium or degassed PBS.

sample (medium) | **{cpm ¥ SD) x 107°
Control (RPMI 1640 méedium) | = 204 = 16
Sonicated (RPMI 1640 medium} { _ 40 + 3
Control (degassed 'PBS) 238 & 26
‘Sonicated (degassed PBS) 29+ 5

Y

* % Counts per m1nute (cpm) % standard dev1at1on
(SD) of quadrup11cate samples.

+ Phosphate buffered sa11ne (pH 7.2).
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* Table 5.5

'Incorporation of (3H) thymidine into human 1ymphocytes

stimulated 3 days, then exposed to 870 kHz ultrasound

at 4 W/em? for. 30 min while suspended in various media.

Sample (medidm)

SD) x 10°%

Sonicated {degassed PBS)

**(cpm +
. . ' }

Contro]'Q]640 RPMI} 176 + 9
50nicated\(]640lRPHI) 47 + 3*
Control (degassed 1640 RPMI) 169 + 10
Sonicated (degassed 1640 REMI) 42 = 4%
Control (normal PBS) 183 & 11
Sonicated (normai'PBS)i 52.= 10*
Control (degassed PBS) 164 + 7

48 & 4

"* These values are not significantly

~different at the P =

0.1 Tevel.

** Counts per minute {cpm) are the means *
standard deviation (SD) of 4 .x 1 ml samples.
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5.3 Effects At The Cell Surface

-Experimenta1”data‘presented 50 fér have indicated ‘that
. 4 :
u]trasound at- 1ntens1t1es up to 4 l!/cm2 acts pr1 tly via some

'mechan1sm other than heat and may d1rect1y damage macromolecu]es.

.As described in Section 3.3, a number of researchers have

repdrted effects of u]frasouﬁd atrthe_ce11 surface.

With the facility available td'e1iminate cayitation, suspension

.of cells 1n‘a"degassed medium, an end-point showing, the

action of ultrasound at the cell surface could shed more
Tight on predom1nant mechanisms. | -

Some ear]y exper1ments were conducted to determ1ne
if ultrasound altered the flux of 85Rb (a co-gener of K )
in activated 1ymphocytes A1though many exper1ments were
performed, using the technique, descr1bed by, Ham11ton and
Kaptan (1977}, and the1r resu1ts bas1ca11y‘conf1rmed,
u]trasound did not a1ter 86Rb flux' Studies of immuno-
fluorescent- 1abe111ng_pf Tymphocytes after son1cat1qn, using

a technique modified from .t described by She]don et al

(1973), gave indonc]usive results~and was considered to be
a poor]y reproduc1b1e end-point for a\studv on u1trasound
mechanisms. Finally experiments were undertaken to determine

if ultrasound would alter the binding of (3H) Con A to the

cell surface. Experimentation on a "surface" phenomeuon would

provide further evidence on whether cavitation was a predominant
mechanism since cavitation‘most probably acted et the cell surface.
Reduct1on of cavitation by suspending cells in a degassed medium

J
‘would then give further 1nformat1on in its. 1mportance relat1ve

to acoustic, streaming.

t
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5.3, ~(3H) Concanavalian A Binding

-----

Contro] exper1ments were performed to determ1ne‘@
the "background" counts from non- spec1f1c st1ck1ng of
(3H) Con A to dead ce1Ts, the glass fibre f11ters and the
manifold we1f§., To quant1tate this bacquound methy]-m-D-
mannopyranoside («mm) was used to 1nh1b1t the normal
_;inding oflpbﬁ A to the cell surface. Figure 5.13 shdws that
the binding of Coﬁ A- to the cell surface can be ﬁnhibited
:by.o.1 M mm. Further, the-background counts from non-
specific sticking of Con A is.less than 5% of the,total

county,

s
Iy el £ T e
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5.3.1.1 Tiine Coiirse of (3H) can A Binding

To 1nvest1gate the k1net1cs of Con A b1nd1ng to the
Jymphocyte cel\ surface, 1 uC1/m1 of {3H) Con A was incubated
"w1th lymphocytes for varying periods of time. The. resu]ts
are 'shown in F1gure 5.14, rFrom these data it appears that the
binding of-Con A to the lymphocyte surface“proceeds-norha]]y

fer some 20:min,_there not being a significant difference up

'y
.

to that time between the controls and the cells exposed to
870 kHz u1trasound at 4 W/em2 for 30 min. After 35 min
incubation, the b1nd1ng of (3H) Con A was found to be significantly
different (P = 0.01 us1ng modified t-test between corresponding
points) betneen these two populations. )
This result was found to be a reproducible provided
care was taken to ensure that the fibre‘g]ass filters were |
proper]y treated with 1% b0V1nE serum albumen.
To determine, whether the b1nd1ng of Con A was
compat1b1erwith other results in the 1iterature, the number
of binding sites on the cell surface was calculated ae}described
in Section 4.3.1. As can be seen from Table 5.6, there is
some “scatter" in the exact va1he, but the number ot binding
sites reported by others appears to be between 106 -~ 107/cell.

In the present study 2 x .08 b1nd1ng sites for Con A were

found - in reasonable agreement with the most recent Titerature.

-
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Table 5.6

Number of Con A binding 'sites on human

1ymphocytes - sample,of‘va]dés\from

the iiterature.

No. of Con A
Binding Sites

Comments

Réigrence
N

0.96 - 2.7 X 1068

Assumed MW con A

Studied two sub-

= 55,000

populations of lymphop&tes.

Boldt gﬁfil\

(1972)".

1.02 X 106 Used both 1311 Con A .V ‘Wands et al
and 3H Con A in the “(1976)
deteymination. ~ '

7.7 X 10°% ‘Found .that B and T & Bo]dt et al

: Tymphocytes have the - (1975) .
same number of binding -
. sites.

(1.8 = 0.2) X 107 Studies both transformed Krug et al
and untransformed (1973)
Tymphocytes.

(2.0 = 0.4) X 10° Present

| study
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5.3.1.2 EFfect of Heating on (3H) Con‘A Binding‘

To evaluate the poss1b111ty that u]trasound—
induced heat#%a Was respons1b1e for the reduct10n in
(3H) Con A binding, two approaches'were taken._ It was
known that an u]trasduﬁﬂ intensity'of 4 }J/qm2 produced a
temperature rise qf‘S“C in the ce]]s; giﬁing.a final
equi1%5§ium temperature of 42°C. Thus experﬁments were. per-
formed where the 0§e1>1's were left in a 4275°C water bath for
30 min., The Fesu1ts afe qivén in Table 5.7. It is apparent’
that thé increased temperature was not the predom1nant
mechanism of ultrasound action to reduce (?H) Con A binding.

A second approé;ﬁ'éas taken to determine if ultra-
sound-induced heating was a ﬁB;sib]e aqxi]]iary mechaniémf
\\“E§posing ' Tymphocytés to ultrasound in a water bath at
30°C would result in a temperéturg rise within the cells of
4.6°C, short of their normal 37°CE“ Experimental results
given in.Table:S.Y indicate that ultrasound was just as
effective at the lower temperature. Thu%heatingﬂﬁbes not
appear to be responsible for the ultrasound-induced reduction

“in ‘the bindiﬁg of (3H) Con A.

h{ '
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Table 5.7 . :
Concanavalin A binding to huﬁqnhlymphodyfes exposed
in"water baths at,30 or 37°C to 8701kHz ultrasound
(cw, 4 W/cm?, 30 mifi), or heated in a watér bath

at 42.5°C, then incubated at 37°C for 45 min with

(3H) téncanaﬁd]in A Q1 uCi/ml).

Sample (water bath feﬁb.) *(cpm + SD) x.10° 3
_ Control (57°C) _ 35 & 2
| .. .. Sonicated (37°C) - : 21 = 1
a Control (30°C) ] 33:3 >
ol Sonicated (30°C) . 20 = 2
Heated (42.5°C). | 35 * 3

! L\?"

-

are the means

)
+" standard deviation (SD) of quadruplicate

samples.

._ * counts per mindte (cpT

t
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5.3.1.3 Effect of Cavitation

Ultrasound produces cavitation in a medium
prOV1qed dissolved gases are present to form cev1tat10n

. \

nuclei.  This cavitation may be effectively rEdUCEd at
m}heice]T surface if the lymphoctyes are washed tw1ce in
‘degassed PBS and then resuspended'in degassed'PBS before
'Exgosure to u1trasound - The disc used to contain the
‘1ymphocytes had been specially designed to al]ow the
.cu1tures to: be conta1ned during sonication without air

‘bUbb195Na Air bubb1es were not visible when the disc of cells”

was carefully observed under a m1croscope ¢y
| The resuTts of Con A binding to lymphocytes |

' expoeed to 870 kHz u]trasoueE)(cw, 4 W/em?, 30 min) while
suspended ih'normef or degassed PBS, then incubated at-

37°C for 45 min with (3H)aconcanavalin A (1‘qu/m1), are -
presented inﬁTabTeVS.B.‘ The same order of reduction in Con A
binding, significant at the P = 0.01 level, is produced by
ultrasound whether the cells are suspended in normal or
'degassed PBS These data would indicate that-cavitation

may not be the. dom1nant mechanism by which u]trasound is

prbducﬁng its effect at' the cell surface.



197

- - ) ‘r‘-...-/‘

Table 5.8 * . %

Concanavalin A.bipding to_humanALymphocytes exposed
in a37°C water bath, t0.870 kHz ultraseund (cw,
& W/em2, 30 miﬁf while suspendd? in normal or
deqaséed'bﬁosphate buffefedlséline (PBS} then*\‘

'1ncubated at 37°C for 45,m1n with (3H}’boncanava11n A
(1 pCT/m1)

Sample (medium) **(cpm + SD) x 1073
" Control - _
(normal PBS) ° ' 33 & 3
Sonicated ' : - P
(normal PBS) : 21 = 2% R
Cantrol B K - " o
(degassed PBS) R 32 £.2 ' :
Son1cated . . i T . )
(degasse& PBS) 19 % 1%

* " These values are not significanily
" different at the P-= 0.1 level.

**  Counts per minute (cpm)
+ standard deviation (SD

?re the means
ruplicate samples.

of-quad-



L

. stimulator and responder cells.
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5.3.2. Mixed Lymphdcyte Reagtion (MLR)

The' MLR is used c11n1ca11y for the screening of
compat1b1e donors for transp]antat1on In essence there is
a good corre!at1on between graft rejection and b1astogen1c

-

response in the MLR. .

The MLR s a histocombatibi1jty test that'relies

on 1nteract1ons or recogn1iion of sites between cells at . .

L

the p1asma membrane Since ev1dence has already been produced
that u]trasound affects Con A b1nd1ng at the cell surface,.

1t seemed that further 1nformat10n regard1nq the action of
u]trdsound~migh¢ be obtained by investigating its effect-on .
the‘MLR. Further, the,mLR provides a unique test system that
cou]d'prOVTde %nﬁonmation on the effect of ultrasound on‘the

cell surface relative to that on the internal metabo1ism of‘the
cell, since the MLR inv01vés.not only interactions at the surface
but requires a Living and ﬁ%tabo1ical1y ecpjve Stimulating cell.

In all the experiments, the same“human‘donorsfwere used for

] iy o

The effect of exposing responder cells to ultrasound
(870 kHz, cw, 4 w/cmzl.for 30 min) ig'ﬁiven‘in:Tab1e 5.9. From
this table it is evident that a high Jevel of (3H) th nidine
tabT is evide a hig Ve (3H) thymidine

\
1nc0rporat1on was obta1ned from the controT (ABM). However, when

the responder cells were.eqused to ultrasound a significant
(P = 0.001) reduction in this (3H) thymidine incorpoiration occurs.
Clinically, a st1mu1at1on index 1s used to measure

-

the degree of stimulation betwepn the cell populations. Inserting

the data obtained in these exper1ments, into the equation for the

\ L]
st1mu]at1on index (SI) given-in Section 4.5, the SI values’

were found to be: : .l-
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. Table 5.9

Mixed—1ymphocyte }eaction - effect of
exposing the responder cells to 870 kHz

ultrasound at 4 W/cm? for 30.min.

Sample* T(com +.5D) X 1072
ABy. | 201 %10
AUBM' o s 21
' i Co28 s+ 2
Ay 5.250.3 .
Ay ‘ 1.7 £ 0.2 :
By . a0

e s

+ counts per minute (cpm) # standard
deviation (SD) of quadruplicate

~_samp1es
* A = r%spbnder cells <j
.B - stimulator cells ‘

M = treated with mitomycin C

. _

.exposed to ultrasound



194 :

J

SI
51

7.6 for the control cells B ")

1}

4.9 for the sonicated cells
A donor wou]d be conéihered for transplant if the SI was

less than 5.
. i ) o . ,
To investigate how ultrasolnd effected the MLR,

experimentskwere performed where both the stimulator and
A . g

responder ce11§ were exposed to 870.kHz ultrasound at

4 W/em? for 30 min. The results are presented in Table 5.10.
Asvshown in the-previous experimen}s (Tabje 5.99 a reduction
in the incorporation of (3H) thymidine occurred when the
respondéf cells are exposed tolultrasound. When both the
respondé;vand stimulator ce11s.are.expo§ed to ultrasound,

the incorporation of (3H) thymidine was found to be lower"

‘than When.just the responder. cells were exposed to ultrasound.

"
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Table 5.10

Mixed lymphocyte reaction - effect of

exposing both the stimulator and

responder cells to ultraseund (870 kHz,
A

cw, 4 W/cm?, 30 min).

SampTe*. **(mean cpm * SD) X 1073
e
AAM 20 + 2
AByy . 28 +3
AAMU 2.7 + 0.4
AUBM’ 2.7 t:O.Z
AUBMU 1.5 + p.3
* A = responder cells
B = stimulator cells ‘
M = treated with mitomycin C
U =

exposed to ultrasound

** mean of quadruplicate samples
+ standard deviation.
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Chapter 6 Mechanisms of Action -

This chapter presents a d15cuss1on of poss1b1e

theoret1ca] mode] g of the exper1menta1 arrangement These

s
<}

models are used to est1mate the magnitude of the forces and

stresses produtec by ultrasound on the cell surface and within

the cell. Exper1menta1 results are then compared with the
stresses’ pred1cted by these mode]s '

In summary, the theory predicts a temperature rise
in the cell cu]tures that corresponds to the measured values.
The experimental resu]ts suggest that ‘a thermal mechanism alone
could not account for the effects.observed. Evidence from
experiments indicates that cavitation may not be therrimary
mechanism of ultrasound action, pointing'to a possible non-thermaT
non-cavitationa] mechanism. However, the present theory predicts

that the forces and stresses produced by'non-cavitating ultra-

sound may not be gtrong enough to directiy break macromolecular

bonds. Non-cavitating ultrasound may produce forces strong

enough tggcause, for example, conformational changes in the

DNA, and to distort the shape of binding sites on the cell
surface. However, since theoret1ca] mode1s that would more
closely account for the comp1ex structure and shape of DNA have -
not been developed, 1t is not possible to determine precisely

the magnitude of ultrasound focces or stéte unequivoca11y

that a comb1nat10n of the var1ousw3tresses due to non-cavitational

streaming and twisting could not cause breaks in the DNA.

Chapter 7 attempts to explain this further.
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6.1 Thermal Mechanism,

Exper1menta1 apparatus and procedures ‘were
‘de51gned to evaluate the mechanisms of action of u]trasound
in producmng the- effe$¢~,dﬁserved both within and on the
cell surfaee: Heatiug produced in cells exposed to
ultrasound was,eva]uated in two ways: ' |
{i) heatin& activated cells for 30 minutes in
‘a water patb at the'maximum temperature (42°C) produced by.
u1trasound{'and
(i) exposing the cells to ultrasound in a
wateﬁ'bath_at a temperature of 3000; so that with the
heating produted by the exposure, the final temperature
was still Tess than é?°c. | |
The'e;perimental results suggest that ultrasound-
induced‘heating did not directly cause the intracellular or cell
surface effects'observed.‘ However, let us determine if the
experimental'resu1ts séém valid on theoretical grounds.
Figure 5.2 shows that the temperature rise in cell
suspensions exposed to 4'w/cm2 was 5°C and an equilibrium:
temperature of 42°C was attained in some 6 - 7 min.
Equation 3.7 in Section 3.2.1;1 gives the expected rate of
rise of temperature in a medjum, provided no heat conductien‘
occurs. Thus one can determine Ql as the initial slope of
the 4 w/cm2 curve from F1gure 5 2. The value was found to be
0.03 C/s. The absorption coeff1c1ent = for the med1um

containing the cells -can be found using equation 3.1.

-
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dT _ 2=l
dt Oy
dT - - 0 . _ ) '_\ 3 . = 0
For ra 0.03°C/s; 1 = 4 Wem2, o = 1 g/ml &nd CM = 4,2 J/g/ C
then « = 0,015 Np/cm

1

Since heat conduction occurs,.theh bonsidefing the
container of‘@ells to be a sphere, the rise in temperature

is given by equation.3.2.

= ]R2
c o . K .

If I =4 Wem?, « 0.015 Np/cm, K = 0.006 W/cm®C and the

1

radius of the exposure disc R = 0.75 cm, then

TC - T0.= 5.6 C. L

This value is in reasonable agreement With the measured
temperature rise of 5°C. A lower temperature rise:might be
expected in the cells because ultrasound exposures were carried
out in the near field where thelintensity (I} fluctuates to
a much greater extent than in the far field. Further the
sphericalrmode1 used to defermjne-the temperature rise ﬁou]d
not be e;actTy applicable to the cylindrical shape of the
cell container. | '

The time required toxregch the qui]ibridm temperature
is given by equation 3.3

A

= 4 2 :
.t P CM R«/K .
Inserting the values given above, one obtains
t = 394 s or 6.5 min .

This value is in good agreement with the measured result.
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measured values of equ111br1um temperature and the time-to

reach this temperature are in reasonable agreement with

One can conc]ude from the above analysis that the

theory-

| In Section 3.2.1.2., it was calculatéd that only
a very small temperature rise occurs at the cell surface
and could not account for the results observed. - Both the
experimental resu1ts and theoretical pred1ct1ons prov1de
"good evidence that a thermal meghan1sm_is_not predominant,
This conclusion is in agreement with the heat sensitivity
expefiments conducted on human lymphocytes by Schrek
(1966) and the ultrasound- 1nduced heat1ng effects found by
Li et al (]977) and predicted by Le]e (1975)
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6.2 Stress at the Cell Surface

The exposure of cells to u]trasound wﬁi]e suspehded
in an aerated tissue culture medium at amblent pressure is
conducive to cav1tat1on, acoustic m1crostream1ng and membrane
“v1brat1on (Coakley and Dunn 1972). Shear and microstreaming
forces produced by ultrasound are Targe near the boundaries
of caVitiés (Nyborg“1965). In the present studies evidence
was produced that ﬁ]tra50und was indeed causing mechanical
stresses (as;deécribéd in Section 3.2) 1nsidé and at the
surface of lymphocytes. | |

Evidence of ultrasound action at the cell sﬁrface
was observed by the reduction in cell electrophoretib mobility

as reported by Repacholi (1970) and Repacholi et al (1971).
.The temporal aVerage; spatial average intensity of the ultra-
sound to'produce this effect was 1 W/cm?. Taylor and Newmaﬁ
(1972) con%irmed this reduction in electrophbre%ic mobility
aﬁd propuced.eviqence thht the mechanism of_aétion was not
‘gavftation. Joshi et al (1973).also confirmed the effect,
but suggested that the reduced e1ectrpphoretic mob%fity‘was
due to cavitation. J - _ |

In the present studxes, ultrasound at 4 W/cm? pro-:
duced an apparent reduction in the number of binding sites
for Con A on the celT surface, Experiments were berformed
using qggassed media in an. attempt to determine if u]t}asound-

induced cavitation played a predoﬁinanf role in producingf
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these effects. Thelresu1ts suggésted that caﬁitaﬁfoﬁ may
not be predomihant.' However, it was-difficult to.dete?mine
if eav{tation was either suppre§sed ormreduced, sfnce at
a frequency-of 870 kHz, the size of bdbb]e which would be

resonant'hasla radius of gpproximate]y 4 um (Nyborg 1977).
.A1£hou§h every éffont was made to ensure there were no.gas
~bubbles in fhe degassed medium, only a Very‘sma11 amount of
gas would be required to prdﬂuce cavitation. Before
discussing the role of cavitation further, 1et'us consider
if the ultrasound beam used in the present studiés produced
streaming forces‘strong.enoﬁgh to cause damage.

| Cyc]ic stresses are set up in a cell suspension

since the‘ce11s have a density greater than the medium and
fail to oscillate freely in the ultrasound field. Under the  _
u1trasonica11y5f0r;ed vibrations, there is'a relative movement
between the cells and the suspending medium, and the resultant 55
force experienced by the cell is given'byVStokes viscous

drag formula,

F = ﬁerVr

» .

where N is the viscosity of the suspending medium, r is the
radius of the cell (qssdmed spheri&a]) and V. the relative
velocity between the cell and the suspending fluid. If pe =
density of the fluid, p_ = density of the cell, the relative
ve]ocity is given by

V. = U sin ot (pc ~Pf )

F
QC pf
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‘Cohno1iy and Pond (1967) quote the velocity dmp]itude,aﬁ
u=11.5 I% cm/s, where I = 1ntensify of beam (W/cm?)..

e 1)

Thus ) V J11.5. I% sin wt (
r 5 ¥ oo
- i p f:
" For pe = 1.0, o = 1.1 g/cm3 and I =4 N/cmz

l__‘ . -L— .
Vr = 23 sin mt721

The resultant viscous drag on the cell moving through the
suspending fluid is, |

+ 23

o : o
F = 6nNr T sin wt dyn

for each cycle of the wave.

Let N'=I0.02,hdise (for water N =-0.01) and the radius of the

cell be 1073 cm, then the maximum drég over the cycle is ~__/
| given by
- . \ - -, ’ -2 -3 23 .

4.1 x 10°% dyn .

A constant force of hetween 10 3 'and 10 % dynes is required
" to break macromolecular bonds (E1’piner 1964). It
is not known whether cyclical forces of this magnitude

" produced at the cell surface could immediately produce breaks

in molecules. Howeﬁer, such forces ay have sufficient

strength to distort mo]eQUiar bindi sites at the cell
surface and produce thé'réduced binding obseMyed. ﬁyc]icaT
forces act for a fraction of a second during ch cycle,

and so whether such-forces -could bhreak molecuies

N\
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immediate]y or act jin §6me way to ﬁeakgn m61e;u]a? pnpﬂSMOVer
5“1ongef time is questionable. It QaS showniin the'expgfiments
- conducted to determine‘én exposUre_time{- thrgshd]d that a |
-,gradua]'inhibition of {3H) thymidinelincbrporation 6ccurred
(Figure 5. 7) This suggests that 1f cyc11c ‘forces were
’respons1b1e for produc1g€ damage to the b1olog1ca1 moTecuTes,

they acted over a period‘of time, p0551b1y by gradually

Bl
Yy

weaken1ng the bonds "The exact mechanism by which molecules,
cou1d_be weakened is unclear at presépt. However, there are
reports. in the literature (Kashkooli et al 1980).whére'the
amount of jnactivation of enzymes.was found to depend on

the duration of the ultrasound exposure. kashkooli et al

{1980) producea evidenee td suggestxthat the enzyme inactivation
was not the result of collapse cavitation or heating, but was

- probably related to the presence of acoustic microstreaming.

— LetAug-now consider the forces and mechanical stresses
produced at the cell-surface by ultrasound in an attempt to
determine if microstreaming could be involved. Basica11& tﬁe
same theory is_app1icabfe to the determination of micrdstreaming
stresses.whether one considers the cell as a vfbrating spheré
or if a bubble is located near the cell surface and genérates
streaming\fcr@es as déscribed in Section 3.2.% For a cylinder or
sphere of radius R Qibrating with angular frequency o and
displacement amp]itude r, the velocity gradient b is'given by

(Nyborg 1977).



204

G

l]

msr2/R where

. S :
(2N/wpo) < gﬁd

B

°°'and N are respéectively the dénsi£;7>nd shear viscosity‘

;coefficient for the liquid.
- Fbr-N = 0.01 ppjse; o, =1 g/cm3; w = 2Nf where
fb= 870 x 103 Hz in the present studies, then g = 16.5 x 103.
If the Tym oblast has a radius of 1073 cm and the d1sp1ace-_
ment amplitude is 0. 5% of this radius, then the stress S is- |
s=NG=226dyn/cm2 e Co
Th1s stress wou]d be produced by m1crostream1ng at. the ce]T
surface when the ce11 vibrates in the med1um under the action
of the u]trasound field. _
This is a coﬁstant-stress produced by ultrasdund
microstreamﬁhg at the cell surface. ,ATthough the magnitude
of the stresg is relatively small, it acts id the present

A"

studies fof some 30 min. One could compare this result with
that of Brown et al (1975) who repdrted that hydrodynam{d
stresses of 150 - 250 dyn/cm? app]ied for 5 min caused the
;re1ease o% acid phosphatase and'sérotonin from human\plateTets
causing aggregation. Krizan and Williams (1977) have shown
thgt the same percentage haemoTysis/nf red cells could be
produced either by a high magnxtude stress applied for a

short durat1on or a.lower magnitude of stress for a longer

period of time.
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S ~The questlon arises’ whether a stress of 22.6 dyn/cm2
id app11ed for 30 min is Tikely to produce damage to the cell .
surface or cause d1stort10ns of molecular b1nd1ng s1tes at
the ce11 surface. It is poss1b1e that sma]] .Stresses are
needed to d1stort the shape of b1nd1ng s1tes since Schmid-
Schbnbe1n and Wells (1959) have produced evidence that human
erythrecytes~are deformed by-smatl shear stresses (less than
10 dyn/cm2?) to give de]ate eHineoids-which are'aligned
: parallel to the directionee fluid f]ow A eimi]ar mechanism
imay be act1ng in the present exper1ments to account for the
“reduced Con A b1nd1ng at the cell surface. ~
Us1ng the same theory but cons1der1ng a bubb1e of
rad1us 4 x 10 "% cm at the ceTl surface: that is undergo1ng “
stable cav1tat?on in the-ultrasound field, the stresseg
produced by thz microstreaming around the hqbb]é will be,h
approximate1y | _ | | | o
S = 900 dyn/cm2 — |
for a d1sp1acement amp11tude equ1va1ent to 5% of the bubb1e~'
radius. This .is a]eo a constant stress and shou]d be of
snfficient magnitude to produce effeets at the_ce1T sunface_f'
(Brown et al 1975) | _ _ 7
Consider the oscillatory f]ow set up by .the ultra-;
sound field at the boundary of the teflon disc. Th1s d1sc

can be’ cons1dered as a r1g1d boundary wh1ch 1mposes a non- -

slip condition on the flow of the cell culture medium.

LY
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The viscous stress exerted at théﬁsurféce of co]]s.
near this rigid boundary hos an amplitude given by (Nybd;gA_ 7
ve77): e o ~
| S = NsU, woefe U, is a oonsfantx'
For N = 0.01 poise g = 15.5'x.103 aod U0'='11{o cm/s (for water)
tﬁen_ ) | |

S = 1901 dyn/cm? .

e

This stress varies oinusoiéa]]y with t}me. This va]ue of S
is in agreeﬁent with Nyborg‘(1977) who states that for

\
a p]ane travelling wave in water at frequency I MHz

ahd.1ntens1ty 1 y/cmz, the stress amp11tude 15'2040 dyn/cmé
Viscous ‘stresses approach1ng this magn1tude preva11 throughout
the boundary layer re&g%n and wou]d act on any b1omo1ecu1es
-:or small ce11s wh1ch m1ght ex1st there " ' ~

' Th1s is a cyc11c stress wh1ch acts over the whole
cell surface for approx1mate]y 0.5 us in one d1rect1on and N i
then in the opp051te d1rect1on for the same per1od of time. . )
What may be 1mportant is that although the stress acts for
on]y 0.5 us at a time, it does so 870,000 times per second in
each'oirection. " One canoot.present1y' exclude that such
stressos are causing the effects observed. It seems likely
however, that highef Tevels of cyclic Stress may be needed

~
-

.to° produce\the same effects as a constant stress.
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-';~Ihe problém.remains.; ere'theudbserved effects at
the.ce11 surface-caused by viscouswstresses-geherated bf the
ce11 vibrating in the u1trasound field.or are they due to
stab1e cav1tat1on 1nduced m1crostream1ng around gas nuc1e1-
inear the surface of the cell? In exper1ments des1gned to
elucidate this preb1em, every precaution was taken to ensure
that the\ce1ls were:suspended in a degassed medium (haying

an oxygen gas content by weight of approximatelyro;s partﬁ
per mil]ien) The results given in Tab]e 5.7 suggest that

1f cavitation was tru]y eQ1m1nated viscous stresses and not
,cav1tat1on were responsible for the reduced bindind of Con A 3¥x\i
to‘the'ce11'surface‘ |

V | Med1um degassed to 0.5 ppm conta1ns 0.5 mg of

oxygen per 1000 1. Thus the 10 ml teflon d1sc of ce]]s in
degassed medium conta1ned 3.5 x10° 7 ml of oxygen., For max1ma]
cavitation to be prpduced by u1trasound.in‘fhe medium, gas
nuclei or . bubbles would need to have a‘radius of approximately’

4 x loh“‘cm. Thus’thernumber of such bubbles that cou]dAexist

in the 3.5 x10°7 ml of oxygen is
3.5 x 1077
(3747w (8 X 10773

= 2.3 x .10° bubbies
 During experiments the teflon disc'cohtained between (1 - §) x 107
‘cells. 1If one assumes that there were 107 1ymphob1asts exposed
dur1ng any one experimént then if all bubbles had a 4p radius

(very unlikely) there would be approximate]y one cavitation

A
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hucieu; available for every 4000 celis. Aliuwinq fof a
possible increésed'effectiveness caused by bubbles moving .
from cell to cell ddring.rotation of the teflon disé, it
.seems unlikely that so fi Eavjtaiion nuciéf;could cause
_thé effec%s producéd. This conélussjon is. in agreement with

Chapman

et al (1980) who used a degassed medium to expose
suspensiﬁn;’of rat thymocytes to ultrasound. Their

experiments also suggestédlthat.a non—therma1,lnon-cavitationa]
mechanism was operative in producing changes jn‘ce11 membrane

permeability at an intensity of 2 W/cm?.
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6.3 ' Intracellular Stresses

vl §

In the near field of an. Ultrasfund transducer

rapid chaqges in pressure amp]itdde could produce significant

-

stresses at part1cu1ar times. Pressure amplitude variations
could cause stream1ng, tw1st1ng of - 1ntrace11u1ar components
(as observed by Dyer 1972) d1stort10ns and a1teral10ns of
shape that could u1t1mate1y damage the DNA. Streaming
produced by ultrasound has been observed experimentally near
Tocally excited membranes (hacksoh and Nyborg 1958), and
within plant cells (Gershdg and Nyborg 1973). It seems

reasonable to assume that similar effects'occur within

mammalian cells exposed in vitro to ultrasound. Streaming

- of cytoplasm has already been inferred in experiments where

mamma11an cells were observed to have damaged disorganized.

and redistributed cell contents f011ow1ng sonication (Harvey\

" et al 1975, Watmough et _l 1977) .

Levinthal and Davidson (1961) defived an qu?tion
for pred1ct1ng the shear1ng stress S requ1red to . produce a -

break in a rod- 11ke molecule:

- g . 16F en(i/r)
. 3ML2

‘where

F is the force required to break the molecule (generally
equivalent to the bond strength between atoms in the molecule),
"2n" means the natura1 1ogar1thm; L is the length of the rod

; .
and r its radius.
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- <o If bnerasspmes (Nybofg 1977) that the DNA molecule
" has a rod shape with length L = 2y and fadfus.r = T nm then

stresses prpquced in the‘present experiments S = 2000 dyn/cm?

]

will produce breakifg forces F = 3nL2S

.

4 x 1076 dyn

1]

Constant fﬁrces of this magni£ude"would alone be unable to bréak
the double helix structure of DNA molecu1es (E}'piner‘1964,
Levinthal and Davidson 1961). It is suggested that
cyclfca1 fqrées of this magnitude shou]déhawaevén?éSs_

effect.
| " Consider the case wﬁéré the DNA is clumped and for
simb]icity forms a dumbbell shape (ie 2 clumped ba]]snjoiﬁed
by‘é‘rod). The thrﬁry for this model has been well described
by Nyborg (]975). The tension exerted on this dumbbel1,
heg]ectihg friction along the connect{ng rod, is given‘py
- F ;lf Gb sin @ cos o for a dumbbé15 having a Ieﬂgth
of 2 b and two spheres of radius R. is the angle at which
“the dumbbell is orieﬁted to the direction of propagation of
/ the ultrasound field, G is the osci11atory‘ve1o;ify gradient
and ¥ is given by\6 TNR. If §iﬁi1ar,strgsses are generated
by the @1trasound as determfned in the previous section then
G =2 x 105 s1 i
Assuming that one end of this dumbbell is anéhored,‘then the

maximum force will occur at © = 45°, WTth N = 0.01 poise, .

b =10 3cm, R=15x 10" cm.
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CF = Ib“mdyeAr . S "

This force is- Cyclieal,.isprqduced by e p]ane'waye
.l~incidenﬁ‘pn;the DNA dembbe1ls;and acts for a fraction of a
kseeend during each cycle.“ Again ‘the euestidn is reised.

whether such cyc11ca1 stresses are of suff1c1ent magn1tude

to produce damage, evenhover a per1od of 30 m1n It is . )
. questionable whether such’ forces-cou1d-afbne accoqnt for

breaks in the DNA o . | ‘ “ .‘

. “ Although the structure of DNA 1s we11 known, the

molecu1e does change confidguration dur1ng var1ous phases of

~the cell cycle. The two simplified mode]s above represent

*some of the only ava11ab1e mathemat1ca1 theory that has been

developed to’exp1a1n the forces on mo]ecu]es in an u]trasound
_f1e1d. They 1nd1cate_that DNA 1s:probab1y more sensitive to

breakage from ultrasound when the helical structure unwinds.
Liebeskind et al (]979a)-ha0e produced evidence that ultrasound
'agnarvery low average 1hteesity (6.6 mW/cm2) may .cause unwind-

‘ing of the DNA hetix. If this unwinding does take place then

the DNA;mjght becohe sensitive to damage by u1trasdupd from

stresSeS similar'jn magnitude to that predicted by the dumbbell

mode}.. Evidence supporfing the dumbbell model comes from
'_de Ta Maza ;E al (1976) who, using density gradient centrifugation,

found that the dispereed euchromatin of mammalian cells exposed

“in vitro was'more sensitive to breakage by ultrasound than

hY

the hiQh]y condensed constitutive heterochromatin.
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It 1s‘§t present upknown,if_thére ext#ts gas -nuclei
within qef]s thatﬁcou]d_producé cavitéinn.' However, cavitation
dﬁtside fhe cell can produce éffects within .the cell sAnce a
. vibrating bubble at the cell surface causes the‘célT membrane
to vibrate, producing streéming of the intrqpéTlu]ar cbnténts
(Nybofg 1978). Webster et gl.(1978; 1980) repdkteﬂ that |
u]trasound—indﬁéed stimulation of protein synthésis‘was due
to cavitation. Theirlconc1usjons_were_basgd:op the resu1t§
of experiments where sonication was conduéted uhder 2
'atmospheres of pressure in an attempt to ﬁrevent‘cavitation,
HoﬁeVer their exﬁerimenté Qid'not'appéar to pfoduge differences
between sonicated and contfb1 cells th@t were SQnsitive enough
to conclude which mechanism'waé actiné% | |
Throughout thﬁs discussiqn; Eo]lapsé cavitatidn
“+has not been considered as a_pﬁssib]é mechénism, because the
1nstanfﬁnebus;temperaturés_and bréssures produced'by:thjs
formlof éavitation wgu]d aimost certainly cause cell lysis.
Since the survival of sonicatéd cells was not found to differ
significantly from the confro1s, it seems reason§b1e fo
'-assumé collapse cavitation was not a dominant ﬁechanism of
action in this study. |

Ultrastructural studies #uggested thétAuTtrasound
was responsible for the disassembly of mfcrotubuies. Miéro—
tubules are basicd1]y polymerized aésemblies of.tubui{n
subunits held together by hydropho]ic b&nds-(Pickett—Heaps
aﬁd Tippit 1978). Ultrasound may have proﬁuced physicé] stresses.

AR
\
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inside cells that were at able to overcome these bonds\l Such
a result may actually g1ve some indication of thelactua1
magn1tude of these stresses.' Pease (1941) repoffed that increased
hydrostatic pressures offeefween 2000-3000 1b/sq in causes
disassemb]y_of microtubu1es. Reassehb1y occered»éf;er the
re]ease-%rom pressures as high'hé 15,000 1b/sq in.1 To cauSel
similar direct disassembly of_micfotubuies, u]tfasound would
have to produce -an equivalent static pressure. To metrﬁc 
térms, this stress or pfessure approximates to 2 x 103-dyn/cm2
There is nd ev1dence that ‘the ultrasound in the present study
needs to produce pressures of such magn1tude since part of
the rad13t1onfpress re is cyclic in nature. Sﬁream1ng motions

A
‘set up within the cgll .could be responsible for disassembly

of microtubuies, howeve indjrect action of ultrasound cannot
“be exeluded. - )
Ultrasound is knowm(Nyborg 1977, 1979, 1980) to

cause twisting of intracellular oYganelles, probab]y‘due to
radiation‘torque.‘ This twisting action, together with stresses
prodeced by acoustic streami d'and'rEdiation pressure-all
~contribute to cause'quite'cgiplex and wide1y varying tensions
and stresses within the cell. The combination of all these
ultrasound-induced stresses may be of suff1c1ent magnitude to
produce forces that could break the appropriate macromo1ecu1ar
bonds or cause other types of damage or alterations w1th1n the
cell., Certdinly this possibility could not be excluded from the
theoret1ca1 ana]yses presented However, u]trésound could con-
ce1vab1y be - act1ng in an 1nd1rect manner to produce some of the

leffects observed. Th1s w111 be discussed in the next chapter

~
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Chapter 7 Discussion and Conclusions’

In the introductory chapters of this thesis it
was indicated that although man&feﬁpeniments had been
performed'fo‘detérmiﬁe the effects of u1trasoﬁnd on vériQus
bio]bgica] materials, very-1itt1é work has been reported
where a systematic approach .has been adopéed to delve below
'the "surface phenoménon"} An outﬁtanding Examp]e of this

is the fact that only é few papers report‘on the effect of’
ultrasound on basic éel1.functions such as DNA'synthesis;
This thesisAhas attempted to_narrow'this gap in khow]edge.
With the initial finding.that therapeutic ultrasound at

4 W/cm? could cause an immediate significant inhibftfcn of
(3H) thymidine Tncorpo?atjon into human lymphocytes activated
with Con A, work began with the primariay objective of |

. elucidating the predominant u]tﬁasouhd mechanisms involved

in producing this inhibition. | |

From section 3.2 on mechanisms of‘adtion it was
showﬁ that ultrasound causes a number of phenomena to occur
in biological materials, principally heating, cavitation
and non-cavitational, non-thermal stresses. A nuiitber of
experimental approaches were made to provide more information
on these mechanisms and‘how they related to this highly

repeatable inhibition of (3H) thyﬁﬁdine incorporatibn.

LY
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7.1 Gross Effects:

. Exposure of human.peripheral blood 1ymphocytes.to
ultrasound at an }ntenstty of 4 w/tmé.for'so uiuutes‘did
not appear to produce gross effects. ,The surviual of ~
son1cated cells over a period of 4 days was not s1gn1f1cant1y .
.a1tered‘fr0m that oﬁ‘the,contr01s (F1gure 5.1) .~ ThIS\TESU]t :

is 1in agrgement'with\the cell survival data of Harvey gé'_l
(1975)-who exposed fibroblasts in gitgg_under stmi]ar"
‘cenditions,-ahd with B]eaney-_t al (1972) who found no reduction
in surviva1 of CHLF hamster ceT]s exposed 1n liEEQ to ultra-
sound 1ntens1t1es up to 8.8 w/cm2 provided the’ temperature

\
remained below 45°C.

L

As- menttoned in the materials and methods sect10n,
cell v1ab111t1es were routinely determined us1ng the trypan
blue dye exclusion techn1que. Kaufman_gt al (1977) had
previous1y'demonstrated that cell suruiual-and‘reproductiye
Eapacitylof mammalian ce11s exposed to therapeutic Tevels of
-u]trasound,,using the trppan blue method or the co10n¥
forming ebt]ity, produced the-saﬁe results. Further, tests
on ce]] surviva1 using fluoroscene diacetate also gave the
same resu1ts as with trypan blue. _

The cell survival data (Figure 5;1) was the first'
suggestion that theiu1traseund‘in.the present erperjments was’
ecting via a nen-cavitational, non-thermal mechanisms stnce
Moore and Coakley (19777 cou1d not demonstrate cell death
in vitroe without ultrasound-induced cavitation or heating.

e ) 3
LY ‘.' -
S
-
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, Gross ultrastructural damage was not observed,
except for poss1b1e reversible d1sassemb1y of m1crotubu1es
(F1gure 5.3). -Ultrasound effects on microtubules have not
prekausly béen reported but would not be entire]y unexpected
considering the magn1tude of the forces produced by uTtrasound
{see Chapter 6) and the. fact that microtubules are composed
of tubulin subunits held 'together by weak hydrophob1c bonds
(Dustin j978). However, the poss1b111ty that ultrasound could
be producing the disassembly of microtubules in.an indirect.
,manner_cahnot be discounted. Assembiy of mdcrotubd]es
requjres guenosine trfphosphate (GTb)‘and divalent cations
.(Mg2+, Ca2+), 01msted et al (1974). U]trasodnd could, for
examp]e,'eﬁter the concentration of‘magnesium or calcium ions
“to the-extent tnatfdisassem51y of:microtubules'occurs since
Chapman (1974) and Chapman et al (1980) have.e1teady reported
that ultrasound.at therapeutic Tevels could alter the ° ‘
concentnation of.potassium jons in mammalian ce1Is.' Further,

changes in ca1c1um permeab111ty of muscle cells exposed to

u1trasound have aTso been observed (Dunn and Coekley 1972).



217.
»2.2'_ Proposal of Action | ' - .

0f the principle mechanisms of action of ultrasound;

. the preddminant mechaniém acting'on activated human blood |
1ymphocyfes exposed to_near-fie1d, 870 kHa, W uTtraspuhd at

4 W/cm2 appears fo be both noh-cavitational and non-thermal, as
‘exa1ained in the previou5‘chapter‘ Héat1ng would appear to be'
eliminated as poss1ble mechanism since using the FADU technique,
alkali labile breaks (hereafter refer?ed‘to_as‘bpeaks) in the

DNA were produéed by ultrasdund exposdre at 0°C. These experiments
indicated fhaf the inhibition'of (3H) tﬁymidine incorporation was
probably due, at least in part to pﬁysica1‘stfesses from uitral
sound caus1ng _d1rect breaks 1in the DNA “ The period of the lag
time before normal incorporation of (3H) thymiAine occurs could
partially be accounted fer by subsequent repair to the DNA.

In pre]1m1nary FADU repair ana1ySES it was found that
a1though ultrasound produces damage to the DNA it is rap1d1y
repajired. Approximately 75% of the initial DNA damaae was
-apparent1y repaired after 30 min of incubation of 37°C. One

refers to an "apparent" repair of the DNA because the experimental’
fechn1que mere]y 1nd1cates that less .of the DNA Tesions are seen
Aand one assumes that repa1r has occurred (Douglas and Grant 1980)
In other exper1ments using human blood lymphocytes treated w1th
jonizing radiations, it was folnd (Birnboim, MclLean - personal
comhunicatjons).thaf the repair process was biphasic. Following
-, breaks in the DNA there is an injtial rapid repair phase,]astiﬁé
less thaf 1‘h fo]]owed by a much slower repair phase lasting
ﬁany hours. This slower phase.repair could account for thg”
u]trasdund—induced‘immedigﬂe inhibition of (3H) thymidine |

AR

1ncorﬁ€ration and subsequent .return to control levels.
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. There ,are many reports in,the4§Tt2rature that
u]Erasouhd can cause breaks in the DNA. Hill et 1‘(196§)-

reported the degradat1on of. ca]f thymus and sa]mon sperm DNA
after exposure to j MHz uitrasound .at 1ntens1t1es greater

- than 0.4 W/ cm2. Irradiation af calf thymus DNA with ]»MHz

£ r
u1trasound resulted in.considerable damage, as observed

o

in son1cated and control DNA samples 3' examined by electron

microscopy after exposure to as little as 200 mW/cm? (Galperin-’

Lemaitre et al 1975). The abdve'experiments were performed
on "naked" DNA solutions with the obvious difficulty of inter-
preting the resu]ts with respect to son1cat1on of the normal
DNA-prote1n complex found in eukaryotic. ce]]s. The 1ntens1t1es
et ehich.DNA'degradation was observed were very much lower.
than 4 W/cm?2 value used in the present exper?hgnts. A number
of studies on the broad bean Vicia faba suggest that ultrasoued
can induce nen—breakage types of damage to DNA (Cata]do et al
1973, Gregory et al 1974, Kokhar and 011ver 1975). Thus it
m1ght not be unexpected that u]trasound at the 1ntens1t1es
used in the present experiments could .produce ‘direct breaks
or some other damage to the DNA. ' )

Although unschedu]ed DNA synthesis was observed
in Figere 5.1}, and breaks in the DNA.observed using the fADU
technieue (Figure 5.12), this dees not necessarily mean that
direct damage was done to the DNA by ultrasound. In Chapter-6
it was 1nd1cated“that ultrasound may notrbe able to directly _

‘break bonds within'the DNA, although such a possibi1ity

cannot be discounted. However, ultrasound does appear to

L
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produce stresses that could break weak hydrophob1c bonds and .
. possibly change’ the conformation of the DNA mo]ecu]e Thus -

.ultrasound may produce 1es1ons or damage 1nd1rectﬂy that

Ll

cou]d subs®quently be\observed as unscheduled DNA synthes1s
or bneaks in the DNA. Two poss1b1e pr1anat1ons for indirect
1nduct1on of damage in the DNA by ultrasound are given,

h; . U]trasound has\ been reported (Harvey»g&lil;1975,'

Jankow1ak and Majewski 1966, Majewski et al 1966) to-prodice

-

oamage or a1terat10ns to 1ysomes at ‘intensities up to 3 w/cm2
It wou1d appear I1ke1y that such damage might result in a.
‘part1af ﬂelease o$ hydrolyt1c énzymés. This., could resu1t in.
a sma11 amount of damage to the DNA from hydro1yt1c enzymes
‘that penesrate the;nuc?kar membcgne. Repa1r.of this damage;_
Within the*ce]? wou{d_take'aime and oou]d'exo1aih the |
1mmediate fohibition a%d_fhe.subseduenf QradUai iucreaselin
toe-dmcorooration of;(3H) mhymdhdhe toward contrd]']eve]s.
observed in Figure,SeB. Repair-of lesions in the DNA could
3i.be detected as unscheduled DNA synthesis.
Biologically- 1nduced 1&51ons in the DNA m1ght a]so
be medijated by u1trasound exposure ‘as fo]]ows stream1ng D
forces set .up within the cell by ultrasound have a]ready
_'been s hown tO‘produce stresses able to break hydrophob1c'
‘bonds (Chapfer'a). DNA is Tosely - combined or conjugated
' with nucleoproteins (histones and non-histones); H{stones are
jre1ative1y tightly bound to.the DNA whj1e.toe,noh~histoue5'
are bound with weak hydrophob1c, ionic'and‘hydrogen‘bondsr and

van .der-Waals forces. U]trasound 1nduced stream1ng cou]d

break these bonds causing a re]ease of non- h1stones from the

3 B
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_DNA and change'its cg:tozgation toca] changes 1nltonformation
of DNA m1ght then be reéognlzed and attached by spec1f1c.
repa1r endonuc]eases Endonuc]eases cou]d produce damage to
the DNA thatum1ght show as. unschedu1ed DNA synthes1s or DNA
. breaks 1n son1cated cells. Ev1dence for such a proposa1

‘comes from Butkhotder and Weaver (1975) who found that. DNasex

.digests extendbd chromat1n at a faster rate than condensed

, r‘chromat1n Endonucleases have been reported (Radman 1976“

Gates and L1nn 1977) that act upon DNA damaged by -a var1ety
'of physical and chemical agents. Endonuc]eases that. recognize
these structura] or chem1ca1 changes 1n DNA have been pur1f1ed
trom mammalian ce]]s (Hew1tt and Meyn 1978) . |
Carstense al (1953) and»Carstensen and Schwan
(J§59a) have aTready shown that the absorpt1on of ultrasound
in cells exposed 1n !lELQ: was in d1rect proport1on to the "
prote1n content-of the ce]]s It would not be unreasonable
to expect that preferent1a1 absorpt1on of u]trasound was.
occurrlng dn the nuc1eoprote1ns compared to the nuc1e1c ac1ds
and result- ;n the preferential breaking of hydrophob1c bonds_
" that comp1ex the nuc]eoprote1ns with the DNA and a1ter jts
7conformat10n to the extent that it is recogn1zed by spec1f1c

" endonucleases. - - " - '

R
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Evidence in}the literature on this SUbject
cont1nues to be controvers1a] because aTthough L1ebesk1nd

et (1979a) reported DNA . repair synthes1s, they were

"unab1e to observe breaks 1n the DNA on an a1ka11ne sucrose .,

. grad]ent ~ This m1ght now be exp1a1ned by the’ fact that rap1d

repa1r of.DNA breaks pcecurs after ultrasound exposure- as.

e indicated in the FADU exper1ments.

o

The results of'éxposure of 2 day acfivatee ijphocytes
to varyTng 1ntens1t1es of u]trasound (F1gure 5.6) indicate
that a thresho1d exists for th1s inhibition. of (3HY) thymidine
1ncorporat1on between 1.1 and 2.75 N/cm2 "0One notes that
the ceT1s exposed to 2.75 or 4 W/cm2 eventua11y recover to
contro1 1eve1s of (3H) thymidine 1nc0rp0rat1on This suggests
that whatever damage was caused by u1trasound was “repa1red“
by the ce]Ts This is supported by the repair ana1yses in
the FADU technique. |

Damage cou1d a]so'take the form of disruption of
normal metabo11c pathways by, for example, displacement of
ribosomes from endoplasmic ret1cu1um or removal of DNA -
po]ymerases from the1r normal s1tes of activity. Enzymes
of certa1n pathways may need to be conf1ned to particular
areas, such as membrane channe1s, to account for susta1ned
rates of b1osynthes1s in the cell. D1srupt1on of such channe]s
by u]trasound stream1ng may contribute to the inhibition of
biosynthesis. Tt could take the cell SOme t1me to recover

fully to normal operation and this might show as a gradua]

. recovery of (3H) thym1d1ne 1ncorporat10n ‘to control Tevels

over a per10d of days
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| =.Furthef evidence for dieruPtipl;ef enzyme pathways
-715 g1ven by F1gure 5.9, It is'known'thet'alsuppressien of
RNA synthes1s will cause a correspond1ng decrease in prote1n
'synthes1s (L1ng and Kay 1975) ' Us1ng»1ymphocytes to ‘determine
:,:1f ultrasound effects on RNA and prote1n synthes1s w111 cause-
mcorrespondwng effects on DNA 15 comp11cated by the fact that N

a]though a h1gh proport1on of the cells respond to m1togen .

.. by increased RNA and prote1n synthes1s, on1y about half of

these initiate DNA synthes1s (L1ng and Kay 1975). Neverthe1ess
the 1nduct10n of DNA synthes1s is thoughtto be inhibited if |
-r1bosoma1eRNA synthes;s is 1nh1b1ted.‘ Further, it appears

thét ageuts reported to iﬁhibit'of:suppress DNA‘syhthesﬁs in

. stimulated 1ymph@eytes probabT}_act.by pue%enting or depressing
- RNA, protein or nueTeotide synthesise(Ling ahd"Kay 1975). |

.Besides disruption_of‘herma1 hbusekeeping.processes
within the cells, bfeaks to critical macremoiecuies, sfﬁilaf‘
tolthe breaksjprodueed_in DNA, could cuntribute to the
'inhibition-uf?(3H) thymidine incorporation.

There teea ]et of evideﬁte for disruption of cell
contents by.u1trasoundh {Deformation, rotation, fragmentation-
of nuclei and nucleoli, andracoustic streaming of cytep1asm
and nuc1e0p1asm were observedﬂwhenregg cells of marine
invertebrates were ;ubjected,to 85,kH;'u1trasound (Wilson
et al 196%). Similar circular motions 0f_ce1ﬁ contents were

found by Hughes and Nyborg (1962) in the protozdan Tetrahymena

-pyr1f0rm1s. Streaming, aggregat1on and rotat1on of 1ntrace11u1ar

particles and organelies of plant cells were observed unden

s
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the microscope_during applicét}on of 89 éiQO kHz ultrasound
Nyborg et al (1977) 'l~ - - 7

| ) Data frém exper1ments measuring the 1ncorﬁbrat1on
of (3H5 ur1drne and (3H) leucine into activated cells suggest
that u]trasound caused an immediate depress1on of- proteun |
synthes1s and a delayed 1nh1b1t1on of RNA synthesis (Figure 5 9).
‘Such an effect on both protefn and RNA Eynthesis_cou]d have a
contributory effect on the inhibition of DNA synthesis. Wha't
_is.interesting in these results is that ultrasound pfoddced
an immedia?é depréssion of (3H) leucine incorporatioh into
-]ymphocytes act1vated for 1 day. Inhﬁbitionlof (3H¥'uridine
1ncorp0rat1on d1d not oceur until one day after son1cat1on
- One can gain, a betéer perspect1ve of the time- course of events
by referring. to F1gure 7.1 {from Schafer and Mitchell 1979) ‘
Bearing in mind that.resting lymphocytes maintain a basal
level of RNA synthesis and turnover, one obsgrves froﬁ
Figure 7.7 that after'éddition of a mitogen, lymphocytes do
not show an immediate increase ianNA,synthesis but there i;
an initial lag period which méy bersist for at least 4 - 6 h.
Thereéfter RNA synthesis fncreéses steadf]y for the next
40 h. On the other hand, protein synthesis bégins immediately
after addition of ‘the mitogen (Schafer and Mitchell 1979).
Significant DNA synthesis does not occur unfi] some 30 h
after addition.of mitogen. |

- Suppression of‘brptein anthesiS“and direct damage

ta prqteiﬁ molecules cou}d‘Cause a decrease in the amounts of
DNA ahd.RNA pﬁ]yheréses and result in a partial ihhibifion .

of both DNA and RNA synthesis-some 24 h after sonication.
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Figure 7.1.

L 1 ! ‘.l ]
20 30 . 40 - 50° 60

Time (hours)

" Schematic representation of the time

course of macromolecular synthesis
in lymphocytes. - This diagram

‘represents data from many experiments
using lymphocytes from different

species. (From Schifep and
Mitchell 1979.) .
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From Figure 5. 6 one notes that a deIayed st1mu1at1on
of (3H) thyo1d1ne 1ncorporat1on occurred in cells exposed
1ower (0.5 and 1.1 N/cmz) 1ntens1t1es of uTtrasound If the
‘data in F1gure 5.6 were plotted to give 1ncorporat1on of
(3H) thymidine (as a percentqge of controls) versus ultrasound
_1ntensxty, the ourves for various days after activatton-@ou]d
have a, shape s1m11ar to those reported on 1ymphocytes exposed
to ultrasound by Crowell et _l (1977). The present data also
support the findings of Dyson et al (1970, 1976). |

" The de]ayed stimulation of {3H) thymidine incorporatiOn
m1ght be produced 1f u]trasound was responsvbie for -an 1ncrease
.1n§D&A~nojymerase aot1v1ty. ~This sugqest1on‘may seem_more
pfousfblelwhen one notes‘thot an immediate 'stimulation of
(3H) leucine jncorporationoocurs after_exposure to. lower
intensity u1tra§oUndf(Figuré%S;Toy. It is possiblo’that
an immediate‘stimu1htion in protein_synthesis'woold4have the
effeot of mokinqrmore enzymeslsoch as DNA po1ymera5es ovai]ab]e
at later times. | | | ' |

Ultrasound exposure does not appear to_aIter the
1n1t1a1 rates of transport of (3H)'thymidino across the oe11
membrane:. . The contro] rates of transport were found to agree
‘with Rudd (M.Sc. Thes1s, University of Ottawa 1980). A linear -
regression analysis of the Lineweaver- Burk plots for both o
‘sonicated and_controlltranSportrrates indio?ted 4hat ‘there

existed no significant difference between them: One cannot

Y
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conclude f}ém these_eXperiments that ?ﬁe émo&ﬁf'of radioactive.
'precﬁfsor‘availébIe to both_contfo].and'sonfcated ée]]s‘wés
the same.s$nce the 9xperihents provided:no inforhatioﬁ on the
internal cell pools of the precursor. However, if the Tnitial’
rates of fhymidine transﬁort were unaltered by uftrasouhd, it
seems reasonable to suggést“that.bothlsdnicqted and coﬁtrol‘
ce1is probab1y'had the-samé amount of (3H)-fhymidine avai]abTeii
for incorporation.- 7

Thg proposa1 that u1trasouﬁd‘acts-direct1y through
a~non-cavitational non-thermal mechqhism could explain the |
redu;ed Con A binding at the cell surface (Fﬁguré 5;13).
‘An apparent.reduptiOn in the totgl‘number of Con A binding
sites octurred in the Eonicated samples since- 30 - 40% 1es§f~
Con A was bound to the cell surfacé. A‘possiBTe ;Xp1anatioh'
is. that u]trasqund Qas directly damgging o;‘&1tér1ng the
‘con%ormation of fhe binding,sités on the Tymphocyte §kaacé
so fhat they did nof.recognize the Con A. | .
Let us consider'0ther-possibi1ities that might
o egp1ajn this effect. The reduced binding Eou1d be due tﬁ an
increase ‘in the rate of 1nterna1ﬁiation, breakdown éhd release
of the tritiated-Stfuctﬁre of the Con A molecule. Do the
.Tymphocyteé quickly shed.instead of internalizing the (35) Con‘A?

Both these possibilities could explain the observed result.

!
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_ It is known that Con A b1nd1ng sites are random]y

' d1spersed on the lymphocyte surface (de Petr1s 1975). The
_add1t1on of Con A to lymphocytes initially induces c]uster1ng
. or patch1ng of the Con A b1nd1ng sites, theQ}hdepend1ng on

"the exper1menta1 conditions, patching of Con A receptors in

jB or T Iymphocytes 1s fo11owed by capping (Schreiner and

Upanue.: 1976) The caps usua]]y take between 30 - 60 min to'
form, depending cr1t1ca1]y on. the concentrat1oh and mu1t1—

valent nature of Con A, and on crossT1nk1ng Low concentrat1ons,
of Con A, even 1eve1s incapable of saturat1ng all b1nd1ng
sites, cap well (Yahara and‘Edelman 1973) Con A caps are
observed on Tymphocytes in act\ve movement (Loor-1974, Unanue
‘and Karnovsky 1974) and are situated on the uropod tra111ng |
the ameboid 1ymphocyte Once formed the lymphocyte's Con A
cap. is not rap1d1y c]eared from the membrane, p1nocytos1sl
occurs, but .is relativety slow {Loor 1974, de Petr1s 1975).
' For.examp]e'oe Petris (1975) reported that at pon A ooncentrations
of 5 - 10 ug/ml, caps took approximate]y 15 min to form.in“
splenocytes and persisted for at least 90 min at 37 C. This'-

is a time frame 1onger than that of the exper1ment and .50 One
would not expect the resu]ts to be explained by internalization’
and subsequent release of the H 1abe1. R

| There ‘is -evidence for a-role of jthe cytoskeletal

oystem in the capping of-CohlA—Bfnding sites. Capping of
Con A is guite sensitive to‘the inhibitory influence of,
cytochalasin B (de Petrie 1975, Unanue and Karnovsky 1974),
suggesting that microfilament activity might be of central
jmpbrtance.. Yahara and Edelman (1973) have implicated

]
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m1crotubu1e 11ke prote1ns as exert1ng a contro111nq 1nf1uence
‘on the red1str1but1on of Con A receptors {—Lhas been |
suggested that Con A st1mu1ates the phys1ca1 anchor1ng of its
receptors to m1crotubu1es, which. prevents red1str1but1on

(EdeIman et al 1973}. Since m1cr0tubu1es seem to: be d1sassemb}ed
-by ultrasound one could not exclude thegposs1b111ty that the
reduced Con A b1ndjng to the cell surface may be in some way
| 11nked to- thws effect. Perhape diSassembTy of the microtubUles.' |
by ultrasound could cause a re]ease of their anchoring of the
Con A.binding sites and allow some of the 3H Con A to be
re]eased from the cell surface. -j ) _

Shedd1ng of the caps are reported on]y if the treate

"ment 15 per?ormed after the’ cap has been formed (Schre]ner and
'Unahue.1976). _In the present study the cells were son1cated
prior to ineubation with—~(3H) ) Con A. Ihusntt is an11ke]y that
eheading cou]d exp1aih' er duéed'(3hf C9? B‘bﬁ"d1“9' '{t |
seems more-probab]e that S reauced (3H1'Con A binding
.occurs because u]trasound d1rect1y damages or distorts the,
‘molecu1ar conf1gukaﬁg§h of the receptor s1tes on the cell -

surfaze to the exten that many of the b1nd1ng s1tes do not

- recognIZe Con A mo]ecu]e Support for this propoesal comes

frquthe fact tha% uTtrasound at a lower average intensity

{1 W/em? ). for 5 min has been shown to cause a reduced cell
surtace charge (Repacholi 1970 Repatho11 et al 197], Taylor
andthEWmah:1§72 Joshi et al 1973). This result suggests that
u1trasound can cause d1rect damage to the glycoproteins (such
" as. s1a11c acid res1dues) on the cell surface., The mechanisms
.by which ultrasound could produce this effect have already .

been discussed in Chapters6.
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A non-cavitational, non therma] mechan1sm can
also exp1a1n the effects of u]trasound on the m1xed lymphocyte
reaction. The Qapac1ty of 1ymphocytes to stimulate 1n the

MLR . is a highly 1ab11e metabo11c process and not the mere.
P

\

‘(Chr1sten et al 1975, Dornand and Kap1an 1976) The mixed

1ymphocyte reaction can be d1v1ded into- three d1st1nct

. parts: - T . S . )

AT {i) recognition of,anfigep (stimulator.ge1is)'py
*? the responder ee1js and their binding to the
‘ ceil surfaee,. |

(ii) —priggering or trensduction or‘aﬂsigna1 within
the responder cell to® indicate that b{nding
to the'antigen has-taken place and to pegin;
cell division, and l\‘.l l_ L g

L. (i1i) “the metabolic responsg measured by the incor-

-porat1on of (3H) thym1d1ne o

"Let us review the data collected thus far that

IWOuld_bear on the MLR response. It was shown that u1trasound

did not effect basal DNA synthesis in resting cells or alter

the rate‘of'incorporation of (3H) thymidine into cells exposed
to ultrasound and then immedjafe]y activated with Con A~
(Table 5.1). It thus seems unlikely that uTtrasound would

act to inhibit the incorporation of (3H) thymidine into

responder cells (Tab]e 5.12) by altering the *
metabolic response (part iii) of”the MLR. The fact that

'son1cat1on of the stimulator cells 1nh1b1ted (3H) thymidine’

1nc0rp0rat1on suggests ‘that u1trasound was probab]y not act1ng

on the transduction of the signal within tpe responder ce]ls

FTETE L
v
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{part ii). S1nce u1trasound caused a lower 1ncorporat1on--
of (3H) thymidine in the MLR when both st1mu1ator and
responder cells -were sonicated than if e1ther the st1mu1ator
or responéer cells a]one were son1cated could be exp1a1ned
“-on the bas1s of effects caused by ultrasound at the cell
surface Evidence ha's’ a1ready been given for a non-cavitational,
'non therma1 ‘mechanism acting at the cell surface (Con A b1nd1ng
exper1ments), and so a similar mechanism of ultrasound could o
also be effective in producing a similar result’at the cell
surface. - | ' ) . s . |

However, the‘MLR is not a straidhttorwarddreaction;
Stimulator ce1]s'hnst be viable ahd metabolically active at
the time of the MLR otherw1se no- actwvat1on occurs (Ling
_}_a1 1974), and they are- not merely a carrier ce]l on. wh1ch
the ‘appropriate ant1gens are expressed (Dornapd et al 1976,
'Dornand and-Kap]an']Q?G Christen et al 1975). | T—ce]ls are
the pr1nc1p1e ‘responder in the autologous MLR but macrophage
- ane also necessary for stimulation. (Beale e et al 1979). One
could make a reasonab1e case for the macrophage being the
ce1[/fﬁat was damaged by u]trasound Whatever function theh
macrophage has' in the MLR could.be altered by ultrasound to
explain the resutts\in'Tab1e 5.12. Although this possibdfity‘
Acannot:beuexcjuded;"there is good evidenqe.tnat ultrasound
'probab1y acted at the.surface of both stimulator and responder

cells to reduce the Teve] of binding and hence stimulation

of the MLR, observed as a reduced 1ncorporat1on of (3H) thymidine.
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There were a few resu]ts obta1ned that were d1ff1cu1t

to exp1a1n "In Table 5.1 it was shown .that son1catnon;of ceT]s'

and subsequeht activation with Con. A, did not appear. to alter

the incohporation of'(3H)-thymidtne in-the following days.

JIn the MLR exper1ments sonication of the respondor cells prior
“to m1x1ng w1th the stgmulator popu1at1on d1d produce a 1ower

1ncorporat1on of (3H) thym1d1ne A possible exp]anat1on for

"this appareht inconsistehcy is that the experiments were carrted-

out over different t1me per1ods and repa1r of uItrasound nduced;
damage may have taken p1ace in the. f1kst exper1ments (Table 5.1).
The apparent de1ayed stimulation of ‘DNA synthes1s

(F1gure 5. 6) when ce]]s are exposed to Tow 1ntens1t1es (O.S;and

"1 1 w/cm ) u1trasound is a]so d1ff1cu]t to exp1a1n _ One m1ght

“‘*\Tfsﬁggest that 1mmed1ate stimulation of proteIn synthes1s

(Figure 5_10) could.contribute to this effect.

| h"'Fiﬁa11y;lthefe appears to be an inconsistency between
the results of experiments tndicatihg damage (Figure 5.12) and
repair (Fiqure 5. 11) to the DNA.. It appears from Figure 5-11
that a large number of ce]]s did not suffer any damage,”but_
from F1gure 5. 12 that a typical dose- response re]at1on ex1sts

It should be pointed out however that the unsehedu1ed DNA

' synthes1s {(UDS) exper1ments would not detect damage to 51ng1e

.‘bases or "frank" breaks (phys1ca1 breaks to the suqar phosphate
‘ —~ ,
-backbone of the DNA). :The UDS techn1que will only detect damage

if repair occurs. to larger segments of DNA - (1ncorporat1ng many

base'pairs) “This d1fference in the type of. damage detected by

the two methods could we]1 exp1a1n ‘the apparent 1ncons1stency
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in the resu1;§. However it is very difficult o determine the
types of -damage detected by either the;yDS 6? FADU methods

and so only limited interprétatidns can be made from thé

- data.
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7.3 Conc]usion

,,,

U1trasound appears to produce an 1mmed1ate 1nh1b1t1on

of 3H) thym1d1ne 1nc0rporat10n 1nto act1vated 1ymphocytes

~ro,
[t

‘predom1nant1y by a non=x thermaT nan- cav1tat1ona1 mechanism

The most probable of these stress mechanTSms be1ng acoust1c
stream:qg since, as explained throughout th1s chapter, all

data from the experiments could be accounted for by “this

mode of act1on A]though available theory does.not conV1nc1ng1y

preédict that the forces produced by acoustic streaming are

strong enough to directly break covalent bonds, evjdence that

these bonds are being broken comes from the FADU experiments

(Figure 5 12) These forces appear "to be able to, break weaker

macromo]ecu]ar bonds as eV1dence¢ from the disassembly of

‘m1crotubu1es._

- Other evidence that suggests these streaming forces w8
are capable of acting on macromolecules comes from experiments.

using radioactive labels. The resu]te can be explained either

on the bas1s of" d1srupt1on of metabolic pathways or changes in

the conformation of macromo]ecules both within and on the cell
membrane Although further experiments. are needed to quant1tate

precisely the effect of acoustic streammng w1th1n the cell, - ct

-

1ncreas1ng ev1dence is be1ng produced that th1s mode of - ultra--

sound action is important in vitro and shou]d be 1nvest1gated

°

using®in®vivo systems. ' - : : e
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tChaptér-B Directions . o L.

Experiments using the“FKDU'techntdué should be -
cont1nued to determ1ne athe - thresho]d 1ntenswty product1on of
the DNA breaks and evaluate 1ts u]trasound frequency dependencef

The same - techn1que prov1des a rap1d means of prov1d1ng more

h‘1nf0rmat1on on the nature of the repair process. . Some ‘of the

‘apparent>contrad1ct1ons,1n the Titerature may we11:bg exp1ained

if this repair process is better.qﬁantitated. With the

-evidence that ultrasound producés'breaks in the DNA, the

FADU technique can be used a8 a rapid screening procedﬁre to

,determlne if such breaks occur to a greater extent 1n ce11s

A

exposed to Ultrasound in comb1nat1on with other phys1ca1
\

or chemical agents. The method might provide 1ndependent
. o,

confﬁrmatioh of reports that ultrasound and x-rays act in

~synergistically to produce enhanced DNA damage (Kunzeéﬂuh1

1975). .- h s

A

The proposa] that u]trasound shakes out non-histones

 from DNA to expose the double helix to endonuc]e&ses deserves

- further study Ultrasound frequencies that result in a higher

absorpt1on of the acoustic power by protetns may result in

Y

\“___ﬂ,/greater DNA repair synthesis. The clinical significance of

this result to ultrasound therapy suggests that further

experimentation be conducted to determine the lower limit of

intensity at which DNA repair replication occurs. _ 1
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Since the-u]trasound;induced chahgés to. the MLR

[ 4

.may possibly have c11n1ca1 nmportance, 1t should be 1nvest1gated

PR

to determ1ne not only the threshon,exposure parameters for.

this effect but to obtaih more 1nformat1on on the type of

:damage m1trasound 1s produc1ng, to determ1ne if other more

c]:nTca11y access1ble agents\tou1d be” foupd-that would reproducél

0 N 1 . .
.this suppressing effect.

The Con A binding experiments incorporate a sensitive

:mOQpI for_qistinguishing thé varibus modes -of aétién of uttra-

sound at the cell surface. Répeating thé'experimehts using-'

apparatus wh1ch a11ows son1cat1ons to be conducted at h1gh

pressures cou]d give mo;e eVTdence ‘on the relative 1mp0rtance
of cavitation. Capp1ng of 1ymphocytes w1th fltorescent antibody ‘
and then éxpasing to u]trasoqnd, could produce visual evidence .

of ultrasound effects at the cell suﬁface, Such a ;echniﬁue

“#ould prove invaluable in the study of ultrasound‘mebhanishs

of action.

. Y . . .
The present work was carried out with continuous

.wave"uTtrasound. Many recent studies have indicated that

ulttrasound may produce gfeater damagg'when pu]sédl, Ciearly
this shou]d be investiézted, especié]Ty since a significant
number of_prodedures in both diagnostic and fhefapeutic
u]trasound use pu]sed“beams having wéry hfgh peak intensities.
These inyestigatigns would proVide béd]} needed information on
the re]afive importance of the cw ahd pulsed exposure regimes

as far as capacity to produce damage.is concerned.
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