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INTRODUCTION

A significant historical event which altered
the courne of mankind occurred on February 23, 1941,
vhen Dr. G. T, Seaborg and collesgues discovered
the element plutomium in room 30) of Cllman Hall at
Berkeley., The isotope of mass-238 and not the more
familfar maac-21)9 waa first discovered at that tinme;
the plutonius imotope of mane-239 was not lsolated
until che apring of 1941, and element 94 remained
unnamed until March of the following year., Om
March 28, 1941, 0.5 ug of plutonium-239 vas fin-
sioned by thersal neutrons, and the enormous effort
to produce plutonium239 in quantity for oilitary
purposes vaa bdegun. The potential toxlcity of
plutoniun was recognized soou after its diacovery
and availability in quantities for biomedical re-
search.

Tt is worth recalling that only extremely amall
quantities of this precious material were avsilable
for experimentation during the early 1940's, As an
exampie, the following memorandus written to the
DHrector of the Health Division of the Metallurgical
Laboratory is Indicative of the early concern about
the potential toxicity of plutonium. The memorandum
states in part: "It has occurred to me that the
physiclogical hazardas of working with plutonius and
its compounda may be wery great. Due to ita alpha
radiation and long life it may be that tha permanent
location in the body of even very small amounts, say
i1milligrsm or less, may be very harmful. The
ingestion of such extraordinarily amall ssounts as
tone fev tens of micrograms might be uwpleasant, (f
it locates itself in a permsnent position, In the
handling of the relatively large amounts soon to
begin here and at site ¥ (Los Alamog), thera are
sany concelvable methods by which amounts of this
order might be taken in unlesa the greateat cate is
axtrcised. In addition to helping set up measures
ia handling so as to prevent the occurrence of auch
sccidents, 1 would like to suggest that s program
te trace the course of plutonium i{n the body bhe
initisted as soon as possible. In wy opinion, such
8 program should have the very highest prioricy.”

v

The writer of this memorandum waa Dr, Glenn T.
Seahorg, and the date waa January 1944,

The biomedical research program at Los Alamos
has evolved from its conception in 1941 as a semall
Health Group established to protect the health of
the wvorkera, to develop safe working procedures,
and to establiah tolerance levels for exposure to
radicactivity, plutonium, and other radionuclides,
In 1944, once significant amounts of plutonium
began to accumulate at Los Alamos, the Laboratory
Director, Dr. J, Robert Oppenheimer, at the requeat
of the Health Group, authorized the temporary
eatablishment of a group of (our people to initiate
a research program designed to dewelop tests for
aetting exposure limita for plutonium. Several
months later, thia small group was ashsorbed by the
Haalth Group as a Blochemiatry Section, and the
Laboratory’s biomedical research program was bomm,
In 1945, the Section moved into a smail building
of its owmn, snd its members eatablished the urine
assay procedure for diagnosing exposure of Lab-
oratory personnel to plutonium, Experiments wvere
conducted which led to the first succeasful fabel-
ing of a bilologicaily important compound (nlcotinic
acid) with reactor-produced carbon-1l4, Thy first
mtasurement of carbon-14 by scintillatlon counting
procedures vas accomplished here and forwed the
basis for the present generation of commercially
available liquid acintillation counting systems.

By 1948, the Health Group was 3 Divislon in
the Laboratary, and the Blochemiatry Section beceme
Group H-4, the Blowmedical Research Grouwp. In

research actlvities during the wvar years
{photographed in 1946 showiog three addi-

tiona to the original structure),
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October 1932, the group moved {rom temporary wooden
structurea (Fig. 1) into Lits present building and
by the end of that decade had entablished itself in
both nationsl and internationsl circlen an an
suthority on the effecta of radistion from nuclear
veapons, worldwide fallout, and the phyeiclogy and
toxicology of tritium and plutonium,

The Biowedical Regearch Group pioneered in and
becems a recognized autharity on liquid scintilla-
tion counting, syntheails of {sotopically labelsd
OoTRanic compounds, use of radioactive tracers in
biology and medicine, and whole-body counting tech-
niques and applicetions to biomedical research. By
utilizing the development of large-volume liquid
scintilletion detectors, the group contributed sig-
nificantly to the field of anthropometry through
its cepability to measure total-body potassium by
quantitsting the natural level of potasaium-4) with-
in the human body. By exploiting the whole-body
counting aystems deaigned for both research animals
and man and mahing use of the Laboratory's signif-
icant vomputer capabilities, the Biomadical Research
Group contributed significantly to the field of
rediation protection by conducting studies oo the
vwtake, distribution, and encretion of redioisctopes
by snimals and man. The interest in mscabolic
kinetics wvas alsc applied to the emarging field of
fuclesr medicine during the lete 1930's,

Shortly after the discovery in 1953 of the -
presence of cesium-13? in man from worldvide nuclear
fallout, massurements wvere begun oo & controlled
population of subjects reaiding in the Los Alamoe
ares. These studies haw continued to the nresent
time snd represent perhaps the most meaningful
documentstion of the t.apor.al changee Iin msn of a
radioactive materisl rel:asad to the environment.

Begioning in the early 1960's, more esphasis
vas placed on the fundsmentel resear=h aspects of
the biomadicsl research program. Although inws-
tigations continued in the Msmmeliac Matabolism
and MHasmalian Madiobiclogy Sectiom related to the
responae of higher orginiema to torizing radiationa
and radicactive materials, s maler emphasis vas
directed tovsrd reasarch im the fields of molecular
and cellular bioloxy.

The late 1960's also marked the etart of a
research program related to the quastion of the
probable bioleogical effects resulting from

nonunifora dose distributien of alphe-emitting
particulates in the lung. Interestingly, this wvery
difficult problem has recelved conaiderable atten-
tion but little resolutlon aince tha mid-1940's.
This particular problem is now ane of the highest
priority bacasuse of the vast potential applicationa
of thas slement plutonium as regards breeder reac-
tors, space nuclear power syatema (radiolsotopic
thermoelectric generstors), wedical spplications
such as the heart pacer and srtificial heart, as
well as production, transportation, and deploymant
of this material for nstional defense, It is
interssting in a sense that part of the group 1a
now sctively working on the problem which relates
to plutonium efforts conducted some 20 years pre-
vicusly at LASL.

The 1970'e have witovessed the ¢mmrgence of an
intersat in the stabla isctope program designed to
exploit ths wae of stable elsments in the genersl
fiald of biomedical rasearch. Im 1971, an lsotope
Applications Section vas formed within the group to
concentrate on the biomedical aspects of the ICONS
(1sotopes of Carbon, Oxygen, Nitrogen, and Sulfur)
program which involves sevearal groupe within the
Los Alamos Scientific Laboratory.

The Molecular Radiobiology Section is engaged
in & variety of organic synthosis procedures to
aseenble polynuclectides having known base se-
querces. Certain enzymes that :zatalyze polyaucleo-
tide synthasis are not only being isoclated and pu—
rified but are also being atudied as biocfunctional
proteins participating in information tranefer reac-
tions. The structure, functioo, and metabolisa of
both acidic and basic nucleaar proteins, believed to
be involved in readout of genetic specifications
and thua differentistion, are baing inveetigated.

Biologists and bdiochemists in the Cellular
Radiobiclogy Sacticn are investigsting the temporal
sequance of a varlaty of cellular proceeses in rela-
tion to specific phases of the cell life cycle using
synchronized cuitures of mammalian cells. A mathod
has baen davuloped in this Laboratory for producing
relativaly large quancities of cultured mammalian
¢slls synchronixed with respact to period in the
life cycle. Using these cultures, mechsnisme con-
trolling synthetic processas, enargy metabolism, . !
recovery from lonizing radistion, cell-eurface phe-
nomgna, and mathematical methode of cell growth are l

e
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being inveatigated. Several membars of the Molec-
ular Radiobiclogy Section are using mynchronized
tultures to exsmine the syntheais, turnover, and
structural alterations of nuclear and cytoplasmic
basic proteins. 1In addition to studiea on animal
cells, inveatigations are in progresa on survival
of wicroorganism exposed to ultraviolet and ionfr-
ing radiations and the biochemlstry of bacterial
genetic transformation.

The Blophyaics Section {s mainly concarned with
developwent and improvement of instrumentation for
<ell biology research. 1In collaboration with the
Cellular Radiobiology Section, electronic imstru-
menta have been developed for high-spned electronic
cell counting and cell sizing. A hlgh-speed aorter
hat been invented which can phyeically separste
living cells in suwspenaion according to cell volume.
A fluorescent cell spectTometer has been deve loped
which utilizes o laser to provide the high intensity

and collimation of the light of excitation required
to deternine rapidiy and quantitstively the DNA con-
tent of individual cells of a cell population, Both
cell senning and sorting efforts ave currently being
extended to other optical and multiparameter aethods.
The Biophysics Secticn alao provides generval elec-
tronics, mechanical engineering, radiological
physaica, and computer science asupport for the group.

On 1 July 1972, the Pion Radiobiology Group
{H-9) was disbanded and incorporated into the Bio-
wedical Research Grouwp (R-4) to consolidate the
research effort on the spplications of negative ¥
meaona to radiatinn therapy and pretherspy radto-
blological research. Thia action added four people
to H-4,

In Septembar 1972, an Agricultural Biosciences
Group (H-6) was formed within the Health Divieion,
tesulting in the lose of one person from the Bio-

medical Reeearch Group.
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cells as is fessible with a rapid, digitizing systes
capable of numericsl snalysis in real time,

A tomputer-oriented te~hnique has bdeen devel-
ceped for rapid, routine, karyotypic sxamination thet
con be performed by technicians. A chromcacms
spread ia projected with a projection microscope
The arwme of individual chro-

Bosors sre then traced with o digitizing pen, which

onto a apecisl teble.

trensfears the X-Y coordinatea of points along vhae
chromoscms to s resdout dnvlce.. Tha voordinstes
sre Tend directly into s PDP-3/E computser. VUsing
thess deta, the computer calculstes the positica
of the cantromere, lengths of individual arms of
the chromoscess, total length of sll chromoscmss,
oend sverage length, all in real timm. Eri>rts ars
Now underwaey to incorporsts a classification tech-
nique into the computer program and to extend tha

mthod to anslysis of humen chrowosomas.

ELECTRONICS DEVELOPMENT

(M. T. Butlar, L. J, Carr, and ), H. Larkine)

Call Separator and Counting Logicy

Continuing developments iz the "call separator”
program within the Biophysics Saction hsve necaasi-
tated devalopment of new electronic systam. Tha
aarlier aystem consisted of many separste modulea,
nore of which vas deaigned specificelly for tha task
to which Lt was apsigned.
inesficient, permitted only single-channe) ssparat-
ing in one direction, and had deed timas of 1000 or
»Ore Lsac.

The new system, designed and built by tha Sio-
mdical Research Croup, is contsined in s chassis
11-3/4 in. by 17 in, by 19 in, and coneista of

) fast aingla-channel anslyzers, ) scslare, a

The aystem vas slow and

20,000~volt high-voltage supply, positive and neg-
stive cherging emplifiere, logice for Z asparsting
channels with up to 2030 lsec of adjustabla dalay,
and low—voltege power supplies., All circuits use
solid-state TTL logice axcept for the charging as—
plifier, which wvas trensistorized.
Thie system has increased the spewd of cell

aeparsting by a fector of 100 by using retriggerable
one—shots in the logic msodula and shift registers to

store & stream of cell pulses. Built-in

*
This instrument, called a Graf-Pen, is manufactured
by Sclience Accesaories Corporstiom.

anticoincidence circuita prevent the charging plates
from trying to charge both pomitive and nagative at
tha same time. Both saparating channels ara synchro-
nized by a crystal—ccontrolled clock operating at a
frequency of 40 kHz. The front panel contalins con-
trols for setting ths separation criteria (single-
channel snalyzsrs), selecting the saparstion chan-
nel, coarse and fine daley switches giving 700 to
2050 usec delay, high-voltage meter and control
sllowing voltages from 2000 to 20,000 volta coa-
tinucusly veriabla, deflecticn plsta voltage con-
trol allowing 23, %0, and 73 volts, and resdout of
three 6-decada scalers,

A aecond unit ie now being fabricated by the
LASL's Elactronica Diviaion, using drawings pro-
wided by the Biomadical Research Group, Figure 4
ie a block disgrsm of tha unit which haa oparsted
vary succesafully to dats,

72,3 Canerstor

There ia intsreet in the Biophyaica ‘tiom
for obtaining correlations of fluorescence light
emiasion with cell-surface area. Thersfors, & sig-
nal vas required which was proportiocnsl to aurface
We dacided to obtain this by modifying tha

Coultar volums signsl, aince tha aurfaca area of a

aphere {a proportionsl to 71/3_ The signal wae
cbteined by connecting logarithmic alementa (diode-
connacted tramsistors) in tha feaddachk circuits of
1 operational amplifiare. The output of the first
amplifier is proportionsl to the logarithe of tha
Thia cutput signal is reduced by

neans of & voltage divider to 2/] of its full

input voltage,

valua, and thia lettar aignal is appliad to the in-
put of the second amplifier vhose output curremt la
proportional to tha anti-logaritha of tha inpus.

A thivd amplifier serves as s current-to-voltage
convertar.

All the diode-comnactad transiatora ars part

z ; Ker
- 1 3 B,

Al ¢
o va—
Petmn it $

[%

Fig. 4. Tlow chart for cell sepsrstor with circuit.

»




of & monolithic imtegratad circuit; thus, thay are
very nearly identical alactrically and, becsuss of
the common subrtrate, very close therssl cowpling
exists, LN-30)1 smplifiers wers used becsuse of

The rise time of 3 Usec and dynamic rangs
of aver ome decade wers adequate for the experimsnt,
frsater ramga can be obtained by choosing sn ampli-
fier vith lower lnput currest.

I coet.

fsplifier with Base-Line Restoraticn

Moat detsctore uvaed to drive electromic ampli-
Hars have & DC offset in tarms of voltags or curremt
pon which the reel aignal is superimpoaesd. In soee
caes, thie steady-stete velus may be many cimes
latger then the signal and, in addition, may vary
foough to meke simpla sudbtraction imprectical. Tha
wteal solution is capacitive coupling, which blocks
the DC effectivaly but iotroduces oase-lina shift
& tha repatition rste incresses, Paseiwe clipping
circuits vaing diodes eliminate moat of an "mder-
shoot™ But have an offset of seversl Mmdrad milli-
wlts, In sddition, the amplitude of & closaly fol-
lowing pulse will be reduced beceuss recovery is nct
cocplate.

An active bdaae-line restorer, weing an opere-
tional saplifier wicth feirly high open loop gain,
fvarcomee doth problems. The bese ling can be ad-
Joted for zerc offaet, and the rscovery time s
Tduced to a very samll valus bacauss the total out-
pt of the smplifiar ie evetilable to "jerk™ lit-
#rally the dase line back to naro.

Two saplifiers wera required for the call sep-
srator wait. The signals to ba detected cooaist of
4 rusl]l change in aperturs currest {from ¢ Coultar
touster) and e change in photoeuleipliar snode cur-
mwut (flucTeqcencs detector). Por successful opare-
tion at high coumting retes, base-lipe teatoratiom
is required. One smplifier uwses 301 operetiooal
@plifiere for rise times of sdout 5 usec, and the
Kher uses 713 oparational smplifiers for rise Limes
of leaa than 0.9 usec. The lstter will handla cepe-
tition rates up to 3 x 105 pulses per second or
Mired pulses saparsted by culy 1.3 paec.

| 710M BEAM CHARACTERISTICS
(¢, Richman and W. D. Jinks)

Small silicon detectovs {lithium-drifted snd
Istfaca-darriar) are being teasted for possible use
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in studyinp contsminetion and proparties of the pion
beam at tha LAMPT,
dstectors ars conventional WIN linear and logic med-
ulas with pulse-heaight snalysis.
of wvaricus types of radiations ocecurring inm the pion

Rlectronices weed with thass
Rowavar, because

beam (compomants of varying linesr energy trasnsfar,
LET), it will be necesssry to have s detailed know-
ledge of the pulses being producad in the detectors,
By choouing the thickness nf the detectors appro—
pristely, various properties of tha besm can de
brought to the foraground, Thua, in thin detactors
of 100 u or lese, the large fulees will be dus to
aters. By this means, napping of tha etars will

be determired which will ba a direct messuvemant of
the momgotum epectrum of pions.

To study the pulses from electroma, e AE-R
arrangesant has bdeem built with 2 silicoa datectors.
A m’li test sourcs is used, and the L detactor
selects the 2 high-energy conversion electrons
(974 kaV and 1047 keV)} in the spectrum. The AR
datactor (300 y thick) then measuree energy loss
of thess ealactrooa. Becsusa thase electrome produce
minisam ifonization, they give pulses that would be
produced closely by 200-MaV contamination of the
pioa besm,

A cleer line at eround 110 keV is obtainad for
enatgy loss im this detector systes, and the Landau
width dose not appear to be very seriows. The
Landsu spread will be atudisd with different detec-
tor thichoesses. At present, we laal that elaec-
trone will ba distinguishable from piona.

To prapare for the tumor therspy program,
phantom ssterials fa the form of slabe are being
ande in the LASL shwpa &nd in the Materiasls Tech-
nology Group {(O-§). These apecially formulsted
plastic compounds would spproximste bome, lung,
mscle, soft tissva, and fat. A wovable prodbe with
locaticn resdout also is being designed so that
mapping of the beasm cen be studied in thase mock -
tissuss. We elso plan to study tranaition regions
from coe tissue to anothar. At praeent, thia asspect
of the plom dosimacry progrem is funded {rom nom-AEC
sources.
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BIOPHYSICS SECTION

INTRODUCTION

During the past year, the Biophysics Section
has been reorganized because of the formation of s
new gection, Phyaical Radiobiology, within the group.
This new asection assumed the reaponsibility for
physical radicbiology, computer applications, and
electronica aupport formerly charged to the Blo-
physica Section, and these activitien are deacribed
The Biophysica Section is
now solely concerned with research and development
programs in the general area of blophysics and

inatrusentation with the current major esphasis on

elsewhera in thia report,

development and application of rapid methods for
cell analysia and sorting. This major effort is
{1} physical inves-
tigations of the light scattaring and other prop-

erties of mammslian cella that might be measursble

divided into three main areas:

by cur instrusentation, (2) development of instru-
mgntation for cell sorting and analyais, and

(3) spplicatiora of these methods to biclogical
probless. Our success, particularly in this latter
area, has been poasible becsuase of excellen”
cocpearation with membars of tha Cellular Radio-
biology Section,

Flow microphotometry, the method of making
tapid optical measurementa on individual biolog-
ical cella, ia an exciting and important emerging
technology in cell research and has been pioneered
by personnel of the Biophysics Saction at Los
Alsmos. Thi: development grew from our early
efforts in quantitating Coulter counting techniques
which resulted in improved Coulter volume spactrom—
etry snd cell sorting based on cell voluoe. Flow
nicrofluorometry {FMF) i3 ocur moat important con=
tribution to date in the area of optical measure-
mnts on single cells.

During 1972, FNF was used routinely by LASL
personnel as wvell as by Investigators from other
laboratories who visited LASL (Salk Institute,
Karolinska Institute, Cold Spring Harbor Laboratory,

Univeraity of Houston, University of Texas at

Auatin, University of New Mexicao, University of
Colorado, and University of California at Berkeley).
in moat of these experiments, cellular DNA was the
important parameter measured. In such caaes, FMF
messurements were made on cella created by the
fluorascent Feulgan methad.

A two-color fluorescence sensor has been incor-
porated into our multiparameter cell sorter. Use
of the bi-color fluoreacence datector has alloved
us to study acridine orange-stained human leucocytes
that exhibit bl-color fluorsscence, We have used
cell sorting techniques to show that the cells,
based on thelr red fluorescance, can be clasaified
as lymphocytes, monocytes, and granulocytes. We
have also initiated work deaigned to obtain nuclear-
to-cytoplesmic ratiocs based vpon nuclear and cyto-
plasmic fluorescence; athidium bromide-staiped DHA
yielda red fluorescence, and fluoroisothiocymnate-
stained protain produces green fluorescence.

A dusl-parameter cell anslysis photocastar wvas
alsc designed and constructed during 1%72. This

device measures fluorescence and small-angle light

scattering aimultanecualy on each call as it passea
through the lasar light in a flow photometar. Our
present application uses light scattering to gate
alectronically for fluorescenca snalyaia, permitting
an elactronic "clean up” of tha signal in those
cases vhere the signal would rot be discernible {rom
nolae present in dabris-ladened biological samples.
Move extensive theoretical atudiea on light
acattered by bilological cella were conducted during
1972.
light scatter from coated spheres tc almulate

High-speed computers were used to calculate

ssmmalian cella, the cors rteprasenting the nuclars
and the coating the cytoplass. Results of the
computer calculations indicate that the forward
light scattering ia dominated by gross size of the
cell, Outside the forward direction, the acatter-
ing pattern is a function of both nuclear and
Experimental

scattering patterna alao vere chtained for suapsn—

cytoplasmic optical properties.

sions of various cell types. In cases vhere cell

a1
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]ml\-o distribution, ratio of nuclear-to—whole cell
{ameter, and other properties ars wall defined

N N G, phase CHO cells), a high degree of cor-
*lstion was obtained between experimental snd
‘heoretical snattering pattermns. To our knowladgs,
I‘Mu fs the firat time that such a complets physical
kacription of light scattering from masmalian cells
s been obtained. These studies hold promisa for

21l identification on yet ancther paramtter meas-

wable with our flow systems.

In sddition to the experiments mentioned above,
ological spplications of our phyaical methods hawe
#tn purtued with other personnel at the LASL and

% fith others a8 part of cur mutual-intersst programe
" Mth the U, S, Department of Agriculture and the
latlonal Cancer Inatitute. These collsborative
fforts include effects of stressing agents such as
) sdistion, teuperaturs, snd chemicals on tha life
|.'nl| of mewmalian cells; ploidy studies on trans-
oreed mammalian cells; comparisom of chromcsoms
wnding techniques with DNA determinations by PMF

!nhn.lquu: DMA determinations on seweral trans-

" lantable tumors; applicationa of cell sorting to
?m cervical material; improved methods of cell
i“ tisaus preparstion for PMF applications; fluo-
wecant antibody techniques; inwestigation of light
- cattering technigues aa s possible indication of
 iral infection of msmmalian cella; and binding of
_-I-lln: lactine suwch a8 fluorescein-tagged concana—
—alin A to call eurfaces.
The unique celi-analysis methods daveloped
. tre at the LASL are receiving increasing sttention
ﬂith:n the acientific community. In this reapect,
" oe ot us (M. A. Vem Dilla) has bean invited to
articipats in the establishment of a similar effort
| & the Lawrence Livermors Laboratory of the Univer-
:,lty of Califormnia. Dr. J. D. Watson of the Cold
pring Harbor Laboratory invited two of us (L. S.
| tem and H. A. Crissman) to participate in the
. mmmmr program at Cold Spring Harbor. These two
cientists and an PMF unit were sent thers to demon—
tratea the FMF technique. In sdditiom to the
astitutions listed sbove, investigators from both
: ha United Statse and abroad have sent us ssmples
or FMF analysia as part of mutual-interest studies.
We are also plassed to report that A, Brum
ting, an Assocliated Westearn Universities pre-
octoral fellow from the Physice Department at tha

University of New Maxico, succesafully completed
the Ph.D. requirewents in Auguat 1972, Ducing his
stay at tha LASL, Dr. Brunating participated in the
Biophysics Section's effort on the theorstical and
experimental aspects of light scattering.

CELL ANALYSIS AND SORTING INSTRUMENTATION DEVELOP-
HENT

(A. Brunating, J. K. Coulter, L. 5. Crama, J. L.
Rorney, 1. €. Martin, P, P. Mullaney, J. A. Steln-
kemp, M. A, Van Dills, and W, T. West)

Differentisl Light-Scattering Signaturse of Mamma—
lian Calls

As we reported i{n the 1971 anpual rq-m't,1
mammalian cells have been simulated in computer
models as coated spharss, the cors repressenting the
nuclews and the coating cytoplasm. Emact electro—
magnetic theory cllcuhtlmz for individual par-
ticles with call-like optical paraseters indicate
that light scattersd in the forvard dirsction is
dominsted mminly by the grose silhcouatta of tha par-
ticle and containe information on particla ajize snd
that bayond the forward lobe the scattering pattern
from a coated particle is significantly diZferent
from a simple howmogeneous sphers. In the lattar
cas’a, the scattering pattern is dependent upom
optical properties of both the core and coat.

During 1972 somm of our theorwtical predictions
have bean tasted with suapmeions of mesmslian cells.
A simple but unigus light-scattering wot_urJ
vas constructed for this purpose and is shown sche-
matically in Fig. 1. The photomater is housed in a
2,.5-foot diamster cylindar. Cootrol of light from
a $5-al helium-neon laser (Spectra Physics Model 120)
into the photomater is by shatter. Tha light then
passes through s variable aperture to raduce extra-
neous nonlasing light and ia reflected from s fromt
surface mirror through a apecially designed cuwetta.
The main laser baam sand sces forward scattersd
light are collected in a Rayleigh horn beam dump.
Light scattered by tha particles in the cuvatta
is recorded on high-speed, red-sensitive film
(Xodak 2479 RAR ASA 400, l6~sm x 125-foot rolls)
which is held in a trsck on the insida surface of
the photometer. Appromimetely M axposurea can be
made from each roll of film, Fiducial markars on
the fils holder cast shadows oo the fils ot ¥°
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FIG. 1. Schematic diagram of the film photometar.

The laser provides incident light to the
acatterers in the cuvette. Wost of the
laser light is dumped into the Rayleigh
horm while the film records the scattered
light.

intervals, permitting film dispersion to be mess-
ured on sach exposure, After exposure, the film
ia daweloped in & Kodak Versemst Model llc using
type B chemistry. This procedure producas a typ-
ical dynamic rarge of three decades, vhich can ba
ixtended by allowing eces overlap batween exposures
and reducing intensity in the forward dirsction by
me of neutral density filters. Davelopad film is
read with a microdensitometer. Through the use of
mitable calibration, film density as a function

f diatance on the film can be converted inte
icattering interwity as a function of mcattering

ngle.

-cattering patterna for the sngular range of 2.3 to
7.

Using thase techniques, we heve cbtained

It ia wall known thet angular positiome of the
axisma snd minima in the scattering patte.n atve

mportant functions of particle uu.‘ For this

eason, in § suspansion of particles which are sim-
lar in composition but not idantical in size, scms
waring out of the scattering pattern should be

wpected. Therefore, it i» important that the

. -mn aize, size distridbution, and refractive index
One also
. -eds t0 eatablish that the photometer has suffi-

T e particles are vell characterized.

ent rwolution to record the eassential foatures
tha wv.attering pattern of lnterest. Thia last

nsideration was accowplished by a calibration

procedure which uses extremely uniform diameter
polystyrene microapheres produced st the Los Alamos
Scientific Lnbontory.s The refractive index of
the aphares was paseured by an imsersion technique
and found to be 1.362 + 0,0C2 (with raspect to alr).
Optical wmicroscopy end Coulter voiume spectrometry
mesnuresenta of the spheres providsd information on
wean dismeter (10,3 nicrons) end coefficient of
variation of volume (3 to A percent).

Light scattering measurements made at concentra—
tions of 3 x 10‘ particles/ml are showm in Pig. 2,
At this concentration, the particles behave as
independent scattaring centers (l.e., incrsasing the
concentration preduceas a proportional signal increasss

with no change in shape of the scattering curve).
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SCATTERING ANGLE {DEGRELS)

A cosparison of therry and experimmmt for
the microsphare scatterers. A sewmi-log
scale of the ralative intensity, computed
{thin) snd massured (thick), versus
scattering sngle, 8, in degrees. Theory
accounted for the siza diatribution of the
spheres and angular resvlution of tha
photometar. Tha experimental curve vas
corrected for photommter scattering by
trammission propertias of the cuvetts.
Theorstical curves are given by dashed
lines and erperimeutal by s solid line,

FIG. 2.
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Toretical results are shown by tha dotted curve
ind exparimental results by the solid curve, Al-
though tha curvee do not metch exactly in shape,
their maxima and wminima agree quite v :l1 (Tedle 1),
Tha agreement between thecry and expariment com=-
[irme the accuracy of messured size distributiove
for the spharee based upon microscopic and Coultar
wlume spactrometric measurewments. Light-ecattering
Mssurements yiald ¢ mean dismeter of 10.3 microns
is compared with 10.5 microns as determined by other
- mthods,

The d'fference in relstive intensity datween
the two curwa {Fig. 2) ia cawed by s numbar of
factore, Although uniform in diameter, tha sphares
irs not swooth, and opticsl micrwcopy showe them
to have a golfball-like aurfece, Theorstical cal-

. lationa ssswmed & perfectly uniform ephare. In
sdition, thare ia an uncartainty of about 3 parcant
in seasuremant of film density response charactsr—
istics which is not e llpear function of intemsity.
The fact that the maxima and minima agree so wall
dreonatrates that the film photometer has sufficient
refolutior to measure the main charscteristics in
tha scattering pattarn obtained from particlas with
tha dimsnsicns of wmemmalian cella.

Yor all particlea studied by this msthod, mesn
ize, size distridbution, and refractive index ware
© masured. Tha computer codse written for individual
;)Iﬂlchl ware modified to account for sisze distri-
mticow. Thus, at sech scattering sngle, we could
_ Btaln the calculated {ntenaity contribution from
| iach perticle in the distridbution. These mulﬁ
Limre them weightsd according to the messured diam-

L iter distridutios and iotagrated scrose this dis-
'j ridution functiom to yield tha theoretical curves

TARLE 1. LOCATIONS OF MAXIMA AND MINTMA FOR THEORY
AND EXPIRIMENT IN THE CASE OF PLASTIC

NICROSPRERES (sxe Fig. 2)

Thaoty {+ 0.13") Experiment (3 0.27)

i Maxima Hinima Max{ma Minima

E —_— _—
4.23 7.23 4.5 7.2
9.00 10.30 9.0 10.5
© 11,78 13.% 11,9 13.6
13.00 16.%  15.0 16.5
13.00 9.5 17.9 19.3
20.75 22.25 0.9 22.1
23.%0 4.7 235 25.0
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shown in this report. Details of thia approach arae
given olmhcn.b

Massurements were mede on several tissue cul-
turs cell lines and results for Chinesa hamster
cells (line c‘HO)J ara reported heare, Uaing tha
technique of Tobey et _l_]_...a calls vere symchronized
in the M stage of tha lifa cycle. Scattering mees-
urements wvare made for these calls snd for cells
allowad to enter early Gl. Exparimentally deter-
mined light-scattaring curves then wers compared
with theorstically derived curvee for coated
sphares of tha appropriate paramaters and equivslent
hosogeneous sphates.

Mean cell volume and volums distribution in-
formation on bdoth CHO calls and sphares was ob-
tained with a laminar flow Coultar volume lmaor.g
CHO cells in Gy were found to have a mean diameter
of 11.35 micrors and & volume coafficient of warla-
tion of 13,6 percent. Photomicrographs of several
hundred of these cells were mada, and the ratio of
nuclear dismstar to whole call diammtar was cal-
culated to be 0.73 + 0.08. Using a phase microa-
copy techn.lquc.lo
clews and cytoplasm (with respect to air) wvas found

the refractiva index of the nu- .

to ba 1.392 and 1.3703, tespectiwaly. However,
cells are immsread in & water-like medium; in which
case, these figures bacoms 1.030 (cytoplasm) and
1.047 (nuclews), Barerl?
tive ind x (m) of cells gnd their density (d) are
related by (m - 1) * 4} = n.

vhich demcnatrated that the density of

has showm that the rafrac-

From the work of
Mdonon.”
CH0 calls is quite constant, we infer that tbe

refractive index is not wary variable smong theas

cells, Thie information was used to calculate i
theoretical scattearing curves for CHO calls in the

61 stage of the cell cycle, The computer program .
treats the refractive indices of both nuclews and

cytoplasm as being constant for the valuee stated

abova. The ratio of nuclear diamatar to vhola cell

diamster was also ssaumed to be constant and squal

to 0.73. Msan volume and volums distribution of

these cells were also incorporated into the com—

puter program. We also calculated light scattering

from an equivalent homogeneous sphere in which the [
mean Tefractive index was equal to the volums-
sveraged refractivea index of the nuclews and cyto—
plu-.6 A compariaca of these two theoretical
resulta with experimental data is showm in Fig. 3.
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Two theoretical plots and corresponding
experimental results for the differential
scatter pattems for G; Chinese hamater
ovary cells. The coated sphere (thin
solid line), the equivalent horogenecus
sphere (thin dashed line) whose refractive
index has been volume-aversged from the
coated aphere, and the experimental results
(thick solid line) are nhowm.

.G. 3,

4 log of the scattering intensity is plotted as a
nction of scalttering sngle. Experimental reaults
e given by the heavy solid curve, coated aphere
eoretical results by the light solid curve, and
uivalent homogeneoua sphere theormtical results by
% dashed curve. Experimental rerults were ob-
cells/ml.

low 7 to 8" all three curves agree quite well,

Aned with cells in a concentratien of 1()5

dicating that gross size effects primarily domi-
te the scattering response in this angular region.
~yond 8° the light scattering from the coated

here is conaiderably less than thuat from the equiv-
. ent homogenecus sphere. The positien of tha
perimental ssaxima and minima agrees quite well

th theoretical results for coated spheres, al-
"ough there 13 some wash-ocut beyond roughly 13°,
obably because of heterogeneity not accounted for

the model for CHO cells. The main feature of
8. 3 is that actusl cells behave much more like
ated spheres than homogeneous spheres. Ueyond the
rward direction, the scattering curve reflects
clear properties of the cell.

Figutre & shows experimental scattering from 0
11s in M as compared with an equivalent homo—

Unlike G

1 cells, these cells show

neous sphere,
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SCAITERING ANGLE (23q)

Theoretical plot and corresponding exper-
{ecntal results for the differential
scatter pattema for M Chinese hamater
ovary cells in M. Tne equivalent homo-
geneous sphere (thin solid line) and expur-
iwentsl results are shown.

FIG. 4.

no well defined nucleus. 1n this case, CHO cells
in M are quite vell modeled as homogenecus spheras
We sheculd

note that virtuaily all the scattering by cells is

over the angular rang= of intereat.

contained In the first 25°,

These preliminary studies were conducted on
suspensions of living cells, Perhaps the wmost
intereating result ia that light scattering at
iarger angles is influenced by the internal struc-
ture of the cells. We plan to Incorporate a wide-
angle light-scstter sensor on our [low photometers
to investigate the posajibility of wide-angle
scattering as another parapeter for cell ldan-

tification in flow-system analyslis.
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‘oltiparameter Cell Sorter

A mulliparasster cell analysis mnd sorting
system for use in cell biology research and possible
“linical aplicetions has been developed. (eil
vemplen svalned with a {luorescent dye that spe-
tifically labels bloctemical components of interest
aw aunpended In phyniclogical saline and Introduced
wto s (low chamber where optical and elactrical
s neorn measure ¢¢ll volume (Coulter mmthod), ningla-
» two-=color fluorvacence, and scattered light.

S *vals (rom the sensors are electronically pro-
riswed In & veriety of ways o provide optism cell
sy crimination and are displayed as {ruquency din-
isbution histograma, Procensed aignals are also
»wt pared with preselected standards, and hia trig-
Pt eorting of the deilred cells. Populations of
vmmlian tinsue culture cells, human lavcocytes,
! othe: nemples have been analyzed and sorted.

Figure )| {lluitrates a cut-sway sectional view
o *he multiparameter cell norter. TFluorescently
v s, m0d cells disperned in saline are introduced
v OO0 cella/aec) into a dual shaath [low chasber via
the spmple inlet tube. Flowing coanially around the
inlet tube in & particle-free ahasth (lwid (shesth
No. 1) of saline. Becaune the flow is lasinar, the
cell stream and surrounding sheath do not uix but
msove together through & Coulter volusw sensing ori-
fice, where vell volume in wegsured electronically.
The f[low next entern & [luid-filled viawing region
where It intersects sn argon-lon laser beam, Caua-

ing light scattering and (luorencence. Botn these
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The multipaTtemeter cell sorter.

Fit. 1.

sigrala are electro-optically messured; the {luores-
cence nensor i & dual photomultiplier array which
permits massurements of red and gresn f(luorescence.
Light mcatter is messured in the forvard direction
by blocking the laser beam with an optical stop and
focusing the forward scattered light onto s photo-
diovdae.

A necond sheath fluid (sheath No. 2), also ~f
naline, {lous coaxially around the cell strese~
sheath No. 1 flow, The total (low jeta owt inta the
air {rom an exit notzle. A plezoelectiric transducer
sechanically coupled to the flow chapber and alec-
trically drivan at 43 kM3 producas wniform liquid
droplets (45,00 /sec) by regularly disturbing the
Cells are lsolated wifectiwely into
A growp of
droplets, one of which will contain a cell to be

ewerging jeot.

ringle liquid droplets in this -amr.l

sorfted, In electrically charged at the peint of
droplet formativn (charging electrods) end is than
deflecied by a static electiric field into a collec-
tirn vennel.

Signa.: from the cell sensors are rowted to &
hard wvired multiparaseter analog nignal procassing




wunit. Processed aignala are then routed to a
mait lchanel pulse-height analyser, where {raquency
distribution histograms of cell voluwt, fluores-
cence, light scatter, or a combination of these
PATameters can be dlaplayed. FProcessed signals
alno trigaer cell sorting by comparing the mmpli-
tude of each processed signal pulse to & preset
ntandard (f.e.,, {f the signel emplitude falle
within & preselected range, an sppropriste elec-
Lronic delay s activated which triggers a droplet
charging pulse, cauaing the droplet containing the
cell to be charged and subsequently deflected). A
g-oup of droplets, wsually sbout 9, is then sorted
from the main stream. Those cells failing to mest
the criteria of ths preset standards do not trigger
sorting and are allowed to pass to a wasts vessal.
In s typical experiment 10‘ to lt‘.)s cells are sorted
in a fev minutes.,

Figure 2a shows tha voluwe and {lucrescant

Feulgen DA histogrems of hinese hammter (line CNO)
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Fli.. 2. Volume, DNA, and DXA-teo-cell volume dis-
tribution histograme of Chinese hemster
ovary cells groving ssynchroocualy in sua-
persion culture: (A) volume and DMA dip-
tribut lon; (B) DNA-to=cell volume distridbu=
tlon, and ({C) wolume distribution of Cl
and GZ * X cells.
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cells growing asynchronoualy. These cells ars
stained with the fluvorochrome scriflavine using the
fluorescent l‘oul;mz procedure, DP’A dimtributions
show two peska: the first representa ths cells with
diplald DNA (Gl phass)} having a coefficient of varla-
tirm of 4 percent, and the second peak represents
cells with tetraploid DRA content (GJ and N phase).
T & region between the peaks represents celles eyn-
theslzing DNA (S phass). The ratio of Gl and Ez + N
mdal fluorescence intensities of the two peshs In
1.04, very cloae to the expacted valwe of 2.00, Call
volume distribution is bread, unimodal, and typical
of a cell population in exponentisl growth., Ths
DMA-te-cell volume rvatio for this cell population,
shown in Fig. b, ls unimodel with a coefficient of
variation of 15 parcent. Volume distribution of €,
cells (Fig. 2c) vas obtaired by analyeing only those
Coulter semsor signals . ;accistad with the fluores-
cence sigrals indlcating the ﬂ::l asmount of DMA (see
Fig. 1a). Similarly, the volume distribution af cz
+ M cells van obiained by analyzing only thoas
Coultet sensor signals sssocisted with the 61 + N
fluorescence pash of the IHA distribution. Modal
volume retio ((:2 . N)IGI fe 1.7, less than the total
volume Increase over the lifos cycle of the cell

{dord le) because the lmairument 18 measuring aversgs
cell volume distributions ef the GI and 62 * N
phases,

The red and green fluorescence of humen lewce~
eytes supravitally stained with the metachromatic
fluorochrome acridine ormp‘ fs shown In Fig. J.
Vhen lewcocytea of diluted vhele blood arw stalned
according to this procedure, cytoplasmic granules
exhibit red fluorescence vhervas the nuclews fluo-
resces green. Lrythrocytes do not taks wp the
acridine orange stain. The bl-color fluorvecence
ROt wii 3¢t Lo wassure grean and red fluores-
cence, and the cell sorting logic was adjusted te
separate leucotyten having s red fluorencencs
corresponding to regiomn 1. Differentls) micro-
scopic counts on sofied lrucocytes shov thet apprex-
imately 93 percent are lymohocyter. When the sort-
Ing logics arv sd)wmted to separete cellas lyieg
within reglons 2 and ), wubsequ Wt Bicroscoplc
counts show that YO parcent of the cells saparsted
from region 1 are wonocytes and thar 9% perceot sep-
srated from region ) are granulocytes.

Mecoune of the large ratie of erythrocytes to
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lasceocytes iw normel humen blesd, lawcecyte velums
distributions casast b2 shiaimed withewt prier
sapimin hamolysia of erythrocytes. This difficulcy
can be overcont by serting all greem flwstescing
calls, thus producing & leucecyte—onriched sample.
This sample is thea reintroduced lnte the serter,
and the volume of cells sheviag snly greem {lwures-
cene i -uun‘.‘ Thie mtthed has the sdvantage
of ylolding & lsececyte volume distribution withewt
tquirting sapmin In-lyn-.‘

A pecond mltiparamster cell eerler (o whdar
comtrection pregently, with a ceapletion date of
aarly 1973, This wmit is latended te ba dadicated
te blological expearimante, wvhile the presest verter
aystem Joatimwss te b2 used for somw limited
bislogical exporiments coupled with (nstrumnt
developsaet (1.e., new cell sensing metheds and
deteraination of optims) detection paramsters).
Carrest experimests wodervay an the preseat cell
serter leclude ethidium browmide-{lworescein (vo-
thiocyanate (FITC) etainiag for DMA/cell proteim
stediew, {lusrescein-conjupated concamavelis A
bound to mwmbrane surfece sites, continuad study of

husan and animal {hamster) laucocyte characterice-
tion with the msmtachromatic (luorochrome scridine
orange, end work on cells from solié tumors and

axfolistive material.
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A Dual-Parsmster Cell Microphotometer

During 197], & dusl-poramster microphotomster
wan developed and sub)ected te imitial testing. The
dusl~parammter inmteument deacribed hare reprenents
a combination of the {luworescent nl.cnyhou-url
end lLight-scattaring phetounter develeped nl'll.or.z
Lach cell stainad with an apprepilate {lusescant
dye prodeces a pulas of fleuoreacent light, aa well
as & pulne of scattered light s it creeses a beanm
of blue light frem an atgen laser. Thase signale
occur simuitancsowsly and can be uied a8 tvo de-
ucriptars for each cell. Aftar detection, sach
signal (s amplified and fed threuwgh a dusl-parammter
procenuing woit. 1f cartain lagical conditiens are
mt, thene tve signala are thea avallshla for
pelse-haight emaiysla. The net resull is a fre-
quency histogram of fluoresacencs or light seatier
of the celle of imterest. '

A nchomatic diagram of the dusl-parsmster
photomster in sheam kn Fig. 1. The flew chambaer ia
banically the name a9 that described pnﬂmlr.z
Leminar flow is eatablinshed vwithin the chamber, end
the celle are injected an the core of the main flow,

Just prior to esteriag the viewing eree, the sntire
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FIC. 1. Schematic of the dual-paramrter flow micro-
fluoromrter. The argon-ion laser besm
{(lower right commer) s focused with g 20-
m lens to a 3-slcron spot at the center
of the flow chasber. Fluoreacent light la
detected at $0° to the incident direction.
Light scsttered in the forvard direction
batwveen the central beam stop and outer
stop 19 collected with & 10—<m lens and
focumed onto a photodiode.

flow wowes through & constriction orifice which
narrovs the cell stresd to a4 column about 20 mi-
The cells are then lined wp
much as beads on ¢ string as they intersect the
laner light.

The light wource for this photometer in &
Cohersnt Radiation Laboratory Model 320CA argon

crons In dismrter,

lamer operating at 1 watt at 488 nm. Laser light
la [ocused with an L3 cm convesx lenn to form o 30—
micron spot at the (nterwection with the cell
stream at the center of the flow chamber. After
passing through the laner beam, the cells exit ouwt
the top of the chamber and go o & vaste vesnel,

As esch cell passes rthrough the laser beam, (t
produces s l0-microsecond pulse of [luorescent and
scattered light. The main laser beam in eliminated
in 2 saml] trap. The cone of light ucattered about
this trap (spproximstely 0.7 to 2.0°) Is collected
with & 10-cm convex lens and focused on a photo-
diode. The reswlting signel Is then smplified.

The fluorescence signal 1w collected at S0° to
Light then
pemses through & yellow barrier filter and I3

the direction of the incldent beam.

focwnad Onto & RO-wicron diascter pinhole. The
fluorencent light emerging through the pinhole in
viewed with an RCA Model C7lb4R photomultiplier
tubs selected for {ts extended red senalitivity.
This signal 12 also amplified.

A box dlagram of the dusl-paramscter signal
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FiG. 2. Block diagrem of dual-parssster signal-

processing wit. WwWhen the conditions of
coincidence and proper signal smplitude are
met, both analog signals are passed for
pulse-height analysis (PHA).
processing unit is whown in Fig. 2. In the prssant
application, one signal is used to gate the second.
After emplification, the signal from eech of thas
two detectora is fed to separate adjustsble dis-
ceriminators. [f both mignals are within tha appre—
priate amplitude range, they are then tested [or
colncidence. 1 both teets are positive, the ana-
log signals are paswed through a linear gate, and
elither or both signals are available for pulse-
he . ght analysis. The loglcs of Fig. 2 can be by~
passed; In vhich case, the instrument funittions as
s single-parameter photometar.

A patticularly useful application of the dual-
parameter photometer is the analysis of [lucree-
cence from weakly stained samples. Typically, 3 x
m“ cells/min pass through the photometer, vwith
each cell npending sbout 5 micromsconda in the light
beam. The total tioe that cells spend in the bean
is then 3 x lull aeconds out of every minute; the
photometer duty cycle 1s U.8) percent. The remain-
ing 99.1 percent of the time the photomultiplier
is sessuring noise due to [luprescence of non-
cellular matertal in the cell stream. This nolae
nry be from stained cellular debris or f[lucorescent
dve in solution in tha cell surpending medium.

Figure ) showe the light-scattering [requancy
dizntribution obtained with Chinese hamater cella
(1ine CHO) supravitally stained with 10”° M acri-
dine orange. When viwwed in the fluorescence
microscope, these crlls exhibit a weak green nucluar
fluprescence ard no detectable cytoplasmic {luores-
cence. The light-ecsttering signal is seen to be
free from any debris which is comparable in slze to
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Fluorescence distribution obtained for CHO
calls stained with 1078 M acridine orange:
(—8-9-) when the instrusment is used as an
FMF; and (~4-d-) [luorescence gated on the
light=-ecattearing signal from sach cell.

G, 4.

the cells. PFigure & shows the {luorescencs f[re-

quancy dietribution. Whern the dual-parasetsy
phrotometar ls oparated as a single parametér, one
cbtaina the uppar curve which has the appearance of
an sxporential decay typical of a nolse spectrum,
Kowevar, whan the fluorescence signal ie gated dy
the light-scattsring signal from the same cells,
ore obtains the lower curve. Ia this case, only
the fluorescence of cbjects in the siza rang of
cells is analyzad. This lower fluorescence fre-
quancy distribution is similar to that ocbtained
for greater acridine ovrange comcentrations
o 10> 0 where detaction is no problea.

The inatrusent may de used also to identify
particles based on the presence or absence of
In Fig. 5, the light-

scatzering and fluorwscent frequancy distributions

these two paramaters.

of paper mulberry pollen stained with scridine
orasmge ate shown., Both signals are free of noise.

"
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Next, paper mulberry pollen was mixed with un-
stained CHO celle, and the light-scattaring dis-
tribution of the ansesble vas wessured ss shown in
Fig. 4. Both particles are the same siza (epprom-
imately 12 microna), but CHO calls show s much
brosder sime distridution (cf. Fig. 3), hance
bdroadening the distribution cbtained from the
combination. Howawer, if light scattaering from
the combination is gated by the fluorescence of
paper mulberry pollen, ome obtains the scatter
curve shown in Fig. 6, which ia identical to that
of papsr mulberry pollan alowe,

This irstnmment offars tha possibility of
iwproving the signal-to-noisas ratiocs on samples

that fluoresce poorly because of preparationsl

_ difficulties and distinguishing one bdiologicel par-

ticle from another on the basle of differences in
lighe-scattering snd/or fluorsscent propertiea. The
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FI1C. &, Light-scattering distribution (-A-&-)
obeained from a mixture of stained paper
wylbarry pollen and unstained CHO cells.
Light-acattar distribution (-0-9-) cb-
tained when the scattering signala from
the aixture wvers gated by simultanecus
fluorescent sigrals from tha pollen.
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firat attribute permits measurements on sacyles not
previcusly amenable to PMF analyais. The second
feature greatly extends the FMF concept of cell

identification.
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BIOLOGICAL APPLILMTIONS OF CELL ANALYS1S AND SORTING

(L. S, Cram, H. A, Crissmen, J. C. Forslund, P. K,
Hotan, P. M, Kraemer, D. F, Petersen, M. R. Raju,
A, Roo’vo, R. A, Tobey, and 7. T. Trujillo)
Fluorescent DNA Distributions in MCA-1 Tumor Cell
P_o_rgulnlonl

The tumor cell line MCA-1 was derived in CIW

mice by the application of the carcinogen methyl-
cholanthmene to the skin. The reaulting tusor was
classified as a squamous cell carcinoma. Becauss

of our interest in developing and separating squanous
call carcinoma for the cervical end uterine regicns
of humans, wve felt that this tumor would serve as a
good working model.

tumor would allow us to have sufficient cells which

For example, use of the MCA-1

are easily dissoclated to determine the parameters
which are most suited for cancer cell identifica-
tion. Information gained with this model aystem
would then be applied to an investization of the
identification of cancer in humsne. One patazater
or cell property considered acceptable for identify-
ing abnorsal cells in any cell population is the
presence and extent of polyplold cells when snalyzed
for DNA content par cell, After wvorking out a
satisfactory single~cell suaspension technique prior
to fixation, fluoreecent MNA distributions could be

made from several snimal tweors. The cells were

atained by the acriflavine Feulgen reactlion -!hodl
and weasured by FMF uchnlquel.z The fluorsscent
distribution histograms of thess ssmples (Flig. 1)
show three distinct peaks in a channel ratio of

112:4,

diploid cells present with tumor cella.

The first pesk corresponds to the normal
The posi-
tion of this peak coxresponds to that of diploid
calla ocbtained from kidney and spleen from the same

rm-UT_—.—ﬁ —

INA diatribution of MCA-1 tumor cel’..

F1G. 1.

animsl and to CHO cells in GI'

tribution pattern indicated the presaence of cells
with 28, 4N, and 8N amounts of DNA, The second

Thn MCA-1 cell dis-

population (4N} appeared to be the most numerous,
The three peaks seen in a single sample may also
indicate the presence of two cell lines growing

(1) normal diploid cells with the 2N
amovmt of DNA, and (2) preoliferating tumor cells as
indicated by the (I1 (4N DNA) and G, + M (8% DNA)
peaks. We thought it would be iInteresting to inwves-

together!

tigate whether MCA-1 tumor cells could be grownm
in culture; this wvould not only provida a ready
source of cells but might also lead to a sclective
line wore suitsble for the model system describad
above. Thias has been done with quite a degree of
success. During the early passages (1 through 5),
the fluorescent DNA distribution resembled the
original tumor cells (Fig. 1;; however, (n later
passages (& through 10), we observed the dis-
appeatance of the first peak (2N) while the.csll
population was still at a nonconfluent state of
growth {(Fig. 2). However, a confluent population
displayed only one pedk at the 4N DNA level (Fig. 3).
From these preliminary data, we conclude that
animal MCA-1 tumor tissue containa both norzal
diploid cells and polyploid tumor cells, with the
former unable to aurvive and proliferate after a
few passages in culture media. Also, when cul.-
tured MCA-1 tumor cells are allowed to grow to a
confluent state, ve see a typical G1 arrest as
chaerved by others:, in other mamzalian cell lines.
Because normal vaginal and cervical specimens pro—

duce typlcal diploid (24 DNA) hlstograma, it seexs
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F1G. 2, DMA distribution of MCA-1 cultured cells
(nonconfluent}.

FIG. 3. IMA distributfon of MCA-1 cultured cells
{confluent).

obvicus that addition of varying amounts of G]. (4M)
tumor cells to these specimens will aid in deter-
mining the minimal levels of polyploid cells
detectsble with the currently used sensing and
porting equipment.
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Tumor Cell ldentificatlion and Separation

A nquamous cell carcinoma (MCA-1) growing in
CI mice wasa obtained from Dr. R, Malegren of the
National Cancer Institute. Tumors from these ani-
mals wvere removed using sterile procedurea, minced,
and placed into Hem's F-10 medium auppledented with
aerva and antiblotica, The resulting cells are
epithelial in morpholegy and, when implanted in
CT mice, produce tumors in approximately one-third
the time required for the original line to preoduce
tumors in these sanimals. The purpose of this work
vas to determine 1f the wult{parameter cell u:rtu-1
could dietinguish normal tissue from necplastic
tissue based on cellular DNA content messuremsants
and distinguish melignant ceils from clumps of
lymphocytes. Csll identificarion inatruments de-
signed for cencer acreening have failed because of
their inability to diatinguish malignant calle
from clusters of lywphocytes, A great deal of
lymphocyte sctivity {s found {n many tumors; thare-
fore, it 1s of paramount lmportance to be sble to
distinguiah tumor cells from wvhite cells.

To test the capablility of the {nstrument to
distinguish these two cell types from each other,
an artificisl mixture wvas made frne spleen cells
and MCA-1 tumor calls grown in tissue culture.
Thess cells wers subjected to trypsinization, fixa-
tion, and acriflsvine-Feulgen nunlng.a Flgure
la and lb shows that the modal channel of the Gl
splesn cells is less than the modal channel of tha
Cl tumor calls, suggesting that 2t is indesd pos-
sible to distinguish the DHA distribution of tumnr
and splsen cells. A mixture of spleen and MCA-1
cells is shoam ln Fig. le. The aixed cells wvare
then sorted snd, ae seen in Fig. 2, peak 1 is
indsed repreaentative of splaen cells, pesk 2 is
comprised moatly of tumor cells, and pesk 3 is
only tumsor cells.

To check cur cepabllity to detect tumor cells
in vivo, MCA-]1 tumor cells growo in tissue culture
vere trypsinized snd approximately 106 tumor cells
inoculated subacapularly into each of 6 CIH mice.
After 1.5 weeks, the snimails vere sacrificed and
the tumors removed. The tumors were subjected to
trypainization, fixation, and acriflavine-Feulgen
Resulting DNA distributions of tumor
cells are shom in Fig, 1d. The disiribution ia

staining,

comprised of three peaks rsprusenting tvo
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FIG. 1, HNodal channel of G) sp’een cells end G)
tumor cella: (a) Mous. splesn cells which
vers trypsinized and fixed in formalin.
The celle wers atained with acriflavina-
Feulgen. Cells in channel 20 represent Gy
eplean culls and those in channel 40 G, + M
calle, {b) MCA-]l cultured tumor cells,
stained in the same foshion aa the aplaen
callc. WNota that the G] modal channel ie
45, indicating that the INA ccntent of
tumcr cells le =02 tioes greater than
diploid aplasn rells., {¢) Artificial msix-
ture of cella from (a) end (b). The LASL
cell sortar was adjusted to sort cells in
channels 15 to 30 into one baaker and
those in channecla 33 to 100 into anothar
baaker, (d) MCA-] tumor cella taken from
a CIH/Mej mouss. Freparstion was the esame
as in Fig. la.
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overlspping bimodal distributione. The first pesk
"on the left reaprasents normal diploid cells, elther
fibroblasts or lymphocytea, within the tumor, The
second or middle peak is represantative of the i.':1
tumor ctlls snd tha (:2 + M dipleid population, and
the third pesk is repreasentative of 62 + H tumor

. L ]
e ® .
a. N 2K X
b. : * T
R °
® L ]
o ®
¢ ®
® ..0 o
c. 404

FIG. 2, Photomicrographa of calls descridbed in
Fig. le: (a) Unasorted mixturs of cultursd
HCA-1 tumor cells and souse spleen cells.
(b) Sort I from distribution shown in
Fig. le. (c) Sort II from distribution
shown in Fig. lc.
celle., Trom Fig. 3} it is cbhvious that tumor cell
anrichment is poseibla if one usas the LASL cell
sortar, It is also clear from Sort I (Fig. 3} that
diploid cells within the tumor are lymphocytes and
not fibroblasts.
While these preliminary studies suggeet that
mtasuremant of DNA content alone is aufficient to
detect tuwor cells from normal diploid cells, mmny
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0 Use of Flow Microfluorometry for Analysis and Evalua-

P ‘.t L] tion of Synchronizing Protocols and Drug Effects on

; ‘ Call-Cycle Traverse
® . ] A number of coop.rative studies with the Cellu-

“l = ' lar Radiobiology Section wers undertsahen to determine
¢ L ] the effects of varfous protocola on DNA synthesls.

® ® Flow microfluorometry (FMF) analysis offers tha
unique advantage of providing DNA distridution pat-~
b- terns of large numbers of cells, theraby revealing
the relative number of cells in the various phases
. of the cell cycle under a variety of experimantal
conditions. FMF analysis, coupled with cell enumera-
.. tion and autoradiography, provides a powearful meth-
“ : od for analyzing the effacts of varicus synchroniz-
ing protocels or drugs on call-cycle traverse,

In a collaborative study with Dra. R. A, Tobey
and P, M. Kreemer, the atfects of thrsa commonly
uwsed synchronizing sathoda, isoleucine '.hyn-hnutm.1
doubla-thymidina blockade, and mitotic ul.cctl.on,zJ

~ wers analyzed and evaluated with respect to thelr
LN

- wffacts on subsequent DNA replication, In esch
bl 200

case, wve found a given fraction of cells was unable
» 3. Photomicrographs of cells described in

Fig. ld: (a) Unsorted tumor cells dis- to complate gecoms replicetion following msynchro-
pareed vith trypsin. (b) Sort 1 from nization, The term “iraverse perturbation index”
distribution described in Fig. ld.

(c) Sort I1 from distributlon describaed vas designated for the fraction of cells converted
in Fig. 1d. to a noncycle-traversing state because of exper-

T parameters must be luvestigstad. Parameters tmntal mantpulation.' Traverse parturbetion in-

as nuclear-to-cytoplasmic ratio and tumor mam- dices for double-thymidine blockade, Lsoleucine

e entigens currently are of interest. Perhaps deprivation, snd mitotic selection were 17.0, 12.4,
wse of multiparameter analysia (i.e., DRA comn- and 5.5 percent, respectively, A typical DMA dis-

t versus nuclear-to~cytoplasmic “uo“ aight make tribution psttern revealing the noncycls cells

ulvocal tumor cell detection e reality. following relesse from double-thymidine blochade .

is shom in Fig. 1. A knovledge of the trevarve
pertubation index will permic a direct comparison
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NUMBER OF CELLS
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ONA CONTENT
1¢. 1. DNA diatribution patteins showing non-

0

traversing fraction of cells after re-.ersal

of the double-thymidine blockade synchro-
nizging technique. Broken lines represent
values for G) and G + M DNA calculsted
from coatrols. Cells vere prepared via
the double-thymidine blockade technique.
PMF patterns in the culture at time of
removal of the second thymidine blockade
{DNA pattern showm in A) and at & hr
later, immediately before the first in-
creade in cell nuaber {(showm in B8). The
numbers of cells examined tn (A) and (B)
vere 51,000 and 52,000, respectively.

[ the effects of various aynchrony-induction pro.-
ocols on cell-cvcle traverse.

In another studvy conducted with . R*. A,
obey, ™F techniques were uned to wvaluate a new
retocol for preparing large quantities of nynchro~
lzed mammalian celle in late (:l of the pre-INA
This tech-
lque, a modification of the method described by

rplication phase of the cell c,vcle.s

obey and L.cy.l employs hydroxvurea (to ll)-, ¥ or
ftosice arabinoside (to 5 Lg/ml) for 10 hr follow-
ag relevase of celle from ixoleucine deprivation.
rlle that sre then wvashed and rexumpended in fresh
rdium without druga will {nitiste DNA synthesis
¥ begin dividing within 7 hr. DNA diseridbution
ererns for cells aynchronized by this technique

e sheam in Flg. 2. This protocol offers the

NUMBER OF CELLS

1. 3374841

-

2O0O -

—

0o -

- ! e
@ © o ¥ 40 %W & TO 80
DMA CONTENRT
FIC. 2. DNA distribution patterns of various syn-

chronized cell populstiona: (A) Cells
wers prepared by cultivation for 30 hr in
isoleucine-deficient medium, then re-
suspendad in [resh holeucine-cmuiglnl
wrdium containing hydrcxyurea to 1077 M;
the sample for FMF analysis was removed
st 10 hr after resunperaion of iscleucine-
daflcient cells in normal wedium plus
hydroxyurea. (B) Cells were prepared by
cultivation for 30 hr in isoleucine-
deficient medium, then resuspended in fresh
isoleucine~containing medium containing
cvtosine arabinoside to 5 ug/ml; the
sample for PMF analysis was removed [rom
the culture at 10 hr sfter resuspeneion
of isoleucine-deficient cells in normal
medium plua cytosine arabinoside. The
number of cells examined In each cultura
wax 19,000 (lsoleucine-daficiwncy snd
hvdroxyurea) and 17,000 (iacleucine-
deficiency and cytosine arabinoside).
Brokan lines represent values for G; and
L3 + M DNA peak values calculated from
vontrols.

advantage of providing large quantities of cella
neartr the Glls boundary sultable for studies of bio-
chemical cvents associated with completion of inter-
phase and inftiation of genome replication.

In another coaperatiw wgudy with Dr. R. AL
Tobey, FMF technliques wvere used in experiments
designed to determine effects of ueveral chemo—
therapeutic agents on cell-cycle tuwuo.6 Four
agents with differing effects on ceil-cycle progres-
sion were examined: hvdroxyurea, cytosine ara-
binoalde, dlecwvcin, and camptothecin. Both
hydroxvurea (XD-J M) and cytosine arabircaide
(3 ug/ml) groasly decressed the rate of progression
of cells intc S phase, resulting in sccumulation

of cella at the GIIS boundary. Neither agant
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capletely prevented cells from initiating DNA syn- The combination of FMF, cell enumeration, snd auto-
tesia. Bleowyein {100 ug/ml) allowed inftiation redlographic techniques provides a new approach to
nd completion of gencws replication to accur at a studying the effects of chemotherapeutic agents on
easly normal rate, but cella accumulated In (;2 and cell-cycle traverse and provides valuable informa-
Dt cella loat the capacity to enter mitoais. tion to the clinician regarding drug dosage and
. ®mptcthecin (1 ug/ml) reduced the overall rate of timea of applicatiom.
Jcle progresalon and allowed a fev cells to rep-
icate & complete com . lement of TNA. REFERENCES
The DNA distributlon patterns for cultures re- 1. R. A. Tobey and X, D. Ley, lsvleucine-medtated
tared from lacleucine-deficient G,-arrest and regulation of gerome replication in various
. 31, A&
dintained in the varicus drugs are shown in Fig. 3. ?:::;fm cell Hnen. Cancer fes.
r——v————w—-"—
1 w© ] & -« < 2. R. A. Tobey, E, C, Anderson, and D. F. Peter-
{ , } 1 ' sen, Propertics of mitotic cells prepared by
: : 1 mechanically shaking monolayer cultures of
‘ ' ! Chineae hamster cells, J. Cell, Physiol. 70,
, oot ! ! 63 (1967).
1
: [ H 3. D. F. Petersen, E. C. Anderson, and R. A.
I [ 1 Tobey, Mitoclc cella: Source of synchronized
Y ‘ \‘ ! cultures, In: "™Methods in Cell Physiology,"
- - - - Vol. 3 (D. M. Preacott, ed.), Academic Preas,
! t i . ' b New York (1968), p. 347.
| 1 : ] §
m. \ : LN R. A. Tobey, H. A, Crissman, and P. M. Kraemer,
| ; ! L A wethod for comparing effecta of diffarent
! : 1 synchronizing protocols on mamsmalian cell cycle
| M . . traverse. J. Cell Biol. 54, 618-645 (1972).
1 i N
. 4
| | . 3, R. A. Tobey and H. A. Crissman, Preparation of
! l ' large quantities cf aynchronized msmmalian
- RO Bl R R M aR e b cells §n late G} In the pre-DNA replicative
Ohea COnTTNY phase of the cell cycle. Exp. Call Ras. (1970,
16. 3. DRA distribution pattemns for cultures in press.
relassed 'rom isocleucine—deficlent G,- s " Tob . ert v .
arrest sné maintained for 10 hr in L . - A ¢y = + A, Crisaman, Use o o
ug/ml bleowycin (B); 10~} ¥ hydroxvurea (€}, microfluorometry in detailed analyals of
| or 5 ug/ml :yteoaine arabinoside (D). effects of chemical agents on cell-cycla pro-
(A) Control. The culture vas maintained gresslon. Cancer Res. 12, 2726-2732 (1972).

for 3 hr in isolewcine-deficlient medium,
at which time =n aliquot was examined via
FM¥ snalysis. (B) Bleomycin, The culture Application of Biophysical Instrumentstion to Animal
was waintaloec for M hr in lsclewcine-
deficlient medium; than the cella were re-
suspended in fresh, complete (isoleucine-
contalning) medium supplemented with bleo-
sycin to 100 pg/ml, and after 10 hr a tffort tince lamt year's smnual report describing
semple was removed for FMF snalysia. ‘
{C) Mydroxyurea. The culture vas main-
tained in imoleucine—deficient medium for has concenirated on sdaptation of this aystem to
| 30 hr; then the cells wvere resuspended in
frash, complete wrdlum containing hvdroxy-

Dlsease Diagnoais

The Hog Cholaza PX-15 System.--Inveatigative

*ur wuccessful "proof-of-principle” nperlnnul

fresh tinsue techniques., The specific aim is one

urea to 1073 M, ar4 after 10 hr a sample cf direct detection of vivral antigen from fleld
vas Temoved for TMT analysis. (D) Cyto- ubmiusions,

aine arabinoside. After 3U hr Iln ino-

leucine deficlient nedium, the cells were New problema wers encountered o preparing
resuspended in fresn, complete sedium heterogeneous cell samples (pig blood and tisaue
containing cytosine arshinoaide to 3 ug/ml;

10 hr later an aliguet vas removed for FWF biopay material) for flow microfluoromecry (FMF)
analysis. The broken lines represent G) atssurements. Tha very lov fluorsacence of cells
md G2 + M DNA peak valuer calculated from

the exponenrial culture, which was the labeled with fluorescently tagged antibadies Te-
pource of all cells used in these exper-
imnta. The numbar of cella examined ln
sach culture was (A) 23,000; (B) 47,000, of small debris and homogeneous. Procedures were

{C) 19.000; and (D) 17,000. developed for isolation, fixation, and com)ugation

quires wonodisperse cell suspensions that are free
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’leen and white blood cell muspenalons to

re compatihility between these procedures and
renance of good aingle-cell =muspensions. Nu-
1% anticoagulanta, red blood cell lysing agenta
stocedurea, and several fixation methoda were
1ated to provide procedures compatible with
.alning aingle-cell auspensions with ninlnal

4 md still provide cell permeabllity to
escein-labeled antibody molecules. Buffy coat
cultures were alao considered. Although satia-
Ty protocols were developed, nonapec{flc bind-
f conjugate to uninfected cells decreased the
tivity of FPMF analysals below that of standard
lques. The present level of senaitivity re-

8 that 10 percent of the cells in a sample be
ted. Improved conjugate purity would increase
ignal-to-roise ratio and make FMF & useful tool
tudying virua replication in mammalian cells:
is being attempted,

Basic support experiments using the PX-15 cell
m to determine if other areas of FMF applic-

ty exist will continue. For the first time, a
itative evaluation of conjugates can be ac-
ished using techniques developed for the proof-
inciple preject, Quality evaluation of com-
ally produced conjugates is izportant for USDA
sing procedures and for evaluating our own
gates, Conjugate cvaluation 1s based on two
eters: (1) relative cell brightness or the

t of fluoreaceinated antibody bound to a cell
apared with a "standard™ conjugate, and
pecificity as evidenced by the ratlo of spe=-
ally to nonspecifically bound conjugste. Both
sters can be quantitated easily using the FWT.
Although instrumental development on this

it has been reduced, new techniques of rapid
ldentification and information proceusing

»ped In the section have been applied to the
tscence analysia of randomly growing PX-15
infected with hog cholera virua. Recent
pments permit measuring the ratio of cell
1scence {total amount of fluorescent antibody
1 to ccll volume, The resulting Jistributlions
1) fox cuatrel and infected cells are both

te {coefficlent of varistion decreases by
iimately 2.0), indicating that larger, more

t cells do not produce wore virus per cell

maller cella. The improved coefficient of

T T T T T T T ™
—_—tw e
= - e o e Srve—
s e

£
Y
wool-
' s .~
TR s
ey Bymiss | progrramal W sl Pulrraceas |
FIG. 1, Distributioma for control and infected

cella.

variation of the peaks 1s a rvesult of cancelling
the contribution of nonspecific binding which fa
proportional to cell volume.

Differences in light-scattering patterns wvere
observed for hog cholera infected and noninfected
PX-13 ce115.2 Light-scattering measurements were
made with a new photoneter3 described elsewhere in
this report which uses high-speed film as the detec-
tor. Intensalty of scartered radiation from sus-
penaions of live infected and noninfsacted cells is
shawn in Fig. 2. In the angular range of 2.5 to
4.0, overlap of the two curves is consistent with
light-scatter theory and Coulter voluma data that
indicate the two cell populations are very sinilar

in volume. At larger angles (4 to 25°);, Infected
o

. T ]
[ AT J-1VE] h
4
]
i ol BFECTIO J
\ 5
L E
§
En',_ —.
v {
5 | 1
]
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! 4
q' I I L 1
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FIG. 2. Scattere.s radiation intensity for infected

and nenit fected celln,
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celln scatter wurh more light (sbout 2.) times at
Thin difference In
large anpte lighy-aratter patiern Il delieved to

%) than mmanfected rella,

be due to some (hange in internal structure between
the twoe cell populatlons,

In response to & request for help frem the
Faergency Diarsac Task Foree af the USDA, an effort
In wndrreay Lo Ioveatigate the applicadility of our
hlophysical instpmentatton for rapid differential
diagnoaisa of Newiautle di=eane virun. The ocutbreak
of a wlogenlc atrain of the virua has resulted (n
the Alnea=e belng declared s nattonal emergency.
The degree of pulyploidy in chicken »mhrvo fibro-
blamts after Newcaatle infection La repvnrd‘ to
correlate with the virulence of the virus. There-
fore, a rapid, quantitative masurement of poly-
pluidy with F¥F shauld pruvide a rapid screening
trchonique to identifv differentially strains of

Newcaatls diseane virus.

Effects of Temperature on the Mitstic Cycle of
detailed investigation into the effeciy of tew=
perature on dlfferent phases of the CIC cell life
cycle using ™F technigues for cell-cvcle analvais.

(hinrae haaxter cells (THO) In auspenmion cul-
ture rmere grown through twe cxponential growth
cvclen at three temperatures: 3, 37, and &°C,
Preliminary data sugpest that, during the firse
cycie of cell growth sfier = 1° temperature charnge,
During
the aecond cvyle, when & stvady state situation has

vont ufl the rffects ave on Traction rates,

been achieved, the effects are a vranequence of
charpes in comcentration of chem'val reactants,
Thin in evidenced hv an apparent change in cell com-
position wa'ch wvan esvured an a chenge in cell
wize. (M) celln growing at other than their optimum
temperature vere found to increase in volume.

of partivular intervst is thc cbservation that,
upon & decrvase in temperature (17 to K0}, the
perreant of CHY celln in the Gl phase of thelr life
cycle tncr-anes from &6 to 6] >ercent, which in just
the reverse for Hela cells vhich show a decrecane

{rom 48 to ¥ perccnl.s

Invest igations with the Unique Sixoploid Cell
Line, PE-15%.=--The unique DNA diatributlon of PK-13

cells, a mixoploid ceil line, wcs reported In last
yesar's annusl rrport.l Clones that were dipluad

and tetraploid in DMA content (l.e., they diffar by

a factor of 2 Ltn ONA content But not (n chromocaoms
nusbrr) were tsolsted from the ¢eil line., Becauae
these 1wo PX-!3 clones were imolated from the same
culture, we believe they alther had exactly the

wame doubl!ing time or thelr generation times wvere
not rqual but intercellular metabolic factors were
being produced that differentislly raguiate cell

doudbling. Cells from the two clones vwere mized
in different ratics and allowed to grov through
6 passwager. Theler Feulgen-DMA distyibut ions wers
then mesaurrd to determine Lf the two populations
were groving at the smme rate and msintaining the
wame ratlos, Becsuse the mining ratios reaslned

constent, we conclude thet the two clones have the
cmmt doubling times and respwd similarly to cell
density., Further experiments ave planned to cowpar?
thece clones with regard to their chromosows banding

patterm, response to temperatura, and radistion.
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Normal and Tusor Cell Kinetic Studice Using Flow

Microf lunrooet ry {FMF)

Methods for studying the kiretics of prolifera-
tive cellc frow both normsl and tumor tisvuas in
vivo are of fundameantsl intivest i addition teo
their possible application to the artan of chemo-
therapy and radiotherapy. (all analyeis and sorting
inytrumentaticn currently unde evelopment at the

Los Alamos Scientific Laborator, can be used with




Annual Report of the Biological and Medical Research Group (H-4) of the LASL Health Division, January-December 1972. Contributed by Bob Auer.

relative case for kinetic atudien, DBasically, the
procedurs conslats of {a) preparing single-cell
sunpennions from the tisswe of intereat using tryp-
slnltation procedures; (b) fiming singls cells in
merthanol and formaldehyde mixtute; and (c¢) staining
fixed celle with scriflavire {(flvorescent-Feulgen)
for specific staining of vellular DNA, Cther avall-
sble techniques include the use of (a) the Coulter
princlple to determine the volume distridbution of
cella; (b) a signal from scattered light to gate tha
slectronic system which mvaswrss fluorescence,
theredy eliminating nolse eignals peneretad by
debris (n cell preparations; (¢} a mltiparameter
cell separstor to isclate cell populationa with dif-
ferent DMA distribytions; and (d) a combination of
the al.ove systens to weasure directly the DNA con~
tent per unit cell volume. These tachniques are
described in detall in ouyr ennual report for 1971.‘

Our prelisinary atudi«s indleste that call
preparaticors for moume tissuas such as skin, izntee-
tinal epithelium, liver, splaen, and kidawy that
are comaidered important in radiothetapy can be nsde
and rheir DNA dis ributions measured by FMF inegru-
mentation. Figure 1 shows DNA dlatributions for
d1fferent normal tissues that sre considared to be
rome of tha limiting tiesuas in radlation thervspy.
The nolas cavamed bty debria in tha call praparatiom
and sppearing la low chanoel numbers vas not elec-
tronically gated cut in thesa masursmants. The
DNA content of all thass normal tiasuss ia about
the same and shows that a large fraction of cslls
is in the Go ot Gl atate. 23

Dr. R, F. Ksllman and associatas™ '” have <on-
cluged from thelr studias with XHT aarcomea and EMTS
(ramsary carcinoma) that s dose of 300 rads inducaa
aynchrony in the tumor cells, thersby causing
cyclically fluctuating radicacrsitivity changes aw Lo
a function of tise aftar axposure. Although it INESTIN
will be difficult to correlate results of DMA dia-
tribution with resultas of radliation sersitivity, it
will be of intersat to atudy the changes in DNA
distributions in tumor celle in vivo with time after
radiation exposura. KHT ia & sarcuma thet srosa

apontaneously at the basa of the ear of a8 CIH/KN

nouse in 1962 in Dr. Kallasn's laboratory at Stan-

ford Univeraity. Thie tumor lire can be mein- F1G. 1. TMA diatridution of normsal tissueas in mica.
The X sxia fa the chennel number (propor-
teined by serial ndr:utsmcoul pastege and has been tional to DNA content in the cella), and
[ ]

studied extenaively. A tumor of sbout 12 ma in the Y axis is the relative number of calls

per channel,
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diamster from & donwr mruse ia axclaed, placed in
norusl saline, and mincad Into small pleces sbout

1 -n) in wolume, Tusor pleces are then trana-
planted onto the deck of CIN mice via & small
incinlon La the skin of the freshly shaven back,
The tumor grows to abowt 1 cm in dismeter on about
the 12th day after transplantation. When the tumors
werte about ] cm in dismeter, the wice wers anes-
thetinged (0,1 ml/g body weight of Membutel), and
the tumors wvere ¢xposed to X rays by shlalding the
remainder of the mouse., Moume tumore exposed to
00 rads of 230-EVP X-rays ware sacvtificed at O, B,
12, 16, 22, 24, 26, snd 30 hr after X-ray exposure,
end cell preparations vers made to msasurs DHA
distridution. A few tissues wvere also exposed to
1%0 or ISC0 rada of X rays and wvere sacrifliced at
24 hy after axposurs. Tumot grovwth msssuremants
suggent that 1300 rade is a curatise dose. Two
mice ware used for each dosa lawl and f{ixation
tise after exposure.

A scattered light signal was uaed to gate the
nolae signal arising from debria vhen the cells were
used in the TMP inatvumsntation. All samples were
massuread to a total cowmt of 30,000 celle, TFigure 2
shows the results of DMA distributions at different
timee after X0 rads of exposure, whara thete are
significent differences in DNA distribuwtion, Micro-
scopic examination showed that most of the cells
were single snd that the doublets vare less than
3 partent in all semples. The fire: peak Lo the
MA distridbution reprezenta normal diploid cells in
the tusar, The second peak, correspoanding to the
amount of DHA nearly twice that of normal diploid
calle, 13 due to tumor calls in the G1 phasa. The
third pesk, corresponding to tvice the samount of
tumor cells in the (:l phasa, is dus to tumor cells
in the G, + M phasa. DHMA distridbutions correspond-
ing to c;l’.a in between G1 and Gz + M tumor calls
are dus to cells in the S phase, VWhen ths calls in
a tumor control ssmple ware separated according to
the DMA comtant in the celle using the cell sep-
arator, wa found that the fivet peak in DNA dis-
tridutions ia dus to leuvcocytes. It can be saen
from Flg, 2 that the DNA distribution of tumors 8

and 12 hr after exposure to OO rads, when compared

to zero hour after exposure, has more cells in tha FIG. 2. DNA distribution of KHT sarcoma tumor cells
at different times after exposure to
G! + X phase. This could ba due to Gz block ceused 300 reds of X-rays.

by radistion. Howsver, it can ba ssen that 12 hr

100




after exposure the relin are beginning to dlvide and
that at 24 hr after expo=ure to MM rad« DNA dis-
tribhue’  look= very ~imilar to that of the control.
Figure J shows that when the cells are rxposed to
1%X) rads there stil] =ecems tuv he & snall increaae
in cells In the t,2 M phase at 04 Ly after expoaure,
vhereas with 35w rad= neavly 3 percent of the
celle are mtill In :the Ly + M phase, e would
expect this trend because with Lncreaaing dome the
mitotlc delav Ia Invreased. These results are in
agreement with rasults of Knlb using Rhabdomyo-
sarcoma cells with impulse photometer (natrumenta-
tion., Varistlions in DNA diatribution among any
two tumor samplen treated in the same wey wvere
found to be remarkably similar. Thua, the differ-
ence in DNA distribution with dome and time after
exposute are tesl. [t can be concludad from theae

preliminary atudies that FMF ia a very good tool

FIG. 3. DNA distridbutien of KHT marcoma tumor cells
after 24 hr of exposure to 300, 1500, end

3500 rads of X-rays.
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to obtain quantitative Iinformstion on tumor am well
as normal cell kinetice sfter radiation treatment.
We proposs to study the progression of normal
and tumor cell populstions in experimental wssmala
in addition to cells ln culture vhan they are ex-
posed to lonizing radiatione auch as X rays and

later with negative pions. DdA distributicne in

patients trested with conventional radiationa and
later with nagative pions could also be made whan-

¢ver tumor biopaies ara available. Thie type of

msrasuremant in experimental animals and posaibly
in some patienta could give importamt information
that may laad to optimmm fractionation in radio-
therapy and could also be used a8 a diagnostic

modality to judge rsdiation effacts after a given

treatment and to plan future exposurs,
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