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'BIOLOGICAL RESEARCH

RADIATION BIOLOGY AND RADIATION THERAPY

John H. Lawrence in charge

CELL STUDIES BY ELECTRON MICROSCOPY

Thomas L. Hayes, James Koehler,. Walter Birnbaum, and Stafford Daniels

The ultrastructure of several single-cell systems is being studied
by use of the electron. microscope. Information is sought on the. morpho-
logical changes produced. by such physical agents as radiation.on.the cell
organelles (mitochondria, chromatophores,. etc.); . such.-informa tion should
“be useful in determining the basic. mode of interaction between radiation
and living matter. ' :

Yeast Cells

The. structure of the yeast cell has been the object. of several recent
investigations. Osmic acid,. the standard 'stain" used in electron. micros-
copy *,-has not been very satisfactory for this organism. -The physical and
biochemical properties of uranyl nitrate, however, suggested that. it might
be applied advantageously. Uranyl ion, containing a heavy, metal, .may be
expected.to act as an effective electron stain.when incorporated .into a.cell
or tissue to be.observed with an electron microscope. Biochemical data
suggest that uranyl may be a relatively specific electron. stain for high-
molecular-weighttpolyphosphate compounds such as nucleic-acid.

. Diploid..cells of the X901. strain of Saccharomyces cerevisiae grown
_in yeast.extract and dextrose for 3 days were fixed and stained by placing
them in aqueous solutions of uranyl nitrate ranging in concentration from
2% to 50%. . The duration.of fixation after staining was varied from 3 minutes
to 18 hours. Best results were obtained with a 40% aqueous solution of
uranyl nitrate, in which the cells were suspended for 1 hour at room
temperature. '

The cells were.imbedded in a mixture of butyl and methyl methacrylate
(3-to-1 ratio) and sectioned with a :Porter-Blum ultramicrotome equipped with
a diamond knife, and.the specimens were observed with.an RCA-EMU 2E
electron microscope. The uranyl nitrate was found to be incorporated into
the yeast cells and appeared to be an effective electron-scattering agent.
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‘ The cytoplasm of the yeast cells exhibited a granular constitution,

and no mitochondria or endoplasmic reticulum could be observed. However,

a more lightly staining area was found in almost every cell examined. This

area appeared to be the nucleus. Within this nuclear area were observed; in

most cases, very darkly stained structures (Fig. 1). These structures were

in every case within the more lightly stained area (thought to be the nucleus),

and were often paired and symmetrical. The appearance and location of these

L darkly stained inclusions suggested that they might represent the chromosomal
material of the yeast cell. These structures, if chromosomes or chromatins
aggregations, would indicate that the yeast nucleus has material within it
analogous to the chromosomal material of the cells of other organisms. Since
the sections of the cells were cut approximately 400A thick, whereas the
yeast cells are 4 or 5 micra thick, the sections represent only about 1/100 of
the cell diameter. It was therefore not possible to estimate the number of
these structures in the nucleus from single micrographs of the cells.

Diatom Structures

Several fresh-water pennate diatoms belonging to the class
Bacillarieae were grown in epiphytic relationship with a green alga, Nitella.
Small pieces of the Nitella with the diatoms attached were cut and fixed for
electron microscopy (L% osmium tetroxide in veronal buffer, pH 7.4). Figure 2
is a low-power electron micrograph showing several diatoms attached to the
cell wall of the Nitella. The siliceous cell wall seems to be completely
composed of small blocks of very dense material. Inside the cell wall there
is a large chromatophore occupying about half of the cell volume. The
chromatophore is a multilamella structure containing dark oval bodies dis-
persed in an orderly array along the lamellae (Fig. 3). The cytoplasm of
the diatoms is in the form of strands arcund many vacuoles. Several mito-
chondria were seen, and the nucleus was located in the central portion of the
diatom.

Hela Cells

Tissue-culture cells of the stable cell line Hela have been examined

in the electron microscope. Work has been done primarily on normal cells,
but some experiments are now being completed on the effect of radiation on
these tissue-culture cells. After doses of 500 to 1000 roentgens of x-
irradiation these cells developed into 'giant' forms, which may be ten times
normal volume. Electron microscopy has revealed a multitude of bizarre
structures (Fig. 4), especially within the nuclear membrane. The effects
of intranuclear tritiated thymidine on the cell structure have also been studied.
Preliminary workhas indicated that very small doses of H™ thymidine produced
traumatic effects on Hela cells as seen in the electron microscope. The

. specific uptake of this agent by DNA and hence by chromosomes, coupled
with the very short range of the H3 beta particle, provides a means of
specific nuclear irradiation.
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ZN-2319

Fig. 1. Yeast cell fixed in uranyl nitrate.
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Fig. 2. Diatoms attached to cell wall of Nitella.
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Fig. 3. Chromatophore of a diatom.



ZN-2322

Fig. 4. Multinucleated Hela cell. 1,000 r x-irradiation.



-10- UCRL-8988

IRRADIATION OF THE PITUITARY IN HUMANS

James L. Born, John H. Lawrence, and Cornelius A. Tobias

The effects of pituitary irradiation on human metastatic mammary
carcinoma and certain endocrine-controlled diseases have been studied. The -
high-energy particle beam from the 184-in. synchrocyclotron was used, in
this instance a beam of 900-Mev alpha particles. These studies were com-
menced in 1954 and have continued since, including th e period from 1955 to *
1957 when curtailment of irradiation was necessitated by a renovation of the
synchrocyclotron. From the inception of this program in 1954 a total of
115 patients have received irradiation to the pituitary gland. Mpst of these
patients have been women with advanced metastatic mammary carcinoma.
A smaller series of patients with pituitary tumors and another series of
patients with advanced diabetes mellitus with retinopathy were irradiated.

During the past twelve months 39 patients have received pituitary
irradiation and three are currently being irradiated. Of these 26 had
metastatic mammary carcinoma, eight had severe diabetes mellitus with
retinopathy, two had acromegaly, one had carcinoma of the adrenals, one
had malignant exophthalmos, and one had Cushing's disease.

The technique for radiation has remained essentially the same, though
several modifications have been made in the procedure. These consist of
continuous head rotation and the use of slightly larger apertures in order to
irradiate a somewhat larger field. The use of the larger aperture was deemed
desirable as studies of the histological sections of the pituitary at intervals
up to 14 months following irradiation had shown identifiable cells at the
periphery of the gland. All the irradiation of the patients with mammary
carcinoma has been at the higher dose level during the past year; irradiation
was delivered in multiplanal fractionated doses over a period of 12 days. As
a result of the use of the larger aperture combined with the larger dose there
has been a rapid onset in the appearance of clinical signs of hypophysectomy.
In some of the patients this was noted as early as 2 weeks following the
completion of irradiation, at which time the iodine uptake in the thyroid gland
had declined to 50% of its preirradiation level. This was accompanied by
evidence of adrenal insufficiency necessitating early replacement therapy.
This early clinical and laboratory evidence of irradiation hypophysectomy
was confirmed by histological findings of extensive destruction of the pituitary,
seen as early as 10 and 19 days postirradiation in two far advanced mammary
carcinoma patients who died of their metastatic disease at these times.

The 26 patients with mammary carcinoma selected for pituitary
irradiation during the past year were in an advanced stage of their metastatic
disease; as a result five of those who were far advanced died of progression "
of their disease within 30 days following irradiation. Of the remaining 21
breast cases 10 have shown an excellent objective response, as shown by
regression of soft -tissue lesions and improvement of osseous metastasis.
Included among these is one male with breast carcinoma who showed a striking
response in the healing of bony lesions and in work rehabilitation. It is known
that the remissions obtained in breast carcinoma from pituitary ablation are not
permanent, but some patients in the total series have done well for periods of
more than a year and are still in a state of remission. The average duration
of remission cannot be calculated until recurrence of disease is established
on all the patients irradiated. At present 26 of the breast carcinoma cases are
living at times ranging from 3 to 52 months after irradiation.
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Attempts have been made to evaluaté the responses of 70 breast

cancer patients to changes in endocrine status brought about by oopho-
rectomy, by combined oophorectomy and adrenalectomy, and by the use of
androgenic and estrogenic suthstances. No definitive conclusions could be
reached from these data, as attempts at interpretation-are hampered by the
small number of patients involved in each category and the lack of any clear-
cut response pattern. Th1rty seven of the patients were oophorectomized,
but of this group only 18 were premenopausal and were oophorectomized
therapeutically for their metastatic disease. Six of these :showed a good
response to oophorectomy. Six of this group also showed further objective
‘remissions after pituitary irradiation, but only three of this group were
among the six who had benefited from oophorectomy.  This suggests that a
prior response to oophorectomy is not necessary for a later response to
irradiation hypophysectomy. . Sixteen patients had been adrenalectomized as
well as oophorectomized and 14 -of them had shown benefit from the combined
procedure, Six of this group later showed a further response to pituitary
irradiation. Twenty-nine patients were menopausal at the time of pituitary
iradiation. Of these .10 showed a good response to irradiation hypophysectomy.
Responses to the use of androgenic and estrogenic substances could not be
correlated in any definite pattern of response to subsequent ablative endocrine
procedures. A more basic approach is being-undertaken to the problem of
beneficial responses in mammary. carcinoma to changes in endocrine status.

Studies on the excretion .of urinary estrogens in patients with advanced
metastatic mammary carcinoma have shown decreases in total estrogens
after oophorectomy and after irradiation hypophysectomy. By use of chemical
methods the estrogens were fractionated into estrone, estradiol, and estriol.
Changes were also shown in the ratio of these fractions after ablative pro-
ceduress. Results suggest that either estradiol or estrone, or some equi=.»
Ibriummixture of the two, is the principal hormone and that estriol is the:
reduction product. Enzyme methods are being set up to assay the biological
activity of these three urinary estrogens on the transhydrogenase in human
placenta

'Othe'r studies are being undertaken with C14-;labeled testostérone in
mammary carcinoma patients to determine metabolic patterns .of excretion.
Estrogen determinations will quantitate the conversion of testosterone to
estrogenic substances. :

Mammary carcinomas are being chemically induced in rats, which
will afford a means of extending investigative metabolic and therapeutic
studies beyond our present limitations.

Investigation of the effects of pituitary irradiation in neoplastic and
endocrine-controlled disease will be continued durlng the coming year. Some
modifications will be made in dose schedule, as it is believed that the high-
dose range has been well explored. Reductions in total dose levels will
avoid the possibility of injury to surrounding cranial nerves. Detailed
endocrinological studies including the metabolism of labeled endocrine
compounds @€ expected to yield data of importance .on the mediation of re-
sponses through the pituitary. '
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~.SENSITIVITY OF THE NERVOUS SYSTEM TO IRRA_DIATION
C. T. Gaffey

~Project No. 1. Peripheral Nervous System:
Electrophysiological Studies

The primary function of nerve. fiber is to serve as the line of
communication between receptors and effectors in biological systems. It is
one of our projects to study the mode of action .of ionizing radiation on frog
sciatic nerve. Electrophysiological techniques are being used to investigate
bioelectric characteristics (such-as threshold, amplitude, latency, conduction
velocity, and rates of rise and fall of the action potential) of nerve fiber prior
to, during, and after exposure .to radiation. It is suggested that knowledge of
electrical properties of neural-fiber membrane will provide an explanation
for the mechanism of damage .in the peripheral nervous system:.

The rates of rise and fall of the neural impulse have been shown to
be indices.of membrane Na-ion.and K-ion permeability. = By using the
Lawrence Radiation Laboratory's 184-inch cyclotron it has been demonstrated
that high-energy alpha particles and deuterons preferentially alter the falling
limb of the action-potential complex, leaving the ascending limb of the action
potential unchanged. Similar results have been found.by using soft and hard
x-rays. This leads one.to suggest -that damage in nerve fiber due to ionizing
radiation is caused by a selective increase in membrane permeability,. first
to K ions and then to Na ions.

Single exposures of an isolated nerve fiber to irradiation by high-energy
alpha particles and deuterons produce a striking decrease in the amplitude of
the rneural impulse. For instance, a 40- krad dose of alpha particles causes
a degenerate decline in the magnitude of the neural electrical output, which
continues until there is a total loss.of signal 20 hours after irradiation. A
semilog plot reveals a linear relation between the time for onset of irradiation
damage (i. e.,.the period after irradiation for a complete loss of the action
potential's amplitude) and the radiation dose. With such a calibration curve,
irradiation damage to the peripheral nervous system can be predicted.



-13- ‘-UCRL-8988

Project No. 2. Peripheral Nervous.System: Chemical Studies

Alterations.in permeability of neural-fiber membrane, as a con-
sequence of interaction with radiation, is an extension of our electro-
physiological studies. . Neural-membrane permeability is best revealed by
sensitive radioisotopic-tracer techniques. Modern radioactive counting
procedures permit the ready measure of the rate.of transport of a particular
ionic species through neural-fiber membranes. Membrane- permeability
changes probably play a key role in.interpreting nonlethal effects of radiation.

Project No. 3. Brain

There is the possiblity that the brain contains a small population of
highly radiosensitive cells or nuclei of cells. It is our purpose .to-use
electroencephalographic techniques to analyze brain structures for’ differential
sensitivity of electrical response to high-energy radiation. ' o

The central nervous. system is thought.to be very reS1stant to-ionizing
.rad1at1on° This .view is based on the observation that in order for total-body
irradiation to produce destructuve changes in brain structure, grossly supra-
lethal doses must be administered. However, reports hdave been published
telling of physiological changes after substantially lower doses of irradiation
than those required.to evoke clearly detectable anatomical damage .in brain
tissue. E. Gerden.(J. Comp.. Psychol. 20, 263-290 (1935) ), using an auditory -
stimulus, found consistent changes in the conditioned-reflex response in the
dog with doses of 20 to 150 r. A.V. LebedinsKy’ (Proc. Intern., Conf. Peaceful
Uses of Atomic -Energy, Geneva, 1955 (United.Nations, New York, 1956),.

Vol. 11, 7-24), has reviewed Russian literature which indicates that functional
~alterations of the central nervous system may result from x-ray exposure

to doses as low as 0.1 r. If these findings are substantiated, it would seem
that the central nervous system may contain.the most rad1osens1t1ve tissue

of the body.

The present program is concerned with coupling techniques of perma-
mnent brain-implant electrodes with EEG technlques . Computer analysis of
‘the results may ‘be possible.
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EFFECT OF RADIATION ON THE.'RETICULOENDOTHELIAL SYSTEM

Ernest L. Dobson, Lola s. Kelly,
Caroline R. Finney, and J. Dorothy Hirsch

Previous experiments in this laboratory have demonstrated that a
number of substances produce an increase in phagocytic activity in the
reticuloendothelial system by causing cell proliferation in the liver retic-
uloendothelial (RE) cells. Although the RE system has been shown to be
- relatively radioresistant with respect to phagocytic function, it seemed of
interest to determine whether increases in function could be prevented by
radiation. Colloidal chromic phosphate has been .shown to localize almost
exclusively in the liver and spleen, and thus it provides a convenient method
for the specific irradiation of these two organs.

Eighteen mice were injected intravenously with chromic phosphate
(1nC per gram body wt). Six days later six of these and six controls were
injected subcutaneously with 1 mg of estradiol in.sesame oil. The rate of
disappearance of a.test dose of intravenously injected colloidal carbon .was
determined 4 days after the .estradiol injection.in order to test the
phagocytic capacity.

Table I summarizes the rate constants for carbon disappearance
in'the different groups of mice (six per group). It may be seen that the
high radiation dose to the liver (estimated as 5000 rep) affected the phagocytic
efficiency only slightly, in .accord with previous findings. However,
irradiation prevented the threefold increase in the phagocytm rate constant
which is normally produced by estradiol.

The high radiation dose to the liver had very little effect on the general
condition of the mice. They continued to gain weight, .though at a somewhat
reduced rate, and there was only a.mild depression in the white blood cell
counts. The liver weights remained normal. . Spleen and lymph-node weights
declined.as expected.in these radiosensitive tissues.

The prevention of phagocytic stimulation by specific liver irradiation
is in.agreement with results of whole-body radiation published recently by
Benacerraf et al. 2 and lends further support to the concept that increased
phagocytic function is primarily due to cell proliferation in the liver.

lDi Luzio, . Simon, and Upton, Effect of X-Rays and Trypan Blue on
Reticuloendothelial Cells, A. M. A. Arch. Pathol. 6_4, 649 (1957).

ZBenacerra,f, ‘King-Rosenberg, Sebestyen, and Zweifach, Effect of High
Doses of X-Irradiation on the Phagocytic, Proliferative, and Metabolic
Properties of the Reticuloendothelial System, J. Exptl. Med. 110, 49 (1959).

-
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Rate constants for carbon disappearance in.irradiated mice

Controls’ -Sesame oil Estradiol "

“" Chromic ' Chromic

Chromic

.controls .phosphate phosphate phosphate
plus
estradiol
Days after _
CrPO, - - - 10 11 10
Days after -
Estradiol - - 4 - - 4
Carbon dis-
appearance rate
" constant : _ : o ‘
(% per min) 3.4+£0.5 3.1%0.3 11.6 £1.5 2,2+0.2 .2.5:x0.3 3.0%0.2
Increase in
body wt in ..
10 or 11 days : ‘ ‘ . _
(g) ' 6.2x0.5 4.3x0.6 5.6 £0.5 2,3+0.8 4.4+0.9 .3.5%0.3
Liver wt - . ’ L :
(as % body wt). 5.9+£0.3 5.9%0.3 7.3+0.2 . 5.8+#0.2 6.4%0.2 .6.5%0.2
Spleen.wt . | - ' ' .
(as % body wt) © 0.54.+0.03:0.44%0.03 0.69%+0.07 0.21+0.03+0.25+0.04-0.3520.06

Lymph node

wt (cerv. and

mesen. ) (as
% body wt)

White cell
count
(Cells{mm3
X 10~2)

 0.34%0011 0.31.40.02 0.33.4£0.02

18%1 27 + 3 19 £ 2

0.20+002 0.22.+0.01 0.20.+0.01

132 16 x 2 13 x£2

Errors quoted are standard .error of the mean
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SOME OBSERVATIONS ON THE PHYSIOLOGY OF HOMOLOGOUS DISEASE
- " James McRae and .Lola S. Kelly

‘The death of mice following the transplantation of homologous
‘hematopoietic tissue has aroused a great deal of interest, but the pathogenesis
. of the disease is still poorly understood. Studies on the physiology of such
. mice are in progress. - o

It has been noted by a number of investigators that homologous disease
is associated with an-.abrupt weight loss in the face of apparently normal or
increased food.consumption, . suggesting an absorption defect. However, we
have observed.recently that mice developing the disease show a very abnormal
behavior towards their food. When presented with food pellets, they chew
up two to three times as much as normal mice but swallow only a small
fraction of the food. By weighing the food powder on the cage bottom, it

"could be shown that the decrease in body weight could be partly explained
by a décrease in the amount of food swallowed. Attempts to determine the
cause .of this abnormal behavior are in progress. ‘

In the accounts.of the pathological changes found in homologous
disease, several authors have mentioned focal areas of liver necrosis.
_ Although no satisfactory explanation has been found for these changes, in-
fections of all types have been held responsible. However, there has been
no assessment of liver function in these animals.  Since-considerable de-
rangement of liver function can occur without any obvious pathology, -the
ability of wasting mice to detoxify nembutal was investigated. In mice with’
"a body weight loss greater than 15%, sleep times were prolonged in proportion
to the weight loss. = Sleep times were normal in control animals deliberately
starved to produce a weight loss comparable to the wasted mice. Other liver-
' function'tests are currently under investigation.in.an attempt to shed further
light on the homologous disease. b

-
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POSTIRRADIATION PROTECTION OF
X-IRRADIATED MICE WITH OLIVE OIL

James K. Ashikéwa

Ohve 0il admlmstered 1ntraper1tonea11y is both protective and
therapeutic on whole-body-x-irradiated male Swiss white mice (LRL report).
In the three lethal doses tested (LD50 and LDIOO' _each at 30 days), involving
464 animals, the benificial effect of this oil was manifested during the bone-
marrow phase by an increase in survival, a change in the mortality distribution,
and a decrease in weight loss. Figure 5 shows that the effect was most pro--
nounced in the MLD group, in which almost 90% of the post1rrad1at1on -oil-
treated animals survived.

TOTAL-BODY IRRADIATION VIA INTERNALLY
ADMINISTERED ISOTOPES

. Saul Winchell and ‘Myron Pollycove
' .Recent 1nterest-in*tis sue transplantation resulting in suppression.of
immunological responses,followingtotal-body irradiation, has prompted us
to study techmques for total-body irradiation using internally administered

- isotopes. . Such techniques should be more readily available to investigators .

to permit more uniform irradiation of deep tissues than.is allowed by present
procedures for administering supralethal doses of radiation externally. Such
procedures might prove.useful in the management of leukemia and chronic
renal disease.

Presently we are studying a chelate of Y9'0 which may be uniformly
distributed in the body. Preliminary measurements indicate that the
distribution compartment is somewhat larger than the extracellular fluid
space. The chelate is relatively inert and is excreted almost exclusively
by the kidney in unaltered form. The half time of this excretion, after
equilibration has occurred, is approximately 2 hours. Since the concentration
of the Y90 chelate in urine is significantly higher than.in plasma, the
possibility of kidney damage by excessive radiation is being investigated.
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' Fig. 5. Effect on male Swiss white micé of 1 ml olive
oil injected intraperitoneally within a half hour after
whole-body x-irradiation. Forty animals per group.
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BIOLOGICAL EFFECTS OF INTERNALLY DEPOSITED RADIOISOTOPES
Patricia W.. Durbin and. C. Willet Asllng in charge

Justine - Burg, Ann Hessel Nylan Jeung, Mur1e1 Johnston,
Marshall Parrott, and Marilyn - Williams

Mammary»Tumors‘ in Normal Female Sprague-Dawley: Rats

Mammary tumors are commonly observed in aging female Sprague-
-Dawley. rats In:Davis's colony at Mound.Laboratory, Ohio, the spontaneous
‘mammary tumor incidence over the life span.of 140 normal rats was 57%;
the mean life span was 775 days. ' 1n Hartwig's colony at Randolph Air
Force Base, Texas, the normal tumor incidence for 36 rats that lived longer
than one year was 19.5%; the mean life span in their colony was 511 days. 2
.Since March 1953 several groups of normal female Sprague-Dawley rats
‘totaling 137 animals have been observed.throughout their life span in our
colony, Of 87 animals that lived longer than one. year, 22% developed. tumors -
of mammary origin. - The mean life span of the various groups in our colony
ranged from 442.to 603 days; the mean life span for all groups combined was
500 days.

According to Davis et al. spontaneous incidence of mammary tumor
in this.strain is highest in the last quarter of the life span. Fifty percent of
the tumors they saw appeared after the animals were 540 days old. In
Hartwig's colony approximately 50% of the spontaneous tumors were seen
after the 540th day. In our colony only 31% of the tumors were first ob-
served after the 540th day. The animals in.all three colonies. were originally
obtained from the same supplier, Sprague-Dawley, Inc., Madison, Wisconsin,
Differences in local weather conditions, diet,.caging, and handling may
account for the discrepancies‘ in life span among the various laboratories.

The differences in life span may in turn account for the observed d1fferences
in tumor incidence in the same strain,

The life-span tumor incidence may be corrected by actuarial methods
for mortality from causes other than mammary tumors. . We have.chosen
to use the method of Berkson and Gage, 3 which allows_the tumor incidences
to be compared directly regardless of differences in life span. This method
is.widely used to.evaluate treatment of human.cancer and takes into account
those individuals lost to follow-up for reasons other than death from cancer.
The age-specific.tumor incidence was calculated as the quotient of the number
of tumors first noted during a.100-day interval of age and.the population of

]‘R K.. Davis, G.T. Stevenson, and K. A, Busch, Tumof Incidence in
Normal Sprague-Dawley Female Rats, Cancer Research 16, 194-197 (1956).

Q L. Hartwig, S. P. Kent, and J. A. Sproul, Jr., Effect of Chronic Ex-
posure .to Fast Neutrons on the Development of Mammary Tumors . in the Rat,
Cancer Research 18, 736-39 (1958).
3J. Berkson . and R. P. Gage, Calculation.of Survival Rates for Cancer,
Proc. Staff Meetings Mayo Clinic.25, 270-286 (1950). :
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animals that could be observed for the interval. 4 These ratios were then
converted to tumor incidence rates by dividing the percent incidence by the
number of days in the interval. For example, 63 normal rats (Table II)

were alive at 500 days of age. During the ensuing 100 days two rats developed
mammary tumors. Five rats were autopsied on the 502nd day for tissue
specimens and were excluded from the data as of the 500th day. Fifteen rats
died of various causes, chiefly bronchiectasis, and.twelve rats are still

alive but are not yet 600 days old. The age-specific tumor incidence rate
from 500 to 600 days.of age was.calculated .as 2/ [68 - 0.5(15+ 123 X 100/100
days = 2/44.5 = 0.045%/rat-day.  The logarithm of the age-specific tumor
incidence rate as shown in Fig. 6 increased linearly with age at ages greater
than 40 days (the age at which we receive animals from the dealer).

The .cumulative tumor incidence (See Table III) was also calculated as
described by Berkson and Gage3 over the observed life span of female rats
in our colony. By the 900th day of life 63.7% of the normal animals would be
expected to develop a mammary tumor. Actuarial analysis brings our total -
spontaneous tumor‘incidence much closer to the 57% reported by Davis et al.

Incidence of Mammary -Tumors in Astatine-2l1l-Injected Rats

We have reported an augmented incidence of mammary tumors in
female Sprague-Dawley rats after injection with At 11, 5,6 The design of
more recent experiments was outlined in a previous report. 7  While the
initial experiments with Atz'm-injected rats showed a high incidence of
marmmary tumors at a relatively early age, important unanswered questions
remained concerning life-span tumor incidence, dose dependence, and
endocrine relationships. : '

In the present studies we attempted to increase group size using the
same total amount.ef At%11 by using younger, lighter animals, 43 to 45 days
old, rather than the 55- to 60-day-old rats used in the earlief studies. The
tumor incidences in five groups of rats given 0.5uC/g of At 1l 3re shown
in Table IV. The slopes of the curves of tumor incidence vs age (Fig. 7)
of the four groups of older rats, 55 to 60 days old, in Experiments XI
" through XVI.averaged 8.4X 10-3/day. The slope of the curve of the younger
group, 45 days old, in Experiment XVII was 5.77X 103/day. The experimental -

4Th_e observed population was corrected by subtracting from the total popula-
tion one-half of the sum of montumor deaths during the interval and the )
number of rats that are still alive, but who have not yet completed.the inter-

val. : :

5J. G. Hamilton;,; P, Wallace-Durbin, and M. W, Pérrott, Comparison of
Acute and. Chronic Changes Produced in Rats by Iodine-131 and Astatine-211
at Lethal Levels, 2nd Radioisotopes Conf. AERE, Harwell,.Vol. I, Medical
and Physiological Applications 219-31 (1954). ’ ‘

6Durbin, Asling, Johnston, Parrott, and Hamilion, The Induction of Tumors
in the Rat by Astatine-211, Radiation Research 9: 378-97 (1958).

7P. W. Durbin, C. W. Asling, and others,. The Induction of Mammary Tumors
in the Sprague-Dawley Rat, in Biology and Medicine Semiannual Report,
UCRL-8513, Oct. 1958, p. 29.
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Table II

Calculation of spontaneous mammary tumor incidence rate in normal female Sprague-Dawley rats
by the actuarial method of Berkson.and Gage,

No. of

‘No. alive

Rat-

Interval No. tumors Alive on = No. deliberately .Tumor
(days of age) first seen deaths 11/1/59 removed at start at start exposure incidence
o ' ' days . . (%/rat/day)

40-200 1 0 - 0" 132 21,100 0.0047
201-300 1 5 - 5 126 12,350 0.0081
301-400 4 11 - 5 - 115 .10,950 '0.0366
401-500 8 24 - 5 95, 8,300 0.0965
501-600 2 15 122 5 58 4,450 © 0.0450
601-700 2 - 5 ' 24 2,100 0.0950
701-800 2 2 3 13 ©1,150 0.1740
801-900 1 3 - 2 4 250 0.4000

& Animals dying from causes other than mammary tumors, and ammals .who have not yet completed

the full interval are considered, on the average, to have been.observed for one-half the 1nterva1 of

interest.

TE€ZT
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. 'Table?III‘ :

UCRL-8988

Calculation of cumulative,. mammary tumor incidence

in normal female Sprague-Dawley rats

Residual non-tumor-.

801-900

Interval "T'umor,in'cidence L Cu_mulative
| rate(%/rat-day) bearing populationva ' ;cumor incidence
40-200 0.0047 100.00 0.47
201-300 0.0081 199.53 "1.28
301-400 0.0866 98.72 4.90
401-500 10.0965 195,10 . 14.05
501-600 10,0450 85.95 18.41
601-700 0.0950 81.69 - 26.21
701-800 0.1740 73.79 .39.06
0.4000 60.94 63.66

aPopulation.at,. start of interval




Table IV

" Mammary tumor incidence of five groups of . female Sprague-Dawley rats
given 0.5 p.C/g body weight of astatine-211 at 45 to 55 days of age

Interval (days)

No.at . _ : _ :
Group Date. start 51-100 101-150 - 151-200 201-250 251-300 301-350 351-400 L4OL-450 L451-500 501-550 .
XI 10/s54 . 20 , k v
Tumors _ . 0 o0 2 3 2 2 3 2 .
Deaths 0 0 0 0 .0 0 0 6 sac.
X 5/55 . 20 -
Tumors - 0 2 1 2 1 2 S 2 o
Deaths 0 0 -0 0 -0 . 0O - 0 . 6 sac.
xv 8/55 17 : o :
Tumors 0 0 0 0 2 2 . 8 ‘ o .
Deaths - 0 0 (0} o] 0 0 1 L sac.
| xw®  11/56 20
| Tumors - : ‘ 0 0 2 2 1 13 5 .
; Deaths 0 -0 0 0] 1 0 1 - 6 sac.
| XVII  10/57 30 ‘ : : : :
Tumors 2 1 5 2 . 3 . i 1 3 3 1
Deaths ) 0. o 0 _ 1 2 o o 1 0 1
| : Total . J 4 A .‘ ‘
Tumors . 2 - 3 10 9 9 11 19 10 3 1
Deaths - 0 0 0 1 3 0 2 . 23 0 1

—92—

Sacrificed for tissue specimens during'interval.

Sham ovariectomy before Atzll injéction.

8868-T1YON
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points were too scattered to permit. statistical differentiation between the
groups injected at different ages. Therefore, we have subsequently treated
all five groups as a single large group. The age-specific tumor incidence
rates have been calculated for 107 rats given 0.5uC/g of At21l and are
shown in Table V. They also appear as the closed-circles in Fig. 7.

Dosage levels of A"i:Z'l1 ranging from 0.095 to 0.76 nC/g were tested
to examine the possible dependence of mammary tumor incidence on-At2ll
dosage. The work of Bond et al. 8~Suggests that for young rats of this. strain
a linear relationship exists between cumulative mammary tumor induction
and x-ray dosage. :

Mammary tumor incidence rates for five different At211 dosages
are shown in Table VI and are plotted in Fig. 8. Except for the group given
0.27 pC/g, the slopes of the curves of tumor incidence rate agree well with
one another and with the slope of the curve for spontaneous tumor incidence
(Fig. 6). Cumulative tumor incidence. (Fig. 9) showed saturation at close
to 100% for dosages of 0.27. pC/g and greater.- The age at which a specific
tumor incidence was reached (Fig. 10) showed a minimum at 0.27 nC/g,
and the curve relating tumor incidence rate.to a specific age.(Fig. .11) showed
a maximum at 0.27 pC/g. .It therefore appears that a dosage of At2l] pbetween
0.27 pC/g and 0.5 nC/g is optimal for mammary tumor induction in young
Sprague-Dawley rats. The histological material is now being examined and
should aid in determining the relationships between At21l dosage and pituitary
and ovarian structure. Further studies are needed to determine the shape of
the first portion of the curve shown in Fig. 11, particularly, whether there
is.a straight-line relationship between ‘At 11 gose (up to 0.5 pC/g) and
whether such-a line passes.through the spontaneous-incidence rate at zero
At2ll dose.

The first observations of the biological behavior of astatine were .
the concentration of this radioelement in the thyroid.gland, 9 and the destruction
of thyroid tissue with large At%Zll dosages. 10 -Within a few weeks of the At2ll
injection, rats given 0.5 uC/g or more are severely thyroid-deficient.
Almost three-fourths of the thyroid tissue has been destroyed. 6. The standard

8v. p. .Bond, E.P. Cronkite, C.J. Shellabarger, S. W. Lippincott, J. Furth,

and R. A. Conard, Mechanism of Induction of Mammary Neoplasma in Rats by
~Radiation: - Relation.to Dose and.Ovarian. Status, Second International Conference
on the Peaceful Uses of Atomic Energy, Geneva, 1958, (United.Nations, New
York,.1958), Vol. 22, 158-166.

9J, G. Hamilton and ‘M. H. Soley, A Comparison of the Metabolism of
.Iodine and of Element 85 (Eka-iodine), Proc. Natl. Acad. Sci. U.S. 26,
483-9 (1940). _

1(‘)Hamilton, Asling, Garrison, Scott, and Axelrod-Heller,. Destructive

Action of Astatine-211 (Element 85) on the Thyroid Gland of the Rat, Proc.
Soc. Exptl. Biol. Med. 73, 51-53 (1950).



Table .V

Calculation of mammary tumor incidence rate of female Sprague-Dawley rats given
astatine-211. Actuarial method of Berkson and Gage. Astatine was given in a
single injection, 0.5 pC/g body weight, at 45 to 55 days of age.

Interval No. tumors No. of . No. deliberately No. alive- Rat-exposure Tumor incidence

(days of age) first seen deaths sacrificed at start . days -(%/rat/day)
51-150 5 - : , 167 10700 0.0@7
151-250 19 1 - 102 ' 10150 0.187
251-350 20 . 3 - 82 . 8050 _ 0.248
4551-&50 29 3 22 . 59 _ 4650 0.623

| 1 - o5 450 " 0.890

451-550. . in

mLeT

8868-T1T90N
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Table VI

Incidence of mammary tumors in female Sprague-Dawley rets after

varying dosages of astatine-211.
injected intravenously at 45 to 55 days of age.

Astatine-211 was

0:095 uC/e

Tumors
Deaths

Alive at start
ot interval

Tumor incidence

0.27 uC/e

- Tumors
Deaths

Alive at start
of interval

Tumor incidence
. a
0.50 uC/g

0.60 uC/g
Tumors
Deaths

Alive at start
of interval

Tumor incidence

0.76 uC/g
Tumors
Deaths

Alive at start
of interval

Tumor incidence

Interval (days)

No.at — .
start -100-200 201-300 301-400 L401-500 501-600 - 601-700
22 . :
1 -3 P L 2 2
0 1 1 6
22 21 18 15 10
0.046 0.143 0.115 0.276 0.286  1.00
21 ' ‘
5 2
o .
21 17 10 5 )
0.191 0.364 0.50 0.222 0.8
- 87, 0.0b7 0.187 0.248 0.623  0.890
20
2 5 5
0 . 0
20 18 16 11
10.10 0.111  0.312  0.364  0.833
21
1 3 L 7 2 1
o 0 3 0 . '
21 20 17 10 3
0.048 0.150 0.258 0.70 0.667 1.00

See Tables III and IV5
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metabolic rate (SMR) is very low. 6,11 The anterior pituitary shows structural
changes associated with thyroid deficiency. 6 Pituitary tumors in irradiated
mice have been-attributed to thyroid insufficiency. 12 ‘Therefore, it was im-
_portant to examine the role of the thyroid gland in the production of mamrmary
tumors. In previous studies l-thyrokihe was given to'two groups of rats for
several days prior to the At21] jnjection to reduce the amount of At21l taken
up by the thyroid tissue. This type of pre-irradiation treatment provided

only partial protection of the thyroid tissue. The SMR was closer to normal.
than for animals that received only At2ll, More thyroid tissue was .present
several months later at autopsy, and an. 1131 uptake test indicated that the
remaining thyroid tissue was probably functioning normally. A third group of
rats was given l-thyroxinhe. in the drinking water from the day after the At2ll
injection, but the amount was so small that there was no improvement in the
SMR, and pituitary histology was only slightly improved. The l-year cumulative
mammary tumor incidences in these three groups of rats (Experiments XI,
X1V, and XV) were no different from their At2ll_injected counterparts that
were markedly thyroid-deficient. 6

, Three injections per week of 14 pg of l-thyroxine: (equivalent to 3
to 5 pg/day) were found to reproduce a normal SMR in rats whose thyroid glands ..
had been com3p1etely destroyed by a combination of surgery and radiation
with 1131, 13 A group of 15 rats was maintained on l-thyroxine at this dosage
for the remainder of their lives after At2ll injection. The mammary tumor
incidences are shown in Table VII for all four groups of rats whose thyroid
status was presumably better than that of rats receiving only At21l, The
age-specific tumor incidence rates are plotted in Fig. 12. The slopes
of the curves for tumor incidence rate vs age were .similar, and all four
groups have been combined. The curves for tumor incidence and composite
tumor incidence rate are shown for the 72 rats that either were protected
by thyroxine pretreatment or received thyroidtherapy. The slope of the
composite rate curve was 6,41X 10"3/day, very close to that for severely
thyroid-deficient At2ll_jrradiated rats. Both curves are reproduced in
Fig. 132-they are almost identical. It appears that the functional state of the
thyroid tissue (the level of circulating thyroid hormone) has little influence
on the production of mammary tumors in the Atéll-irradiated rat. The same
conclusion can be drawn from the studies by Bond et al. 8 and Shellabarger
et al., 14 who observed the occurrence of mammary tumors in female rats
of this strain exposed to- 200 to 600 r of x-irradiation. Although there is at
least partial ovarian derangement in this range of x-ray dose, there is no
question about the adequacy; of thyroid function. 8,15, ‘

1l W.E. Watts, Metabolic Rate Changes Following Thyroid Destruction by
At211 and 1131 in the Rat, Proc. Soc. Exptl. Biol. Med. 89, 220-222 (1955).

lZFurth, Dent, ,Bﬁrnett, and Gadsden, The Mechanism of Induction and the

Characteristics of Pituitary Tumors induced by Thyroidectomy, J.. Clin.
Endocrinol. and Metabolism 15, 81-97 (1955).

13'Evans, Contopoulos, and Simpson, Differential Thyroxine Requirements -
for Normal Growth and Calorigenesis, Anat. Record.127:2, 411-412 (1957).

lf.}Shellabarger, Cronkite, Bond, and Lippincott, The Occurrence of Mammary
Tumors in the Rat After Sublethal Whole-Body Irradiation, Radiation Research
6,.501-512 (1957). o ,
- 5Srnith, Tyree, Patt, and Jackson, Effect of Total Body X-Irradiation on
Metabolism of the Rat, Proc. Soc. Exptl. Biol. Med. 78, 774 (1951).

6Hursh, van Valkenburg, and Mohney, Effect of Roentgen Radiation on
Thyroid Function in.Rats, Radiology 57, 411 (1951). ' ‘
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Table yII

" Effect of improved thyroid status on mammary tumor incidence in
astatine-211-injected Sprague-Dawley female rats. - a
Astatine-211 was administered at a level of .
- 0.5 pC/g body weight at 45 to 55 days of age.

No.at : " Interval (days)

Experiment & Treatment  gtart 101-200 201-300 301-400 L401-500, 500-600
XEJ‘Thyrokine pre- 20 : | ‘
t:eated
Tumors o 0 6 5 3.
Deaths = 6°
XV. Thyroxine pre- 18
treated
Tumors - 1 T 3
Deaths - ‘ 0 0 1 2P
XIV. l-thyroxine in = = 19~
water’ 3 .
Tumors. ) A 4 1 2 3 0
Deaths . . 0 2 2
XVIII. .1l-thyroxine, 3 15
- ihjections/wk
Tumors . oo : 3 .0 4 1 5
Deaths 0
Total - all groups T2
Tunors o : 5 15 15 14 5
Deaths . o 2 oy 12
No. alive at start ‘ T2 67 - 50 29 5
Rat-exposure days 7200 6600 . 14800 _ 500
Tumor incidence ' 0.069  0O.227 . 0.312  0.610 1.00
(3/rat/azy) -

& Rats deliberately autopsied during interval.

Rats délibefately autopsied at beginning of interval.
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The well-established relationship between mammary tumor production
and the ovarian hormones!? indicated .that the ovary was involved in. the
development of mammary tumors in our young At2 l_injected rats. Indeed,
Cronkite et al.” suggest that mammary tumors arise in x-irradiated. female
rats of this strain only when ."functional'' ovaries are present. 18 The
functional status of the ovaries of At4ll_irradiated.animals is not clear.
Female rats given A2l at dosages greater than 0.5 #C/g are sterile as a
direct result of radiation damage in the ovaries. 19 Microscopically, the
ovaries--although small and empty of follicles--still retain their glandular
character and are predominantly cellular rather than fibrotic.

The effect of ovariectomy on mammary tumor induction in the At211-
irradiated rat is shown in Table VIII and in Fig. 13. One group of rats
(Experiment XVI) was ovariectomized 2 to 3 days before the At211,injection.
The other group (Experiment XVIII)) was ovariectomized within a week after
At2ll was administered. The data from both groups have been cémbined.
The slope of the curve of tumor ihcideénce for rate ovariectomized At 11 jnjected
rats was .similar to those for Atle—injected‘intact rats and for normal con-
trols. . Tumors appeared at a more advanced .age in the ovariectomized
irradiated group, but earlier in life than in normal controls. A group of
13 ovariectomized control rats (no At2ll) has been observed for 600 days.
Only four rats are still alive, and to date no mammary tumors have been
seen. Removal of the ovaries will undoubtedly reduce mammary tumor
incidence below normal control levels, and a much larger group will have
to be ovariectomized to assure.observation of the small number of tumors
expected. The Fesults of these studies are summarized in Table IX and
Fig. 8, and from these summaries the following conclusions may be drawn:

1. Mammary tumors arise spontaneously in normal female Sprague-Dawley
rats at a rate that increases with age. The rate of change of the logarithm of
the rate of mammary tumor incidence is a linear function of age,

N,, = Ntle)‘(tZ -.tl), with a slope X of approximately 5.7X 10'3/day.

2. The age-specific rate of mammary tumor incidence in female rats of
this strain irradiated with At2ll at 45 to 55 days of age was 15 to 23 times
that for normal rats of the same chronologic age. The slope of the curve for
incidence rate vs age was the same for normal and irradiated rats. Irradiation
with At21l advanced the mammary tumor induction process by about 450 days--.
almost one-half the life expectancy of this species. :

17H. Burrows and E.S. Horning, Estrogens and Neo.plasia (Chas. C,.
Thomas, .Springfield, Ill., 1952).

18Cronki.te, Shellabarger, Bond, and Lippincott, Studies of the Mechanism
of Induction of Radiation-Induced Tumors of the Breast in the Rat, Radiation
Research 7, 311 (1957). Abstract

19Parrott, Durbin, and Hamilton, The Effect of Thyroidectomy on Breeding
in the Rat. I. Comparison of Thyroid Ablation by Surgery, Radioiodine, and
Radioastatine, UCRL-8042, 1957.
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3. The total spontaneous mammary tumor incidence is calculated as le
63.7% over the life span. When rats were given 0.27 uC/g" or more of At
the cumulative’ mammary tumor 1ncxdence was close to 100% by the" 500th day

of life..

4. The functmnal status of the thyroid gland does not seem to play an
important réle in the induction of mammary turmors by At” 11 Induction:
rates and total tumor incidence were similar for severely thyroid-deficient
rats and rats whose thyroid status had been made more nearly normal,
‘either. by pre-irradiation protection with thyroxine blockmg or by postirradiatior
thyroid hormone therapy. :

5. Ovariectomy within a few days of A!:2 ! injection postponed the'appearance
of mammary tumors by about 270 days. The ageQSBffTific tumor incidence rate
was one-half to one-third that observed in intact At -injected rats, but was.
still s8ix times that for normal rats of the same age. ‘ S
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Table VIII

Effect of ovariectomy on mammary tumor incidence in female Sprague-
Dawley rats given astatine-211. Ovariectomy was performed two to
five days before injection of 0.5 uC/g body weight of

astatine-211 at 45 to 55 days of age.

Interval (day s)

No.at
Experiment & Treatment start 40-200 201-300 301-400 L401-500 501-600
XVI. Ovariectomy - 19
Tumors . 0 2 0 0 -
Deaths 0 4 1 122 -
XVIII. Ovariectomy 24
Tumors 0 1 5 2 3 (7 alive at
) 610 days)
Deaths 1 0 2 2 1
Total - Ovariectomy L3 A ,
Tumors . 0 3 : 5 2 3
Deaths 1 4 3 2
Alive at start . 43 L2 35 15 11
Rat-exposure days 4000 3350 1400 1050
Tumor incidence 0.075 . 0.149 0.143 0.286
(%/rat/day) :
a

Twelve remaining rats autopsied at 408 days and excluded from data as of
the 4OOth day. .




Table ¥

. Comparison of mammary tumor inéidencé ratesiin the normal
and. Atell-treated female Sprague-Dawley rat.

Mean Longést-lived‘ "~ Cumulative life- ;:'Age on reaching - Slbpe of tumor-

. - life survivor . span tumor O.2%/day - incidence-rate
iA Group span (days) . incidence % tumor incidence curve (days~1)
Control 500 950 o 3.7 785 ‘days " - 5.69 x 107
RO ‘ | |
irradiated - . » o .
0.095 uC/g 553 - 731 100 w3 4.98 x 107
0.27 uc/g 326 570 T % ) 116 P 1.98 x 107
0.50 uc/g’ 3801 550 . 916 - 315 ¢ 7 x 107
0.60 [iIC/g .= 489 -~ - 660 : 9k . 360 " 5.72 x 1077
0.76 iuC/g -~ 1408’ 726 - w0 o 360 " -~ 6.35x1072
0.5.4uC/g - 3507 . . 550 - 100 o 33 " 6.41 x 1070 -
l-thyroxine . : ‘ '
pre-treat-
ment or
‘therapy
0.5 uC/g 450 - >600 : >51.6 ' ‘510 " ‘ 5.2 x 1070
ovariecto- ' ’ . :

‘mized

a : R ’
.. Not: corrected for control tumor -incidence.

Slope of tumor-incidence-rate curve in doubt.

0¥~
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HEMATOLOGY, CIRCULATION, AND BLOOD BIOCHEMISTRY
FATTY ACIDS IN SERUM LIPIDS

Alex V. Nichols and Frank T. Lindgren

The metabolism of serum lipids in health and disease has been
extensively studied in this laboratory. Our interest in fatty acids stems
from our investigations into fatty acid absorption and transport, using
tritium-labeled stearic acid. In these studies specific lipids and lipoprotein.
groups were shown to be responsible for the transport of the radioactive fatty
acids in the Blood. Such data have prompted us to examine in greater detail
the specific fatty acid composition.of serum lipids and lipoproteins..

Many detailed analyses have now firmly established the broad lipid
composition of serum and serum lipoproteins. 12,3 Cholesteryl esters,
triglycerides, phospholipids, unesterified fatty acids, and unesterified
cholesterol have been determined in these biological materials, and-‘con-
siderab‘ie data are available on their concentrations in various meétabolic
states.

With the single exception of unesterified cholesterol, all these lipid
compounds contain one or more fatty acid molecules. These fatty acid
molecules are an fintegral® part of lipid compounds.and play a major role in
determining their physical and chemical properties. The great divewsityy
of fatty acids present in lipid compounds was recognized early, but

methodblogicd problems prevented their quantitative determination. For
" example, it was well understood that, in the broad chemical class of cholesteryl
esters, compounds such as cholesteryl laurate, cholesteryl oleate, cholesteryl
linoleate, etc., were present, However, until recently the available methods.
allowed at best only an approximate estimate of the content of any cholesteryl
ester fraction. This may likewise be said for the triglyceride and phospholipid
compounds, which as lipid classes contain many different fatty acids and as
individual molecules also may contain several different fatty acid molecules.

The present interest in research on fatty acid corhposition and
metabolism stems from new developments in different areas of investigation.
Workers in lipid metabolism have recently demonstrated marked differences
in serum lipid concentrations resulting from alterations in dietary fatty acid
composition. 5,6,7,8 Individuals on diets high in saturated fatty acids were
found to exhibit elevated serum lipoprotein and lipid concentrations. Isocaloric
substitution of the saturated fatty acids by unsaturated fatty acids resulted.in
lower values of serum lipoprotein and lipid. These results showed a most

!lindgren,Nichols, and Freeman, J. Phys. Chem. 59, 930 (1955).
2Hillyard, Entenman, Feivnberg, and Chaikoff, J. Biol. Chem. 214, 79.(1955).
3'Bragdon, Havel, and Boyle, J. Lab. Clin. Med. 48, 36 (1956).

4Gofman, DeLalla, Glazier, Freeman, Lindgren,.Nichols, Strisower,
and Tamplin, Plasma 2, 413 (1954).

®Nichols, Dobbin, and.Gofman, Geriatrics 12, 7.(1957).

Kinsell, Michaels, De Wind, Partridge, and Boling, Calif. Med. 78, 5- (1953)
Groen, Tjiong, Kamminger, and Willebrands, Voeding 13, 556 (1952).

Ahrens, Blankenhorn, and Tsaltas, Proc. Soc. Exptl. Biol. Med. _8_6,A872 (1954).
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remarkable influence of the dietary fatty acid composition on both lipid
transport and metabolism. Other workers in lipid metabolism have called
attention to the important role of albumin-bound fatty acids in the over-all
energy metabolism of the body. 7 They have determined a very rapid turnover
for serum fatty acids in humans and have indicated a definite relationship

of serum fatty acid levels to carbohydrate metabolism. From the biological
standpoint just these recent developments are more than sufficient reason

for more careful study of the detailed composition of the serum fatty acids.

However, even though the above observations on lipid metabolism
indicated the value of studying serum fatty acid composition and metabolism,
more sensitive biophysical instrumentation was essential. With most
biological work, especially in humans, only small samples of blood or tissue
are usually available. Conventional methods of analyzing for fatty acids
required amounts of biological samples many times those attainable in practice.
In recent years outstanding progress has been made in the chromatographic
analysis of fatty acid molecules. 10,11 For rapid resolution of fatty acid
mixtures, chromatographic procedures are now carried out on special column
materials at high temperatures (150° to 200°C) and with gas flow instead of
with conventional liquid solvents. For tremendous gains in sensitivity,
electronic detectors have been designed allowing stable . responses to micro-
gram amounts of fatty acid mixtures. Such improvements have been in-
corporated into a method for fatty acid analysis which is termed gas-
liquid chromatography of fatty acids. These developments in biophysical
instrumentation stimulated the present intensive research on fatty acid
composition.

In this laboratory we have.designed and set up a gas-liquid chromato-
graphic unit for the study of serum lipids, serum lipoproteins, and other
biological materials. The di%ign and performance of this instrument are
described in another report. '

This report presents the data on the fatty acid composition of the
cholesteryl esters, triglycerides, phospholipids, and unesterified fatty
acids of seven normal individuals. Other workers have reported on fatty
acid composition of phospholipids, unesterified fatty acids, and a pooled
fraction containing triglycerides plus cholesteryl esters. 13,14 The present
study thus provides a more complete analysis of the fatty acid composition
of blood lipids in normal subjects.

9D., Fredrickson and R. Gordon, Jr., Physiol. Rev. 38, 585 (1958).
10A. James and A. Martin, Biochem. J. 50, 679 (1952).
117, Lovelock, J. Chromatography 1, 35 (1958). ‘

‘lZFrank Upham, Alex Nichols, and Frank Lindgren, An Apparatus for
Gas-Phase Chromatography Employing a Strontium-90 Radiation Detector
YCRL-9039, Jan. 1960. ‘

13’James, Lovelock, Webb, and Trotter, Lancet_l, 705 (1957).

14Dole, James, Webb,. Rizack, and Sturman, J. Clin. Invest. 38, 1544
(1959). S T
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Methods

Samples of venous blood were collected from 6 normal males.and 1
female. .Prior-to drawing of blood, subjects.maintained their regular
eating patterns. Lipids were extracted from each of the serum samples by
a modification of the method of Sperry. 15 Separation of the lipids.into
cholesteryl esters,. triglycerides, phospholipids, and unesterified ,fai:gy acids
was carried out according to the procedures described by Freeman. "~ After
fractionation the lipids were methylated by the method described by Stoffel. 17
Gas-liquid chromatography of the methylated fatty acids was performed by
methods reported by Upham:

Fatty acids were identified by comparison of the elution times of
serum fatty acid with elution times of known calibrated. standard fatty acid
mixtures. Some overlap of standard fatty acid elution times with elution
times of unidentified fatty acids.can occur, and this.should be resolved by
additional procedures such as bromination and hydrogenation.of the fatty acid

. mixtures: followed by rechromatography. -In this paper the serum fatty acids

are reported.according to the terminology proposed by Dole. 14 By this
terminology palmitic acid would be reported.as 16:0. The number on the

left designates the number of carbon atoms while the number to the right of
the colon gives the number of double bonds in this fatty acid. Other notations,
such as branching or isomeric form, usually precede the numerical listing.

\
Results

The results are pr'esentedin Tables X—XIII for each of the major
fatty-acid-containing lipids in serum. Thus, cholesteryl esters,. tri-
glycerides, phospholipids, and unesterified fatty acids are listed for each

_serum sample whenever available. The term 'pre 16:0" designates all

fatty acid peaks. observed prior to the appearance of palmitic -acid (16:0).

Most of the short-chain fatty acids in the lipid fractions are included in this

fraction, and the predominant contributions to this value are made by lauric

acid (12:0) and myristic acid (14:0). Unidentified peaks on the chromatograms

were calculated in terms of calibration factors for fatty acids theoretically
expected to appear-at those peak elution times.

. Discussion

The results show a definite pattern for the fatty acid composition
in the serum lipid fractions of seven normal subjects. Each lipid fraction
appears to have a fairly characteristic distribution of fatty acids.. Although
there is some variation between individuals, a basic pattern of fatty acid -
distribution is clearly evident.

In serum cholesteryl esters the predominant fatty acids are linoleic

(50%), . oleic (19%), palmitic {10%), and arachidonic(6%). .These values
certainly establish cholesteryl esters as an important transport form for the
more unsaturated fatty acids. Serum triglycerides present a different fatty
acid pattern. The major fatty acids in this lipid are oleic (41%), palmitic (28%),

igDole, James, Webb,. Rizack, and Sturman, J. Clin. Invest,ég,. 1544 (1959).
’W. Sperry and F. Bran, J.Biol. Chem. 213, 69.(1955).
lléFreeman,.Lindgren, Ng, and Nichols, J. Biol. Chem. 227, 449 (1957).
17Stoffel, Chu, and Ahrens, Anal. Chem. 31, 307.(1959).




Table X

. ‘ . ’ N
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(composition reported in percentage by weight)

fem st e e s A i R s S

Composition of Serum Cﬁolesteryl Ester Fatty’ Acids

Subject S - Sub,lect 6 Sub,]ect 7 AVl-'Z_'

“(Pre*l6:0)a
‘lG:Q(pelmitie)
16:1( ;;elmitoleic)

(16:1-18:0)°
.18:0( stearic)
18:1(oleic)

.,.18:2(linoleic)a

'(18:2-'-20:&)(:

2o:u(arachidon1c)

(post 20:l+)d

d Unldentified aclds measured on chromatograms after 20: 1+

b Unidentified acids measured on chromatograms between 16:1 and 18 :0.

R Unidentified ‘acids measured on chromatograms between 18:2 and 20:4.:

2 Unidentified short-chain 'fatty acids with 12:0 and 14:0 as major contrlbutors

éubject 1 SubJect 2 _Subject 3 Subject b
”_‘7.09 3.1 | L6 2.6k 3.12 - 2.22 1.93 L.37
L 13.73 9.91 | 9.6 >9.78 '. -9.49 9.98 1040 . i 10.36
7.60 2.57 .76 2.86 2.19 2.8k 3.4k 3.40
2.9k 0.78 . 2.15 0.83 2.1% 0.78 2.67 1.66 .
1.66 1.03 1.23 0.97 .35 0.9 2.18 © 1.3
‘ 25.66A' 18.47 16.85 16.7% 1k.62 20.97 18.48 - 18.76 -
; 35,04 56.12 5k, 32 h7.91 56.42 5&.27 48,26 50.41 ;
410 1.62 - 3.02 8.6k 3.1 3.0 2.29 5.02
7.35 5,39 " 5.06 8.71 7.1 :h.sd’ b3k 6:05 |
©0.93 .,0.37 0. h9 0. 93 0.49 -o:ﬁg = 0:61

A 2
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Table X1

Composit

ion of Serum Triglyceride Fatty Acids

-(composition reported in percentage by weight)

i

Components Subject 1  Subject 2  Subject 3 Subject 4 Subject 5 Subject 6 Subject 7 AV 1-7
(pre 16:0)2 5.08 k.12 6.09 6.01 2.59 1.93 5.85 4,21
16:0(palmitic) - -30.98 - 25.93 27-9& 30.53 25.91 29.07 24292 27.90
16:1(palmitoleic)  5-19 3.7h 7 3.59 4,15 3.45 3.36 5&5 3.85
(16:1-18:0)° 1.50 1.29 1.20 1.50 | 0.99 0.69 0:89 1.10
18:0( stearic) 30 b b.11 4,75 4,58 3,4l 4.90 b1
18:1(oleic) uo.lb 'ho.Se ) 36.96 36.99 4,07 45,19 43,83 Lo, 74
15;2(11n01eic) 9,ou _i6,50 18.29 12.38 18.07 14.3%0 14.60 14.79
(lg:é-go;u)c 2.59 1.54 T 2.10 1.53 1.20 - 1.97 i.76
20:4(arachidonic) 0.79 1.125 0.90 1.58 1.78 0.78 1.56 1.2k

( post 20:&)d :

8yUnidentified short-chain fatty
bUhidentified acids measured on-

-‘CUnidentified acids measured on

d

* " Unidentified acids measured on

acids with 12:0 and 14:0 as ma jor ‘contributors

chromatograms: between 16:1 and 18:0

chromatograms between 18:2 and 20:4
b

chromatograms after 20

- 8%-
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Table XII

' Composition of Serum Phdgiholiﬁza Fatty Acids

_(composition reported in percentage by weight)

Components

Subject 1l Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 Subject T AV 1-7

(pre 16:0)a
16:0(palmitic)
116:i(pa1mitoleic)
(16:1—"18:0)b
18:0( stearic)
13;1(ole1c)
18:2(1inoleic)
(18:2-20:4)°
20:4(arachidonic)

(post 2O:l+)d

T gt s PRI A ARSI

@ Unidentified short-chain fatty

b

Unidentified acids measured on

© Unidentified acids measured on

d

Unidentified acids measured on

2.83 3.2k 2.50
"28.78" 30.3%9 34,65
1.76 1.02 | 1.11
0.89 0.98 0.89.
14,93 - 14,48 12.88
18.02 '9.86 10.94
i9.31 22.02 23.h5
3.70 . 7.05 5.h9.
9.76 A9.08 8.3k
- 1.86

1. 74

B T NIV RSC S e e S}

3.82
31.43
1.29

0.98

13.76
9.86
17.54
L.89
14,84
1.49

4.09
30.53
1.39
1.19
15.27
10.32

20.79

4,58 -

11.45

0.37

st

1.96
29,31
1.09
0.78
12.03
12.25
21.51

3.32

7.86

9.89

acids with 12:;0 and 14:;0 as major contributors:

chromatograms between 16:1 and 18:0

chromatograms between 18:2 and 20:h4

chromatograms after 20:L4.

o

h.§8
28.85
1..8
1.18
14,51
13.89

21.04

N A b e Pk A A SENIIAS R R 0 4 i m 3

B

3.31
30.47
1.29
0.98
13.92

. 12.08
20.72
k.33
9.93
2.96

-6%-
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Table XIII

~ ST CCHS-wiriny e

Composition of Serum Unesterified Fatty Acids

__ (composition reported in percentage by weight)

Corponents Subject 1 Subject 2

(pre 16:0)% 10:k5 10.71

16:0( palmitic) 20,62 | 27.59

16:1( palmitoleic) 5.26 3.69

.(16;1-18:o)b 1.90 ) 2.52

18:O(stearic)l 9.03 A 8.h47

18:1(oleic) 29.70 ©  26.k0 :
18:2( linoleic) 12.21 . ' . 13.99 ) S
(18:2-20:4)° by 2.67

20:4(arachidonic) 5;05 .5.06‘

(post eo:u)d - 3.52 0.89

2 Unidentified

b

C Unidentified acids measured on chromatograms between 18:2 and 20: 4

d

Unidentified acids measured on chromatograms. after 20:4

shbrt-chain fatty acids with 12:0 and 14:0 as major contributors -

Unidentified acids measured on chromatograms between 16:1 and 18:0

8868-TYDN
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linoleic (15%), and stearic.(4%). .Here, there is an.increase in the more
saturated fatty acids in serum. . In the phospholipids there again appears.a
different fatty acid pattern. . The major fatty acids are palmitic (30%),
.linoleic {21%), stearic (14%), and oleic (12%). . The phospholipids.apparently
transport.a high percentage of the saturated fatty acids like palmitic and
stearic. acids. However, they are also highest in arachidonic acid:(9%) in
.comparison with the other lipid fractions. The unesterified fatty acid ’
fraction, which is principally transported.in.serum bound to albumin,.
.shows yet another fatty acid distribution. - The major fatty acids in.this
fraction.are oleic {28%), palmitic (24%), .and linoleic (13%).

. We.would interpret these results to represent the average fatty acid
composition of normal individuals on their regular home diets. The acute
influence on.serum fatty acids after an ingestion of moderate amounts of
various fats has been studied by Dole. 14 He has observed the serum fatty

.acid composition to be relatively stable to such fat loads. . From this we
would gather that meals eaten by our subjects.prior to blood drawing had
little, if any,. influence on the fatty acid patterns.observed. It is interesting
to note how similar are these distributions among the subjects, particularly
in the.light of data.reported by Ahrens showing significant differences.in '
distributions when.different fats were used during specific dietary periods. 18

. We would thus infer from our data that such normal individuals must be.on’
reasonably similar dietary patterns-to exhibit such comparable fatty acid
distributions. Whether abnormalities in lipid metabolism alter such distri-
butions will be further investigated in this laboratory. :

Conclusions .

1. Fatty acids in the various serum lipids. exhibit highly characteristic
distributions. : '

2. Normal individuals on regular ‘home" diets show very similar
fatty acid distributions in.serum lipids,

3. ' The major fatty acids inh serum are distributed among the various
lipids (cholesteryl esterg,triglycerides, phospholipids, and unesterified
fatty acids) in-a manner broadly suggesting that a specific lipid form is
necessary for the transport and metabolism of.certain fatty acids.

18 Ahiens, Insull, Hirsch,.Stoffel, Peterson, Farquhar,. Miller, and
Thomasson, Lancet 1, 115 (1959). o
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HEMODYNAMIC ASPECTS OF ATHEROGENESIS
~“Wei Young .

Atherosclerosis is generally regarded as a disease process which is
mainly due to disorder of metabolic factors--lipoproteins,. hormones,
heparin, etc. Such factors may operate to deposit certain of the circulating
serum 11poprote1ns into the tissue site at which.a plaque.develops. Direct
evidence suggesting this mechanism is that lipoproteins having properties.
similar to those of the low-density serum lipoproteins can be isolated from
plaques. Further, studies using tritium-labeled cholésterol® demonstrated
that significant quantities of ingested dietary cholesterol actually entered
the arterial plaques.

The metabolic factors affecting atherosclerosis-have been extensively .
. studied, especially with respect to lipoproteins. However, careful examina-
tion upon dissection of the arteries very frequently shows that plaques are "
scattered-all along an -arterial branch. An artery of considerable length,
uniformly and concentrically coated.with lipid material without localized
reglons of sclerosis, seems to be quite rare. On the contrary, plaques

are in the majority of cases depositéd eccentrically. . Such an.eccentric
deposition of lipid materials.and the topographic scattering of plaques

cannot be explained readily by general metabolic factors alone. Thus our
attention has been.directed to the local factors, such as pressure, mode of
flow, etc.. By quantitative grading of sclerosis and a systematic analysis

of coronary arteries with respect to relative position and severity of plaques,
we were able to demonstrate that local factors are significantly related to
atherogene51s

Atherosclerosis at Bends.of an Artefy

Table XIV shows the effect of the bend of the anterior descending
branch of the left coronary artery of a rabbit. The.sclerosis for the prebend
was measured.as 47.5, 59.8, and 54.9. I/E units for the bend and 48.4, 42.7,
and 32.9.1/E units for the postbend. The higher value at the bend of the
artery than in the prebend or postbend speaks for 1tse1f the bend of an
artery is more. susceptlble to depos1t1on

l_Max W. Biggs and David Kritchevsky,. Circulation 4,. 34 (1951).
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‘Table XIV' * = - -

The.,effect of arterial bend on atherogenesis
Nu?nb.er- : : I/E 4' o . Pésition.
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