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Introduction

The research material presented in this dissertation is part of a growing
effort in which studies in the biological and physical sciences are being allied to
supplement knowledge in both arecas. Empirical observation alone no longer serves
to develop elemental ideas in biology, as the level of understanding at the present
time focusses within the microcosmos that lies bayond the range of the light mi-
CrOSCOPe s 12 It is now evident that new modes of study are necessary. The rapid |
advances in the fields of physics, electronics, and chemistry are responsible for ‘
the development of teehniqués capable of resolving patterns of function that are
manifest on the molecular level. A major difficulty sometimes arises, however, in
the application of concepts developed in connection with physical systems of a
relatively homogeneous and simple nature to the complexity of the biological

manifold, The utilization of ultrasonnd, a ﬁeaﬁaaﬁmi vibtrational phenomenon

above 15,000 cps, is not recent, but the techniques mi generation and stection

of these acoustic waves have only been a by-product of the progress §  electronics
that has occurred since the ferxximatim of World Wér Hs In these years, one of
the most important applications @i ultrasaund has been its use as a surgical tool

in the treatment of certain nenmliaal disﬂrderséi It was found that noncavitating
focussed ultrasound could be employed to interact selectively with- subcortical
‘structures within the mammalian brain. The mechanism of interaction is not

clearly understood, however, and it would be desirable to know more exactly how the



acoustic energy alters the neural tissue. Average values of the acoustic para~-
meters have been determined in mﬁw However, due to the extreme complexity
of neural tissue, these data do not elicit ‘ideas relative to interactions on a mo-
lecular level. It seems likely that only by studying the interactien of sound on
more eiamental tissue c:ﬁmpaneuts wili & mcsre pmfcund understauding of the _

physical mec:hamsm he derivea.. This dissartatimn descrihes one suﬁh study.



I
Discussion of the Problem

It has been known for some time that properly controlled, intense, non-
cavitating ultrasound ¢an produce changes in biological tissues. For example,
ultrasound in the frequency range near 1 Mc can be focussed and used in order to
madify sites within the mammalian central nervous systemS; Utilization of a
focussed acoustic field to alter neural tissue possesses a major advantage over
ather methods, inasmuch as interior sites may be selectively altered without ex-
gosir;g intervening regions to damaging ra&iatigna’ 5., Acoustic fields may be
applied in this manner to many types of biclogical structures provided that proper
coupling may be made between the source and the desired points of irradiation.

A major problem that remains for clarification in connection with the interaction
of sound with biclogical components is the elucidation of the physical mecha~ .
nism(s) that may be operative. It is known that a change which can be measured
functionally appears as soon after administration of the appropriate ultrasonic
dosage as a selected test can be madez. Also; it has been observed that tﬁe
lesions, resulting from exposure to ultrasonic energy, appear histologically after
a time delay of the order of 10 minutes. Thus, it appears reasonable to conclude
that the primary action of ultrasound on neural tissue is at a structure too small
to be seen in the light microscope, i. €., perhaps a macmniole%ﬁéuie‘ and that the
histologically observed lesion is the result normal ﬁhysial@gic;l ﬂﬁvents following

the disturbance. The possibility that the level of interaction in question is at the
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macromolecular level does not seen uniikeiy{ as it is well known that the integrity
of biological organizatmn is a manifestation of its macromolecular constituents.
Therefore, it is desirable to study the relation of ultrasound to large molecules and
ﬂie effects upon them, as a step toward a more clear undéfs%énﬁmg _mf the nature of
interactions within higher levels of organization, Deaxyﬂbasenncléia acid (DNA)
was chosen as a suitable material for an initial study as it provides a well char-
acterized system with respect to many physical parameters and is readily obtain~
able in sufficient quantities for experimentation.

To understand how a suspension of DNA might behave in a sonic field, it
is necessary to know some of the physical-chemical aspects of this méleeular
species. The currently accepted structure of DNA in its physiological state is that
of a long, double standed helix: sach strand being a distinct polynucleic acidm‘
Hydrogen bonding is thought to provide the primary force responsible for the for-
mation and stability of the helix, Each molecule behaves hydrodynamically as a
long rigid rod with a diameter of 20 A, and a length of up to 65,4,, the length being
determined by the nature of the source and the procedure used in iselatianw. Two
modes of molecular alteration result when appropriate thermodynamic stresses are
appiied. The helical configuration may be reversibly destroyed, vielding two
polynucleotides for each helix, by (1) increasing the solution pH; (2) increasing
the solution temperature; or, {3) changing the ionic strength of the solvent. Each
polynucleotide will then assume a random coil-like configuration, which may be
restored to the helical form by carefully restoring the initial conditions to the
soluticn. The helical structure may alss;: be destabilized by adding compounds,

such as formaldehyde, which are attracted to the electronegative bases and thereby
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compete with the hydrogen bridging that holds the structure tagether; If the pH
and temperature sre changed drastically, the molecule may be Irreversibly broken
along the helix backbone due to the hydrolysis of chemical bonding. Molecular
degradation may also be effected with ionizing radiation, cavitating sonic fields
or by the production of shearing stresses along the molecule wﬁi&h;re developed
when a solution is forced through a fine capillary.

There are a number of ways in which a solution of DNA molecules might re-
spond to the passage of ultrasound, X energy is properly coupled to the helical
structure, it is feasible that partial strand separation will occur. This is a reso-
nance phenomenon, and therefore freguency dependent, so that the possibility
that strand separation will occur at any arbitrary frequency is small. However,
the addition of formaldehyde would tend to preserve any strand separation that
might oceur in the response to action of the periodic field by preventing the refor-
mation of hydrogen bonding. The kinetics of this change of state can easily be
followed by observing the optical density of the solution. The absorbance of 260
m /4 light by DNA is strongly dependent upon the physical state of the mnlermle. In
the transition fom helix to random coil, the optical density increases apprggimately
37%. This effect holds true for DNA of any degres of polymerization down 1_:;:: about
seven nucleotide base pairs. Thus, if only a very small portion of the hydrogen
bonded complex is ruptured, it should be revealed through the optical absorbance
properties of DNA sclutions containing formaldehyda4.,

Relative motion between solute and éolvent resulting from mechanical
stresses are probable since DNA in its native form has a density of about 1.7 times

that of water. Any viscous interaction would resuilt in strain distributions along
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the molecular backbone and, if sufficiently great, would cause molecular degrada -~
tion. If this effect is present, molecular degradation should be dependent upon
the existing sound field mtens'ity?‘ Examination of the molecular weight, prior
to and following acoustic irradiation, would reveal the presence of molecular
weight decreases. o

Determination of the molecular weight can be readily accomplished by
nature of the sedimentation properties of DNA in a high intensity centrifugal field.
The sedimenting DNA forms a boundary with the non-sedimenting solvent and can
be followed photographically as a function of time. The velocity of the boundary
| is directly related to the molecular weight and boundary sharpness is an indicator
of the solution homogeneity13¢

Heat denaturation and sonic c”aVitati@n, Whi,ch also affect molecular con-

fignratinn4, were avoided in this study in order to make the results as clear-cut

as possible.



I
Experimental

A Apparatus

The experimental work is divided primarily into two parts: preparation and
irradiation of the DNA samples; and molecular weight analysis of the irradiated
material.

The irradiation apparatus is of a complex nature, incorporating several
unique features. Sound is genecrated, focussed, detected, and absorbed within a
single device, Iwradiation of the DNA samples is carried out a£0.981 Mc with
intense non-cavitating ultrasound. The meahaaieai wibration is generated by an
X-cut quartz crystal driven at its resonant frequency (é .981 Mc) by an rf electronic
driver {see Fig. 1)}. A spherical cut, planoconcave, pblystg}rane lens is coupled
to the quartz plate by a thin layer of castor oil, and focusses the sbund to the
center of a cylindrical chamber. The acoustic energy that diverges beyond the
focal volume is ultimately absorbed in castor oil which ﬁlls a large chamber ter-
minating the acoustic transmission path., The castor oil in the final absorption
chamber is separated from the rest of the sound path by a pe rubber membranea.
Degassed distilled water is used to transmit and to couple the sound to the various
| elements of the path. Ports on either side of this chamber allow transmission of
ultraviolet light in a direction normal to that of the sonic pé*l:h and through the

region of the focal volume.



8

Since it is desirable to Irradiate small volumes at uniform acoustic inten-
sities, a small cell is employed to support the samples {see Pig. 2). The cell,
rectangular in shape, contains two chambers; one serves to hold the material to
be irradiated, and the other (directly behind it relative to the direction of sound
propagation} serves as. a detector of the incident acoustic @nesrggir; ?hin poly-
ethylene membranes are used o form the front and rearmost walls as well as the
interchamber partition of the sample%éete:cwt cell. The remaining walls of the
sample chamber are composed of thin sheets of quartz, permitting the passage of
ultraviolet light through the sample. A smali gonstantan-copper thermocouple
embedded in castor ofl forms the acoustic detector within the a:hainhen This cell
complex is ﬁtteﬂ into the larger chamber, and is attached to a three dimensional
coordinate system enabling it to be displaced within the acoustic field, By using
the thermocouple as an acoustic detector, the sample cell may be positioned such
that the focal volume produced by the lens falls within the DNA aéaintim;

The radio frequency driver possesses negative feedback circuitry enabling
the output to he:« stabmmd at a predetemineﬁ vnltage, A vacuum tube voltmeter,
used to monitor the rf sigm:h is wmnaeted through a voltage divi&at in the output
stage of the driver. Anocther feature of this system is the preseace of a gaivano-
meter, indicating the amount of feedback cwirent nécessary to produce stabilization
of the output rf voltage and thereby allowing changes in electrical input impedance
to be measured.

Ultraviolet light is generated by a xenon-mercury arc, and separated out
by a monochromator to produce light with a wave length of 260 m)a. A 1P28 photo-

multiplier tube amplifies the emergent light energy so that it may be displayed on
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a continous recording, trace storage oscilloscope. The absence of a comparator
stage in the light detection circuit does not allow direct optical density readings
and permits only relative values of absorbance amplitude to be observed.

Because the thermocouple generates a small transiefit direct current output,
a _breaker amplifier is necessary to amplify tixe detector mliag;é; "i?his signal is
then displayed on a continous recording mscﬁiascapeﬁg The transient temperature
change detected by the thermocouple embedded in the oil possesses two distinct
phases. The first phase, which reaches an equilibrium value rapidly { in about
0.1 second }, results from the conversion of acoustic energy into heat by the vis-
cous forces acting between the wire and the immediately surrounding oil, The
second phase exhibits an almost linear characteristic { for a pulse duration of
approximately 1 second } and results from acoustic energy converted into heat by
absorption in the medium gurrounding the thermocouple jun@ﬁan, If the thermo-
couple wires are sufficiently emall in diameter relative to the aé@asﬁe wavelength,
the initial time rate of change of temperature from the second phase is related to

the acoustic intensity by the relation

_pc (4T
““ﬁ“(f&? o

where P ¢ is the heat capacity per unit volume of the oil, I is the acoustic inten-
sity, and /A is the acoustic intensity absorption coefficient per unit path length.
This condition is satisfied in the experimental arrangement since the butt-welded
constantan~copper thermocouple is fabricated from wires m@@ﬁ inches in diameter
and the acoustic wavelength in the oil at the eperaiing frﬁqueﬂcy; is approximately

1.5 mmz"?.-

The DNA samples were obtained from calf thymus and Bacillus subtilis.
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The calf thymus DNA was obtained as a commercial preparation, and the Bac;ﬂlus
subtilis material was prepared according to a method described in 19 6111 . All

nucleic acid stock is suspended in a saline citrate buffer {0.15M NaCl and 0.15M

NaGHEO.G . 2T o
A model E Spinco ultracentrifuge fitted with ultraviolet optics is used for
all molecular weight analyses and runs are made utilizing a sample cell containing

the Kel-F centerpicce,

B Procedure

Stock solutions of the calf thymus and the Bacillus subtilis nucleic acids

were prepared at 25t}ug/m1 and diluted to appropriate concentrations prior to

irradiation. The concentrations used in irradiation are fixed at 29:« g/ml and

4cy4g;'m1 for the Bacillus subtilis and calf thymus DNA, respectively. These con-
centrations are used so that no further dilutions are necessary and subsequent
dilution errors are ﬁ@t introduced into the ulfracentifugs! analyses. In addition,
many of the physical parameters, which must be used in subsequent computations,
for the sedimentation analyses of DNA have been obtained in this concentration
range. Other advantages of using low mncen‘tratiéﬁ uf the nucleic acids are the
reduction of the possibility of intermolecular interaction and the conservation of
sample material,

Calf thymus DNA is more heterogeneocus with regard to molecular weight

distribution than the Bacﬂlus subtilis DNA. Since the effectiveness of the sedi-

mentation analyses depends upon the contrast between the boundary and the solvent,
slightly higher concentrations of the calf thymus DNA are advantageous.

The cell is positioned for sonic irradiation at a predetermined czrystal
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voltage using the thermocouple as an acoustic detector. The photometric obser~
vation system is then positioned by eye at some visible wavelength and then ad-
justed at 260 mﬂ with the guidance of the photomultiplier response.

The sample cell is cleanad and 1,2 ml of solution is"carefully pipetted
into it. An irradiation time is selected and the thermocouple rés‘pé@e and optical
density are monitored while the sound is on. The sample is removed, fcllowing
irradiation, and carefully stored in the cold until molecular weight determinations
can be made.

During eé.c:h frradiation series, a control sample is prepared, receiving
identical treatment as other samples except that it is never exposed to acoustic
energy.

A few samples of calf thymus DNA were prepared and irradiated in increas-
ing formaldehvde gradients, but as no sonically induced optical density changes
were present {(even at concentrations just below that which wmﬂ& result in spon-
taneous denaturation) the use of the optical density monitoring éystem was dis-
:smtinuedéy

Measurement of the temperature changes within the region of the sample
are made by using a sensitive mercury thermometer as well as the calibrated
thermoelectric detector.

Acoustic intensity measurements are made by moving the thermocouple into
the region of the focal volume, and recording the time rate of temperature ahanges.
(See section III) |

The standard procedure for sedimentation velocity molecular weight deter-
- mination is used. The rotor speed is 36, 500 rpm with ultraviolet light exposures

made every four minutes for twenty minute runs.



12

“JuewRbURIIE TRIUBWTISIXS JO coﬁ_wm.ﬁm::ﬂ uﬁm&gum ‘1 *Brg

WNId3W

NOISSIWNSNVYL _k
~ ¥0193130 VivIgv u Yl
. 01LsSNOoOV ’ MO ANIM
O 1033130WH3HL - 718YVN0
| /momaom |
. AN |
H4IGWVYHO /\ . .
= = [9L3 ‘¥3ANIL
| y 43Z1118VLlS
NOILdHOS8Y a "ONIANTONI
. 43AIYA
- = 9INOYLO33
911SN0JV /\ / ALY
40103130 , /////
OLOHd_ N1y
4314174V 0°d | Z14vYNnd
| LNO-X OWI
SN3
3402S01112S0 O1LSNOJV

E=Re)
ONIHYOLlS 30Vdl




13

*ordnovoutey; jo uorsod ejRaisnify o} %m%mpsu_ spieo ordwiwg *z cB1g

3 1dNOJOWNH3HL

SNOILILYVd
AN3ITAHL3IATOM

L7

{

NOILVOVdONd

LHOIT

SMOANIM

\\‘}

™

Z14vnod

///zo_Ewﬁ_oE

aNNos



14

(Cuw)  JWIL

Ol 8 9 v 2

L T 1 T 7 T )

uEO\m) G2 I— O T

- WNa w:2>:h 47v0

. mﬁcxmﬁm? mu m@ aﬁmawﬁ« opsnooe ue u@ 2wy

. .
vopEtpea) JO UOHIOUN] B 88 YN msﬁﬁ s1eo jo 0% g ehg

Ol

o¢

NOILVLN3IWIA3S

IN310144302



15

| S (uwlwy 3ngl
ol 8 9 b

] I T 1 1 1 I . 1

Q

2WI/M G2

VNG S11L8ns ‘g

* §OTITSUSIUT OTISNOOT @M] IO SUIT)

UOTIRTPRIIT JO UOTIOUNT © s NI SIS sniiioeg jo oz m

ol

§ v B

IN3I0144300 NOILVINIWIG3S

og



Z1°s et JALINN » "

611 S A ¢ up g | » "

98°1 581 L'E1 | upw §°p . | ™

vLl 0* €T~ b*21 upm g . | n

gEe . £°91 upm 5 Juo/sueM 67 | yNG snwiyy jreo

6°02 | 9°1¢ FALIVN » "
22°2 31%: upw 9*g " -
85°2 8%l U g°y . .
ves z st 098 6§ " “

B*01 vse o8 61 /50 1

6°02 9°1¢ FALIVN | " »
e 0°91 upw 09,/55 £ . .
€8¢ 2*Lle- 0°S1 upw *g . "
26°E §* 41 D - .
vr*s 8" 61 upw g* g LHO/s1M 57 ¥NG STiHans °g

mepz

0Ix W 8 FNIL NOIIVIQVEET ALISNIINI OLL8NOOV TYINIIVIA ETdINYE

Biep spEiieue uoneuswipeg ~ I 3T4VI



17

Discussion of Results N

"-I.'.he éxﬁe?imentéi res‘uits presented in Table I and that in the g?réphé 6:‘5!
Figures 3 and 4 répresent ﬁoiemﬂ& wéight analyses Qf sa.mple% .frsm‘ several‘ |
seriés of iz*sadiati@ns;

The sedimentation coefficient 8 20,w {velmuity per unit ﬁekd of force rela-
five to water} iz related to the mr:fleaular weight, and for DNA tnis relatian{ }

 araM 37
820, = .063M

Purther, based on the Watson-Crick model for DNA, the molecular weight i‘-s
préportim&l to the maiemlar length, If an average value of 3$§m€zl»eaular welght
units per nuclectide base pair is assumed, the value for molecular Weightaﬁnits |
per Angstrom lengths is about 250,

In the curves of Figures 3 and 4, the ordinate is the sedimentation co-
efficient in Svedbergs {1 Svedberg = 16‘13 sec} and the abscissa is frradiation
time in minutes. sinc‘ze molecular weight determines the sedimentation constant,
these curves reveal the presence af malec:ular ﬁegradaticn in the smmd field.
Howaver, ﬁ is dxfficult to d&termine the nature of the physical interaction from
thase dataa Random at‘l:aak, such as mght result from the farmatien af free
radicals, is mled mzt by the kinetics of degradation. It zan be segen that the
amount of cl&avage appmaches Zero after approximately one minute of irradiation.

'Ihe rapid initial decrease followed hy a subsequent leveling off may be

interpreted in the following way. For sach value of acoustic iz;te;nsity;_ there
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exists a value of molecular length below which no degradation ocours. That is,
DNA molecules longer than a particular length are vulnerable to the action of
the acoustic energy of & specified intensity and those of lesser length remain
unaffected. Assuming breakage is the result of a strain distribution along the
molecule produced by shearing stresses along Its length, the éﬁgréa of degradas-
tion should foliow a non random process. This is snalogous to the experimentally
cbserved results obtained by ﬂuwiﬁg DNA solutions through small aapmaﬂesg,
The midpoint along the molecule is the position of most probable cleavage. Thus,
if a monodisperse solution of DNA is irradiated at an appropriate acoustic inten-
sity. all the molecules will be sheared until none of vulnerable length remain in
the ssmtim.. Since the initial rapid decrease ig seen for both calf thymus and

Bacillus subtilis DNA, it may be concluded that molecular length is sufficlent .

in both cases to produce alﬁavage for the levels of acoustic intensity emplwedg
if degradation does procesd by the above mechanism, it would be anticipated
that the asymptotic leveling off of molecular weight as a function of time to be

independent of the DNA source., This can be seen to be approximately true by

comparing the data cbtained for calf thymus and Bacillus subtilis DNA at 25
watts/om?, However, since calf thymus DNA is a more heterogeneous preparation
all molecules would not be equally vulnerable to cléava;ga at the chosen intensm?
and the final average molecular weight would be somewhat lower than Bacilhis
subtilis material under the same exposure conditions.

Since prior to this work it was generally béiievmis that molecular degrad-
ation was not possible in the absence of mavitaﬂam the axwriﬁantai procedure
was arranged ta avoid cavitation fields, m solutions were carefully degassed in

order tha:i: the threshold of cavitation be well beyond the working acoustic
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in%‘*enaitiess. In addition, several methods were avallable to detect the presence
of cavitation. FPor example, | the response of the thermoelectric detector is altered
drastically st the onset of cavitation, due to the diminishing amount of energy
passing through the cell to the detector, Another mode mﬁ'd&wﬁm lies in the
fact that cavitation bubbleg Increase the optical density to Efﬁi}ﬁ)‘ iight& Since
both optical and thermoelectric responses were monitored during irradfation and no

-cavitation was indicated, it is safe to assume that all results were obtained in a

noncavitating acoustic field,
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Concluding Remarks

The important finding of the work described is the demonstration that
interactions of noncavitating ultrasound within the molecular domain are poasible,
This helps to substantiate the hypothesis that the physical mechanism{s) of in-
tense, noncavitating accustic interaction in tissue structures are manifested, at
least in part, at submicroscopic sites, However, arxpaﬁmeﬁta& determination of
many of the interesting physical parameters have not yet been completed as only
preliminary aspects of the study have been considered. It ssems likely that
through further exploration, not only will firmer bases of the understanding of
interactions in tissue components be established, but alszo development of a

useful tool with which macromolecules may be studied will be initiated.
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