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1. INTRODUCTION 
Edward L. Alpen 

The year just past, as well as the present year, has 
been a time of financial turbulence for all of us in the 
scientific community, and Donner Laboratory has been 
no exception. In spite of the new fiscal stringencies we 
have been able to continue a tradition of quality research. 
I wish to express my appreciation to the staff for their 
continued devotion to our goals under the present exi
gencies. We have continued to grow modestly, and, 
more important, to improve our position and recognition 
in new research areas. 

As for exciting new research developments in the 
year, I might highlight the following: 

• We received a multi-year grant to design a med
ically based accelerator for use of heavy charged par
ticles in research medicine. We hope this will be the 
prototype for several strategically located machines 
for medical applications. 

• Great strides have been made in designing a new 
multi-ring positron emission tomograph. Furthermore, 
a major developmental breakthrough has been achieved 
in improving the resolution of present single-ring cam
eras. 

• A new program has been launched to treat vascular 
lesions in the brain by stereotaxic radiosurgery. Several 

of the first patients treated in this program are showing 
objective improvement. 

• Several groups working on cell and tissue effects 
of heavy ion radiation have concluded that present 
models for radiobiologic effects are inadequate. A new 
model, the repair-misrepair model, has been proposed. 

• A landmark study on the effects of high-level 
magnetic fields has shown very significant effects on 
the electrocardiogram. 

Our new programmatic efforts in mutagenesis-car
cinogenesis are making significant forward strides, as 
can be seen from sections 4 and 7 of the report. I par
ticularly wish to commend the investigators in these efforts 
on their development of collaborative interdisciplinary 
studies. 

We continue to develop a distinguished program on 
the effects of electromagnetic radiation on living systems, 
and we look forward to continued growth and diversi
fication in this research area.' The administrative staff 
continues to give strong support to our scientific staff. 
We all appreciate that our only product is scientific 
knowledge, and our support group fully appreciates and 
sustains the activities of our scientists. 



2. RESEARCH MEDICINE 

The Research Medicine Group has as its objective 
the direct application of physics, chemistry, and math
ematics to human disease investigations and treatment. 
The emphasis over the past few years has been on two 
approache~: (1) nuclear instrumentation and radioisotope 
development for the study of brain and heart disorders; 
and (2) investigation of human blood diseases, particularly 
those concerning platelet disorders. 

The major accomplishments of the past year are: 

• First quantitative, high spatial resolution studies 
of heart muscle perfusion, using electrocardiogram 
grating. 

• First demonstration of insulin control of fluoro
deoxyglucose uptake, using positron emission to
mography. 

• Development of a method for evaluating fatty
acid oxidation in the human heart muscle. 

• Studies of methionine metabolism in schizophrenia 
and in man under dietary changes. 

• Autoradiography studies of taurine and choline 
uptake in animals in preparation for human studies. 

• Synthesis of 18F-Iabeled fluorodeoxyglucose for 

POSITRON IMAGING STUDIES 

use by San Francisco Bay Area brain and heart me
tabolism researchers. 

• New syntheses of 11 C-taurine, 11 C-choline, and 
11 C-palmitic acid completed. 

• First high-resolution brain sugar metabolism studies 
in human brain tumors. 

• Completion of a major revision of the Donner 
tomograph (twofold improvement in sensitivity) by 

-incorporating bismuth germanate crystals and 
"clamshell" motion for impr.oved sampling. 

• Perfection of a method for platelet sizing. 

• Development of new concepts regarding regulation 
of platelet production. 

• Application of cell culture techniques to platelet 
production by megakaryocytes. 

• New insights into bone marrow transfusion. 

• Development of a whole-body autoradiographic 
facility for investigating the fate of labeled tracers. 

Many of these research efforts conducted during the 
past year are summarized in the following reports. 

Thomas F. Budinger, Edward Ganz, Brian R. Moyer, Yukio Yano, Chester A. Mathis, 
and Robert P. Friedland 

The Donner nuclear medicine positron emission to
mography program has continued to develop methods 
for noninvasive evaluation of the metabolism and blood 
perfusion of brain and heart. After the 280-crystal detector 
system for positron tomography was transferred from its 
original Donner Laboratory site to the Research Medicine 
Building (LBL Building 55), new electronics were in
corporated which allowed us to obtain the first cardiac 
gated images of the moment-to-moment changes in tracer 
accumulation in the brain and heart. An example of 
measuring heart muscle perfusion is shown in Fig. 1, 
wherein the accumulation of rubidium-82 from a portable 
generator is ascertained simultaneously with the meas
urement of the arterial input. Deoxyglucose labeled with 
fluorine-18 (1 8F-deoxyglucose, or FOG) was used to study 
the role of insulin in deoxyglucose accumulation, as 
shown in Fig. 2. 

Studies of the brain have emphasized the assessment 
of primary malignant brain tumors with a positron to-

3 

mographic ring system. Rubidium-82 is excluded from 
the normal brain by the blood-brain barrier but penetrates 
the abnormal vascular bed of the neoplasm. Thus the 
82Rb image gives a functional representation of blood
brain barrier permeability. The rate of FOG uptake in 
tumor and normal brain is a measure of the metabolic 
activity of both. We have studied a series of patients with 
such tumors and have been able to make regional quan
titative assessments of glucose metabolism in tumors as 
a function of treatment as well as in adjacent brain tissue 
subject to radiation therapy. Figure 3 shows a series of 
transaxial sections through the brain. The tumor appears 
as a bright area or as a ring (depending upon the level 
of the section) in the 82Rb series. 

In the FOG images, the white areas represent uptake 
in normal cerebral cortex and also in the actively me
tabolizing, growing rim of the tumor. The central necrotic 
portion is seen as a metabolic "hole" where glucose 
uptake is negligible. 
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Figure 3. Measurement of blood-brain barrier permeability and glucose metabolism in a patient with brain tumor. 
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METHYLATION PATHWAYS IN SCHIZOPHRENIA 

Thornton W. Sargent Ill 

Our research on the biochemical ca uses of human 
psychosis is presently concentrated on investigating 
whether schizophrenia is linked to abnormalities in me
tabolism of methyl ca rbon groups in the body. This hy
pothesis of schizophrenia, first proposed 30 yea rs ago, 
has been supported by our findings of such abnormal 
methyl oxidation in schizophrenic patients. 

We trace the metabolism of methyl groups in the 
body by introducing rad ioactive carbon into the methyl 
group of methionine and administering it to animals, 
normal subjects, and patient volunteers. Carbon-14 (half
life = 5,500 years) is used for studies in which expired 
14C0 2 is measured ; C-14 labeled metabolic intermed iates 
are injected to study the kinetics and control mechanisms 
of the complex methyl carbon pathway. Application of 
compartmental analysis techniques to the measured ex
piration constants y ields the transfer rates from one met
abo! ic step to the next. A defect in one or more of these 
transfer rates is presumed to be the cause of the abnormal 
methyl oxidation we have observed in schizophrenia . 
On the basis of the compartment model derived from 
these rat experiments, we hope to deduce which part of 
the methyl pathway is the most probable defect in schiz
ophrenia and to test this by injecting an appropriately 
labeled metabolite into patients. 

The methyl pathways in human subjects are being 
studied by label ing the methyl group of methionine with 
carbon-11 (ha lf-life = 20 min). The chem ical synthesis 
to label the methionine methyl group with carbon-11 
made by the 88-lnch Cyclotron has been adapted after 
a method developed in France, and is capable of producing 
100 mCi of [1 1C-methyi]-L-meth ionine in a 30-m inute 
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synthesis time. The gamma rays from this positron-emitting 
radioisotope can be detected outside the body, which 
enables us to quantitate rates of uptake and disappearance 
in any brain area with the positron emission tomograph, 
in any body area with the whole body scanner, in expired 
air with the radiocarbon respirometer, and in plasma 
with high-performance liquid chromatography. By ap
plying all of these methods to normal human subjects 
and comparing the transfer constants to those in patients 
with sch izophrenia, it is hoped that the methylat ion ab
normality can be more precisely identified. 

The radiocarbon respirometer has been ca librated 
to measure 11 C02 . In a preliminary study with three normal 
subjects and three patients with schizophrenia, we injected 
small doses of [''C-methyi]-L-methionine and confirmed 
our earlier results of an abnormal oxidation of methyl 
carbon in schi zophrenia. 

We have obtained quantitative images of the uptake 
of carbon-11 methionine in brain of two normal subjects 
and in a patient with schizophrenia. The uptake in various 
brain regions, outlined on the computer as shown in Fi g. 
1, are then plotted as a function of time. The total uptake 
in the visual cortex is markedly higher than in other brain 
areas . Activity in the scalp, a nonbrain tissue, first ri ses 
and then decreases, while the C-11 in all brain areas 
remains constant after the initial uptake. The rate constants 
from these curves will be used with rates from breath 
and blood measurements to fit a compartment model 
system in an attempt to find differences from the normal 
in schizophrenia, and to quantify abnormalities of specific 
metabolic or transport rate constants. 

OOL-----L---~----~-----L----~----~ 
10 20 30 

Minutes after injection 

Figure 7. Positron tomographic image of 11 C concentration in a 7 -em section 5 em above the orbital-meata l line, after injection of 
70 mCi of f" C-methyi{-L-methionine. The white lines were drawn on the computer over specific brain areas, and the total counts 
for each area were plotted as a function of time after injection, shown at left. 
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CYCLOTRON PRODUCTION OF POSITRON EMITTERS AND ORGANIC 
SYNTHESIS OF METABOLIC RADIOTRACER COMPOUNDS 

Yukio Yano, Jefferson W. Davis, and Chester A. Mathis 

Our research program in radionuclide and radi 
opharmaceutical development is currently focused on 
the cyclotron production of short-half-life positron emitters 
such as 20-minute carbon-11 and 11 0-minute fluorine-
18 and their incorporation into suitable radiotracer mol
ecules for studying metabolism and flow in the brain and 
heart by positron emission tomography. We have de
veloped rapid and automated syntheses for 11 C-methyl 
methionine, 11 C-palmitic acid, 11C-choline, 11 C-taurine, 
and 18F-2-deoxyglucose (1 8FDG) . 

The carbon-11 synthesis faci lity includes a newly 
fabricated lead-shielded "hot cell" that permits the si
multaneous set-up of two complete systems-reaction 
and synthesis-for labeling either 11 C-methionine or 11 C
palmitic acid (Fig. 1 ). The " hot cell " has 2-inch-thick 
lead shielding on three sides, and two doubly-leaded 
glass windows provide easy access to the reaction system. 
The synthesis system contains a total of 14 solenoid valves 
for automated operations. They are operated from two 
control panels containing 14 switching controls. In ad
dition, there is an automated controller for 11 C-methyl 
methionine which operates 12 solenoid valves, three 

Figure 7. Lead-shielded "hot cell" for organic synthesis of " C
labeled metabolic substrates for in vivo biochemical studies 
with the Donner Positron Emission Tomograph. 

C88 870-9787 

heaters, a vacuum system, and a circu lating cold bath. 
The controller can put these components through nine 
modes of operation with a single switching control de
veloped at Donner Laboratory. 

Because of the high levels of radioactivity (1 curie 
of 11 C) and short half-life of the radiotracer, adequate 
shielding and automated controls are necessary in chem
ical synthesis with positron emitters to permit rapid 
chemical manipulation without undue radiation exposure 
to the chemists. A typical synthesis with 11 C requires 
about 30 min to yie ld a radiolabe ling product of 25-
100 mCi. 

The 18FDG synthesis system (Fig. 2) allows for the 
production 250 mCi 18F as 18F·F2 and the synthesis of 
25-30 mCi of 18FDG at the end of 90-120 minutes of 
chemistry time. The flow process provides for remote 
operation through air-operated stainless steel bellows 
valves for handling the highly reactive 18F·F2 precursor. 

A deuteron beam of 23 MeV is used to irradiate a 
static neon gas target containing 0.1% F2 to produce 
18F·F2• This is transferred from the cyclotron target vessel 
by neon gas flow into the reaction vessel, which contains 
tri-O-acetyl glucal in freon . The subsequent steps of silica 
gel column separation, acid hydrolysis and ion-exchange 
resin, and alumina column purification are remotely 
controlled through the use of Teflon solenoid valves or 
air-operated slider valves . The 18 FDG preparation is ana
lyzed by high-performance I iquid chromatography and 
thin-layer chromatography. The radiochemical purity of 
this 18FDG is greater than 95%. The preparation is used 
for studies of glucose metabolism in brain and heart. 
Weekly production runs provide 18FDG for patient studies 
with positron emission tomography. 

We are in the process of setting up a similar 18FDG 
system at the 76-inch Crocker Cyclotron at the University 
of California at Davis. This will be a regional production 
facility to provide 18FDG in sufficient quantity and fre
quency to permit patient studies to be scheduled several 
times a week. This is a collaborative research effort be
tween the Nuclear Chemistry Group at UC Davis and 
the Research Medicine Group at LBL. 



CYCLOTRON VAULT 

Copper coil 
cooling 
water 

Soda 
lime 
trap 

Heating mantel 

Voc. pump 

Glucal 
reaction 
vessel 

8 

Shielding 
wall Digital manometer 

Air operated stainless 
steel bellows va lves I-JZII 

m 

He I%F2 
+Ne 

Ne 

Ether/pet ether 

Solvent 
evaporation 
vessel 

Vocuum 

r - - ' 
1 IJ25°C 
DC] 
Hydrolysis 
vesse l 

r 1 
I I IBF. F2 

I I + 
I I Glue . 

tE vessel 
Vent 

AGIIA8Resin } Anion 
Alumino exchange 
AG I I AS Resin column 

~Voo"m 
18FDG 
Collection 
vessel 

Figure 2 . Schematic flow diagram for the production of fluorine-1 8· F, at the LBL 88-lnch Cyclotron (top) and the organic synthesis 
of f/uorine- 18 fluoro-deoxyglucose (bottom). 

XBL 8012-3887 (top); 
XBL 80 12-3886 (bottom) 



9 

GEOMETRIC SAMPLING IN POSITRON EMISSION TOMOGRAPHY 

Ronald H. Huesman, Stephen E. Derenzo, and Thomas F. Budinger 

Stationary circular positron emission tomographs with hinged together at the bottom. Figure 1 (a) shows the 
closely packed detectors have excellent sensitivity, but sampling lines connecting detector pairs when the clam-
their spatial resolution (full width at half maximum) is shell is closed . Note the sampling rings at radii 0, d/2, 
limited by linear sampling to approximately the distance 3d/2, etc. , where dis the center-to-center detector spacing. 
between detector centers and varies with source position. Figure 1 (b) shows the sampling lines and the gap when 
We have demonstrated a scheme that requires only two the clamshell is opened. The sampling rings have moved 
mechanical positions to provide a uniform linear sampling to radii d/4, 3d/4, 5d/4, etc. Figure 1 (c) shows the com-
distance of one-fourth of the detector spacing. The detector bination of Figs. 1 (a) and 1 (b), with sampling rings at 0, 
array consists of two semicircles that are hinged like a d/4, d/2, 3d/4, d, 5d/4, etc. , uniform at all angles. 
clamshell. When the clamshell is closed, the array is a To evaluate the two-position clamshell sampling 
circle with an even number of detectors. When the clam- scheme and to compare it to the stationary circular array, 
shell is opened to create a one-detector gap opposite the we generated simulated projection data of a resolution 
hinge, the array approximates a circle with an odd number phantom consisting of 133 sources. These sources had 
of detectors (with one detector missing). Although each diameters of 2.5, 3, 4, 5, and 6.25 mm arranged in 
of these configurations has a sampling distance of one- triangular arrays with center-to-center spacings of 10, 
half of the detector spacing, their combination provides 12, 16, 20, and 25 mm, respectively. The simulated data 
a sampling distance of one-fourth of the detector spacing. consist of events generated randomly within the uniform 

Figure 1 shows a scaled-down example of clamshell sources and include the effects of photon penetration 
sampling with only 24 detectors . The 24-detector array into the detectors. 
is divided into two semicircles of 12 detectors each and 

a b c 

Figure 1. Schematic of sampling improvement by clamshell motion in positron emission tomographs, showing 24-detector arra y and 
sampling lines between detector pairs: (a) clamshell closed (normal}, (b) clamshell open (new configuration), and (c) combined 
sampling of (a) and (b). 

XBL 802-3 113 



Figure 2 shows the results of this computer simulation. 
On the left is a reconstruction of 10 million events from 
a simulated circular array of 280 detectors on 1 0-mm 
centers . This image agrees quite closely with reconstruc
tions of actual data taken with the Donner 280-Crystal 
Positron Tomograph. On the right is a reconstructed image 
of 5 million events each from the two clamshell positions 

Stationary Ring 
5 mm bins 

10 

of a sim ilar array of 280 detectors. The increased sampling 
at all angles results in a significant improvement in res
olution and the removal of artifacts. 

The Donner 280-Crystal Positron Tomograph was 
recently modified to perform clamshell sampling, and 
work is underway to measure the imaging improvement. 
Preliminary results are encourag ing. 

Two-position Clamshell 
5 mm bins 

Figure 2. Computer simulations to compare images of a positron-emitting resolution pattern using stationary 
ring sampling (/eft) and clamshell sampling (right). 
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INSTRUMENTATION FOR THREE-DIMENSIONAL TOMOGRAPHY 

Stephen E. Derenzo and Ronald H. Huesman 

The Donner 280-Crysta l Positron Tomograph was 
designed and built at LBL to image the three-dimensional 
distribution of positron-labeled compounds in the human 
body. The system consi sts of a closely-packed ring of 
280 rectangu lar (9.5 mm x 32 mm x 32 mm) bismuth 
germanate detector crysta ls that complete ly enc ircle the 
patient. When a positron is emitted , it trave ls a few 
millimeters and ann ihil ates w ith an electron to produce 
two 51 1-keV photons that fly off in nearl y opposite d i
rections. Each crysta l is coupled to a phototube, and 
electronic c irc uits determine whenever any crystal has 
detected an annihil ation photon in time co incidence 
(within 20 nanoseconds) with any of the oppos ing 105 
crystals. 

Events are accumulated in high-speed semiconductor 
memory. In a typical high-reso lut ion study (9-mm fu ll 
width at half-maximum), 1 million events are co llected 
in 2 minutes and the image is reconstructed in 10 seconds 
by a hard-wired ar ithmetic unit. Dynamic processes can 
be imaged with lower reso lution (2 em) by co llecti ng a 

1 00,000-event data set every 2 seconds. Blur caused by 
the motion of the beating heart is eliminated by taking 
separate data sets for different intervals of the heart cycle . 
Eight such sets can be simultaneously accumulated in 
high-speed memory. 

The tomograph became operat ional with Nai(T1 ) 
detectors in july 1978, and was converted to the more 
efficient bismuth germanate detectors in 1980. The tom
ograph is used to study blood f low and ami no acid, fatty 
ac id, and sugar metabolism in man and animals (see first 
two reports in th is section). Using the rubidium-82 gen
erator (a 75-second half-life isotope) developed at Donner 
Laboratory, it is possib le to image the blood flow in 
human heart muscle with a low radiation dose. The size 
and locat ion of sick heart muscle can be accurate ly de
termi ned in three dimensions. Brain tumors are also studied 
by measuring the relative uptake of fluori ne-1 8 deoxy
glucose and rubidium-82. 

A lthough this system provides a nearly ultimate 
combination of spatial resolution, detection efficiency, 



and the ability to image rapidly, it is possible to improve 
the images further by taking data while moving the entire 
gantry in a small circle and assuming that the tracer 
distribution does not change during this procedure. Our 
group has not used this approach because it produces a 
serious loss of temporal resolution . In 1980, however, 
we discovered that if the detector ring is split into two 
half-rings and hinged-a "clamshell " configuration
then the desired sampling improvement can be accom
plished with only two mechanical positions. The resulting 
motion has been incorporated into the existing 280-Crystal 
Positron Tomograph and has provided a significant im
provement in resolution and image quality (see R. H. 
Huesman et al., this annual report). 

Future work will center on a 1,760-crystal , four
layer system able to image the entire heart or brain in 
seven transverse sections (Fig. 1 ). One of the most im
portant factors in the new design is the optimization of 
light transfer from the crystal to the photomultiplier tube. 
Clamshell sampling will be incorporated, and the res
olution will be 4-5 mm at full-width half-maximum, 
significantly better than any existing positron system. 
Such resolution will also permit the accurate measurement 
of tracer concentration in regions as small as 1 cm 3

. 

EFFECTS OF ISOPROTERENOl ON MYOCARDIUM 

11 

Mary E. Barker, Jonathan G. Ueber, and Thomas F. Budinger 

The sulfated amino acid taurine accumulates in the 
heart during congestive heart failure and other conditions 
of cardiac stress. In the course of autoradiographic studies 
designed to loca lize 14C-taurine within the cells of the 
rat myocardium, we noted severe tissue damage after 
stimulation by very low levels of isoproterenol. This 13-
adrenergic agonist had previously been shown by others 
to modulate taurine uptake by what appeared to be a 
very specific mechanism, but our studies have led to a 
different mechanism. 

Within four hours after injection of isoproterenol at 
all concentrations used (0.2-1 .6 mg/kg), we noted pro
nounced edema of myocytes in the subendocardium; 
this was followed by an inflammatory reaction and de
generation of mitochondria and myofilaments (Fig. 1 ). 
Results obtained after perfusion of hearts with a protein 
tracer, horseradish peroxidase, suggested that the primary 
lesion was a nonspecific change in permeability of the 
plasma membrane of the myocyte. Thus, uptake of taurine 
after isoproterenol stimulation (at concentrations 3 to 25 
times higher than those we used) may be due to nonspecific 
leakage into damaged cells. It has been known for many 
years that isoproterenol in high concentrations is toxic 

Figure 1. Schematic of four-layer, 1, 760-crystal positron tom
ograph being designed at LBL for rapid imaging of positron
labeled compounds in the human body. Using cross-coinci
dences, the entire brain, heart, pancreas, or both kidneys can 
be imaged in seven transverse sections with a design resolution 
of 5 mm FWHM. 

XBL 8 170-4328 

Figure 1. Subendocardial area of rat heart 24 hours after iso
proterenol. The myocyte (my) at the bottom of the micrograph 
appears normal and intact. The cell above it has been totally 
disrupted; myofibrils (arrows) are scattered in all directions. 
Their increased density (compared to the myofibrils of the intact 
eel/) is due to the presence of horseradish peroxidase. (m, mi
tochondrion). Magnification: 5,000 x. 

XBB 8170-9932 



to myocardial cells and can produce focal necrosis similar 
to that seen in myocardial infarction. 

Some of the damage produced by isoproterenol ap
peared to be reversible; the inflammation eventually re
solved, and some repair occurred. However, after three 
weeks numerous smal l focal areas offibrosis were found. 
Fibroblasts were seen between the myocytes, and extra
cellular collagen fibers had replaced some of the con
tractile elements (Fig. 2) . An increase in fibrous com
ponents of the heart is a normal accompaniment of aging, 
and the overall appearance of these hearts suggested that 
isoproterenol treatment hastened th is process. 

These studies are leading to an exam ination of the 
amount of adrenal in release near the heart muscle cells 
as a response to stress situations in animals and man. 

MEGAKARYOCYTE Dl FFERENTIATION 

Mary E. Barker, Carol j. Mortensen, and josephine Barr 

Blood platelets are derived from cytoplasmic frag
ments of megakaryocytes, the large polyploid cells of 
the bone marrow. Megakaryocyte proliferation and dif
ferentiation are at least partially regulated by the level 
of circulating platelets. Control in turn is mediated to 
some degree by an inferred hormone called thrombo
poietin; however, local factors and cell-cell interactions 
in the bone marrow may also be important. We are 
attempting to learn more about control of platelet pro
duction by studying megakaryocyte d ifferentiation under 
a variety of conditions. 

When the platelet count of an animal is experi
mentally lowered by bleeding or by antiplatelet serum, 
bone marrow megakaryocytes increase in size and ploidy 
and mature faster. When plasma from such animals is 
injected into other animals with normal platelet counts, 
megakaryocytes seem to mature a little faster, but we 
cannot detect a size increase. This difference suggests 
that the two parameters may be under separate control. 

Mice of the genotype S1 /S1d have a hereditary ma
crocytic anemia due to some undefined deficiency in 
their hematopoietic environment. Although they have 
normal platelet counts, the number of bone marrow me
gakaryocytes is reduced by about half, and they are in
creased in size by about 75%. In co ll aboration w ith S. 
Ebbe, we have examined S1 /S1 d megakaryocytes and 
platelets by electron microscopy; we find striking simi -
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Figure 2. Subendocardium three weeks after isoproterenol. The 
two myocytes (my) have a reasonably normal subcellular mor
phology, but the tissue has taken on a marbled appearance due 
to the presence of large deposits of collagen (c) both between 
the cells and in plasmalemma/ invaginations (c'). A fibroblast 
(fb) is present between the two myocytes. Magnification: 
s,ooox. 
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larities between them and comparable cells from animals 
whose platelet counts have been experimentally reduced. 
About 25% of S1/S1 d platelets contain remnants of me
gakaryocyte rough endop lasmic reticulum (not normally 
present in platelets), and they lack the serotonin-containing 
dense bodies (Figs. 1 and 2) . The cytoplasm of these 
cells resembles the pseudopods formed by megakaryocytes 
in the process of platelet shedding, and they do not show 
the subcellular organization characteristic of platelets . 
We believe they are still immature and may not yet be 
functional. Megakaryocytes of these mice also resemble 
the "stimulated" megakaryocytes of thrombocytopenic 
animals. Because these mice can regulate their platelet 
levels in the normal range in spite of a severely depressed 
number of megakaryocytes, we think a study of their 
megakaryocyte-platelet system may prov ide valuable in
formation applicable to human disease states. 

Bone marrow cu lture is another system that may 
shed light on the control of megakaryocyte proliferation 
and differentiation . We are currently using long-term liquid 
cultures in which most cell types, except the erythroid 
line, can be maintained for several months. In these 
cultures, growth depends upon the initial formation of 
an adherent layer of ce lls that presumably is the functional 
equivalent of the bone marrow stroma. We have been 
able to maintain megaka·ryocytes for up to 6 or 7 weeks. 
Many of these cells appear similar to freshly isolated 



megakaryocytes, and "platelet formation" is often ob
served (Fig. 3). Hc wever, neither the megakaryocytes 
nor the anucleate fragments, which have the size, shape, 
and basic organization of platelets, contain typical platelet 
a-granules. In normal megakaryocytes and platelets, these 
granules are the storage sites for the specific protejns 
released during platelet aggregation and clotting . Absence 
of these granules in platelets of humans leads to bleeding 
disorders. 

We hope that our continuing cytochemical and ul
trastructural analysis of megakaryocytes and the cells of 
the in vitro microenvironment under various culture con
ditions will allow us to determine at least some of the 
differentiation requirements of these cells. 

Figure 1. Platelet from normal mouse. Normal platelets have 
the shape of a biconvex lens maintained by a peripheral band 
of microtubules. A lpha-granules (g) contain [3-thromboglobulin, 
platelet factor 4, and several other proteins; dense bodies (d) 
contain serotonin, calcium and nuc/eotides. Magnification: 
30,000 x. 
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Figure 2. Platelet from 51/Sid mouse. Although its diameter is 
almost identical to that of the normal platelet, its spherica l shape 
gives it a much larger volume. Numerous a-granules (g) are 
present, but there are no dense bodies. Remnants of rough 
endoplasmic reticulum (rer) from the megakaryocyte are visible. 
Magnification: 25,000x. 

XBB 8110-99358 

Figure 3. Megakaryocyte (MK) after a week in liquid culture. 
The two platelets below it, which presumably are derived from 
the megakaryocyte, appear superficially to be quite normal, but 
the one on the right has no a-granules, probably due to irregular 
division of megakaryocyte cytoplasm. Large autophagic vacuoles 
(AV) with cellular debris are common in these cultured cells. 
Magnification: 6,000 x . 
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DONNER CLINIC AND HEMATOLOGY RESEARCH 

. " 

Shirley N. Ebbe, Clara Adrados, Cathryne C. Allan, Dorothy A. Carpenter, Ruth 
A. Cohen, Patricia A. Garbutt, Helen F. Londe, Carol Fong Lum, Elizabeth A. 
Phalen, and Gregory A. Threatte. Attending Physicians: james L. Born, Hunter 
0. Cutting, Lester Hollander, and Henry H. Stauffer 

The hematology program of the Research Medicine 
Group includes the Donner Clinic; a laboratory for ex
perimental megakaryocytopoiesis (the production of giant 
bone marrow cells); and a training program in cooperation 
with investigators in other groups. Research projects 
concern ways in which the body regulates the production 
of blood platelets and red blood cells. 

Blood platelets are produced by megakaryocytes in 
bone marrow, and it is known that megakaryocytopoiesis 
is, at least in part, regulated by the level of platelets in 
the blood. This regulation was studied by analyzing the 
effects of radiation, and/or antibody-induced low platelet 
counts on the subsequent rate of platelet production. 

Mice were treated with sublethal radiation or het
erologous antiplatelet serum (AP5), or both, to induce 
platelet depletion. The combined treatment reduced the 
severity of the radiation-induced thrombocytopenia. This 
effect was due to increased production of platelets, as 
shown by increased incorporation of the radiotracers 355-
sodium sulfate or 755e-selenomethionine. It was also spe
cific for the platelet-lowering effect of AP5, since it was 
absent after injection of nonimmune heterologous serum. 

In normal mice, the response to acute AP5-induced 
thrombocytopenia occurs within a day in the mega
karyocytes, platelet production is increased after the sec
ond day, and, by the fourth or fifth day, signs of stimulation 
disappear. In contrast, the results in mice treated with 
both radiation and AP5 showed a delayed effect of the 
thrombocytopenia-platelet production was not affected 
until the second week after dual treatment. These findings 
indicate that thrombocytopenia, directly or indirectly, 
stimulates very early megakaryocyte progenitor cells in 
addition to stimulating the more mature cells that produce 
the response in nonirradiated animals. The findings are, 
therefore, also consistent with the evolving concept that 
megakaryocytopoiesis is not regulated solely by platelet 
count. 

Correlation between radioisotope incorporation and 
platelet counts as measures of production was also eval
uated during recovery from treatment with AP5 and/or 
radiation. This was done because it is known that the 
sizes of individual platelets may change when their pro
duction is disturbed. It has, therefore, been suggested 
that radioisotope incorporation into platelets might be a 
more sensitive measure of platelet production than the 

· platelet count because such incorporation would be af
fected by the size, and perhaps the metabolic status, of 
platelets as well as by their numbers. However, we found 

that there was no consistent advantage to either meas
urement. Thus, platelet count and radioisotope incor
poration appear to measure the same thrombocytopoietic 
function, and platelet production can be equally well 
estimated by either technique in some experimental sit
uations. 

The concept that megakaryocytopoiesis is regulated 
by other factors than the platelet count is being evaluated 
by experiments in which low numbers of megakaryocytes 
in the bone marrow produce normal numbers or dis
proportionately high numbers of platelets. This state has 
been identified in genetically anemic mice of the w;wv 
and 51/51 d strains, irradiated mice, and mice treated with 
hydroxyurea. 

The hypomegakaryocytic state that develops after 
exposure to sublethal doses of ionizing radiation was 
evaluated in splenectomized and intact mice. The per
centage reduction of marrow megakaryocytes was greater 
than that of platelets at comparable times post-irradiation. 
After initial recovery, a secondary drop in platelet counts 
occurred earlier in intact than in splenectomized mice. 
The average size of mature megakaryocytes was larger 
in both groups of irradiated mice, due primarily to marked 
reductions in megakaryocytes of smaller size. These results 
indicate that the spleen acts more to reduce than to 
increase the platelet count after exposure to sublethal 
doses of whole body radiation and that average megak
aryocyte size may be increased by reducing the number 
of small megakaryocytes, with no change in the number 
of large megakaryocytes. 

Two different bone marrow cell culture systems are 
being analyzed for megakaryocyte content. One is a 
long-term liquid culture system in which the effects of 
bone marrow stromal abnormalities on megakaryocytes 
can be tested. The other is a diffusion chamber system 
in which the relative roles of megakaryocyte and platelet 
numbers in regulating megakaryocyte growth may be 
tested. 

In collaboration with Mary Barker, megakaryocytes 
and platelets of 51/51d mice and their normal(+!+) 
littermates were examined by transmission electron mi
croscopy. The megakaryocytes and platelets in 51 /S 1 d 
were morphologically similar to those seen after stim
ulation of platelet production in normal animals by ex
perimental thrombocytopenia. This finding supports the 
notion that megakaryocytopoiesis in these mice is stim
ulated even though their platelet count and mass are 
normal; it also, therefore, supports the concept that me-



gakaryocytes are regulated by other factors besides platelet 
count. 

In collaboration with Joseph Garcia, levels of the 
hormone erythropoietin have been determined by ra
dioimmunoassay in the plasma and serum of normal 
persons and patients with anemia or primary or secondary 
polycythemia (excess red cells). Patients with anemia or 
secondary polycythemia had higher than normal levels 
of erythropoietin; patients with primary polycythemia 
had lower levels that could, in part, be attributed to 
higher than normal levels of blood hemoglobin. However, 
treated patients with primary polycythemia who had nor-
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mal blood hemoglobin unexpectedly showed small, but 
significant, reduction of plasma erythropoietin. The im
portance of this finding is not clear, but it is being further 
evaluated in current experiments. 

Studies are underway to analyze the effects of blood 
loss (phlebotomy) and/or mild perturbations of acid-base 
balance on erythropoietin production in patients with 
different types of polycythemia or hemochromatosis (for 
which therapeutic phlebotomies are done to reduce body 
iron stores). Preliminary analysis of data indicates that 
acid-base balance affects erythropoietin production and 
may alter the erythropoietin response to blood loss. 

REGULATION OF RED BLOOD CELL PRODUCTION IN HUMAN BEINGS BY ERYTI;iROPOIETIN 

Rukmani Pennathur-Das, Edward L. AI pen, Elliott Vichinsky, * and Bertram H. Lubin 

The human bone marrow contains pluripotent stem 
cells, which have the capacity for self-renewal as well 
as differentiation into macrophages, megakaryocytes, 
erythrocytes, or lymphocytes. As the pluripotent stem 
cell differentiates into the erythroid-committed pathway, 
it loses its ability for self-renewal and becomes increasingly 
sensitive to erythropoietin (Epa), a hormone that stimulates 
erythropoiesis. Recent in vitro cultures have demonstrated 
that the erythroid-committed stem cell compartment has 
a heterogeneous cell population with respect to Epa. 

These cultures have generally been carried out on 
a semi-solid matrix for a period of several days, with the 
cells in the essential growth medium and erythropoietin. 
At least two populations of erythropoietin-responsive cells 
have been demonstrated in vitro, operationally defined 
as BFUE's, burst-forming units containing more than 500 
cells per burst, and CFUE's, colony-forming units, con
taining 8 to 50 cells per colony, with greater sensitivity 
to erythropoietin. 

By using anti-Epa immune serum, thus timing ex
posure to Epa in culture, Kennedy and Alpen 1 were able 
to further define this Epa-responsive pool. Their results 
suggested that two populations of Epa-responsive cells 
existed in the immediate erythroid precursor compartment 
of mice. One is a mature CFUE pool; on the verge of 
commitment to erythrocyte differentiation, it requires very 
short Epa exposure. The other is a pre-CFUE pool that 
requires longer Epa exposure to produce erythroid col
onies. 

We have extended this approach of timed Epa
exposure to human bone marrow cells. Our results, 
illustrated in Fig. 1, showed the following: 

*Bruce Lyon Memorial Research Laboratory, Children's Hospital Medical 
Center of Northern California. 

• A minimum exposure of 24--50 hours was required 
for CFUE formation. 

• After 24--50 hours, the number of CFUE's increased 
progressively with time of exposure to Epa. 

• Maximum number of CFUE's was obtained only 
when cells were exposed to Epa for 7 days. 

• CFUE's containing more than 16 cells appeared 
only after 4 days of exposure to Epa. 

These results are different from those obtained with 
mice and sheep bone marrow cells. In these cells, much 
shorter Epa exposure times produced good yields of 
CFUE's, and the maximum number of colonies was ob-
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Figure 1. Effect of timed exposure of Epo to bone marrow cells 
on CFU, formation. Anti-Epa was added at various times to 
completely neutralize the Epa in culture. The number of CFU,'s 
formed, expressed as percent of maximum, is plotted as a function 
of hours for which Epa remained active in culture. 
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tained when cells were exposed to Epo for about 60% 
of the time required for CFUE formation. Human marrow 
cells not only exhibited a distinct delayed response to 
Epo, but required Epo during the entire period in culture. 

The significance of the delayed response of human 
CFUE's to Epo is not clear. It is obvious from our studies, 
however, that human bone marrow CFUE's are critically 
dependent on Epo for both initiation and proliferation 
to form colonies. 

Our next step was to determine if alteration in CFUE's 
occurred in disease states; in particular in hemolytic 
anemia and anemia of chronic inflammation. In both 
conditions red cell production is altered to a hyperpro
liferative state. For both, we demonstrated in two pre
liminary experiments that perturbations of CFUE pools 
exist. In response to the stress of hemolytic anemia, a 
pool of mature CFUE's, resembling the fast-responding 
CFUE's in murine marrow, was present in the human 
marrow, giving rise to a large number of small colonies. 
In the anemia of chronic inflammation, a pool of immature 
CFUE's gave ·rise to a small number of large colonies. 
These studies suggested that, in hemolytic anemia, the 
bone marrow CFUE compartment increased in size and 
maturity in response to the anemia. In anemia of chronic 
inflammation, CFUE maturation appeared to be sup
pressed. 

To assess the effect of Epo on the initial events leading 
to CFUE formation, we investigated the effect of depriving 
the human bone marrow cells of Epo for various times. 
We did this by starting cultures in the absence of Epo 
and adding Epo at various times after initiation. As a 
result, CFUE's declined to 50% of the original value if 
the cells were deprived of Epo for as little as 24 hours 
(Fig. 2). Analysis of our preliminary data obtained with 
four normal bone marrow samples suggested the presence 
of two populations of CFUE's, one with a short survival 
time (too short to be accurately measured with our data 
points) and the other with a relatively longer survival 
time. The calculated rate of decay of these CFUE's is 
0.3% per hour;regression analysis yielded a coefficient 
of 0.88 for the determinant r2

• 

Although the existence of two populations of Epa
responsive cells in normal bone marrow is not immediately 
apparent from the timed Epo exposure measurements, it 
is suggested by the experiments with delayed Epo addition, 
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Figure 2. Effect of delayed addition of Epo to human bone 
marrow cells on CFU, formation. Epo was added at various 
times to cultures initially containing no Epo. The number of. 
CFU,'s surviving, expressed as percent of maximum, is plotted 
as a function of hours for which Epo was absent from cultures. 
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where cells show different sensitivity to Epo. It is likely 
that sensitivity to Epo varies in clinical conditions, and 
these differences may become obvious by measuring 
survival times of bone marrow CFUE's in the absence of 
Epo. 
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SYNGENEIC MARROW TRANSFUSION INTO NORMAL RECIPIENTS 

George Brecher 

There is a long-standing presumption that transfused 
stem cells cannot proliferate in normal recipients, even 
when syngeneic donors are employed so thatrejection 
due to histoincompatibility can be excluded. In earlier 
experiments it appeared that this presumption was valid, 
since transfusion of 40 million bone marrow cells from 
syngeneic donors resulted in 2% or less of donor cells 
in the recipient's marrow. The essentially negative results 
with 40 million cells in normal recipients contrasted with 
the 1 million donor cells that suffice to repopulate the 
entire marrow of mice exposed to lethal whole body 
irradiation. 

Recently, by increasing the number of transfused 
cells even further, giving 40 million cells on each of 5 
consecutive days (200 million cells in all), we were able 
to obtain 20% to 25% donor cells in the recipient's 
marrow. In retrospect, and contrary to our initial impres
sion, the number of donor cells required was not actually 
excessive. This follows from considering that the total 
number of pluripotential stem cells contained in the 200 
million bone marrow cells transfused is 40,000 (0.2%); 
that half of the transfused cells lodge in the spleen and 
thus only half of the pluripotential stem cells, or 20,000, 
reach the bone marrow; and that the complement of 
pluripotential stem cells in the normal mouse is 44,000, 
so that the 20,000 transfused cells reaching the marrow 
could at best constitute 31% of the combined population. 
The figure actually observed, 20% to 25%, is close to 
the optimum. 

The crucial difference between this situation and 
that for irradiated mice is that, in the non irradiated animal, 
the transfused marrow competes against a full complement 
of intact pluripotential host cells; in the irradiated animal, 
the host's pluripotential stem cells have been largely or 
entirely eliminated, giving the transfused donor cells 
complete dominance in repopulating the empty marrow 
space. 

Since we used male donor cells in female recipients 
in order to trace the transfused cells, it might be suspected 
that the positive results obtained were due to a proliferative 

superiority of the transfused male cells over the host's 
own female marrow cells. Fortunately, a new technique 
of tracing transfused cells has recently become available. 
It consists in the use of a new strain of mice developed 
by S. H. Micklem of the Department of Zoology at Edin
burgh. Superimposed on a CBA strain of mice, the new 
strain has two variants, A and B, of the X-I inked enzyme 
phospho-3-glycerate kinase. Thus females or males with 
the A variant can be used as donors for recipients of the 
same sex who have the B variant only. Using donors of 
the same sex in this strain of mice, we repeated the daily 
injection of 40 million marrow cells for 5 days and ob
tained, again, 25% of donor cells in the recipient, ruling 
out the sex difference between donor and recipient cells 
as relevant. 

Incidentally, the new strain allows differentiation of 
donor and recipient percentages by a simple technique 
of electrophoresis of marrow or other organ extracts. The 
separated A and B enzymes are then subjected to den
sitometry, yielding the relative percentages of donor and 
recipient cells. This is in contrast to the present method 
in which at least 100 mitoses in a smear of marrow (or 
other organ) must be examined and the presence or ab
sence of theY (male) chromosome ascertained in each 
mitosis, a procedure requiring several hours for a single 
determination. 

Thanks to a Director's Grant, we shall be able to 
raise a small colony of the new strain, made available 
to us by Dr. Micklem, and thus greatly increase our 
productivity in pursuing this research .. 

In man, even siblings are generally only incompletely 
matched for histocompatibility, except for the rare identical 
twin donors. Consequently recipients must be given ra
diation and/or myelo- and immuno-suppressive drugs to 
prevent rejections of the allografts and to treat the po
tentially fatal graft-versus-host reaction. However, newer 
drugs are being developed to make maintenance of al
lografts less hazardous. It is hoped that the model of 
syngeneic transplants without irradiation can be extended 
to test the new drugs in the allograft situation. 



3. DONNER PAVILION 

The Donner Pavilion has a long-standing scientific 
tradition of biomedical research that applies physics and 
nuclear technology to solving complex and demanding 
problems of human health and disease. The introduction 
of artificially-produced radioisotopes both for the study' 
of human biology and pathophysiology and for the treat
ment of human malignant diseases was pioneered here 
by Lawrence, Born, Tobias, and their colleagues. Since 
then, such developments as cyclotron irradiation treatment 
for pituitary disorders, metabolic diseases, and metastatic 
cancer have been successfully achieved. 

The Department of Energy has a continued com
mitment to the application of nuclear science to medicine. 
Accordingly, scientific programs, upon achieving their 
research goals, become added to the clinical applications 
of modern radiation medicine. Notable among these have 
been the use of radioisotopes for the diagnosis and treat
ment of malignant diseases, nuclear medical imaging, 
and charged particle radiotherapy for pituitary tumors. 

The Donner Pavilion research program continues to 
have as its long-term objective the application of physics 
to the diagnosis and treatment of human disease. This 
tradition necessarily requires new research directions, 
growth, and renewal. This has occurred with the intro
duction of experimental stereotaxic radiosurgery in the 

central nervous system, and the application of heavy
ion beams for fundamental and applied brain research. 
The research program is currently investigating nerve 
pathways and neuroendocrine responses following focal 
injury in the central nervous system. It is also treating 
patients with certain pathological disorders in the central 
nervous system with stereotaxic Bragg peak radiosurgery. 
Quantitative epidemiological studies of patients who have 
received helium-ion radiosurgery of the central nervous 
system have begun with the aim of learning more about 
the delayed or late health effects of radiation to the brain. 

These new research directions emphasize a long 
tradition of innovation in science and medicine at the 
Donner Pavilion that was led for many years by James 
L. Born. His death is recorded here with great sorrow; 
his passing marks a great era of science and medicine 
at the Donner Laboratory. It was during these last years, 
up to the time of his death, that he gave breadth, imag
ination, energy, enthusiastic support, and guidance to 
these new research directions. We have been fortunate 
to have known him, to have worked with him, and to 
have had him as one of our senior scientists and colleagues. 
His enormous contributions to medicine and medical 
research will be felt for many years. 

STEREOTAXIC RADIOSURGERY-FOCAL LESIONS IN THE CENTRAL NERVOUS SYSTEM 

Jacob I. Fabrikant, James L. Born, Thomas F. Budinger, Yoshio Hosobuchi,* 
Cornelius A. Tobias, and John T. Lyman 

The potential for using Bragg peak irradiation with 
heavy-ion beams to produce discrete focal lesions in the 
brain is based on two clinical observations: (1) heavy
ion radiosurgery avoids the morbidity and mortality as
sociated with extensive neurosurgical procedures; and 
(2) alternative methods, such as cryosurgery, electro
thermal surgery, and x rays, provide poor spatial definition 
and lack reliability. This capability for inducing focal 
lesions in the central nervous system (CNS) introduces 
a valuable neurosurgical probe for investigating mech
anisms of radiation injury in nervous tissue at the molecular 
and cellular levels, and for determining the limits of 
radiation tolerance by nervous tissues, neurovascular tis
sues, and supportive glial structures. In addition, the use 
of charged particle beams for experimental neuroscience 
provides a unique tool to investigate the mammalian 
brain, including nerve pathways, neuroendocrine path
ophysiology and the functional anatomy of centers in 
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the brain responsible for homeostasis and regulatory 
control. Such investigations have potential for treating 
pathological disorders of the CNS in clinical patients. 

Budinger and his colleagues have been investigating 
the metabolic and neuroendocrine effects of Bragg peak 
irradiation with narrow heavy-ion beams in the brain of 
the dog. Tobias, Born, and coworkers are examining 
mechanisms of heavy-ion beam radiation injury and repair 
in the central nervous system of the rabbit. Fabrikant, 
Born, Lyman, and colleagues are using the Bragg ioni
zation peak of heavy-ion beams for radiosurgical treatment 
of selected neurovascular disorders in the central nervous 
system of patients who cannot be treated with alternative 
neurosurgical procedures. 

ANIMAL STUDIES 

Budinger, Canz, Saunders, Pelletier, and coworkers 
are investigating, in beagle dogs, the effects of discrete 



focal neon-ion beams (400 MeV/amu) on the brain. Studies 
using a 2-mm-diameter beam stereotaxically directed to 
the anterior hypothalamus resulted in a plateau dose 
before final collimation of 80 Gy equivalent; the peak
to-plateau ratio was 4:1. The dose to a 2-mm3 region at 
the Bragg ionization peak was about 240 Gy equivalent. 
The 80-Gy dose did not produce cellular changes or 
other destructive lesions in the hypothalamus 4 months 
after irradiation, but neurophysiological changes were 
recorded. There was a marked depression of thyrotropin
releasing hormone (TRH) levels in the serum, a drop that 
began a few days after irradiation and fell to 20% of 
normal range 5 weeks after irradiation; recovery to 80% 
of normal occurred by 4 months (Fig. 1 ). A concurrent 
fall and recovery of growth hormone also occurred; plasma 
levels fell to 80% of normal between the 30th and 50th 
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Figure 7. Thyrotropin-releasing hormone (TRH) plasma levels 
in four beagle dogs following Bragg peak irradiation (neon ions, 
400 MeV!amu, 2-mm diameter beam) in anterior hypothalamus. 
The To value is the mean value of preirradiation levels obtained 
up to 2 weeks before irradiation. (Courtesy T.F. Budinger and 
coworkers.) 
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day following irradiation. There was a small but significant 
decrease in plasma growth hormone (GH) levels and a 
large response to GH-release following L-DOPA infusion 
in the irradiated animals. Studies of 99Tc-TRH transport 
from the cerebrospinal fluid to the circulating blood 
demonstrated a bimodal appearance in normal dogs due 
to both active third ventricle transport and delayed passive 
transport through the subarachnoid granules. In the ir
radiated dogs, the bimodal curve was abnormal, and 
demonstrated a slow washout, when the blood-brain 
barrier was disrupted in the region of the third ventricle. 

The implications of these results are that the major 
production center of TRH in dogs is in the anterior hy
pothalamus, and not in diffuse regions throughout the 
brain; that TRH centers can be replenished after destruction 
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of most of the active production centers in the hypo
thalamus; and that 240 Gy equivalent'could be delivered 
to 0.01 ctn 3 regions of the anterior hypothalamus without 
fatal sequelae. These studies thus demonstrate the value 
of heavy-ion beams as a neuroscience tool. 

Woodruff, Lyman, Fabrikant, Tobias, Born, and col
leagues are studying the production of small focal lesions 
in the rabbit brain using carbon and neon beams. The 
goal is to apply Bragg peak irradiation to the treatment 
of neurovascular and other disorders in the central nervous 
system. They are also investigating the pathophysiology 
of Bragg peak focal radiation injury in the CNS by cor
relating (1) dose, volume, and time-dependency for in
duction of damage at various sites; (2) CNS effects of 
different charged particles with known differences in RBE, 
particularly carbon, neon, and helium; (3) CNS effects 
during fractionation of dose, and the extent of repair; 
and (4) sites and nature of cellular and molecular injury 
with functional neurophysiological alterations. Such cor
relations will establish tolerance doses for normal CNS 
tissues in man for Bragg peak irradiation of CNS disorders, 
such as vascular abnormalities and tumors. Initial studies 
in rabbits, using neon ions (425 MeV/amu, 15-cm range), 
1-criP volume, and spread Bragg peak, demonstrated 
the extent of damage caused by a 1-cm3 focal lesion in 
the cerebral cortex. Marked leakage of insoluble dye 
(carbon particulates) is associated with damage to the 
blood-brain barrier and increased permeability of the 
cerebrovascular structures. These studies are providing 
a better understanding of the sequence of events following 
local brain injury by heavy-ion radiation. 

STUDIES ON PATIENTS 

Intracranial vascular disorders 

As part of a collaborative effort between Donner 
Pavilion and the Department of Neurosurgery at the Uni
versity of California, San Francisco, Fabrikant, Hosobuchi, 
Born, Lyman, and their coworkers are applying helium 
and other heavy-ion beams to radiosurgery for intracranial 
vascular disorders, including arteriovenous malformations 
and vascular fistulae. The procedure for such radiosurgery 
was developed at the 184-inch synchrocyclotron. We 
select only patients for whom direct surgical or other 
invasive procedures (including cryosurgery, electrothermal 
cautery and intravascular thrombosis) are not possible. 
In cases of intracranial vascular malformations and carotid
cavernous sinus fistulae, the objective is to achieve in
travascular obliteration with stereotaxically simulated and 
directed heavy-ion beams. Such treatment can alter the 
intracerebral hemodynamic flow conditions of the vascular 
malformations and fistulae, thereby achieving a decrease 
in the patient's neurological deficiencies, subjective 
complaints, and frequency of seizures; it can also arrest 
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Figure 2. Stereotaxic radiosurgical imaging studies of patient for helium-ion beam Bragg irradiation to a large arteriovenous malformation 
(AVM) in the brain . Patient 's head is immobilized in polystyrene headmask for stereotaxic localiza tion, treatment planning, and 
heavy-1on rad1otherapy. X-ray computerized tomographic scanning for precise size, location, and extent of AVM in thalamus and 
cerebral cortex is necessary for Bragg peak irradiation . Posteroanterior occipital (A) and lateral port (B) films show precise volume 
of the AVM and isodensity contour plots of the volume treated. 

progressive blindness and decrease or arrest episodes of 
intracranial hemorrhage. Thus far, ten patients with in
operable intracranial vascular disorders have been treated 
with stereotaxic Bragg peak (helium-ion) radiosurgery, 
with promising results . 

The sequence for the experimental radiosurgical 
procedure for stereotaxic Bragg peak focal irradiation of 
the brain is now well-developed. The patient shown in 
Fig. 2 had a very large arteriovenous malformation (AVM) 
of the right thalamus that extends throughout the right 
lateral ventricle, replacing brain tissue both in the midbrain 
and the cerebral cortex. A cerebral angiogram and x-ray 
computerized tomography scanning through the lesion 
demonstrated the size and location of the AVM in the 
brain ; the patient wears a specially-designed polystyrene 
head mask used for precise stereotaxic beam localization 
for radiosurgery, treatment planning, and head immo
bilization during the Bragg peak irradiation . The pos
teroanterior occipital beam port film of Bragg-peak lo
calization is shown (Fig. 2). The helium-ion beam was 
collimated to a 20 mm x 22 mm aperture with a 40-
mm-spread Bragg peak, extending posteroanteriorly. The 
patient received multipart fractionated helium-ion (2 34 
MeV/amu) therapy for four days, for a total dose of 25 

(A) XBB 8 78-7328; (B) XBB 8 78-7329 

Gy equivalent. This could be considered equivalent to 
about three times this dose if delivered by conventional 
fractionated photon radiation . The latter would have much 
less precision in dose distribution and localization and 
would require 6 to 8 weeks for delivery. Changes in the 
AVM occurred within 6 to 7 months, occlusion and ob
literation of the arteriolar vessels occurred within 9 months 
to a year, and the patient demonstrated marked neuro
logical improvement. 

Figure 3 is the one-year post-treatment positron 
emission tomogram of the same patient. The dynamic 
rubidium-82 image demonstrates the large blood volume 
flow transfer from the arterial AVM to the draining venous 
system. The objective of Bragg peak therapy is to decrease 
the high-volume intracranial hemodynamic flow to a 
normal level in order to preclude further intracranial 
hemorrhage. When clinical changes appeared, follow-' 
up positron emission tomography studies to quantitate 
changes in the intracerebral blood flow dynamics were 
carried out and compared with pretreatment scans. On 
the basis of this information, a second treatment of Bragg 
peak radiosurgery was carried out. This time, the he I ium
ion beam was collimated to a fine focal 1 0-mm-circular 
aperture with a 20-mm spread Bragg peak extending 
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Figure 3. Intracranial (AVM) localization using rubidium-82 and positron emission tomography with the Donner 280-crystal ring. 
The AVM is seen on patient's right, extending into midbrain and cerebral cortex. Because rubidium-82 is a positron emitter, transverse 
sections showing changes in isotope distribution can be obtained, using coincidence detection of the annihilation photons produced 
by the positrons. Positron emission tomography thus provides a valuable quantitative method for investigating blood flow before and 
after stereotaxic Bragg peak radiosurgery. (Courtesy TF. Budinger and coworkers). 

posteriorly (Fig. 4). The patient received a single treatment 
of helium ions (234 MeV/amu) in a 2-cm 3 volume for a 
total dose of 10 Gy equivalent. 

Pituitary Disorders 

The experimental treatment of pituitary disorders
including acromegaly, Cushing's disease, and prolactin
secreting tumors--with helium-ion beams (225 MeV/amu) 
has been under continuing scientific investigation at LBL 
for almost 25 years, since the pioneering investigations 
of Lawrence, Born, Tobias, and their co ll eages. 1.2·3 With 
high-energy particle beams, it is possible to overcome 
the relative insensitivity of the pituitary gland to externally 
delivered radiation without irradiating large volumes of 
surrounding normal brain tissue. The Bragg peak, however, 
has rarely been used at LBL for pituitary gland disorders, , 
owing to a lack of knowledge of tissue inhomogeneities 
and the precise location of vital neural structures too 
sensitive to be exposed to the intense Bragg ionization 
peak. Plateau ions have therefore been used for treatment 
of pituitary disorders, since sufficient energy is available 
for head penetration. 

Fabrikant, Lyman , Born and their colleagues are ex
amining the radiobiology and epidemio logy of charged 
particle radiotherapy in patients with pituitary tumors. 
Since 1957, 808 patients have been treated with helium
ion stereotaxic radiosurgery to the pituitary gland; of 
these, 476 had pituitary tumors, 157 had metastatic breast 
cancer, and 169 had diabetic retinopathy. Fractionated 
doses of high-energy collimated plateau helium-ion beams 
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were used, and total doses from 45 Gy to about 180 Gy 
equiva lent, depending on the pathological conditi on, 
were delivered to the pituitary gland; the beams passed 
through the head without being attenuated. Upper limits 
to the treatment dose are set by potential radiation injury 
to crania l nerves and to the temporal lobes nearest the 
pituitary fossa; the opt ic nerves, the optic chiasm, and 
the hypothalamus are protected very efficiently. In ac
romegaly and Cushing's disease, the aim was not complete 
ablation of pituitary function , but rather permanent in
hibition of function of the pituitary tumor while preserving 
some normal pituitary hormone-secreting potential of 
surv iving normal cells. The cl ini cal research program on 
the treatment of acromegaly, Cushing's disease, Nelson's 
syndrome, and prolactin-secreting tumors may be con
sidered comp lete, as these radiosurgical procedures are 
now used in routine clinical pract ice. 

Pathological Studies 

Woodruff, Lyman, Born, Lawrence, and their col
leagues have continued their work on examination of 
the dose-time-response relationships of stereotaxic heavy
ion radiosurgery of the pituitary gland in patients w ith 
endocrine or metabolic disease, and of the delayed path
ological changes following irradiation. Over 800 patients 
have now received helium-ion stereotaxic radiosurgery 
to the pitui tary gland using the 184-inch synchroncyclotron 
at LBL . Most of these patients had pituitary tumors, pri
marily acromegaly, and others had severe, progressive 
retinopathy associated with diabetes mellitus or advanced 



23 

Figure 4. (A) Lateral cerebral angiogram of large AVM 1 year after stereotaxic Bragg peak radiosurgery (see Fig. 2). Patient is immobilized 
in polystyrene head mask for stereotaxic localiza tion and heavy-ion radiosurgery. (8) Treatment plan for dose distribution and dose 
localization for a second course of the same radiosurgery. 

metastatic breast cancer. A 910 MeV helium particle 
beam in the plateau region of ionization was used. The 
collimated beam was shaped to fit the contour of the 
sella turcica . Using a biaxial rotation technique, the dose 
distribution is maximized in the center of the sella turcica. 
The dose at the periphery of the gland was about 50% 
of the central dose, a·nd the surrounding structures gen
erally received less than 10% of the central dose. The 
dose distribution was designed to deliver 30 Gy or less 
to a point 15 mm lateral to the point of the sella turcica, 
thereby protecting the adjacent cranial nerves and tem
poral lobes. The dose maximum for diabetic retinopathy 
ranged between 1 OS and 135 Gy delivered in 5 or 6 
equal fractions over a 10 to 12 day period . The patients 
with acrbmegaly received 50 to 60 Gy, delivered in 4 
to 6 equal fractions over 5 to 12 days. 

Since 1975, we have examined the brains, pituitary 
glands, and other endocrine organs from 14 patients who 
died. Of these, 11 had diabetic retinopathy; in five, the 
retinopathy was progressive and failed to stabi li ze. Hy
popituitarism developed as early as 2 or 3 years postir
radiation . The pathologic changes in the pituitary gland 
correlated well with the length' of time fo llowing irra
diation . After 5 years, there was some 10% fibrotic re
placement of the anterior pituitary; after 8 or 9 years, 
some 50% of the gland was fibrotic; and by 12 to 15 
years, central cavitation occurred. The changes in these 
pituitary glands, however, did not necessarily corre late 
with any one specific endocrine organ or its clinical 
functions during life. In the acromegalic patients the 
irradiated pituitary glands showed central fibrosis or cav-

(A) XBB 8 17-6995; (8) XBB 818-7326 

itation in the adenoma (Fig. 5). Central cavitation was 
surrounded by a rim of normal pituitary with only minimal 
fibrosis, demonstrating a differential radiosensitivity be
tween the pituitary adenoma and the normal pituitary 
tissue from which it arises. 

Certain autopsy findings were present in all patients . 
The focal irradiation field could be clearly marked by 
the abrupt aplasia of the bone marrow in the bone sur
rounding the pituitary gland. Pituitary vascular sclerosis 
was uniformly present, but all patients in the series had 
advanced, generalized arteriosclerosis as a complication 

Figure 5. Histologica l section of irradiated pituitary gland in 
acromegalic patient treated by stereotaxic helium-ion radiosurgery 
directed to a pituitary adenoma. Irradiated pituitary shows central 
cavitation in the adenoma (arrows( 
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of their underlying disease. The posterior pituitary gland 
showed few changes following irradiation. No pituitary 
sarcomas were seen. There was no evidence of radiation 
injury to the surrounding tissues of the central nervous 
system. No radiation lesions were seen in histological 
studies of the temporal lobes, the thalamus, the optic 
nerves, and other central nervous system tissues. 

These studies are demonstrating a time-dependent 
course of fibrosis in the pituitary glands of patients ir
radiated with plateau helium ions. This fibrosis is delayed, 
appearing after 2 years, and was progressive with time. 
There is evidence for differential radiosensitivity between 
tumor tissue and the normal anterior pituitary tissue from 
which it arises. No significant radiation changes appear 
in the surrounding brain, cranial nerves, or posterior 
pituitary gland. Stereotaxic charged particle radiosurgery 
of the pituitary gland at LBL has been clinically successful; 
it results in a sharply delineated focal radiation lesion 
confined to the pituitary, while avoiding injury to the 
critical structures of the surrounding central nervous sys
tem. 

RADIATION EPIDEMIOLOGY 
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Jacob I. Fabrikant, James L. Born, Edward L. Alpen, and John T. Lyman 

During the course of this century, there has been CARCINOGENIC EFFECTS OF LOW-LEVEL 
enormous growth in the use of radiation and radioactive RADIATION_:_ THEORETICAL MODELS 
materials, pioneered in large measure by the Donner A number of important observations on the late health 
Laboratory. Today hundreds of thousands of men and effects of low-level radiation have now emerged, ob-
women are employed as radiation workers in the United servations about which there is reasonably good, general 
States, and many millions of people receive diagnostic agreement. They are ,based primarily on epidemiological 
or therapeutic medical radiation. This growth has been surveys of exposed human populations, on extensive 
paralleled by the development of a vast body of knowledge research in laboratory animals, on analysis of dose-re-
about the biological effects of radiation. Ionizing radiation sponse relationships of carcinogenic, teratogenic, and 
has many important effects on health, such as induction genetic effects, and on known mechanisms of cell and 
of cataracts in the lens of the eye, or impairment of tissue injury in vivo and in vitro. Cancer induction is 
fertility; but three important late effects-carcinogenesis, considered to be the most important late somatic effect, 
teratogenesis, and mutagenesis-stand out as those of particularly solid cancers such as those of the female 
greatest concern. This is because a considerable amount breast and the thyroid gland, rather than leukemia. The 
of scientific information is known from epidemiological different tissues appear to va'ry greatly in their relative 
studies of exposed human populations and from laboratory susceptibility to cancer induction by radiation. The more 
animal experiments. Furthermore, we believe that any frequently occurring radiation-induced cancers in man 
exposure to radiation, even at low levels of dose, carries include, in decreasing order of susceptibility: the female 
some risk of such deleterious effects. As the radiation breast; the thyroid gland, especially in young children 
dose increases above very low levels, the risk of these and in females; blood-forming tissues like the spleen; 
effects increases. These latter observations have been the lung; certain organs of the gastrointestinal tract; and 
central to public concern about the potential health effects the bones. Influences such as age at time of irradiation 
of low-level radiation, and have given rise to the task of or at expression of the disease, and sex, as well as the 
estimating risks and establishing standards for the pro- radiation factors and types--linear energy transfer (LET) 
tection of exposed populations. This task is particularly and relative biological effectivenes (REB)-also affect the 
important in regard to cancer induction by radiation- cancer risk. 
an area of study that has been central to Donner Laboratory The epidemiological surveys of exposed human 
research for over a quarter of a century. populations are highly uncertain in regard to the forms 



of the dose-response relationships for radiation-induced 
cancer in man. This is especially the case for low-level 
radiation. It has been necessary, therefore, to estimate 
human cancer risk from low-radiation doses primarily 
from observations at relatively high doses, frequently 
greater than 100 rads or more. Estimates of the cancer 
risk at low doses appear to depend more on what is 
assumed about the mathematical form of the dose-response 
function than on the available epidemiological data. 
Hence, it is not really known whether the excess cancer 
risk observed at high-dose levels also applies to low
dose levels. 

In recent years, a general hypothesisfor estimating 
excess cancer risk, based on theoretical considerations, 
extensive laboratory animal studies, and limited epide
miological surveys, has emerged; it suggests complex 
relationships between radiation dose and observed cancer 
incidence. The most widely used model for cancer in
duction by radiation takes the complex quadratic form: 

/(0) = (a0 + a 10 + a2 02)exp(-~ 1 0-~2 02), 

where I is the cancer incidence in the irradiated population 
at radiation doseD in rad, and a 0 , a 1 , a 2 , ~ 1 and ~2 are 
non-negative constants (Fig. 1 ). This multicomponent 
dose-response curve contains: (1) initial upward-curving 
linear and quadratic functions of dose, representing the 
process of cancer induction by radiation, and (2) a mod
ifying exponential function of dose, which is generally 

,;considered to represent the competing effects of bio
chemical and molecular processes at the subcellular level, 
leading to cell-killing at high doses. The constant a 0 is 

... 
Q) 
u 
c: 
c 
u 

Dose, D (rod) 

Figure 1. General form of multicomponent dose-response curve 
for radiation carcinogenesis, derived from radiobiological theory 
and experiment and epidemiological surveys. See discussion 
in text. 
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the ordinate intercept at 0 dose and defines the natural 
incidence of cancer in the population; a 1 is the initial 
slope of the curve at 0 dose and defines the linear com
ponent in the low-dose range; a 2 is the curvature near 
0 dose and defines the upward-curving quadratic function 
of dose; ~ 1 and ~2 are the slopes of the downward
curving function in the high-dose range and define the 
processes involved in the killing of cells at high doses. 

Analysis of dose-incidence curves for cancer-in
duction in irradiated populations, in both humans and 
animals, has demonstrated that for different radiation
induced cancers only certain parametric values of these 
constants can be theoretically determined. However, the 
dose-response curves derived from epidemiological or 
experimental data vary too much to permit direct de
termination of these values, nor can such values, or any 
fixed relationship between these parameters, be assumed. 
This complex general dose-response form thus cannot 
be universally applied to epidemiological surveys. It has 
therefore become necessary to simplify the model by 
reducing the number of parameters-those that have the 
least effect on the form of the dose-response relationship 
in the low-dose range. Such simpler models, with in
creasing complexity, include the linear, the pure quadratic, 
the quadratic (with a linear term at low doses, or linear
quadratic), and finally, the multicomponent quadratic 
form with both a linear term and an exponential modifier 
(Fig. 2). 

Some experimental and human data, as well as the
oretical considerations, suggest that, for low-dose exposure 
to low-LET radiation, such as x rays and gamma rays, 
the linear model probably leads to overestimates of risk 
but can be used to define the upper limits of risk. The 

Dose, 0 (rod) 

11Dl•a0 +a1D +a2D2 

linear-quadratic 

Dose, 0 (rod) 

-
~ <D1=ao+a:2D2 

., quadratic 

~ 

Dose, 0 (rod) 

Figure 2. Simplification of the general dose-response relationship 
for radiation carcinogenesis when the number of parameters 
having the least effect on the curve in the low-dose region are 
reduced. 
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pure quadratic model may be used to define the lower 
limits of risk from low-dose, low-LET radiation. For ex
posure to low doses of high-LET radiation, such as neutrons 
and alpha particles, the linear model is less likely to 
overestimate the risk and may, in fact, underestimate it. 

EPIDEMIOLOGICAL STUDIES ON PATIENTS 

There are still no reliable methods for estimating the 
repair of injured cells and tissues of the body exposed 
to very low doses and dose rates, and we do not know 
how to identify persons who may be particularly sus
ceptible, perhaps by genetic predisposition, to radiation 
injury. Only very limited epidemiological data exists on 
the precise radiation doses absorbed by the tissues and 
organs of persons in irradiated populations. Furthermore, 
the complete cancer incidence in each study population 
is not known, since new cases of cancer continue to 
appear with the passing of time. Accordingly, any estimate 
of excess cancer risk must necessarily be incomplete 
until the entire study population has died from natural 
or other causes. Finally, little is known about the role of 
competing environmental and other host factors-bio
logical, chemical, or physical-that may distort or affect 
the carcinogenic effects of low-level radiation. 

In order to respond to some of these questions, Fa
brikant and Lyman have initiated studies on two important 
groups of patients who received radiation therapy for 
benign diseases-ankylosing spondylitis patients in Eng
land and Wales, and Donner Laboratory patients who 
received helium-ion stereotaxic radiosu~gery to the pi
tuitary for endocrine, metabolic, or neoplastic disorders.' 
The former study is based on the long-term epidemiological 
survey of 14,558 patients by Sir Richard Doll and his 
colleagues at Oxford University; emphasis is placed on 
dose estimates and excess cancer risk estimation. The 
latter study is a long-term follow-up of over 800 patients; 
here, emphasis is placed on dose estimates, RBE/LET 
relationships, disease incidence, and long-term delayed 
health effects, particularly cancer. 

For the English study, estimation of absolute risk of 
excess leukemias and cancers of heavily irradiated sites 
is based on a review of patients with ankylosing spondylitis 
(a chronic crippling disease of the spine) who were treated 
with single-course radiotherapy. The epidemiological data 
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and radiation therapy treatment planning dosimetry are 
being evaluated, and models of dose-response relation
ships are being proposed. Assumptions are being made 
to develop a predictable model of what occurred in ra
diotherapy planning and treatment of these patients. The 
radiotherapy dosimetry and treatment planning, patient 
selection, treatment, and clinical course are being ana
lyzed, and determinations made of mean dose to the 
spinal bone marrow and to the organs and tissues of 
heavily irradiated sites. On the basis of these data, other 
epidemiological data, and appropriate dose-response 
models, the excess cancer deaths per 106 person-years 
per rad are estimated to be: bone marrow (leukemia), 
1.2; mediastinal lymph nodes (lymphoma), 0.4; esoph
agus, 0.3; stomach, 2.9.:...2.2; colon, 1.7; pancreas, 0.9; 
bronchus, 2.8; bone, 0.02-0.08; spinal cord and nerves, 
0.04; kidney, 1.5; and bladder, 1.1. The validity and 
constraints of the model, and the accuracy of estimation 
of the excess cancer risks are being tested. The results 
of this study have been incorporated in the current report 
of the Committee on the Biological Effects of Ionizing 
Radiation (the BEIR Committee). 1 

Fabrikant, Lyman, and their colleagues have begun 
a detailed follow-up of more than 800 patients treated 
with stereotaxic charged-particle radiosurgery for pituitary 
disorders over the past 30 years. The data base is being 
expanded to include information on all patients followed 
up since the original studies began in the 1950s. This 
provides detailed information on age, sex, diagnosis, 
survival, radiation dose, fractionation sequence, and pa
rameters of the volume of pituitary tissue irradiated, and 
biochemical and endocrinological indices of temporal 
response to irradiation. The data will be tested primarily 
for long-term or delayed health effects of irradiation in 
these patients, particularly neurological dysfunction or 
injury and cancer induction. 

REFERENCE 

1 . Report of the Committee on the Biological Effe~ts of 
Ionizing Radiation (BEIR Report). 1980. Natlon.al 
Academy of Sciences-National Research Council, 
Washington, D.C. 



4. PERALTA CANCER RESEARCH INSTITUTE 

The Peralta Cancer Research Institute (PCRI) was 
formed in 1974 in association with Peralta Hospital, 
Oakland, and the University of California, Berkeley. Since 
July 1977, PCRI has been affiliated with the Biology and 
Medicine Division of Lawrence Berkeley Laboratory. The 
goal of the Institute is to encourage mutually beneficial 
interactions between basic research and clinical medicine. 

The current research program is focused on breast 
cancer. Investigators in the Institute have pioneered in 
the development of techniques for culturing human 
mammary epithelial cells. Most human breast cancers 
develop from this cell type, but, until recently, only min
imal growth of these cells could be achieved in culture. 
Techniques developed at PCRI make available mammary 

epithelial cells in numbers sufficient for studies of the 
mechanisms of cancer induction and the identification 
of characteristics marking the progression from normal 
to malignant. A serum-free defined culture medium for 
growth of these cells is now being developed. 

The culture system is being utilized to study het
erogeneity within and between breast tumors. Growth 
under clonal conditions has provided a quantitative assay 
to studythe response to drugs used for chemotherapy in 
breast cancer patients. Clinical trials will soon be initiated 
to determine if the assay can predict which patients will 
benefit from a particular drug. The assay is also being 
used to study the radiation biology of these cells, cor
relating age and cancer risk with x-ray survival. 

RADIATION BIOLOGY OF HUMAN MAMMARY EPITHELIAL CELLS 

Helene S. Smith, Tracy C. Yang, Martha R. Stampfer, and Adeline J. Hackett 

Most studies of the cellular effects of radiation use 
as cell substrates either permanently established cell lines 
or fibroblast cultures. Since there may be large differences 
in the radiation response of different cell types, it is ex
tremely impcrtant to study the effects of radiation on 
human epithelial cells. The mammary gland is particularly 
important because normal women are often subjected 
to mammography as a diagnostic or screening procedure 
for breast cancer. Our group has developed techniques 
for growing mass cultures of normal mammary epithelial 
cells (from reduction mammoplasties)l and, most recently, 
for growing mammary epithelial cells in a highly efficient 
clonal assay. 2 The availability of this clonal assay has 
enabled us to examine the dose-response curves for x 
rays. Figure 1 illustrates a typical survival curve. The Do 
is approximately 125 rad and, most notably, there is no 
shoulder on the curve. Similar curves were obtained with 
cells from other normal young adult donors. 

There are many questions still to be answered. What 
are the effects of age and cancer risk on the x-ray survival 

Figure 7. Radiation sensitivity of human mammary epithelial 
cells: X-ray survival curve of colonies from reduction mam
moplasty specimen H7 64E, derived from a normal 28-year-old 
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curves? What about heavy ion radiation? Do the cells 
have repair systems? Can we induce transformation? We 
have just begun to work on these questions. The next 
few years will be very exciting. 

REFERENCES 
1. Stampfer, M.R., Hallowes, R., and Hackett, A.J. 1980. 
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Growth of normal human mammary epithelial cells 
in culture. In Vitro 16:415-425. 

2. Smith, H.S., Lan, S., Ceriani, R.L., Hackett, A.J., 
and Stampfer, M.R. 1981. An efficient assay for pro
liferative units of cultured non-malignant and ma
lignant human breast epithelia. Cancer Res., in press. 

CROSS-REACTIVITY OF ANTI-MMTV WITH HUMAN BREAST TUMOR EPITHELIAL CELLS 

Adeline J. Hackett, Raymond Ranken, Martha R. Stampfer, and Helene S. Smith 

An antigen that cross-reacts with murine mammary 
tumor virus (MMTV) has been found on the surface of 
tumor-derived human mammary epithelial cells. Using 
polyvalent antisera against MMTV, we have demonstrated 
the expression of the antigen on malignant (14/14 tumor 
specimens) but not on most normal cells (1 /7 normal 
specimens). The intensity of the staining reaction and 

CHEMOTHERAPEUTIC DRUG RESISTANCE 

the number of cells stained varies between. malignant 
specimens. Monoclonal antibodies developed against 
specific MMTV proteins are being used to identify the 
antigen and to study the expression of the antigen under 
various growth conditions. This antigen may be a marker 
for malignant cells and may provide an important tool 
for studies on transformation of mammary epithelial cells. 

Helene S. Smith, Tom K. Lee, Martha R. Stampfer, and Adeline J. Hackett 

It is known that some, but not all, breast cancer 
patients respond to chemotherapeutic drugs. Furthermore, 
most patients who initially do respond to the drugs sub
sequently develop resistant tumors. Very little is known 
about the mechanisms involved in either the heterogeneity 
of the response among different patients or the generation 
of resistance in those patients who initially respond. To 
investigate drug resistance, we are using aclonal assay 
for mammary epithelial cells that we have recently de
veloped, 1 and we have begun to analyze different spec
imens for sensitivity to the chemotherapeutic drug adri
amycin. With this assay, we are able to detect 
heterogeneity in response to adriamycin across several 
breast carcinoma cultures and among subpopulations 
within a single carcinoma. 2 Figure 1 illustrates typical 
dose-response curves for a number of tumor specimens. 

We are just beginning to approach the question of 
mechanisms by determining whether these differences 
in response to adriamycin correlate with differences in 
drug uptake. We are also beginning to examine the same 
specimens for cross-resistance to other chemotherapeutic 
drugs. Besides the important insights into tumor biology 
that these experiments will give us, they may also have 

Figure 1. Adriamycin toxicity of mammary carcinomas in second 
passage measured by a clonal assay. 
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important clinical application. It is possible that we will 
be able to predict whether a patient will benefit from a 
drug by pre-testing her cells in culture. 

REFERENCES 

1. Smith, H.S., Lan, S., Ceriani, R.L., Hackett, A.)., 
and Stampfer, M. R. 1981. An efficient assay for pro-
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liferative units of cultured non-malignant and ma
lignant human breast epithelia. Cancer Res., in press. 

2. Smith, H.S., Hackett, A.j., Lan, S., and Stampfer, 
M.R .. 1981. Use of an efficient method for culturing 
human mammary epithelial cells to study adriamycin 
sensitivity. Cancer Chemotherapy & Pharmacology, 
in press. 

PROPERTIES OF HUMAN MAMMARY EPITHELIAL CELLS IN CULTURE 

Martha R. Stampfer, Jack C. Bartley, Helene S. Smith, Miriam E.C. Hancock,* 
and Adeline J. Hackett 

Human mammary epithelial cells in culture have 
been characterized for a number of properties. The cells 
contain keratin and thioesterase II (a mammary-specific 
enzyme) and synthesize small amounts of medium-chain 
fatty acids (a mammary-specific milk product). They also 
show a pattern of glucose metabolism similar to that 
found in mammary cells of other species. 

We have tested our cultures for a number of properties 
that might be tumor-associated. Unlike most fibroblast 
cultures, no difference has been found between normal 
and tumor-derived cells in the expression of cell-associated 
fibronectin or its synthesis. 1 The tumor-derived cells do 
contain a glyco-protein (MTGP-20) which has been shown 
to be present in most human mammary tumors in vivo. 
This glycoprotein is not detectable byradioimmunoassay 
on cells derived from normal or benign tissues. 2 The 
normal cells may also be distinguished from tumor cells 
by their i nabi I ity to show anchorage-independent growth 
in methocel medium containing reduced levels of certain 
growth factors, whereas some tumors contain cells capable 
of colony formation under these conditions. Finally, most 
cells cultured from primary breast carcinomas, and some 
metastatic,carcinomas, do not display abnormalities in 
chromosome number. 

We have been able to improve our medium designed 
for human mammary epithelial cell growth (MM)3 by 
adding cholera toxin and adjusting the concentration of 

*Graduate student, Genetics Department, University of California, 
Berkeley 

specific growth factors. These cells are now capable of 
active growth for two to four passages with doubling 
times of 18 to 48 hours. The growth stimulation provided 
by the cholera toxin appears to work via an ability to 
increase intracellular levels of cyclic adenylic mono
phosphate (cAMP), since other agents capable of in
creasing cAMP level are also effective. Recently, we have 
begun a collaboration with Richard Ham of the University 
of Colorado to develop a serum-free defined medium for 
the growth of these cells. Preliminary results are most 
encouraging. 

REFERENCES 
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BENZO (A) PYRENE METABOLISM IN HUMAN MAMMARY EPITHELIAL CELLS· 

jack C. Bartley, Martha R. Stampfer, and Adeline J. Hackett 

The development in our laboratory of a system for 
culturing human mammary epithelial cellsU provides 
the opportunity to investigate the metabolism of chemical 
carcinogens and factors that might influence this metab
olism directly in the cell involved in 99% of all breast 
malignancies. Pure cultures of mammary fibroblastic cells 
from the same individuals are also available for com
parison. We chose benzo(a)pyrene (BaP) for our initial 
studies because BaP is the most abundant environmental 
carcinogenic by-product of the incomplete combustion 
of fossil fuel and because the metabolic pathway to the 
ultimate carcinogen is relatively well understood. 

With this system, we have recently demonstrated 
that (1) normal human mammary epithelial cells grown 
from breast specimens are much more sensitive to growth 
inhibition after exposure to BaP than are fibroblasts derived 
from the same individual; (2) mammary epithelial cells 
readily convert BaP to a wide spectrum of products; (3) 
the formation of adducts between benzo(a)pyrene di
olepoxide (the ultimate carcinogen) and DNA nucleosides 
occurs in these cells at a much lower substrate concen
tration than in fibroblastic cells from the same specimens; 
(4) specific adducts between the diolepoxide and deoxy
guanosine and deoxycytidine are formed as early as 6 
hours after exposure to BaP; (5) adducts persist for at 
least 3 days; and (6) the greater ease of DNA adduct 
formation in the epithelial cells is probably related to the 
manner in which BaP is metabolized.3.4 

Our results are compatible with chemical carcinogens 
as factors in the initiation of human breast cancer if it 
can be shown that breast epithelial cells are exposed to 
these agents under natural conditions. 

We are currently investigating the effect of lipids of 

various types (fatty acids versus triglycerides), degrees 
of saturation, and forms (liposomes versus protein com
plex) on the metabolic fate of benzo(a)pyrene, empha
sizing formation of adducts with DNA. We have dem
onstrated that polyunsaturated lipid decreases the yield 
of detoxified BaP metabolites and increases the extent 
of DNA adduct formation with the ultimate carcinogenic 
derivative of BaP. 

Our findings take on special significance when it is 
considered that the etiology of breast cancer in women 
remains unknown and that among cancers of women in 
the United States, breast cancer has by far the highest 
incidence, ranking, in the total population, a close second 
to cancer of the respiratory tract. 
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CHARACTERIZATION OF ANCHORAGE-INDEPENDENT VARIANTS OF 
HUMAN BREAST CARCINOMA CELLS 

Miriam E.C. Hancock,* Helene S. Smith, Martha R. Stampfer, and Adeline J. Hackett 

The ability to grow in suspension (anchorage in
dependence) has been associated with tumorigenicity in 
many animal model systems. Using cells from a human 
breast carcinoma cell line (578T) as well as from normal 
and primary tumor specimens, we are attempting to (1) 
determine the relevance of this phenotype to malignancy 
in a human system, (2) isolate distinct clonal subpopu
lations for expression of anchorage independence or the 
lack of it, (3) determine other cellular changes associated 
with anchorage independence, and (4) investigate some 
possible mechanisms for generation of this phenotype. 

Using primary specimens of human mammary ep
ithelial cells developed by this laboratory, we have de
termined that normal cells obtained from reduction 
mammoplasties will not grow in suspension when nu
tritionally stressed, whereas cells from tumors may grow 
under these conditions. We have also isolated anchorage
independent variants of the breast carcinoma cell line 

*Graduate student, Genetics Department, University of California, 
Berkeley. 

578T and tested them for tumorigenicity in nude mice. 
Although the results are preliminary, these cells appear 
to be more aggressively malignant (rapid growth and 
invasion) than the whole tumor population from which 
they were isolated. 

Further characterization of the anchorage inde
pendent cells LS in progress, and we will be examining 
unique growth factors produced by the cells, alterations 
in cell surface proteins (by gel electrophoresis), karyotypic 
changes, and possibly altered sensitivity to antitumor 
drugs. We are examining the effects of agents (e.g., 5-
azacytidine) known to decrease methylation of cytidine 
residues in DNA, and will be looking at the ability of 
anchorage-independent cells to amplify genes involved 
in drug resistance as well as the stability of the anchorage
independent phenotype. We hope to generate some insight 
on how a cell becomes anchorage-independent and thus, 
perhaps, how a cell becomes more malignant. 



5. ENVIRONMENTAL PHYSIOLOGY 

The Environmental Physiology Group investigates 
changes that occur in physiological activity when living 
organisms attempt to maintain homeostasis--the constant 
internal environment required for good health. As part 
of the Department of Energy mission, investigators use 
their knowledge and expertise from in vitro and in vivo 
studies of how disease mechanisms alter homeostasis to 
shed light on how certain nuclear and non-nuclear en
vironmental pollutants exert their effects on the body's 
internal environment. 

The internal metabolic processes in several body 
systems of rodents are being studied to assess quantitatively 
the effects of representative environmental pollutants. 
Homeostasis in the hematopoietic (blood-forming) system 
is delicately regulated by a variety of feedback mechanisms 
mediated in some instances by circulating hormones, 
and in others by cell-cell interactions. Investigators are 
looking at the progenitors of mature red cells and platelets 
to find out how the regulatory process might be altered 
as a result of exposure to environmental pollutants. For 
example, there is some inhibition of these hematopoietic 
cell progenitors in the blood plasma of animals exposed 
to ozone, and investigators are trying to characterize this 
effect. 

Others are studying the effects of pollutant exposure 
on the steroid hormone mechanism. There is a well defined 
male-female difference in the sensitivity of rodents to 
ozone exposure: female mice have a significantly greater 
tolerance to the deleterious effects of ozone. Investigators 
are carrying out various endocrine manipulations in mice 
to study the possible role of male and/or female sex 
hormones in this effect. 

The biological interface with the atmospheric en
vironment is the lung, and some studies are directed at 
understanding the effects of environmental pollutants on 
the growth and differentiation of lung tissue. Pulmonary 
macrophages, the large cells in the lung that engulf foreign 
material, comprise the chief line of defense against inhaled 
bacteria, viruses, and inert particulates. Investigators are 
studying changes that occur in these cells after contact 
with pollutants, looking for agents that cause a decrease 
in the number of macrophages present and/or a change 
in their biological activities that would have grave con
sequences for health. 

33 

Other investigators concentrate their attention on 
the effects of gaseous pollutants on the biochemical in
tegrity of lung tissue. Lung cells are rapidly damaged at 
very low levels of exposure to toxic gases. During the 
repair process following such damage, there is the pos
sibility that lung proteins ordinarily not present in the 
blood stream may enter and subsequently initiate an 
immune response. In addition, these proteins may have 
been altered by proteases, or pollutant gases such as 
ozone may react directly with lung proteins, creating 
unrecognized foreign proteins. 

The immune response to the native or foreign proteins 
could provide a means of assessing the magnitude of the 
initial lung damage. Furthermore, the proteolytic enzymes 
released from damaged lung cells are capable of digesting 
lung proteins and of producing anatomical changes in 
the lung, leading to the development of lung disease. 
Work is in progress to develop immunological methods 
for assessing lung damage at the cellular level and to 
understand the role of enzymes released from damaged 
tissue on the pathophysiological development of lung 
disease. 

With the purification of erythropoietin, the primary 
hormonal material controlling the production of red blood 
cells, a sensitive radioimmunological assay for detecting 
its presence has become available. This valuable technique 
is being used in a broad spectrum of clinical and phys
iological investigations to find out how the erythropoietin 
concentration responds to various physiological situations 
and to study the relationship of these changes to the 
development of anemia. 

Investigators are also looking for biological effects 
of plutonium at low exposures such as might be en
countered by individuals working at nuclear power fa
cilities. These investigations are directed toward devel
oping appropriate protection standards for persons 
employed in the nuclear industry and for the general 
population. Metabolic data for americium in nonhuman 
primates are being applied to the development of models 
of americium metabolism in man. Other studies involve 
the development of effective chelating agents for removing 
these actinide elements from the body. The highlights of 
these and other achievements during the past year are 
presented in the articles that follow. 
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EFFECTS OF ENVIRONMENTAL POLLUTANTS ON STEROID HORMONE MECHANISMS 

Gerald M. Connell, B.C. Carr, and Cathy Chu 

Our research over the past few years has examined 
physiological changes in mammalian rodents exposed 
to environmental pollutants, including certain heavy 
metals, ozone, and the pesticide dibromochloropropane 
(DBCP). Increasing quantities of these agents in our en
vironment have been attributed to industrial and agri
cultural activities. Our goal was to observe and attempt 
to understand any deleterious responses that could be 
attributed to these agents, and primarily changes related 
to possible steroid hormone mechanisms. 

Investigations of ozone toxicity have firmly defined 
a difference in male and female response. Intact normal 
male mice are significantly more susceptible to the lethal 
effects of this oxidant gas than are intact normal female 
mice. These data suggest a sex-related factor is important 
for survival-and, it is possible that a sex hormone, tes
tosterone or estradiol, may act in a permissive manner 
in the expression of ozone toxicity in these rodents. Ex
amination of ozone toxicity in castrate animals-mice 
which had their sex organs surgically removed and thus 
were devoid of their major endogenous source of either 
testosterone or estradiol-revealed further interesting dif
ferences. Gonadectomized animals, male and female, 
are significantly more susceptible to ozone toxicity than 
are intact mice. More striking in this study was the ob
servation that female mice were significantly more sensitive 
to ozone toxicity than male mice. Thus, in the absence 
of endogenous sex hormones, adaptation by these rodents 
to a toxic environment is compromised. The sex hormones, 
and perhaps more significantly, estradiol, may be im
portant biological factors for survival in an atmosphere 
containing ozone (1.5 ppm). 

In another study, the effect of hormone treatments 
on ozone toxicity was examined. Castrate mice were 
injected regularly with either estradiol or dihydrotestos
terone, a potent androgen. Survival of these castrate, 
hormone-treated animals in the ozone environment im
proved; surprisingly, both estrogen and androgen appeared 
equally effective in lowering the fatality rate. Replacement 
steroid therapy in castrate mice resulted in animals that 
survived the ozone environment with a slightly better 
survival rate than intact normal animals, but this difference 
was not statistically significant. The injection vehicle was 
sesame oil, and a positive influence of this oil was ob
served. Sesame oil contains sesamol, which has moderate 
antioxidant properties. Further studies with castrate an
imals are underway to investigate the effect of sesame 
oil on our observations. The cumulative results are sum
marized in Fig. 1. 

Rodents usually develop grossly enlarged and 
edematous lungs after chronic ozone exposure. Although 

lung weights of experimental animals in our study were 
somewhat larger than those of comparable control an
imals, the oil-hormone therapy apparently arrested the 
extreme enlargement frequently observed. Protein and 
DNA content of lung tissue was normal. 

The agricultural use of DBCP has been restrained, 
but the presence of this pesticide in ground water still 
is observed. This agent decreases spermatogenesis and 
is a cause of sterility. In addition, DBCP affects testosterone 
production by Leydig cells within the testis. Our earlier 
studies indicated testosterone production was decreased 
by in vivo and in vitro DBCP treatment, and conversion 
of androstenedione into testosterone was altered. Present 
studies with 14 C-acetate, and the isolation and quantitation 
of radioactive steroid hormone intermediates from in 
vitro testis incubations, may localize this metabolic al
teration. 

The irradiated testis has presented an interesting 
model in which to study biochemical interaction between 
the two major anatomical testicular compartments-the 
interstitial region and the tubular region. Steroid hormones 
are biosynthesized by Leydig cells in the interstitial com-
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Figure 1. This figure contrasts survival characteristics- of mice 
exposed to an ozone environment. Solid symbols (e, female; j,., 

male) represent normal mice and open symbols (o, female; L, 
male) represent castrate mice. Although sex differences are pres
ent, it is apparent that intact animals survive the ozone envi
ronment much better than do castrate mice. Castrate mice that 
have been injected with sex steroids dissolved in sesame oil 
([], male; ., female) tolerate the ozone environment much 
better than the other two groups of mice. 
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partment, and sperm develop in the tubules. Following 
radiation, the very sensitive developing spermatogonia 
are destroyed; however, Leydig cells remain functional 
and produce greater than normal quantities of the male 
hormone testosterone, following luteinizing hormone 
stimulation. Our evidence suggests that a biochemical 
interaction between products of the tubular cells and the 
Leydig cells may be responsible for this increased androgen 
production. We are currently e~amining cyclic nucleotide 
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concentrations within the testis to determine if cyclic 
AMP (adenylic monophosphate) could be a factor in this 
unusual biochemical response. Testosterone is necessary 
for normal spermatogenesis, and increased hormone 
production by testes lacking or deficient in developing 
spermatogonia may be a local biological mechanism 
which hastens the repopulation of the seminiferous tub
ules. 

INCREASED PROLACTIN RELEASE AFTER NiCI2 ADMINISTRATION IN MALE RATS 

Gisela K. Clemons, Joseph F. Garcia, and Davie Wei 

Nickel salts have been shown to influence pituitary 
function in laboratory animals. Short-term in vivo studies 
by others have shown that nickel suppresses circulating 
prolactin (PRL) levels in male rats. 1 This effect, however, 
could only be demonstrated after chlorpromazine pre
treatment. The same authors also reported that nickel 
added to bovine pituitary slices in vitro specifically in
hibited PRL release but had no effect on the other pituitary 
hormones. The present study was undertaken to explore 
the prolonged effects, in vivo and in vitro, of nickel 
chloride administration on PRL secretion in male rats. 

with aqueous nickel chloride solutions (5, 10, and 20 
mg/kg) under light anesthesia. Groups of eight animals 
were killed by decapitation at 3 and 6 hours and 1, 2, 
4, and 7 days after the injection. The changes observed 
in circulating PRL and growth h'ormone (GH) levels are 
seen in Table 1. At all three doses, there was a highly 
significant increase of serum PRL after two days. The 
magnitude and duration of this increase appear to be 
dose-dependent. None of the changes in GH levels are 
significantly different from control levels. 

Young, adult male rats were injected subcutaneously 
The results of in vitro studies of pituitaries from control 

and nickel-injected rats (20 mg/kg, 48 hrs) and the effect 

Table 1. Serum levels of prolactin and growth hormone in Ni{ll)-treated rats.* 

Treatment 

Control 

NiCI,·6H 20 
( 5 mg/kg) 

NiCI,·6H,O 
(10 mg/kg) 

NiCI 2·6H,O 
(20 mg/kg) 

* Injection i. v. 
t Mean± SEM 
t p < 0.02 
§ p< 0.005 
II p < 0.001 

Time after 
NiCI, 

3 h 
7d 

3 h 
6 h 
1 d 
2d 
4d 
7d 

3 h 
6 h 
1 d 
2 d 
4d 
7d 

3 h 
6h 
1 d 
2 d 
4d 
7d 

Prolactin Growth Hormone 
(ng/ml) (ng/ml) 

45.7 ± 6.5t 18.9 ± 3.9 
48.9 ± 3.2 19.5 ± 2.7 

40.9 ± 7.0 19.5 ± 6.2 
87.7 ± 10.3§ 37.9 ± 7.4 

101.9 ± 11.0§ 28.8 ± 9.1 
112.1 ± 11.911 24.3 ± 8.9 

61.4 ± 7.9 19.0 ± 3.2 
66.4 ± 6.1 22.1 ± 4.7 

32.7 ± 7.0 16.0 ± 2.2 
31.0 ± 16.0 58.1 ± 30.5 

122.9 ± 17.311 15.4 ± 2.2 
130.2 ± 16.511 12.2 ± 2.2 
105.2 ± 11.311 37.2 ± 13.3 

85.8 ± 15.0§ 37.6 ± 20.7 

21.8 ± 3.6t 9.3 ± 0.02 
32.1 ± 8.2 61.7 ± 20.0 

189.9 ± 28.511 25.9 ± 4.0 
175.1 ± 18.511 29.3 ± i1.0 
174.5 ± 14.411 57.5 ± 29.2 

91.7 ± 15.1§ 58.0 ± 15.9 
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Table 2. Pituitary prolactin and TSH release, in vitro and in final rat pituitary hormone content. Experiment A: Effect of 
nickel (20 mg!kg) 48 hr after administration. Experiment 8: Effect of hypothalamic extract (HE) obtained from rats in 

Experiment A on normal rat pituitaries. 

Culture Medium Pituitary Content 
Prolactin TSH Prolactin TSH 
(fLg/mg) (mU/mg) (fLg/mg) (mU/mg) 

Experiment A 
Control 1.15 ± 0.06 1.88 ± 0.14 3.00 ± 0.12 27.4 ± 3.3 
NiCI, 1.74 ± 0.13 3.01 ± 0.21 3.81 ± 0.18 39.4 ± 1.5 

Experiment B 
HE-Control 0.50 ± 0.02 3.50 ± 0.36 2.11 ± 0.12 36.9 ± 5.1 
HE-NiCI, 0.98 ± 0.06 2.27 ± 0.17 2.77 ± 0.15 43.9 ± 3.5 

of hypothalamic extracts obtained from the same rats on 
normal pituitary tissue are seen in Table 2. The pituitaries 
from each group were cut into eight pieces and random
ized such that each incubation flask contained one piece 
from each pituitary in the same group. After a pre-in
cubation period of one hour in Medium 199 (0.5 ml) in 
shaker water bath at 37°C, the culture medium was re
placed with 0.5 ml of the same culture medium and 
incubated for another three hours. Previously prepared 
acid extracts of the pooled hypothalamic tissues of each 
group were rinsed with petroleum ether (boiling point 
40-60°C) to eliminate lipids. Large and small hypotha
lamic peptides were separated by gel filtration on Sephadex 
G-1 0 (bed volume 6 ml) in 0.05M phosphate buffer, pH 
7.5. The fractions which contained the small hypothalamic 
peptides were pooled and lyophylized. The effect of these 
extracts was tested in vitro on normal rat pituitaries. After 
a preincubation of one hour in Medium 199, the hy
pothalamic extract, also dissolved in Medium 199, was 
added at a concentration of one hypothalamus per flask 
(equivalent to one hypothalamus per pituitary). 

As can be seen in Table 2, Experiment A, the pi
tuitaries from the nickel-injected rats released more and 
contained more PRL at the end of the incubation period 
than did the pituitaries from the control animals. The 
results seem to indicate that the increased circulating 
PRL levels observed after nickel administration are due 
to stimulation of synthesis and secretion of PRL. The 
results obtained in Experiment B confirm that PRL secretion 
is primarily controlled by a hypothalamic inhibitory input 
(prolactin-inhibiting factor, PIF) and that the increase of 
PRL in the serum as well as the culture medium and 

final pituitary content are due to a nickel-induced alteration 
of hypothalamic function that specifically affects PRL. 

Thyroid-stimulating hormone (TSH) was also meas
ured because it is known that the thyrotropin-releasing 
hormone (TRH) is also able to stimulate the release of 
PRL in vivo and in vitro. 2 As can be seen in Table 2, 
Experiment B, the increased release of TSH into the culture 
medium and the decreased release of PRL in the presence 
of hypothalamic extract f~om untreated rats indicate that 
the extract contained both TRH and· PI F. The addition 
of hypothalamic extract from nickel-treated rats caused 
an increase in PRL release without concomitant TSH 
release. In fact, TSH concentrations are significantly re
duced. These results seem to indicate that the nickel
induced high PRL levels are not due to an increase in 
hypothalamic TRH, but rather to a reduction of PIF. 

Our results show that nickel chloride has effects on 
the endocrine system that (a) last considerably longer 
than previously reported, (b) are mediated through the 
neuroendocrine system, and (c) do not specifically inhibit 
PRL secretion from the pituitary, but instead, promote 
high circulating PRL levels lasting from 1 to 4 days. 
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PROPERTIES OF PUTATIVE PRE-T COLONIES GROWN FROM MOUSE BONE MARROW 

Joan W. Goodman and Sarah G. Shinpock 

In studying the regulation of blood-cell production
knowledge basic to the understanding of many blood 
diseases-it would be useful to enumerate specific com
mitted progenitor cells in the bone marrow. In vitro 
methods have been devised that allow assessment of 
erythroid (CFU-E, BFU-E), granulocytic/monocytic (CFU
GM), and megakaryocytic (CFU-M) potential of marrow, 
as well as the presumably earlier multipotential precursor 
(CFU-Mix) which is thought to be analogous to the colony
forming unit in the spleen (CFU-S) that is measured in 
vivo. 

While considering methods that might permit us to 
enumerate T lymphocyte progenitors (pre-T's) in mouse 
bone marrow, we began to investigate the technique 
outlined by Cohen and Acuff1 for growing pre-T colonies 
in liquid or semisolid (0.8% methylcellulose) culture. 
Their procedure, in which colonies are assessed after 3 
or 4 days, requires horse serum (1 0%) and pokeweed 
mitogen conditioned medium (PWM-CM, 1 0%). We have 
confirmed that PWM-CM is required and have determined 
that CM from concanavalin A-stimulated spleen cells (T
cell growth factor, TCGF, or 11-2) shows activity in pro
moting pre-T colony growth; however, allogenic effect 
factor (AEF), known to be important for several weeks' 
continued growth of presumptive pre-T's, was without 
effect in our system. We used inherently fluorescent mi
crospheres covalently bound to monoclonal anti-Thy 1 
(a e) to visualize expression of that antigen on cells in 
colonies from these cultures both before and after in
duction with thymosin, fraction V (generously supplied 
by Allan Goldstein of George Washington University). 

Although the original developers of this technique 
consider the 3 to 4 day cell clusters to be pre-T lym
phocytes, we have reservations about using an assay 
based on presumptions of maturational potential. We 
therefore term the cells "putatively" pre-T and are seeking 
to verify their identity. 

Cells from suspensions enriched for these colonies 
have been tested for functional ability by injection into 
lethally irradiated mice either alone or together with 
bone marrow. They were found to have 10 times as many 
CFU-S as ceiJs from the same starting marrow that had 
been cultured in the presence of horse serum but in the 
absence of PWM-CM. In two separate experi'ments, 4-
day pre-T cultures were found to have roughly half as 
many CFU-S 13/105 and 23/1 05

) as fresh whole marrow 
(29/1 05 and 4511 05

, respectively). Although not responsive 
alone to Con A in a 2-day mitogen culture, the pre-T 
cells synergized with lymph node cells in confirmation 

of Cohen and Fairchild/ as shown in Fig. 1. Cells from 
these cultures no longer contained CFU-E and were unable 
to augment in vitro growth of these late progenitors from 
fresh bone marrow. When assayed for natural killer (NK) 
activity, pre-T's from 3- or 4-day cultures were totally 
ineffective, even at an effector-to-target ratio of 400. 
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Figure 7. Ability of cultured bone marrow (BM) to synergize 
with lymph node cells (LNC) in response to concanavalin A 
(2.5 fLg/m{}; 48-hour culture with mitogen; 6-hour'H thymidine 
uptake. 
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Staining has been variabie in these cultures. Fre
quently only one or two cells per 16 to 30 cell clusters 
express Thy 1. After 6 days in culture, there is 6 to 10% 
Thy 1 expression, according to preliminary data; after a 
2-hour incubation with thymosin, 17 to 20% of the cells 
stain with the specific reagent. 

The number of characteristic colonies obtained in 
a 3-4 day culture is cell-dose dependent, and the method 
therefore meets the first requirement for a quantitative 
assay. Any doubt as to the "pre-T" versus "gran uloid" 
nature of a colony can be easily dispelled by microscopic 
examination after addition of aceto orcein. Before we 
can use the method with confidence to quantitate T lym
phocyte progenitors in bone marrow, we intend to es
tablish more firmly that the cultured "pre-T" colonies 
can indeed develop functional characteristics of mature 
T cells. 
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INHIBITION OF LUNG DAMAGE BY PLASMA ANTIPROTEASES 

john C. Schooley, Robert j. Webber, and Brian L. Fletcher 

The lung is one of the first major organs to be exposed 
to inhaled toxic substances, such as airborne pollutants 
and microorganisms. Our aim is to develop biochemical 
and immunological methods for assessing lung damage 
at the cellular level and to use these methods to show 
the role that degradative enzymes released from damaged 
lung tissues play in the development of lung diseases. 

The lung is a complex organ comprised of many 
cell types. The alveolar capillary is composed of a con
tinuous layer of squamous, alveolar type I cells interspersed 
with alveolar type II cells separated from the underlying 
capillaries by a basement membrane. Macrophages are 
found within the alveoli. The endothelial cells of the 
capillaries rest on the opposite side of the basement 
membrane. The capillary endothelium is continuous, 
and in the interstitial space between the basement mem
brane of the endothelial and epithelial cells are found 
fibroblasts, macrophages, polymorphonuclear leukocytes, 
and collagenous and elastic fibers. 

Only in the last decade has it become clear that the 
lung has a complex metabolic function in addition to its 
respiratory function. Such metabolic actions as the in
activation of prostaglandins and prostacyclins, the con
version of prohormones into active hormones, and the 
synthesis of biochemically specific proteins, such as the 
lipoprotein surfactant, are now attributed to the lung. 

The recent hypothesis that many lung disorders result 
from the uninhibited action of certain proteases released 
from cells during lung damage-in other words, from a 
disorder of the lung's metabolic activity-has gained wide 
acceptance. Specifically, it has been proposed that col
lagenase, elastase, and cathepsin G (all proteolytic en
zymes) are released from lung cells--in particular, from 
the polymorphonuclear leukocytes and the pulmonary 
macrophages--following injury. These proteolytic en
zymes then digest lung proteins and produce biochemical 
and physiological changes in the lung to cause lung 
disease. Many investigators have shown that the aerosol 
introduction of elastase into the lung produces lesions 
similar to those found during the onset of emphysema. 
In addition, certain disease states, including pulmonary 
emphysema, have been associated in humans with a 
genetically determined decreased level of active alpha-
1-protease inhibitor (a-1-PI), a plasma antiprotease. In 
these individuals, the destructive action of granulocyte 
or macrophage elastase apparently proceeds uninhibited 
because of the decreased level of functional a-1-PI in 
their plasma, causing lung tissue damage and the early 
onset of emphysema. 

In blood plasma about 10% of the total proteins on 
a weight basis are antiproteases, and at least six specific 

antiproteases have been described. The two major types 
found in human and other mammalian species are a-1-
PI (also known as alpha-1-antitrypsin) and alpha-2-ma
croglobulin (a-2-Mac). Both proteins are found in human 
plasma in a concentration of 2 to 3 mg/ml. It has been 
shown that, if sufficient quantities of antiproteases are 
present at the release site of intercellular proteases, the 
development of lesions produced by aerosol-instilled 
elastase is minimized. Because of these findings, we 
have begun studies on the biochemistry and the interactive 
physiology of a-1-PI and a-2-Mac in rats and mice. For 
this work, samples of these proteins from rodents must 
be purified and characterized. 

The purification of a-1-PI from the plasma of rats 
and mice has been accomplished by a series of bio
chemical techniques--ammonium sulfate precipitation, 
chromatography on Affigel blue, concanavalin-A se
pharose and activated thiolsepharose, preparative po
lyacrylamide gel electrophoresis (PAGE), and gel filtration. 
This series of procedures leads to a 40-fold purification 
with a 13% yield. The sample obtained from each step 
in the purification of a-1-PI has been analyzed by PAGE. 
Figure 1 (a) illustrates the removal of contaminating material 
from plasma by each successive step in the purification 
procedure and the homogeneity of the final product when 
the PAGE is performed under native conditions; Fig. 1 (b) 
illustrates the same points when these samples are sub
jected to PAGE under denaturing conditions in the pres
ence of sodium dodecylsulfate (505). This standard bio
chemical technique can determine the molecular weight 
of proteins in the purified state. We determined the 50S
PAGE molecular weight of rat and mouse a-1-PI to be 
56,000 and 57,000 daltons, respe<:=tively. 

Using the native homogeneous protein, we have 
elicited the production of antibodies in rabbits. Figure 2 
shows the analysis of the antibodies produced and their 
ability to interact with a-1-PI from a variety of different 
species. As can be seen in Fig. 2(a), rabbit antibody to 
rat a-1-PI reacts with a line of identity between the purified 
product and rat serum. However, in Fig. 2(b), rabbit 
antiserum to mouse a-1-PI shows a reaction of identity 
between the purified product and mouse serum; no re
action is seen with any other species tested in either 
case. 

Purified rat and mouse a-1-PI have been charac
terized by a number of biochemical methods. Sedimen
tation equilibrium centrifugation gave their molecular 
weight as 50,000 daltons for rat a-1-PI and 59,000 daltons 
for mouse a-1-PI. The difference in molecular weights 
determined by centrifugation and by SDS-PAGE is not 
obvious. However, anomalous behavior of glycoproteins 

... 
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Figure 1. Analytical polyacrylamide,gel electrophoresis (PAGE) 
under native conditions (a) and under denaturing conditions in 
the presence ofSDS (b) of the purification of rato.-1-P/. Samples 
from the successive steps in the purification scheme are in 
columns 1 to 6. Column 7(a) is standard fraction V BSA and 
column 7(b) is standard molecular weight marker proteins. 

has been reported on SDS-PAGE. Each purified prepa
ration has been subjected to amino acid analysis after 
acid hydrolysis under standard conditions and after al
kaline hydrolysis for the determination of tryptophan. 
The amino acid analysis is unremarkable except that 
both proteins contain a single half-cysteine residue. This 
indicates that native rat and mouse u-1-PI proteins contain 
a free sulfhydryl group. 

We have also purified u-2-Mac to homogeneity from 
the plasma of rats and mice by gel filtration (low molecular 
weight) combined with affinity chromatography on Affigel 
blue, gel filtration (high molecular weight), and preparative 
PAGE. This procedure leads to a 30-fold purification with 
a 14% yield. The purified rodent u-2-Mac has been ana
lyzed by analytical PAGE in the presence and absence 
of sodium dodecylsulfate and found to be homogeneous 
(Fig. 3). 

XBB 8110-9771 

These homogeneous proteins were analyzed by disc 
gel electrophoresis [Fig. 3(a)]. The removal of contam
inating material at each step is illustrated . PAGE analysis 
of the purified protein under reducing and denaturing 
conditions in the presence of SDS is shown in Fig. 3(b). 
The molecule is broken down into subunits by this pro
cedure; the molecular weight of these subunits has been 
determined to be 180,000 daltons. 

The homogeneous products have been further char
acterized by immunoelectrophoresis using rabbit anti
bodies produced against either whole mouse serum or 
whole rat serum (Fig. 4) . The formation of a single pre
cipitin arc by the purified products and the antiserum to 
whole serum is an indication that the proteins are pure. 
In addition, the purified proteins have been used to elicit 
the production of antibodies in rabbits. Characterization 
studies on u-2-Mac have shown that the native protein 
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Figure 2. Double diffusion analysis of the antiserum (in center well) produced by rabbits to purified rat cx.-7 -PI (a) and to purified 
mouse cx. - 7 -PI (b). (a) Well 7 = rat serum, 2 = purified rat cx.-7 -PI, 3 = mouse serum, 4 = fetal ca lf serum, 5 = horse serum, 6 = 
human serum. (b) Well 7 = mouse serum, 2 = purified mouse cx.-7 -PI, 3 = rat serum, 4 to 6 as in (a) . 
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Figure 3 . Analytica l PACE under native conditions (a) and under 
denaturing conditions in the presence of 505 (b) of the purification 
of rat cx. -2-Mac. (a) Samples from the successive steps in the 
purifica tion. (b) Low and high molecular weight marker proteins 
(7 and 2) and cx. -2-Mac (3). 
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Figure 4. Immunoelectrophoretic analysis of purified cx. -2-Mac. 
Troughs 7 to 5 conta in rabbit antiserum to purified mouse cx.-2-
Mac, to whole mouse serum, to purified rat cx.-2-Mac, to whole 
rat serum, and to purified rat a. -2-Mac, respectively. Well A = 
purified mousea. -2-Mac, 8 = whole mouse serum, C = whole 
rat serum, 0 = purified rat cx.-2-Mac. 
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has a molecular weight of about 720,000 daltons and 
that it can be broken down into identical subunits of 
180,000 daltons under denaturing and reducing con
ditions. From binding studies using 1251-labeled elastase, 
we have been able to show that four elastase molecules 
bind to a-2-Mac per 720,000 daltons. 

The purification and characterization of these plasma 
antiproteases is only an initial attempt to study the bio
chemistry and physiology of these proteins. We are now 
attempting to determine the processes involved in reg
ulating the synthesis and destruction of these serum an
tiproteases in experimental animals and to clarify whether 
the synthesis and destruction of these proteins is altered 
during development or by various environmental per
turbations, such as exposures to gaseous pollutants. In 
the living animal, protease initially complexed onto a-

1-PI is transferred onto native a-2-Mac. We intend to 
investigate the magnitude of this transfer and the regulatory 
factors involved in transferring complexed proteases from 
a-1-PI onto a-2-Mac. 

At present we are working on the model that a-1-
PI has access to most of the extravascular interstitial 
spaces in the body, while a a-2-Mac is essentially limited 
to the vascular system. This model proposes that, during 

ERYTHROPOIETIN RADIOIMMUNOASSAY STUDIES 

Joseph F. Garcia 

The number of circulating red cells in a normal 
individual is very finely controlled, and it is now generally 
accepted that this control is mediated by a hormone 
called erythropoietin. The ability to measure the con
centration of this hormone in blood will add significantly 
to our understanding of the nature of its control over the 
production of red cells, both in the normal condition 
and in the many clinical conditions in which red-cell 
production is depressed (resulting in anemia) or excessively 
stimulated (resulting in polycythemia). 

Recently, we have developed a highly sensitive assay 
capable of measuring erythropoietin concentrations in 
very small amounts of serum. This assay involves the 
use of fln antibody that will specifically bind human Ep, 
radioiodine-labeled or not. Addition of nonlabeled 
erythropoietin competes quantitatively with the labeled 
erythropoietin for the limited amount of antibody used. 
This is an application of the so-called radioimmunoassay 
technique, first developed for measuring blood insulin 
concentrations. Besides normal levels, the assay is ca
pable, as well, of measuring the reduced erythropoietin 
levels seen in depressed red cell production. The sensitivity 
of this radioimmunoassay is approximately 100 times 
that of other bioassays for this hormone. It can also handle 
large numbers of samples (thousands) and requires only 

41 

normal cell death or in limited tissue destruction, a-1-
PI combines with and inactivates intercellular proteases 
that might otherwise be released, thereby inhibiting their 
destructive actions. The complexed protease might then 
be transferred from the a-1-PI · protease complex onto 
a-2-Mac in the vascular system (possibly during transfer 
across the basement membrane or the endothelial cells) 
for rapid removal by the liver. We have preliminary evi
dence suggesting that the turnover of proteases complexed 
with a-2-Mac is very rapid (a half-life-T%-of about 3 
minutes), whereas the removal of complexed protease 
on a-1-PI is much slovyer (T% of about 1 .5 hours). 

The realization that approximately 10% of the cir
culating plasma proteins are proteolytic inhibitors (an
tiproteases) raises many questions regarding their ability 
to control specific proteins and their role in the differ
entiation of various cell types in both normal and path
ophysiological events. This field is an exciting new area 
of biology which is poorly understood and only now 
beginning to be explored. The purification of the anti
proteases a-1-PI and a-2-Mac, the production of their 
specific antibodies, and the other techniques developed 
have provided us with the tools to investigate these ques
tions. 

100 microliters of plasma or serum for the determination. 
After establishing normal human values on a large 

series of serum samples (Table 1), we have begun to 
examine serum erythropoietin concentrations in a variety 
of clinical conditions. From S. Ebbe in the Donner Clinic, 
serum samples from patients with polycythemia vera and 
patients with secondary polycythemia were obtained and 
the erythropoietin concentrations measured (Table 2). 
The polycythemia vera values were significantly depressed 
from the normal value (with some overlap), and the sec
ondary polycythemia values were dramatically increased 
with no overlap. Thus, the erythropoietin radioimmu
noassay appears to have definite diagnostic value in dis
tinguishing between these two polycythemic conditions. 

Other studies, measuring erythropoietin changes after 
bleeding or transfusion of normal individuals, have been 
completed. Increases in serum erythropoietin concen
tration were always observed following bleeding; de
pressed levels were seen following transfusion. Even the 
loss of as little as 1% of blood volume will result in a 
significant increase in serum erythropoietin. Such ap
propriate responses in normals strongly support the val
idation of the erythropoietin radioimmunoassay. 

We have thus developed considerable confidence 
in the assay in its present form. Realizing, however, its 
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Table /.Serum erythropoietin concentrations in normal human beings. 

Sample source Hemoglobin 
concentration• 

( g/dl) 

Hematocrit* 
(%) 

Erythropoietin 
concentration• 

(mU/ml} 

Malet 
LBL (81)=1= 7:30-9:30 A.M. 
LBL (81) 1:30-3:30 P.M. 
BNL (212) 9:00-11:00 A.M. 
Entire Male Sampling (364) 

15.5 ± 1.0 44.5 ± 2.8 17.6 ± 5.5 
17.5 ± 5.0 
17.0 ± 5.7 
17.2 ± 5.5 

15.4 ± 1.0 44.4 ± 2.8 

Female 
LBL (55) 7:30-9:30 A.M. 
LBL (55) 1:30-3:30 P.M. 
BNL (97) 9:00-11:00 A.M. 
Entire Female Sampling (199) 

13.3 ± 1.0 38.7 ± 2.5 19.0 ± 5.8 
18.7 ± 4.7 
18.7 ± 7.0 
18.8 ± 6.2 

13.5 ± 0.8 39.5 ± 2.5 

* Each value represents mean ± standard deviation. 
t The Lawrence Berkeley Laboratory (LBL) samples were from non-fasted individuals; the Brookhaven National Laboratory (BNL) samples 

were obtained after an overnight fast. 
:f: Numbers in parentheses indicate number of erythropoietin measurements. 

Table 2. Plasma erythropoietin concentrations in normal and polycythemic human beings.* 

Sample 

Male=!= 
Normal (81)§ 
Polycythemia vera (113) 
Secondary polycythemia (29) 

Female=!= 
Normal (53) 
Polycythemia vera (79) 
Secondary polycythemia (1 0) 

Hemoglobin 
concentrationt 

(gldl) 

15.5 ± 1.0 
15.4 ± 1.1 
15.9 ± 0.9 

13.3 ± 1.0 
15.6 ± 1.3 
15.3 ± 0.7 

Erythropoietin 
concentrationt 

(mU/ml) 

15.2 ± 5.5 
9.2 ± 5.0 

153.7 ± 106.7 

. 
15.8 ± 4.6 
8.7 ± 5.6 

75.7 ± 29.8 

* All plasma samples collected using EDTA as the anticoagulant. 
t Each value represents mean ± standard deviation. 
:f: Within each sex, all erythropoietin means are significantly different from each other with p values of< 0.001. 
§ Numbers in parentheses indicate number of erythropoietin measurements. 

limited availability in contrast to its tremendous capacity, 
we have been accepting carefully collected serum samples 
from a number of outside collaborators, so as to maximize 
use of the assay. With M.E. Miller and E.P. Cronkite at 
Brookhaven National Laboratory, we are studying patients 
with chronic lung disease and, in another study, patients 
with kidney disease. With R. Schwartz and coworkers 
at Brown University, we have an ongoing study of infants 
of diabetic mothers. In addition to other changes, such 
infants have indications of increased red cell production. 
We have other collaborative arrangements with P. Dall
man, University of California at San Francisco, and J.A. 
Stockman, State University of New York, to study anemia 
in premature infants. 

In our own laboratory, we are using the erythropoietin 
radioimmunoassay on a large variety of physiological 
studies in rats and mice. We have so far been dependent 
on the National Institutes of Health for pure erythropoietin, 

which we label with radioiodine. To develop our own 
supply, we have been collecting all the urine from two 
severely anemic patients who excrete large amounts of 
erythropoietin. The erythropoietin is being extracted and 
will be purified following the published method of E. 
Goldwasser. 1 We also are immunizing mice in our lab
oratory with erythropoietin as a beginning step in an 
attempt to produce monoclonal antibodies to this hor
mone. This new technique holds much promise in ad
vancing our physiological and biochemical knowledge 
of erythropoietin. 

REFERENCE 
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CHELATING AGENTS FOR THE ACTINIDES: INFLUENCE OF NUMBER OF FUNCTIONAL GROUPS 
AND DEGREE OF LIPOPHILICITY OF CARBOXYLATED CATECHOYLAMIDES 

Patricia W. Durbin, Nylan )eung, E. Sarah )ones, Frederick L. Weitl* and Kenneth N. Raymond* 

The practical goal of this research is to develop Pu(IV) suggested that ligands with electron donor groups 
effective agents for removing actinides, particularly plu- and structural arrangements favoring formation of stable 
tonium and americium, from the body. Such agents must Fe(lll) chelates would also be effective for forming chelates 
have low toxic side effects at therapeutically effective with Pu(IV). The paired OH's of catechoyl (o-dihydrox-
dosages; can be taken orally or by inhalation, as well ybenzoic acid) form stable complexes with Fe(lll), as in 
as by injection; and can reduce the lung burden of an naturally-occurring enterobactin and in the synthetic ligand 
inhaled actinide below that achievable by lavage. The Tiron (2,3-dihydroxy-1,5-benzene disulfonate). 1

•
2 Ma-

fundamental purposes of this program are to identify the cromolecular catechoylate ligands have been synthesized 
kinds offunctional groups that will selectively bind actinide in this laboratory3•

4 and are effective in removing Pu(IV) 
ions at pH 7, and to learn how the configurations of from mice and dogs. 
these functional groups and other substituents on ligand Results for several sulfonated tetrameric catechoy-
molecules influence their effectiveness, distribution, ki- I amide I igands (CAMS) have been reported. 5 The toxicity 
netics, and toxicity. of 3,4,3-LICAMS03Na (Fig. 1 a) in dogs, specifically 

The similar coordination chemistries of Fe(lll) and damage of the distal renal tubules (Ref. 6 and G.N. 

Figure 1. 
Abbreviation 

(a) 3,4,3-LICAMSO,Na 

(b) DHIPA 

(c) 3,4-LICAMC02Na 

(d) 3,4,3-LICAMC02Na 

3,4, 3- LICAMS03Na 

(a) 

(c) 

Mol. formula (weight) 

c,.H,.N.o2.s.Na.-6 H20 (1272.1 l 

C8H40 6Na2 (242.1) 

C31H28N30 15Na, (751.6) 

C.2H38N40 20Na4 (1 01 0.7) 

• Materials and Molecular Research Division. 

IUPAC name 

ON a 
I 

koH 
6J.5:d.loH 

ONa 

(b) 

3,4, 3-LICAMC02 No 

(d) 

N 1, N5, N 10, N 14-tetra(2, 3-d i hydroxy-5-su lfobenzoyl)-tetraazatetradecane, tet-
rasodium salt. 

2,3-dihydroxy-5-carboxybenzoic acid, disodium salt. 

N1,N5,N 10-tri(2,3-dihydroxy-4-carboxybenzoyl)-triazadecane, trisodium salt 

N1, N5, N 10, N 14-tetra(2, 3-dihydroxy-4-carboxybenzoyl)-tetraazatetradecane, 
tetrasodium salt. 

XBL 8111-4336 



Taylor, unpublished), prompted design of a new series 
of polycatechoylate ligands based on terephthalic acid 
(Fig. 1 b). Last year, we reported preliminary findings on 
the ability of two carboxylated polycatechoylate ligands 
(CAMC) to promote excretion of Pu(IV) from mice. 7 Results 
are presented here of the biological testing of six CAMC 
ligands synthesized to date. 

The method, a test Pu(IV) excretion in the mouse, 
is conducted as follows: Groups of five mice are injected 
via the tail vein with 1.5 J.LCi/kg of 238Pu(IV) citrate; 1 
hour later, 30 1-1mole/kg of a test ligand is injected in
traperitoneally; and the mice are killed 24 hours after 
the 238Pu injection. Dissected tissues and excreta are 
analyzed for 238Pu using L-shell x rays. 5 Additional groups 
of mice have been injected with 238Pu and a ligand and 
killed at 7 days to evaluate delayed excretion of chelated 
238Pu. Control groups injected with 238Pu and saline, instead 
of a ligand, were killed at 24 hours or 7 days. 

In collaborative studies of removal of plutonium 
from dogs that were conducted at the University of Utah, 6•

8 

the injection solution contained both 241 Am and 237•237Pu. 
The effect of catechoylate ligands on 241 Am and the pro
motion of 241 Am were also measured. The promotion of 
241 Am has now been studied in mice and is reported 
here. Those experiments involved eight groups of mice: 
four groups received 241 Am(lll) citrate and four received 
238Pu(IV) citrate by intravenous injection. Three minutes 
later, one Am and one Pu group received an i.p. injection 
of 3, 4, 3-LICAMS0)3Na (Fig. 1a), and one Am and one 
Pu group received a similar injection of 3,4,3-
LICAMC02Na(Fig. 1d); these groups were killed 24 hours 
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later. The remaining four groups were controls, two for 
each actinide: one each was killed 3 minutes after in
jection, and the last two were killed 24 hours later. 

CAMC LIGANDS 

The agents now used clinically to remove iron or 
actinides from the body, diethylenetriaminepentaacetic 
acid (DTPA) and desferrioxamine (DFOM), chelate cir
culating metal, thereby promoting its excretion and pre
venting further deposition, but the amounts of metal 
present in tissues after treatment, while reduced, are 
nearly what they would have been if no treatment had 
been given. 5 At 24 hours after 238Pu and 23 hours after 
30 J.Lmole/kg of DTPA, liver and skeleton were 56% and 
43% of the 1-hour 238Pu control content, respectively. 
Under the same experimental conditions and using 
DFOM, I iver and skeleton were 73% and 80% of the 1-
hour 238Pu control content, respectively. 

The results of the 24-hour tests of 238Pu excretion 
by mice are shown in Table 1 for Na salts of the monomer, 
dihydroxyisophthalic acid (DHIPA, Fig. 1 b), and six ma
cromolecules containing the CAMC functional group (2, 
3-dihydroxy-4-carboxylbenzoic acid). In three replicate 
experiments, one injection of 30 1-1mole/kg body weight 
of the linear tetramer, 3,4,3-LICAMC02Na (Fig. 1d), given 
1 hour after the 238Pu, promoted excretion of 73% to 
79% of the injected 238Pu. 

The most effective sulfonated (CAMS) ligands that 
we reported on earlier, 3,4,3-LICAMS03Na and 4,4,4-
LICAMS03Na, were able to remove some 238Pu loosely 
bound in bone, but had little effect on the 238Pu already 

Table 7. Effect of carboxylated catechoylamides on the distribution of 238Pu in mice.* 

Percent of 238Pu ± S.D. at 24 hours after injectiont 

Fig. No. Liver Skeleton Soft Tissue Urine Fe+ Gi 
cont.:f: 

238Pu 1-hr control 30.9 ± 4.6 24.5 ± 4.2 39.0 ± 5.5 - 5.6-

238Pu 24-hr control 49.2 ± 7.3 31.6 ± 7.4 10.4 ± 2.8 4.2 4.6 

CAMC comeound 
o-DHIPNNa§ 1b 55.9 ± 5.3 27.0 ± 4.7 8.1 ± 1.8 - 8.8-
3,4-LICAMCO,Na 1c 16.8 ± 2.8 17.3 ± 1.6 14.2 ± 0.9 -51.8-
3,4,3-LICAMCO,Na 1d 8.4 ± 3.0 9.6 ± 1.6 6.2 ± 1.5 54.4 21.3. 
3,3,3,3-CYCAMCO,Na 2a 26.0 ± 3.1 18.6 ± 3.2 9.7 ± 0.3 18.0 27.8 
Pofy(14)-LICAMC02Na 29.5 ± 10.8 10.1 ± 1.0 15.4 ± 1.8 30.1 14.8 
Dioctyi-LICAMC02Na 2b 30.1 ± 7.4 15.0 ± 3.2 15.0 ± 1.8 3.3 36.6 
Ditetradecyi-LICAMC02Na 2c 50.2 ± 4.6 20.0 ± 2.6 22.0 ± 1.9 3.3 4.1 

* Ligands were administered (30 f!..mole!kg, i.p.) at 1 hour, and mice were killed 24 hours after intravenous injection of 238Pu(IV) citrate. There 
were five mice per group except for 3,4,3-L/CAMCO,Na (14 mice), 238 Pu 24-hour control (89 mice), and 238Pu 7-hour control (13 mice). Excreta 
pooled for 5 mice per cage. 

t Includes correction for 238Pu in GJ tract tissues based on 24-hour 238 Pu controls, in which Gl tissue contained 0.29 of 238Pu in all soft tissues 
except liver and.kidneys. Soft tissue(%) = {kidneys(%) + ST balance(%) 10.71]. 

t GJ contents(%) = {(GI + contents)(%) - 0.41 ST balance(%)]. 
§ 480 J!..mole!kg body weight. 



deposited in the liver: at 24 hours the amounts of 238Pu 
in the livers and skeletons of the LICAMS-treated mice 
were 76% and 30%, respectively, of the· 1-hour 238Pu 
control values. 5 On the other hand, 3,4,3-LICAMC02Na 
appears able to (a) prevent further deposition by chelating 
circulating 238Pu, (b) attack some 238Pu already loosely 
bound in bone, and (c) promote excretion, by the biliary 
route, of a significant fraction of the 238Pu present in the 
liver at the time the ligand was administered. At 24 
hours, liver and skeleton of 3,4,3-LICAMC02Na-treated 
mice contained 27% and 39%, respectively, of the 1-
hour 238Pu control values. 

It was anticipated from earlier work5 that the other 
CAMC ligands tested would be less efficient for plutonium 
removal than the linear tetramer, 3,4,3-LICAMC02 Na. 
Several monomers containing the o-dihydroxybenzene 
functional group were tested, but even at large dosages, 
they did not enhance 238Pu excretion (results are shown 
only for DHIPA, Fig. 1 b). The trimer, 3,4-LIAMC02Na 
(Fig. 1 c), does not possess enough functional groups to 
coordinate Pu(IV) completely, but excretion of 52% of 
the injected 238Pu was elicited, and it appears that complete 
coordination is not required to produce a Pu complex 
that can be eliminated. 

3, 3,3,3-CYCAMC02 Na 

(a) 
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Like the sulfonated CAMS ligands, the cyclic tetramer, 
3,3,3,3-CYCAMC02Na (Fig. 2a), was less effective in 
promoting 238Pu excretion than its linear analogue, pre
sumably because of the steric constraints of the preformed 
charge cavity. 

The long alkyl chains on the terminal N's of the 
dioctyi-3,4,3-LICAMC02Na molecule (Fig. 2b) reduced 
the overall efficiency of 238 Pu excretion, presumably 
because of steric effects. Its greater lipophilicity apparently 
prevented elimination by the kidney, but a significant 
amount of 238Pu was eliminated via the bile and the Gl 
tract. Excretion of chelated plutonium by way of the bile 
suggests that this compound, or an analogue with shorter 
terminal alkyl chains, may enhance elimination of plu
tonium in liver, while also avoiding renal toxicity. In
creasing the length of the terminal alkyl chains to 14-C 
(ditetradecyi-3,4,3-LICAMC02 Na, Fig. 2c) significantly 
reduced the ability of the molecule to bind 238Pu. While 
the soft tissue content (22% of the 238Pu dose compared 
to 10.4% in soft tissues of 24-hour controls) indicates 
that some plutonium was chelated, the observation time 
was too short to determine whether any of it would have 
been excreted. 

Poly(14)-LICAMC02Na is a complex polymer. Ele-

Dioctyl- 3,4,3 -LICAMC02 Na 

(b) 

Ditetradecyl - 3, 4, 3- LICAMC02 No 

Figure 2. 
Abbreviation 

(a) 3,3,3,3-CYCAMCO,Na 

(b) DiOctyi-3,4,3-
LICAMCO,Na 

(c) Ditetradecyi-3,4,3-
LICAMCO,Na 

Mol. formula (weight) 

(c) 

IUPAC name 

N 1, N', N', N 13-tetra(2, 3-d ihydroxy-4-carboxybenzoyl)-tetraazacyclohexade
cane, tetrasodium salt. 

N', N 13, N 18, N"-tetra(2, 3-d ihydroxy-4-carboxybenzoyl)-tetraazatriacontane, 
tetrasodium salt. 

N 15 , N 19, N24 , N'8-tetra(2, 3-d ihydroxy-4-carboxybenzoyl)-tetraazadotetracan
tane, tetrasodium salt. 

XBL-8111-4337 



mental analysis indicates that it contains an average of 
14 catechoyl groups per molecule, but the structure is 
not established, and it is not certain how many groups 
can participate in chelating Pu(IV). Poly(14)-LICAMC02Na 
was administered to mice at a dosage nominally 3.5 
time~. ~hat of the CAMC ligands with only four functional 
groups per molecule, so a direct comparison of its ef
fectiveness is not yet available. However, poly(14)
LICAMC02Na can promote excretion of 238Pu by both 
renal and biliary routes (like 3,4,3-LICAMC02Na), and 
its molecular size suggests that its action will be prolonged. 

Delayed 238Pu excretion after a single treatment with 
3,4,3-LICAMC02Na, the larger poly(14)-LICAMC02Na, 
and the more lipophilic dioctyi-3,4,3-LICAMC02Na was 
examined. Excreta were collected from mice for 7 days 
after one injection of a test ligand (given 1 hour after the 
238Pu), and the results are shown in Table 2. These ex
periments differ from the 24-hour test of 238Pu excretion 
in several ways. The animals in the 24-hour studies were 
not fed, while food was always available in the 7-day 
studies, and some chelating agent may therefore have 
been lost to competition from the continuous influx of 
dietary iron, which is efficiently chelated by CAM ligands. 9 

In the 24-hour studies, the contents of the Gl tract (cal
culated as described in the footnotes to Table 1) was 
included with the feces, even though that material would 
not be expelled until the second or third day. In 7 days, 
control mice excrete a significant fraction of the 238Pu 
liver burden by way of the feces, further complicating 
direct comparison of results obtained at 24 hours and at 
7 days. However, when the results of the 7-day studies 
are compared with their own controls, it is clear that 
between days 2 and 7, the controls excreted 16% of 
their day-1 body content (which was 92.6% of the injected 
238Pu), and the CAMC-treated groups excreted 30% to 
38% of the day-1 body contents (which were 40.6% to 
64.5% of the 238Pu dose). Thus, all three CAMC ligands 
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promoted some additional 238Pu excretion after the first 
24 hours, and the effect was greatest for the more lipophilic 
dioctyi-3,4,3-LICAMC02Na.These results suggest that the 
CAMC ligands are lost slowly, a desirable attribute for 
a drug that must be used for a prolonged course of treat
ment. To investigate this point further, 3H-Iabeling of 
3,4,3-LICAMC02Na and dioctyi-3,4,3-LICAMC02Na is 
planned. 

CHELATION OF 241 Am BY CAM LIGANDS 

When 30 ~J.mole/kg of 3,4,3-LICAMS03Na or 3,4,3-
LICAMC02Na was given once to dogs 30 minues after 
injection of a mixture of 241 Am(lll) and 237

•
239Pu(IV) citrate, 

237Pu excretion in 7 days was about 88% (1 0% in controls) 
and 241 Am excretion was about 31% (13% in controls). 6 

Although the excess 241 Am excretion was less than that 
of 237Pu, it was significant and unexpected. At pH 7, 
Am(lll) does not react with water (i.e., hydrolyze), so it 
cannot compete with protons for the OH groups of water. 
Its ability to compete with protons for the OH groups of 
catechol was therefore not anticipated. Furthermore, the 
CAM ligands were designed with intergroup spacings to 
accommodate the small Pu(IV) ion (charge/radius = 41.7 
e/nm ): charge/radius = 30.6 e/nm for Am(lll). 10 The 
questions to be resolved were why the CAM ligands 
chelated Am(lll), and whether their apparent lower ef
fectiveness for promoting Am(lll) excretion in the dog 
[compared to Pu(IV)] was due to instability of the Am
LICAM chelates or was an artifact created by the smaller 
amount of Am(lll) in circulation when the ligands were 
administered [at 30 minutes, 70% of Pu(IV) and 15% of 
Am(lll) are present in circulating blood 11 ]. 

The effectiveness of 3,4,3-LICAMS03Na and 3,4,3-
LICAMC02Na for promoting excretion of 241 Am(lll) in 

Table 2. Excretion of 236 Pu by mice for 7 days after a single administration of 30 Jl.molelkg of a carboxylated catechoylamide ligand.* 

Percent of 238Pu ± S.D. at 7 days after injection+ 

Urine 
Fig. No. Liver Skeleton Soft Tissue' day 1 days 2-7 

238Pu 7 -day control 28.7 ± 3.2 44.4 ± 6.7 4.8 ± 0.6 4.6 

CAMC comeound 

3,4, 3-LICAMCO'Na 1d 11.8 ± 6.0 12.2 ± 3.5 4.3 ± 0.7 43.6 

Poly(14)-LICAMCO,Na 11.5 ± 5.2 15.9 ± 2.2 9.4 ± 1.1 24.0 

Dioctyi-LICAMCO,Na 2b 12.4 ± 3.1 16.8 ± 1.8 11.0 ± 0.5 5.4 

* Ligands were administered (i.p) at 1 hour and mice were killed 7 days after injection (i. v.) of 236 Pu(IV) citrate. 
t See footnot~s to Table 1. 
:f: G/ contents, calculated as in Table 1, added to last feces collection. 

1.4 

4.2 

4.3 

2.6 

Fe + Gl cont.:!: 
day 1 days 2-7 

2.8 12.4 

15.8 8.0 

17.7 17.5 

30.1 21.6 



mice was studied because injection controls could be 
provided quickly and at low cost. The ligands were ad
ministered only 3 minutes after the actinide was injected 
so as to react the ligands in vivo with the largest possible 
amount of circulating 241 Am. The results of those ex
periments are shown in Table 3. 

About 30% more of the injected 241 Am was excreted 
by the LICAM ligand-treated mice than by the 24-hour 
controls. This excess excretion was close to, but slightly 
less than, the amount presumed to be circulating when 
the ligands' were given (3 minutes after nuclide injection). 
The difference between the amount of nuclide in soft 
tissues of controls at the time of ligand administration 
(ST3m) and at the time of sacrifice (ST24h) was 35.9% of 
the 241 Am dose; that amount is considered undeposited, 
circulating either in blood or in extracellular fluid. Even 
when chelation of a circulating nuclide is complete, a 
small amount of additional deposition occurs while the 
ligand is being absorbed from the peritoneal cavity, so 
nuclide excretion (in excess of control) is always expected 
to be somewhat less than the soft tissue content at the 
time of ligand administration. 

The catechoylate ligands apparently chelated and 
promoted excretion of circulating 241 Am. The 241 Am con
tent of the liver and skeleton of LICAM ligand-treated 
mice was about the same as in the 3-minute controls. 
This indicates that the ligands did not react with 241 Am 
that was already associated, however loosely, with liver 
cells or bone surfaces. 
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Both ligands acted to clear 238 Pu from circulation 
and also to remove much of the 238Pu already in liver 
and bone at the time of ligand administration. The actions 
of the LICAM ligands given promptly after injection of 
241 Am or 238Pu in mice are compared in Fig. 3. 

Gel filtration and paper chromatography of buffered 
solution of241 Am(lll) or 238Pu(IV) and 3,4,3-LICAMS03Na 
indicate complete complexation of both nuclides and 
formation of metal-ligand chelates of nearly the same 
size and migration characteristics (F.W. Bruenger, un
published). Those findings support the view that chelation 
of circulating 241 Am is likely to be complete and that the 
Am-LICAM chelates are stable in vivo. 

All these observations suggest that the americium 
in the Am-LICAM chelates is not Am(lll) but Am(IV). In 
the presence of catechol, the potential for the reaction 
Ce+ 3 = Ce+ 4 + e- is shifted about 2.1 V (from -1.7 V 
in the uncomplexed case to -0.4 V for the catechol 
complex-all the potentials being oxidation potentials 
for the reaction as written (K. N. Raymond, unpublished). 
Assuming the same relative potential change-which is 
equivalent to assuming that the oxidation states of Am 
have formation constants that are nearly the same as 
those for the oxidation states of Ce in similar complexes, 
a well established approximation-the redox potential 
for the tetracatechol complex of Am(lll) to Am( IV) would 
be expected to be approximately 0 volts-a potential 
which predicts that an aerobic solution containing catechol 
and Am(lll) would quickly form -the Am(IV) complex. 

Table 3. Effect of sulfonated or carboxylated tetrameric catechoylamides on the distribution of 238 Pu(IV) or 241 Am(! I/) in 
mice.• 

Percent of actir;!ide ± S.D. at time of sacrifice+ 

Fe+ Gl 
Liver Skeleton Soft Tissuet Urine cont.t 

23'Pu exe_eriments 

3-min controls:l= 19.6 ± 0.8 18.9 ± 2.2 59.3 ± 5.1 0 0 
24-hour controls 49.2 ± 7.3 31.6 ± 7.4 10.4 ± 2.8 4.2 4.6 

3,4,3-LICAMSO,Na§ 27.1 ± 2.9 6.6 ± 0.5 4.3 ± 0.3 58.8 3.2 
3,4, 3-LICAMCO,Na§ 4.4 ± 1.0 5.1 ± 2.0 4.8 ± 1.0 74.9 10.9 

'"Am exe_eriments 

3-min controls:l= 32.7 ± 2.3 18.9 ± 1.8 41.4 ± 2.0 0 0 
24-hour controls 58 ± 1.4 22.2 ± 1.6 5.5 ± 0.3 - 14.3-

3,4, 3-LICAMSO,Na§ 25.6 ± 5.0 22.5 ± 2.1 5.7 ± 0.7 -46.3-
3,4,3-LICAMCO,Na§ 38.4 ± 3.5 16.2 ± 1.5 8.9 ± 0.7 25.2 11.3 

• Ligands were administered (30 f.Lmolelkg, i.p.) at 3.min, and mice were killed 24 hours after injection (i. v.) of actinides in 
citrate buffer. 

t See footnotes to Table 1. At 3 min after injection, all of the nuclide measured in the full Gl tract (GJ + contents) was 
assumed to be associated with the tissues. 

:t 3-min controls define the actinide distributions at the time the ligands were administered. 
§Structures of 3,4,3-L/CAMSO,Na and 3,4,3-L/CAMCO,Na shown in Figs. Ia and ld, respectively. 



OL-~~LL~~-U~--~~~~~~~ 
Liver Skeleton Soft tissue Liver Skeleton Soft tissue 

3,4,3-LICAM-C02 No 3,4,3-LICAM S03No 

Figure 3. Contents, after 24 hours, of236Pu or 24'Am in skeleton, 
liver, and residua/soft tissues of mice given 3,4,3-L/CAMCO,Na 
or 3,4,3-LICAM503Na 3 min after a nuclide injection. Values 
are expressed as percent of corresponding 3-min nuclide contents 
in control mice. 

XBL 815-3846 
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A MODEL OF AMERICIUM METABOLISM WITH TWO BONE COMPARTMENTS 

Charles T. Schmidt* and Patricia W. Durbin 

In 1979, a radiation worker who, 25 years earlier, 
had acquired an internal deposit of 241 Am died, willing 
his body for analysis to the U.S. Transuranium Registry 
(TUR). (Analysis of this body is referred to as the TUR 
Am case.) Metabolism of 241 Am was not perturbed by 
either prolonged intake or removal therapy. In a coop
erative effort with the Registry and several other labo
ratories, all tissues and half of the skeleton (right-hand 
members of paired bones, half of the skull, alternate 
vertebrae) were analyzed radiochemically, with the results 
to be published in detail. 1 We report here our contribution 
to this cooperative analysis-the development of a new 
general metabolic model for the actinides (with appropriate 
parameters for Am), a model that takes account of cir
culatory feedback and includes two bone components 
with different remodeling rates. 

CURRENT ICRP MODEL 

For radiation protection purposes, the International 
Commission on Radiological Protection (ICRP) adopted 
the simplified metabolic model for actinides in adult 
humans shown in Fig. 1.2 The fractions transferred to 
liver (L), bone (B), and residual soft tissues (ST) are con
sidered to be generally applicable to actinides in the Ill, 

Intake 

TL =40yr Ts = IOOyr T~t~tast 

Excretion 

Figure 1. General metabolic model for actinide elements adopted 
by /CRP. 2 

XBL 8112-4375 

*Medical Services Group, Engineering and Technical Services Division. 

IV, and V oxidation states, and agree well with animal 
experiments with Am. 3 In the absence of long-term kinetic 
data for transuranic elements in man, the biological half
times (Tu T8 , Tsrl were estimated from limited data on 
early distribution and excretion of Pu in man4 and an -
extrapolation of biological half-times of Pu measured in 
animals as a function of body weight (log T <X log body 
weight, Ref. 5). The peripheral compartments are not 
considered to communicate through the blood, and 
feedback is not taken into account. 

Americium has been shown autoradiographically in 
several adult mammals to be nearly uniformly deposited 
on periosteal (outer), endosteal (inner), and vascular 
channel (Haversian canal) surfaces of compact bone, 
and on the endosteal surfaces of cancellous (spongy) 
bone. 3 The surface area of the adult human skeleton has 
been estimated from measured s~rface/volume ratios of 
bones, and about one-half of the total surface of 10 to 
16 m2 is associated with compact bone and one-half 
with cancellous bone. 2 

The ICRP model makes the simplifying and con
servative assumptions that the surfaces are not changed, 
and that actinides are lost from all bone surfaces at the 
same rate. There is no known physiochemical mechanism 
by which actinides leave intact bone surfaces, so the 
physiological implication is that all bone surfaces are 
remodeled at the same rate. The predicted outcome is 
that the initial relative concentrations of actinides in 
compact and cancellous bone will be: compact/cancellous 
= 0.25, and will not change with time. 

ANIMAL DATA 

Initial distribution of Am has been studied in mice, 
rats, Chinese hamsters, dogs and nonhuman primates. 
Means for groups of animals are (in percent of absorbed 
dose) as follows: liver, 35 to 60%; bone, 35 to 45%; 
soft tissues, 3 to 11 %; and urine (0 to 7 days), 6 to 14%. 3 

Half-times of Am loss from from I iver are 5 to 10 days 
for mice and rats, 50 to 100 days for nonhuman primates, 
and about 10 years for one of the smallest animals (Chinese 
hamster) and one of the largest (dog). It appears that Am 
retention in liver is not related in a regular way to body 
size. 

The Am concentrations in subdivided bones of 19 
monkeys killed within 1 year after injection have been 
compiled and are as follows: vertebral bodies (nearly all 
cancellous bone), 0.66% dose/gash; shafts of long bones 
(nearly all compact bone), 0. 11 %/g ash. At early times 
after injection, the ratios of Am concentrations, compact/ 
cancellous = 0.16, is close to the estimated initial value 



for man. Whole-bone Am concentrations are intermediate 
between those extremes (e.g., hand and foot bones, 
0.19%/g ash, and scapulae, 0.32%/g ash). They can be 
approximated from the Am concentrations in cancellous 
and compact bone given above and from the weight 
fractions of cancellous and compact components of the 
individual bones. 

Metabolic and autoradiographic studies in mammals 
indicate that actinides are probably lost from adult bone 
only during maintenance remodeling. 3 Some of the initial 
surface deposit is buried by apposition of new bone, and 
some is removed by osteoclastic resorption and recir
culated. A fraction of the recirculated activity, usually 
assumed in adults to be equal to the fraction initially 
deposited in bone, is redeposited in different bone sites, 6 

and the expected long-term trend is towards a uniform 
distribution in mineralized tissue. The remainder of the 
recirculated activity is transported to liver and soft tissues 
or filtered by the kidneys, and those fractions are assumed 
to be the same as the fractions of the original intake 
transported to those sites. 

TUR Am CASE 

The amount of the initial Am intake is not known, 
so the important information is the distribution of Am in 
the body at 25 years. The distribution (in percent of body 
content) was: liver, 6.6%; bones and teeth, 82%; and 
soft tissue (including respiratory tract), 11.4%; and the 
ratio, liver/bones plus tissues) = 0.07. 

The range of Am concentrations in cancellous bone 
of sternum, vertebral bodies, and proximal humeral epi
physis was 110 to 150 disintegrations/min/g ash. The 
average concentration in the compact bone of the long 
bone shafts was 88 dis/min/gash. The high ratio of con
centrations, compacUcancellous = 0.68, compared to 
initial conditions in the monkey, indicates that in 25 
years there has been differential loss of Am from the two 
bone types and probably also redistribution. An unex
pected finding was that, for some bones-in particular 
the patellae and the bones of the wrists, hands, feet, and 
ankles-the Am concentrations were 100 to 300 dis/min/ 
gash, with a weighted average of 140 dis/min/gash. 
Those bones, which have only a small cancellous com
ponent, but a surface/v~ume ratio greater than compact 
bone, showed Am concentrations equal to or greater 
than those of either cancellous or compact bone alone. 
The simplest explanation is that some cancellous bone 
structures with high surface/volume ratios are remodeled 
at a slow rate- more like that of compact bone. 

BONE TURNOVER 

A task group of ICRP reviewed the metabolism of 
the alkaline earth elements in man and the physiology 
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of the adult human skeleton. 7 The volume rate of turnover 
of compact bone (defined as surface/volume .:;;60 cm 2/ 

cm3) had been measured in several ways, and the best 
fit to the whole-body isotope kinetic data was 0.025/yr. 
The rate of remodeling of human cancellous bone was 
not measured, but bone remodeling occurs at surfaces, 
and for equal bone volumes the associated surface of 
cancellous bone is about four times that of compact 
bone. The Task Group reasoned that the turnover rate 
of cancellous bone (and its associated surfaces) should 
be about four times that of compact bone, or 0.1 /yr. That 
value agreed with kinetic data for fallout 90Sr and ingested 
226Ra in adult human cancellous bone. 

Division of bones and parts of bones into compact 
and cancellous components for estimation of initial 
radionucl ide distribution can be based on structure. 
However, the unexpected finding of high Am concen
trations in patella, hand, and foot bones and distal ends 
of long bones in the 25-year TUR Am case suggests that 
structure alone does not determine turnover rates in skeletal 
parts. Jee et a/.8 used tetracycline labeling to measure 
turnover rates of trabeculae in many locations of the 
skeletons of young adult beagles. Turnover rates of tra
beculae in paw bones and distal ends of most long bones 
(structures associated with fatty marrow in adult life) 
were one-half to one-third the turnover rates of trabeculae 
in vertebral bodies and proximal ends of the humerus 
and femur (which contain red marrow throughout life). 

The distribution of 241 Am concentrations in the sub
divided bones of the TUR Am case and the evidence 
from measured turnover rates of trabeculae in bones of 
young adult dogs suggest that bones and bone parts can 
be assigned to one of two compartments, 81 (lower turn
over rate) and 82 (higher turnover rate) on the basis of 
structure and association with red bone marrow. Table 
1 shows such assignments for the 25-year TUR Am case 
and an adult male Rhesus monkey killed 7 months after 
an 241 Am injection. The distribution of bone ash in the 
TUR Am case was 1956 g in compartment 81 and 442 
gin compartment 82 (8/82 = 4.4), while the distribution 
of 241 Am in those same bone compartments was, 81182 

= 81.3%118.7% = 4.3. 
There is little information for man about the kinetics 

of the actinide fraction (about 1 0%) initially present in 
soft tissues other than liver and kidney. Studies in rats 
and monkeys up to 900 days after injection of 241 Am 
show that the rate of loss from the residual soft tissues 
is about the same as that from the whole skeleton. 3 For 
that reason, we assumed that the Am initially present in 
soft tissues could be considered as two compartments, 
proportional in size and with the same rate constants as 
bone compartments. The same line of reasoning has 
apparently been followed by the ICRP. 1 
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Table 7. Assignment of 241 Am to bone turnover compartments. 81 (slow turnover) includes 
compact bone and cancellous bone associated with fatty marrow. 82 (fast turnover) includes 

fine trabeculae in red marrow. * 

Bone or 
bone parts 

Sternum 
Vertebral bodies 
Sacrum 
Fem. & hum. prox. ends 
Pelvis 
Ribs 
Scapulae 
Clavicles 
Vertebral arches 
Head (no teeth) 
Hands, feet, patellae 
Other long-bone ends 
Long-bone shafts 

8,18, 
Total 

% Skeletai 241 Am 

Monkey, 7 mo.+ 

B, 

1.8 
25.8 

3.1 
5.7 
5.2' 
4.8' 
3.0' 

49.4 
7.0 

B, 

2.8' 
1.0' 
1.4' 

9.6 
13.6 

4.2 
8.3 
9.5 

50.4 

Man, 25 yr.+ 

B, 

0.31 
4.2 
1.7 
7.0 
3.6 
0.76' 
1.0 
0.13 

18.7 
4.3 

B, 

1.8 
3.0' 

1.5 
0.68 
5.1 

15.8 
13.3 
14.6 
25.3 
81.3 

* Whole bones (sternum, sacrum, head, hands, feet, patellae) or bones physically divided into cancellous 
and compact components (vertebrae, long bones, pelvis, scapulae). 

t Adult male Rhesus monkey killed 7 months after injection of 0.3 f!..Cilkg of 241 Am citrate; U.S. Transuranium 
Registry 241 Am deposition case, died about 25 years after intake. 

:f: Cancellous and compact components estimated from ash weight, 20% cancellous ash, and 241 Am 
concentrations in vertebral body (cancellous) and long bone shafts (compact). 

MODEL DEVELOPMENT 

The kinetic distribution of Am in adult man may be 
described by the compartment diagram in Fig. 2. Phys
iologically, compartments 81 and 82 represent primarily 
compact and cancellous bone, respectively; Prepresents 
plasma; and L represents liver. Excretion in urine and 
feces is represented by Eu and EF. Transfers between 
compartments are assumed to follow first-order kinetics 
with rate constants, A;. 

and A8 = 0. The simplified compartment system is shown 
in Fig. 3. The equations may be solved for 81(t), 82(t), 
and L(t) by taking Laplace transforms, or other methods. 

The rate constants are assumed to be time inde
pendent. The model may be simplified if we are interested 
only in the distribution several years after an intake to 
the plasma. Since the clearance from plasma (A4, A5, A6, 
A7) is rapid compared to clearance from the other com
partments, it may be assumed that any input to P is 
instantaneously distributed to 81, 82, L, and Eu. Thereafter, 
81 , 82 , and L clear exponentially, and activity re-entering 
P is distributed in the same proportions as the initial 
intake. 

The fractional distribution to 81 , 82 , L, and excretion 
is denoted by ~, f2 , {3 , and ~~ respectively, where 

7 

f, =As~ A; 
4 

4 

etc., and ~ f; = 1. 
1 

Flow from liver to plasma is assumed to be negligible, 

Figure 2. Kinetic distribution of Am in adult man. Compartments 
81 and 82 are primarily bone, but also include Am in residual 
soft tissues distributed in the proportion, T,IT, = 8118, and 
cleared according to the rate constants {A) of the two bone 
compartments. See text. 
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Figure 3. Kinetic distribution of Am in man simplified by assuming 
that clearance from plasma (A4, A5, A6) is instantaneous and that 
A8 can be neglected. 
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The differential equations for this system are: 

~A.181 

L ~A1 81 + ~A.282 - A.3L I 

and initial conditions, corresponding to unit intake at 
t = 0 are: 

8 1(0) = f1 ; 8 2(0) = f2; L(O) = f3. 

There are seven parameters in the resulting solution. 
For A.1 and A.2, the rate constants for compartments 81 
and 82 , respectively, we have assigned the values used 
in the ICRP model for alkaline earths: 

A.1 = 0.025 y- 1; A.2 = 0.10 y- 1 

(Ref. 7). 

This leaves A.3 as a parameter of the solution. 
From animal experiments3 a reasonable value for~, 

the prompt urinary excretion fraction, is: f4 = 0.1 0. 
Since the sum of the four distribution fractions is one, 
only two of the three distribution fractions, ~, f2 and ~, 
remain as parameters. Thus the solutions now depend 
on only three parameters, A.3 and two distribution fractions. 

In the analysis of the TUR Am case, two important 
ratios were found: the ratio of 241 Am in the two bone 
compartments, 81(25)/82(25) = 4.3; and the ratio of 241 Am 
in liver to that in the rest of the body, L(25)/(81(25) + 
82(25)] = 0.07. In the model solution, the ratio 81(t)/ 
82(t) does not depend on A.3. Therefore, it is sufficient to 
specify two f's to obtain a specific solution of this ratio. 
We assume for this case that intake occurred about 25 
years before analysis. 

Results of the calculation are shown in Fig. 4. Here 
are plotted the ratio 81(25)/82(25) for different choices of 
~~ f2, and ~. For convenience the ratio ~lf2 is plotted on 
the abscissa, and curves are drawn for different values 
of f3• For example, if we select the values for ~ and (~ 
+ ~) recommended by ICRP2 as shown in Fig. 1 : 
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-C\.1 
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4 

3 

I 
0.25 

Given f 1 +f2 +f3 =0,9 
AI = 0,025 y-1 

A2 =0,10 y-1 

f3 = .65 .55 ~5 .35 

0.5 1.0 1.5 

Figure 4. Calculated ratio of Am activities in compartments 8, 
and 8, at 25 years after intake for different values of the distribution 
fractions f,, f,, and f,. 
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~ = 0.45, 
and 

(f1 + (2) = 1 - (0.45 + 0.10) = 0.45, 

then for each pair of~ and ~satisfying this relation there 
is a corresponding value of 81(25)/82(25). 

The"best estimate for the value of that ratio for the 
TUR Am case is 81(25)/82(25) = 4.3. The area enclosed 
by the solid line in Fig. 4 shows the range of values of 
L(O), ~, measured in animals, and an uncertainty in 81(25)/ 
82(25) of ± 15%. 

Consider the ratio L(25)/[81(25) + 82(25)]. For the 
TUR Am case, it equals 0.07. If all of the parameters 
are specified except f3 , there is a unique value for A.3 
which satisfies L(25)/(81(25) + 82(25)] = 0.07. Results 
of that calculation are shown in Fig. 5, where the resultant 
value of A.3 is plotted against the ratio ~~~ for a given 
value of (3 • The area enclosed by the solid line is deter
mined by the allowed values of the ratio ~/~, found in 
Fig. 4, and hence indicates the ranges of ~~ ~~ and A.3 
that are consistent with observed data. 

This preliminary modeling study, using data from 



Given: f 1 +f2 +f3 =0.9 
At= 0.025f1, A2 = 0.10 y-1 

L (25) 
B

1 
(25) +82(25) =O.O? 

1.0 L..----11......,_---__J-------I.---__.J 
0.5 1.0 1.5 

Figure 5. Calculated value of>., that satisfies the relation L/(81 

+ 82) = 0.07, at 25 years after intake of Am, for different 
values of the distribution fractions f,, f,, and f,. 
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animal experiments and the TUR Am case, supports use 
of the initial distribution fractions recommended by ICRP 
(see Fig. 1) and also the assumption that trivalent actinides 
(as exemplified by Am) are initially deposited nearly uni
formly on the surfaces of the adult skeleton. However, 
this study also indicates that the half-times of Am loss 
from liver and bone, 40 and 100 years, as recommended 
by ICRP, are too long and not compatible with other 
components of the ICRP metabolic model for Am. 
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6. RADIATION BIOPHYSICS 

The principal focus of the Radiation Biophysics Group 
is the analysis of the physical interactions and the ra
diobiological properties of heavy charged-rarticle beams. 
Besides fundamental studies, clinical trials have been 
conducted since 1975 to assess the efficacy of heavy
ion beams in cancer therapy. In both the experimental 
and clinical studies, analysis of the response of normal 
and tumor tissues to charged-particle beams of varying 
atomic number and energy has been a major emphasis. 
The particle beams have been produced at the Bevalac 
(a tandem accelerator unit combining the SuperHILAC 
and the Bevatron) and at the 184-lnch Synchrocyclotron. 
Radiation chemistry studies have also been performed 
at the 88-lnch Cyclotron. 

Studies of cellular response to heavy-ion radiation 
have been carried out during the past year with a variety 
of normal and tumor cell lines, including human T-1 
cells, Chinese hamster V-79 cells, rat rhabdomyosarcoma 
R-1 tumor cells, rat gliosarcoma 9-L cells grown as mul
ticellular spheroids, and mouse C3H1 OT1/2 fibroblasts. 
A comprehensive series of experiments using both T-1 
and R-1 cells demonstrated several potential advantages 
for tumor therapy with silicon-ion beams, first accelerated 
at the Bevalac in 1980. The silicon beams were found 
to possess a high efficiency for cell killing in the extended
Bragg-peak ionization region (the tumor treatment zone), 
with only a small dependence on oxygen for cell killing. 
This latter property, similar to that observed previously 
for Bevalac argon-ion beams, indicates that silicon ions 
may be well suited for treating tumors with a large fraction 
of radioresistant hypoxic cells. 

In other cellular studies, experiments with 9-L sphe
roids demonstrated the importance of intercellular contact 
as a factor in the radiation response of an organized 
multicellular system. The radiation response of cells in 
different phases of the cell division cycle and the repair 
of potentially lethal damage during the post-irradiation 
interval have been studied in several cell systems, with 
major differences being observed between the effects of 
x rays and those of charged-particle beams. Cell survival 
studies have also demonstrated that synergistic interactions 
occur between the damage introduced into cultured V-
79 cells during sequential exposures to sparsely ionizing 
radiation from x rays and densely ionizing radiation from 
accelerated heavy ions. A new model of cellular radiation 
damage, termed the repair-misrepair model, has provided 
an interpretation of the interactive lesions produced by 
mixed radiation modalities. Cellular studies with 10T1/2 

cells have demonstrated that charged-particle beams 
produce a higher frequency of neoplastic transformation 

· than x rays, and the differences between these radiation 

modalities were shown to be greatest in the low-dose 
range. 

The types of molecular damage introduced into DNA 
by charged-particle beams are being studied by electro
phoretic, chromatographic, and optical techniques. These 
studies have demonstrated that densely ionizing radiation 
from charged-particle beams have a lower efficiency for 
producing DNA strand breaks than photon radiation. A 
novel technique called heavy-ion microscopy is also under 
development for visualizing radiation damage to chro
mosomes and other subcellular structures. In this imaging 
method, a replica of the biological specimen is formed 
by passing a beam of low-energy particles through the 
sample and into a nuclear track detector substrate. The 
irradiated portions of the substrate are then etched away 
with alkali, and the remainder of the substrate forms a 
three-dimensional replica of the sample which can be 
imaged with a conventional light microscope or a scanning 
electron microscope. The nature and extent of damage 
to selected normal tissue structures in experimental animals 
exposed to charged-particle radiation is also being actively 
researched by the Radiation Biophysics Group. Meas
urements of the relative biological effectiveness of heavy
ion beams in comparison with x rays are being made, 
using various morphological and functional criteria, to 
assess radiation damage in the hematopoietic system, 
the visual system, the coronary artery, and skin. Exper
iments with mice are also in progress to determine the 
carcinogenic and life-shortening effects of charged-particle 
radiation. 

An important aspect of the charged-particle radiation 
program is the application of solid-state crystal detectors 
to characterize the composition and physical character
istics of beams used in clinical trials and radiobiological 
experiments. Measurements are being made of the sec
ondary particles resulting from nuclear fragmentation of 
the primary beam; the angular distribution, velocity, and 
charge of particles in the radiation field; and the rate of 
energy loss as the particles pass through matter. Both 
theoretical and experimental approaches are being taken 
to analyze relationships between the track structure of 
charged-particle beams and their physical and chemical 
interactions with organic molecules in an aqueous en
vironment. 

Clinical trials with heavy particles during the past 
year have included 77 cancer patients treated with helium 
ions at the 184-inch accelerator and 29 patients treated 
with neon ions at the Bevalac faci I ity. Since 1975, a total 
of 282 patients have been treated with helium ions and 
80 with Bevalac carbon, neon, and argon beams. The 
helium-ion studies have been designed primarily to eval-



uate the potential advantages of improved dose locali
zation achieved with particle radiation. The benefits of 
this form of radiation have been clearly demonstrated 
by a high rate of success in treating ocular melanomas. 
In clinical trials to date, only 5 of 37 patients with this 
tumor have shown evidence of recurrence in post-irra
diation followup periods ranging from 2 to 42 months. 
Radiotherapy trials with heavier particles accelerated at 
the Bevalac have included tumors of the brain, head and 
neck, lung, esophagus, and pancreas. This pilot study 
will ultimately include 120 to 150 patients and is expected 
to provide essential information on both normal tissue 
effects and tumor response to irradiation with carbon, 
neon, silicon, and argon beams. 

An essential adjunct to the charged-particle radio
therapy program is computerized treatment planning with 
a newly acquired computerized tomographic x-ray scan
ner. This technique has also provided rapid access to 
the data required to fabricate compensators that shape 
the charged-particle dose distribution in a tumor treatment 
zone. Also under development is a new device called 
the positron emission beam analyzer (PEBA), which can 
localize to within 1 mm the stopping point of a charged
particle beam in tissue. The PEBA performs physical 
measurements of positron-emitting radionuclides pro
duced as secondary particles when an accelerated 
charged-particle beam passes through tissue. 
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Heavy-ion projection radiography is being developed 
as a technique for imaging soft-tissue tumors. Because 
the residual range of a charged-particle beam is strongly 
dependent upon the electron density of the medium 
through which it passes, the heavy-ion radiography tech
nique has considerable potential for imaging tumors in 
which the density differs by only a small amount from 
that of surrounding normal tissue structures. During the 
past year, progress has been made in developing both 
passive and active detector systems for recording heavy
ion radiographic information. Bevalaccarbon and neon 
beams have been used to image brain and mammary 
tumors, and advances have been made in three-dimen
sional heavy-ion tomography. 

In addition to studies with ionizing radiation, several 
investigators are analyzing the effects of nonionizing ra
diation on selected biological systems. These programs 
include studies of ocular dysfunction resulting from laser 
irradiation, the influence of large electric fields on the 
ionic conductance properties of cellular membranes, and 
the interaction of stationary magnetic fields with potentially 
sensitive target tissues. A principal finding of these studies 
has been the observation of large induced electrical po
tentials in the circulatory system of primates during ex
posure to high magnetic fields. 

Bevelac Studies 

RADIOLOGICAL PHYSICS AND CHEMISTRY 

Aloke Chatterjee and John L. Magee 

In radiation chemical theory it is usually assumed 
that the track of a heavy particle has a definite structure 
(related in a simple way to the physical deposit of energy) 
which determines chemical yields. Actually this situation 
only applies to dilute solutions, which have scavengers 
that destroy all reactive intermediates formed in a track 
before they intermingle and react with the intermediates 
from other tracks. Although systems that yield single
track effects on irradiation are important because they 
present the most straightforward way to compare theo
retical and experimental results and thus verify knowledge 
of track structure, 1•2 most systems of interest in chemistry 
and biology are not of this type. We are therefore required 
to develop a more comprehensive theory in which mul
titrack effects are included. 

There are several hierarchies of multitrack effects. 
The lowest level of approximation involves only the in
teraction of individual tracks with the steady background 
of intermediates created by the irradiation as the tracks 

overlap. Higher levels of approximation involve the ex
plicit consideration of the overlapping of 2, 3, 4 ... tracks 
at a time as they expand. Only the lowest approximation 
is considered here. 

In our development of single-track theory we found 
the concept of "chemical core" useful. 1 This concept 
suggests that a certain fraction of the reactive intermediates 
created by the delta rays of a particle should be included 
with those created by the physical core. In a similar way, 
if there is a background of intermediates created by over
lapping tracks, we can define a chemical core. The extent 
to which the core incorporates radicals from the penumbra 
depends on the level to which the radical concentration 
builds up in the background. We must find the position 
of the chemical core by solving simultaneous equations 
that involve all the reactions that occur in the system 
(see Tables 1 and 2). 

The acetic acid system has been studied over a wide 
range of radiation qualities (from 'Y-rays to low-energy 
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Table 1. Homogeneous reactions for acetic acid (XH) system. 

Reaction Rate Constant 
Reaction Rate* (liters/mole sec) 

XH + H X+ H, R, 8 X 104 

XH + OH X+ H,O R, 2 X 107 

H,O, + H OH + H,O R3 1 X 106 

H,O, + OH HO, + H,O R. 5 X 107 

H, + OH H + H,O R, 6 X 107 

X+ X x, R. 1 X w• 
H + H H, R, 1 X 1010 
OH + H H,O Ra 2.4 X 1010 
OH + OH ... H,O, R. 4 X 109 

HO, + OH O, + H,O R10 1 X 1010 

HO, + HO, H,O, + 0 2 R, 2 X w• 
HO, + H H,O, R, X 1010 

X+H XH Rn X 101o 
X+ OH XOH R,. X 1010 

X+ H,O XH + 0 2 R,, X 106 

* These reaction rates are used in the equations of Table 2. 

Table 2. Differential equations for the reaction scheme of Table 1. 

d dt (H,) = R, - R5 + R, 

d dt (H,O,) = - R3 - R4 + R9 + R,, + R12 

d dt (X,) = R6 

d dt (XH) = R, - R, + R13 + R, 5 

d dt (H) = - R, - R3 + R5 - 2R7 - R6 - R12 - R13 

d dt (OH) = - R, + R3 - R4 - R5 - R6 - 2R9 - R10 - R14 + IGoH 

d dt (H,O) = R, + R3 + R4 + R5 + R6 + R10 

d dt (HO,) = R4 - R10 - 2R11 - R12 - R,, 

d dt (02) = R10 + R11 + R15 

d dt (X) = R, + R, - 2R6 - R13 - R14 - R, 5 

I ... is calculated from the dose rate of irradiation; G; is the track yield of i per 100 e V of energy 
absorbed. 
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Figure 1. Calculated chemical yields for 18 MeV deuterons in 
terms of G values (molecules of product produced per 100 
electron volts of energy absorbed) for the acetic acid system as 
a function of acetic acid concentration. Only the principal prod
ucts are shown. Concentrations are given in moles per liter 
(glacial acetic acid is 17.4 on this scale). The symbol "X" is 
for the CH,COOH radical and X, is succinic acid. 
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Figure 2. (a) Monte Carlo calculation of the chemical intermediates produced in the track of a 5 
keV electron at 70- 11 seconds after initial energy deposit. (b) Monte Carlo calculation of the 
chemical intermediates remaining in the track of the electron shown in 2(a) at 1 o-• seconds after 
initial energy deposit. 

(a) XBL 8710-7184; (b) XBL 8110-12263 
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heavy particles) and over a wide range of concentrations 
(0 to 16 molar). This system also has the advantage of 
having both direct and indirect effects (as encountered 
in radiation biology), direct effects having also been in
vestigated by photochemistry. We have made theoretical 
calculations for this system, using a complete set of equa
tions that include track effects. Some calculated radiation 
chemical yields for irradiations with 18 MeV deuterons 
are shown in Fig. 1. We believe that all radiation chemical 
effects are properly taken into account. Further experi
mental and theoretical work is planned as part ot our 
program to refine the heavy particle track model in a 
multitrack situation. 

The lack of information on the initial distribution of 
reactive intermediates is perhaps the most serious problem 
of theoretical radiation chemistry. It has been customary 
in model calculations to assume initial distributions, and 
the agreement of such calculations with appropriate ex
perimental results has been taken as corroboration of the 
assumed distributions. There is a general understanding 
among radiation chemists that ultimately a theoretical 
treatment must extend from the initial deposit of energy 
to the final reactions, but there are very severe difficulties 
in obtaining good information about early times in ir
radiated systems. It would appear that the basic effort 
must be theoretical, while drawing on the information 
being obtained in particle penetration and impact studies. 
Toward this end, we have recently entered into a col
laboration with researchers at Oak Ridge National Lab
oratory (ORNL). * 

The LBL-ORNL collaboration is using particle pen
etration, excitation cross section, and other data to make 
an elementary treatment of the development of a track 
in water applicable to dilute aqueous solutions. The Monte 

*).E. Turner, R.N. Hamm, H.A. Wright, and R.H. Ritchie of the Health 
and Safety Research Division, ORNL. 
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Carlo method was chosen as the technique, and electron 
tracks were considered first. The analysis has two stages. 
In the first stage, the time period from initial deposit 
(10- 16 sec) through the prethermal phase to about 10-11 

sec (local time) is described. The second stage considers 
the thermal diffusion of the intermediates until their com
pletion of reaction at about 1 o- 6 sec. The Monte Carlo 
method requires the detailed examination of many in
dividual cases and the formation of an appropriate average 
to get results to compare with experiment. Figure 2 shows3 

a typical track of a 5 keV electron; Fig. 2(a) gives the 
pattern of intermediates as calculated for 10- 11 sec, and 
Fig. 2(b) gives the pattern of remaining intermediatres in 
the position at which they react with scavengers at 1 o- 6 

sec. 
A detailed study of a dilute aqueous system is in 

progress; it is hoped that it will merge successfully with 
the assumed distribution of the reactive intermediates. 
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PHYSICAL CHARACTERIZATION OF ENERGETIC HEAVY-ION BEAMS 

Walter Schimmerling, T.S. Subramanian, Selig N. Kaplan,* and W.J. McDonaldt 

The radiation field of relativistic heavy ions is sig
nificantly altered by the inevitable presence of matter in 
the path of the particles. For radiation therapy and ra
diobiological research these materials are mainly beam
flattening and range modification devices, as well as the 
generally healthy tissue between the entrance portal and 
the tumor volume of a patient. In addition, an energetic 
heavy ion beam must traverse vacuum windows, particle 
detectors, and air volumes. The radiation field at the exit 
of these materials consists of the residual primary particles 

*Physics, Computer Sciences and Mathematics Division, LBL. 
tVisiting scientist, University of Alberta, Canada. 

as well as significant fluences of lighter particles produced 
by nuclear interactions in the matter traversed. The velocity 
and charge distribution of the emerging particles is also 
a function of emergence angle, so that the radiation field 
depends on the location (parallel or perpendicular to the 
beam axis) where it is measured. These distributions 
must be known in order to evaluate and predict biological 
effects on cells and tissues, as well as for the design of 
beam modification devices and shielding. 

We use the multidetector particle identification 
spectrometer described in earlier annual reports1 to identify 
every particle in the radiation field and to measure its 



velocity. With this spectrometer we have begun to study 
reaction cross sections, angular distributions of emitted 
particles, fluence spectra as a function of absorber thick
ness, the energy loss of relativistic heavy ions in matter, 
and the dependence of W, the average energy required 
to produce an ion pair in an ionization chamber, on the 
charge and energy of the particles. We have also begun 
a study to evaluate the biological effects of radiation 
fields of differing composition in order to develop a better 
understanding of the currently rather ambiguous concept 
of "beam quality." 

The small area of the spectrometer detectors provides 
excellent angular resolution, so that the angular distribution 
of fragments can be studied by pivoting the entire spec
trometer about the intersection of the beam with the exit 
plane of the absorber. Charge spectra obtained at 0, 1, 
and 2 degrees with respect to the beam axis are shown, 
respectively, in the top, middle and bottom panels of 
Fig. 1. The incident beam was neon, extracted at an 
energy of 670 MeV/A, and the absorber was lfz-in. of 
aluminum. The data have not been normalized to the 
same incident beam fluence; when this is done, the total 
fragment fluence decreases by a factor of 24 in going 
from 0 degrees to 1 degree, and by another factor of 6 
in going to 2 degrees. The sharp peaking at 0 degrees is 
in accordance with data obtained for other relativistic 
heavy ion beams and shows that the observed fragments 
are mainly from projectile fragmentation. 

The proportion of primary neon particles relative to 
the lighter fragments changes with intersection angle. At 
0 degrees, and for such a thin absorber, the radiation 
field consists almost entirely of neon. As the angle is 
increased, the residual neon, which is due mainly to 
multiple Coulomb scattering, diminishes rapidly, while 
the lightest fragment peaks increase and predominate at 
2 degrees. This dramatic change in beam quality has 
important implications for small beam spot irradiations 
and for biological effects near the edges of larger beam 
spots, implications that remain to be studied in further 

detai I. 
One important purpose of this work is the use of 

known radiation fields <o study radiobiological response. 
From such responses, it should be possible to better 
establish, for a given model, the dependence of, say, 
cell survival parameters on the energy and charge spectra 
of the radiation field. To test these ideas, T-1 cells (kidney) 
in culture were irradiated by 'E. Blakely in a silicon beam 
with a residual range (calculated from the measured beam 
velocity) of 1. 9 em of water, and survival curves were 
obtained for hypoxic and aerated cells. The fraction of 
dose delivered by each element, calculated from the 
measured charge and the average measured velocity of 
fragments in each charge group, is plotted as a histogram 
in Fig. 2 (percent dose on left ordinate scale). 
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Figure 1. Charge spectra for neon beam extracted at an energy 
of 670 MeV! A, with an absorber of'h-inch aluminum. The top, 
middle, and bottom panels represent, respectively, charged 
spectra obtained at angles of(]', 1°, and:? with respect to the 
beam axis. The data have not been normalized. 
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Relative biological effectiveness (RBE) and the oxygen 
enhancement ratio (OER) can be estimated from cell 
survival models. For simplicity, we use the "linear-quad
ratic" model, for which extensive data concerning pa
rameter dependence on linear energy transfer (LET) have 
been published2

: 

5 = 50 exp (-aD- l3lJ2),. (1) 

where 5 is cell survival at a dose 0, and solve for the 
10% survival dose 0 0 _1 as follows: 

In 0.1 = - (~a;f;) 0 0 .1 - (~13ll lYo. 1 • (2) 

In Eqs. (1) and (2), a; and !3; are the conventional coef
ficients of the linear-quadratic model, f; is the fraction 



Charge 

Figure 2. Histogram representing the measured fraction of dose 
delivered by each element in the radiation field of an incident 
(-670 MeV! A) silicon beam with a residual range of- 1. 9 em 
H,O. The solid circle and triangle show the experimental values 
of RBE and OER (see right-hand ordinate scale) obtained in this 
radiation field. The open circles and open triangles represent 
the cumulative values of calculated RBE and OER obtained by 
successively including Z = 14, 14 + 13, etc. in the calculation. 

(NOTE: all data in this figure are preliminary.) 
XBL 8111-4346 

of dose delivered by particles of charge i (and, hence, 
different LET), and the sums are over all charges (i.e., 
LET). The sums can be interpreted as average or effective 
values of the coefficients. This approximation neglects 
interactions between particles of different LET. 

The values of D0 1 obtained from Eq. (2) can be 

61 

calculated with published coefficients for the hypoxic 
and aerobic cases, and used to calculate the RBE and 
OER for the irradiated cells. The results of such a cal
culation are shown in Fig. 2 (right-hand ordinate scale). 
The open circles are the cumulative values of RBE obtained 
by including Z = 14, 14 + 13, etc. in the summation 
of Eq. (2); the open triangles are the successive values 
of OER obtained in the same manner. The filled circle 
and triangle represent experimental values of RBE and 
OER, respectively, for this silicon-beam radiation field. 
It must be emphasized that the approximate calculation 
is not based on the measured survival curve, but on the 
measured characteristics of the radiation field and on 
values of a and 13 obtained for carbon and argon beams. 
As may be seen, even with the approximations used, the 
calculated values converge toward reasonable agreement 
with the measured value as more and mo"re fragments 
are taken into account, with fragments of charge less 
than about half that of the primary beam making a neg
ligible contribution. 
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PHYSICAL MEASUREMENTS WITH HIGH-ENERGY RADIOACTIVE BEAMS 

Aloke Chatterjee, William M. Saunders, Edward L. AI pen, Jorge Llacer, * Jose R. 
Alonso, t and Janis S. Scherer 

The availability of energetic radioactive beams is a 
recent development. On the basis of our limited experience 
with them, we feel that such beams have great potential 
as a diagnostic tool in treatment planning for cancer 
patients. But before these beams can be used with con
fidence, their physical characteristics must be understood. 
Measurements such as those described here are important 
for the optimal use of radioactive beams in clinical sit
uations. For example, it will sometimes be mandatory 
to have a quantitative knowledge of the difference in 
depths between the position of the Bragg ionization peak
the region of maximum ionization-and the range of the 

*Instrument Science and Engineering, Engineering and Technical Services 
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particles. Our detector methods determine the locus of 
the stopping particles. Peak ionization always occurs a 
few millimeters short of the particle range, and, for the 
beams reported here, the difference is about 2 mm. Even 
this slight difference may be extremely important in some 
clinical situations. In some patients, radiation therapy 
could not be used for lack of such knowledge. Precise 
localization is needed in, for example, irradiation of the 
pituitary, of small intraocular tumors, and of tumors 
abutting the spinal cord. 

Our measurements have been made with high-energy 
(positron-emitting) beams produced as secondary particles 
from a parent beam in a heavy-particle accelerator, the 
LBL Bevalac, a synchrotron-linear accelerator combi
nation. We present data for water-equivalent thickness 



for a silicon diode, Bragg peak ionization depth versus 
stopping depth, and differential stopping depths when a 
beam is intercepted by materials heterogeneous in the 
orthogonal direction. A special positron-emitting-beam 
analyzing system (PEBA)l was used to form images of 
the stopped radioactive beam. 

It is well known that heavy charged particles (protons, 
pions, helium ions, and other high atomic number par
ticles) exhibit a flat distribution in dose with depth till 
near the end of their range, where there is a many-fold 
increase in ionization, called the Bragg peak. From the 
point of view of physics, this is a well-understood phe
nomenon. If the energy of the beam can be properly 
controlled, so that the peak of ionization occurs in the 
tumor, one may reasonably expect to observe favorable 
results. A slight error in the placement may cause severe 
overdose of a nearby vital organ, besides underdosing 
the tumor. Exact calculation is, at best, difficult because 
of the variable stopping power of fat, bone, and other 
tissue. Several practical methods have been proposed to 
overcome this problem, 2•3A and efforts by various workers 
to test them are continuing. 

The radioactive beams we have made measurements 
with are positron emitters that annihilate by decaying 
into two gamma rays at 180° phase difference. Typical 
examples of radioactive particles used are 11 C (half-life, 
20 min), 150(2 min) and 19Ne (17 sec). 

Various Bragg ionization curves were obtained using 
both 20Ne and a collimated 19Ne beam. Measurements 
were made by using ion chambers as well6as silicon 
diodes. The Bragg ionization curve for 20Ne at 383 MeV/ 
amu, as estimated with the ion chambers, is seen in Fig. 
1. The Bragg peak occurs at 15.2 em. For the same beam, 
when a silicon diode is used, the peak in ionization 
occurs at 14.94 em, as seen in Fig. 2. The Bragg ionization 
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Figure 1. Experimentally measured Bragg ionization curve for 
pure 20Ne beam in water. Both ion chambers were used. The 
Bragg peak occurs at 15.2 em. 
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curves for the 20Ne beam are quite sharp, indicating very 
little spread in energy of the primary 20Ne beam. The 
difference between 15.2 em and 14.94 em is 0.26 em
the water-equivalent thickness of the silicon diode as 
measured with 20Ne. 

Similar Bragg curves were obtained with the sec
ondary 19Ne beam, and the results are shown in Figs. 3 
and 4. When only ion chambers were used, the Bragg 
peak appeared at 10.23 em; in the silicon diode meas
urement, the peak was at 9. 90 em, for a difference of 
0.33 em. This is the water-equivalent thickness of the 
silicon diode, as measured with the 19Ne beam. There 
is thus a difference of 0.07 em between the measurements 
made with the primary 20Ne and the secondary 19Ne 
beams. 
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Figure 2. Bragg ionization measurements for the same 20 Ne 
beam as in Fig. 1. In this case the Bragg peak falls at a depth 
of 14.94 em. 
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Figure 3. Bragg ionization curve for the radioactive beam 19Ne. 
It was produced by nuclear fragmentation of the 20 Ne beam in 
a 1-in. beryllium block. Both ion chambers were used. The 
width of the Bragg peak is wider. Ionization peaks at a depth 
of 10.23 em. 
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These data have clinically significant implications 
in Bragg-peak therapy. The range of the 19Ne beam, as 
measured from the ionization curve (Fig. 3) is 10.45 em 
at the 50% point on the downward portion of the curve; 
this, minus the depth of the Bragg peak, yields a difference 
of 0.22 em. 

This separation was measured again, using two cy
lindrical Lucite catchers (3 em diam and 4 em long). A 
variable water column was used to regulate the amount 
of activity deposited in each cylinder. The difference was 
determined to be 0.16 em for the 19Ne beam used, slightly 
less than the 0.22 em found without the Lucite cylinders. 

To show that the Lucite block measurement is more 
accurate, and to demonstrate the sensitivity of the method, 
we present two PEBA images for water column settings, 
one slightly under beam range and another slightly over 
range. In Fig. S(b) the water column setting was 5.8 em. 
Two peaks of unequal activity are seen, 28 nCi for the 
upstream cylinder and 22 nCi for the downstream cylinder. 
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Figure 4. For the same "Ne beam (as in Fig. 3), ionization vs. 
depth· measurement curve is shown when silicon diode was 
used instead of the downstream ion chamber. Peak in ionization 
occurs at 9.90 em. 
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Figure 5. Activity in the two Lucite cylinders shown for different thickness of water absorber adjusted by the variable water column. 
The distribution on the left-hand side is due to the beam stopping partially in the upstream cylinder. Rest of the beam stops in the 
downstream cylinder (the right-hand side of each curve). (a) Water absorber is too thick to register activity in downstream cylinder. 
(b), (c) Water absorber is still not adjusted properly for the activities to be equal. (d) Activities are equal within accuracy of the 
experiments. XBL 879-7001 



For a water column setting of 5.7 em, two peaks were 
again seen [Fig. 5(c)], with unequal intensities; but this 
time the downstream cylinder had 27 nCi compared to 
23 nCi in the upstream one. These data show the certainty 
with which the particle range can be estimated. A dif
ference of only 0.1 em gave large and identifiable dif
ferences in deposited activity and made it easy to finally 
choose, with precision, the appropriate water column 
setting to a fraction of a mm. 

Some qualitative results were obtained in an ex
periment where the beam was intercepted by discs of 
heterogeneous material. A graphic plot of these data are 
shown in Figs. 6(a) through (c). The discs were of 3 em 
diam and 5 mm thick. One half of each disc was made 
of Ca504 (plaster of paris) and the other half of styrofoam. 
These discs were placed in the path of the beam, and a 
long Lucite cylinder was placed behind the discs as a 
stopper. Images of the stopping points were formed through 
PEBA and displayed on a video output. 

In Fig. 6(a), when only one disc was used, the two 
point images could not be isolated by PEBA; hence only 
one image appeared, even though there is some indication 
of another image formation. But when two discs were 
used, we noticed two distinct peaks [Fig. 6(b)]. The activity 
in one peak was about 5 times more than in the other. 
and hence they were quite separate from each other. 
When three discs were interposed [Fig. 6(c)], two peaks 
appeared. The two peaks were not that well separated 
because a beam about two times more intense went 
through the CaS04 plate compared to the intensity of the 
styrofoam side. lh this case there was more interference 
between the two stopping points. Thus, it was clear to 
us that, besides the amount of different materials inter
posed, in order to see separate images, the relative in
tensities intercepted by the two halves must be considered. 

In actual therapy, situations are not as simple as in 
this experiment. Nevertheless, these initial experiments 
have given us more insight into the actual therapeutic 
problem. Additional complicated measurements using 
human phantoms are underway. We believe that the 
knowledge gained from these will assist us in optimizing· 
Bragg-peak therapy of cancer patients~ 
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Figure 6. Activity distribution for differential stopping of same 
beam when intercepted by different materials in direction per
pendicular to beam incidence. (a) Only one disc (5 mm thick 
Caso. and 5 mm thick styrofoam) was used and images of the 
stopping points could not be separated beyond doubt. (b) Two 
discs were used and the images are well separated. (c) Three 
discs were used, producing separable images, but demonstrating 
some interference between the images of the stopping points. 
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HEAVY-ION MICROSCOPY 

Eleanor A. Blakely, Thomas L. Hayes, James Schmidt, and Leora lommel 

Heavy-ion microscopy is a technique for examining 
submicroscopic samples based on their electron densities. 
The technique is still being developed, and at present, 
it is performed by irradiating fixed but unstained biological 
material with low-energy charged particle beams. Ami
croradiograph of the sample results when the sample's 
track-sensitive support, a particle track detector substrate 
(CR-39), 1 is etched to produce a replica of the biological 
material. This replica can be examined with a conventional 
light microscope or a scanning electron microscope. The 
technique has the potential to permit examination of 
unfixed samples and samples labeled with "site-specific" 
heavy atoms. 

During the past year, our studies with mica and CR-
39 replicas indicated that the CR-39 is easier to handle 
and improves the resolution capabilities of heavy-ion 
microscopy compared to the mica, which was used for 
the initial studies. The influence of particle charge, energy, 
and dose on the quality of CR-39 replicas has also been 
determined, and significant improvements in beam fo
cusing and field uniformity, as well as standardization 
of sample irradiation procedures, have been achieved. 
Both chromosome and whole cell preparations have been 
investigated, although chromosome preparations from 
cultured human and hamster cell lines and from a small 
Indian deer (Muntiacus muntjak) have been studied most 
extensively. 

It has long been recognized that abnormalities in 
chromosomal structure accompany the development of 
cancer, and that abnormal chromosomal structure in
dicates the deleterious effects of a variety of chemical 
and physical carcinogens . In recent years, many diseases 
have been related to specific chromosomal aberrations. 
Considerable effort is being expended to use sophisticated 
pattern recognition techniques for quantitating minute 
changes in chromosomal morphology, as these changes 
may relate to the understanding of normal structure and 
to the etiology and progression of cancer and other dis
eases. 

The currently available microscopy techniques con
tinue to pose limitations on the imaging of biological 
samples. Light microscopy (visible and ultraviolet) is lim
ited to visualizing chromosomes in certain phases of the 
cell cycle . The cells must be fixed and stained to make 
structural alterations visible, and the technique is severely 
limited by resolution. Scanning and transmission electron 
microscopy (SEM and TEM) have had great success in 
visualizing cell microstructures; however, they are gen
erally unsatisfactory for studying cell nuclei and chro
mosomes because the cells must be fixed and dehydrated 
and the microscopy performed under vacuum. The loss 

of water apparently destroys delicate chromosomal 
structures so that even after staining one obtains a ho
mogeneous granular image that lacks detail. SEM gives 
good resolution, but we cannot be sure what alterations 
have taken place after the chromosomes have been fixed 
or frozen, dehydrated, and finally metal-coated before 
viewing. Recent progress in soft x-ray microscopy has 
relied on the availability of intense monochromatic x 
rays. This technique appears to have similar promise to 
heavy-ion microscopy; however, practical difficulties in
clude very insensitive detector systems that require ex
tremely high doses. 

To prepare the chromosomes for imaging with heavy
ion microscopy, cells are grown in plastic tissue-culture 
flasks . An enriched mitotic cell population is obtained 
by mitotic shake-off, and the cells are suspended in phos
phate buffer saline (PBS) solution . After they are spun in 
the centrifuge to concentrate the cells and remove the 
PBS, they are treated in a hypotonic solution and incubated 
for 2 minutes at 37°C, which causes the cells to swell. 
When the cells are dropped on CR-39 detectors that have 
been pre-etched with sodium hydroxide, the cells burst 
and their contents spread . The free chromosomes are 
then ready to be imaged. If whole cells are to be imaged, 
the cells are grown directly on the plastic nuclear track 
detector and fixed gently with gluteraldehyde just before 
imaging. After irradiation, the chromosomes (or cells) 
are washed off and the CR-39 chips are placed in a 
sodium hydroxide solution which selectively removes 
the irradiated portions of the plastic. What remains is, 
in essence, a three-dimensional topographic map of the 
chromosomes or an entire cell. 

Figure 7. Heavy-ion radiograph of Muntiacus muntjak chro
mosomes. This image was taken with helium ions at 500 keV 
energy using the van de Craaff accelerator. Note the long cen
tromeres characteristic of this species, and the ridges and edges 
of the CR-39 plastic chip in the background. 

XBB 81 7-6474 
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Figure 2. An earlier heavy-ion radiograph than that shown in Fig. 7. These Muntiacus muntjak chromosomes have been imaged 
with (A) an optical microscope and (8) a scanning electron microscope (SEM). The radiograph was made by helium ions accelerated 
to 500 keV The SEM image helps to interpret overlapping chromosomes. This is a good example of the topographic information 
made available by heavy-ion microscopy. 

The low-energy heavy ions used for these studies 
have been produced at the LBL van de Graaff accelerator 
facility, operated by M. Strathman and J. jaklevic of LBL's 
Instrument Science and Engineering Department. This 
machine is capable of accelerating ions from helium to 
argon at energies up to 2.5 MeV. The collaborative support 
of the van de Graaff crew has been essential to the refined 
heavy-ion images obtained this year. 

Figure 1 is a heavy-ion micrograph of muntjak chro
mosomes. They are large and relatively easy to see because 
muntjak cells contain only seven chromosomes each. 
Note the long, narrow centromeres on several of the 
chromosomes. These centromeres are unique to this spe
cies, and correspond directly to the physical structure 
of chromosomes observed with conventional karyotype 
techniques. The background shows ridges and edges of 
the etched plastic. 

Figure 2 compares a light micrograph of another 
replica (also of muntjak chromosomes) created by heavy-

XBB 8 75-46 /JA 

ion microscopy with SEM images of the replica. The SEM 
photomicrograph clearly shows which two strands belong 
to the overlapping chromosome, which is not immediately 
obvious from the conventional light photomicrograph. 

We anticipate that heavy-ion microscopy will rou
tinely yield better quality microscopic images of cell 
nuclei , chromosomes, and the mitotic apparatus. We 
plan to proceed with a heavy-ion microscopic study of 
aberrations produced by low doses of deleterious agents. 
It will be of particular interest to see if we can improve 
on the reliability of detecting minute ch romatid and 
chromosome aberrations. 
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TUMOR RADIOBIOLOGY STUDIES WITH HEAVY CHARGED-PARTICLE BEAMS 

Stanley B. Curtis, Tom S. Tenforde, Javed Afzal, and Shannon Parr 

The response of a rat rhabdomyosarcoma tumor sys
tem to irradiation with heavy charged particles is being 
evaluated from experiments conducted both in vivo and 
in vitro. The radiobiological end points being studied 
include tumor volume response, cellular survival after 
tumor irradiation in situ, survival of oxic and hypoxic 
cells irradiated in vitro, and cell-kinetic parameters 
measured by flow cytofluorometry. The primary emphasis 
of our research during the past year has been in the 
following areas: (1) measurements of the combined effects 
of hypoxic cell sensitizers and charged-particle radiation; 
(2) repair of potentially lethal damage (PLD) by tumor 
cells in vivo and in vitro; and (3) characterization of 
tumor cell survival following irradiation in situ with ac
celerated silicon ions. The principal results obtained in 
each of these areas are described below. 

HYPOXIC CELL SENSITIZERS 

Previous studies in our laboratory have demonstrated 
that the electron-affinic sensitizer misonidazole increases 
the killing of hypoxic tumor cells by high linear energy 
transfer (LET) radiation from accelerated charged-particle 
beams. Using radiation-induced growth delay as an end 
point, dose enhancement ratios of 1.1 to 1.3 were ob
served for rat rhabdomyosarcoma R-1 tumors that were 
treated with a combination of misonidazole and extended
peak radiation from accelerated carbon and neon ions. 
During the past year, studies were carried out to assess 
the relative efficacy of misonidazole and its primary me
tabolite, 0-desmethylmisonidazole. As shown in Table 
1, a significantly greater enhancement of tumor response 
to both x rays and neon ions was observed following 
combined treatment with the desmethyl derivative in 
comparison to misonidazole. The increased effectiveness 
of 0-desmethylmisonidazole may be attributable, at least 

in part, to its greater peak concentration-4mM--in 
rhabdomyosarcoma tumors, as compared to a misoni
dazole peak concentration of 3mM. 

REPAIR OF POTENTIALLY LETHAL DAMAGE 

PLD repair was measured for rhabdomyosarcoma 
R-1 tumors irradiated in situ with either 225-kVp X rays 
or 557 MeV/u neon ions in the distal position of a 4-cm 
extended peak. With both radiation modalities, no in
crease in cell survival was observed at 3, 6, 12, and 24 
hours following irradiation. This result was consistently 
observed in four experiments with x rays and two ex
periments with accelerated neon ions, indicating that 
the rat rhabdomyosarcoma tumor system does not repair 
PLD in vivo. In contrast, stationary phase rhabdomy
osarcoma tumor cells irradiated in vitro with x rays exhibit 
substantial PLD repair. Following a 9 Gy dose of x rays, 
cell survival in vitro was observed to increase from 5% 
to 20% over a period of 6 hours following irradiation. 
These results indicate a significant difference between 
solid tumors and cells grown in vitro in their abilities to 
repair PLD. 

ACCELERATED SILICON IONS 

Cell survival was measured for rhabdomyosarcoma 
R-1 tumors exposed in situ to beams of accelerated silicon 
ions with an initial energy of 670 MeV/u. Tumors were 
irradiated with either 225-kVp x rays or with silicon ions 
in the distal position of a 4-cm extended peak as shown 
in Fig. 1 (a); cell survival was determined by the in vivo 
to in vitro assay procedure, with results shown in Fig. 1 
(b). A comparison of the x-ray survival curves for tumors 
irradiated in air-breathing hosts with those for tumors in 
hosts asphyxiated with nitrogen gas 5 mi~.;before irra
diation indicates that the chronically hypoxic fraction of 

Table 1. Enhancement ratios for radiation-induced growth delay of R-7 tumors following 
combined treatment with accelerated neon ions and misonidazole or desmethylmisonidazole. 

Radiation modality* Sensitizert ER,0:f: ERso:f: 

X rays Misonidazole 1.8 2.1 
Desmethylmisonidazole 2.1 2.4 

Peak neon ions Misonidazole 1.2 1.2 
Desmethylmisonidazole 1.4 1.5 

* The x-ray energy was 225 kVp. For the neon ion irradiations, tumors were positioned in the 
distal 1.5 em portion of a 4-cm extended-peak ionization region. 

t Misonidazole and desmethylmisonidazole were administered intraperitoneally 30-60 min prior 
to irradiation at dose levels of 500 and 1,500 mg!kg, respectively. 

:f: The ER20 and ER50 values are dose enhancement ratios at the 20-day and 50-day growth delay 
levels, respectively. Each enhancement ratio was calculated as the ratio of radiation doses · 
required to produce a given level of growth delay without and with administration of the sensitizer 
(dose without/dose with). 
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. Figure 1. Cell survival data for rhabdomyosarcoma tumors irradiated in the extended-peak region of a 670 MeV/u silicon-ion beam. 
(A) Depth-dose curve for the silicon beam, showing the"tumor irradiation position in the distal 4-cm peak. (8) Survival curves for 
tumors irradifted in situ with 225-kVp x rays and peak silicon ions under lrypoxic and euoxic conditions; the tumors were excised 
following irradiation, dissociated enzymatically to single-cell suspensions, and plated in vitro for assay of cell survival based on 
colony-forming ability. (C) Survival curves for fully oxygenated tumor cells irradiated in situ with extended-peak radiation from beams 
of carbon, neon, and silicon ions. (0) Survival curves for hypoxic tumor cells irradiated in situ with extended-peak radiation from 
beams of carbon, neon and silicon ions. 
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cells is 37%. With this value for the hypoxic fraction, 
the survival characteristics of fully oxygenated cells was 
calculated for both x rays and silicon-ion irradiation, as 
shown by the dashed lines in Fig. 1 (b). From these survival 
curves, values of the relative biological effectiveness (RBE) 
and the oxygen enhancement ratio (OER) were calculated 
for the silicon beam and compared with previous meas
urements for accelerated carbon and neon ions (Tables 
2 and 3). Comparisons of the in vivo cell survival curves 
for these three charged-particle beams are also shown 
in Figs. 1 (c) and 1 (d). From these data, the following 
conclusions can be drawn with regard to the radiobiol
ogical properties of the silicon beam relative to carbon 
and neon ions: 

(1) The RBE for killing of oxic R-1 tumor cells exposed 
to silicon ions in the distal peak region (median dose
averaged LET 00 = 250 keV/f..l.m) is greater than the RBE 
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of peak carbon ions (median LEToo = 80 keV/f..l.m), but 
less than that of peak neon ions (median LET 00 = 145 
keV/f..l.m). This result indicates that the RBE for peak silicon 
ions lies beyond the maximum of the RBE-LET curve for 
oxygenated cells. 

(2) The RBE of peak silicon ions for killing hypoxic 
R-1 tumor cells is greater than that of peak carbon and 
peak neon ions. This observation indicates that the RBE 
for peak silicon ions lies at or near the maximum of the 
RBE-LET curve for hypoxic tumor cells. 

(3) The oxygen effect is substantially reduced for 
peak silicon ions relative to peak carbon or peak neon 
ions. The oxygen gain factor, defined as the ratio of the 
x-ray OER to the charged-particle OER at the same survival 
level, increases from 1.3 for peak neon ions to 1.7 for 
peak silicon ions. 

Table 2. Relative biological effectiveness for R-1 tumor cells exposed to peak 
carbon, neon and silicon ions in vivo. • 

Exposure 
Radiation modality+ conditions RBE0.0, RBE0., 

Peak 12C ions Air 1.9 2.0 
(initial energy Hypoxic 2.0 2.0 
= 400 MeV/u) Oxic (calculated) 1.7 1.8 

Peak 20Ne ions Air 3.1 3.1 
(initial energy Hypoxic 3.1 3.3 
= 400 MeV/u) Oxic (calculated) 2.5 2.7 

Peak 26Si ions Air 3.3 3.2 
(initial energy Hypoxic 3.6 3.6 
= 670 MeV/u) Oxic (calculated) 2.1 2.2 

• RBE values are relative to 225-kVp x rays. The subscripts 0.01 and 0. 1 refer to 
values of RBE at the 1% and 10% survival levels, respectively. 

t Tumors were irradiated with charged particles in the distal position of a 4-cm 
extended peak. 

Table 3. Oxygen enhancement ratios for R-1 tumor cells exposed to peak carbon, 
neon and silicon ions in vivo. • 

Radiation modality+ OERo.o1 OER0 , OGF0 ,:t: 

225-kVp X rays 2.2 2.2 

Peak 12C ions 1.9 1.9 1.2 
(initial energy 
= 400 MeV/u) 

Peak 20Ne ions 1.7 1.7 1.3 
(initial energy 
=400 MeV/u) 

Peak 26Si ions 1.2 1.3 1.7 
(initial energy 
= 670 MeV/u) 

* The subscripts 0.01 and 0.1 denote values at the 1% and 10% survival levels, 
respectively. In vivo OER values were determined from the directly measured 
hypoxic and calculated oxic cell survival curves. 

t Tumors were irradiated with charged particles in the distal position of a 4-cm 
extended peak. 

t OGF is the oxygen gain factor, defined as the ratio of the x-ray OER to the charged
particle OER at the same survival level. 



70 

FEEDER CELLS AND CELL SURVIVAL IN SPHEROIDS AND MONOLAYERS 

Adrian Rodriguez and Edward l. Alpen 

In many studies, the multicell spheroid system has 
been proposed as a tumor model. Spheroids, like growing 
tumors, have been found to be a mixed population of 
cells with regard to proliferative capacity and oxygenation, 
and these properties have been suggested as responsible 
for their special radiation survival characteristics. 

Sutherland and Durand have theorized that the close 
three-dimensional contact of spheroid cells gives them 
a greater capacity to sustain sublethal damage, with in
creased radioresistance due to hypoxic conditions in the 
innermost regions of the speroid. 1 However, Durand2 

and Carlsson eta/. 3 have shown that the proposed cell 
contact effect and the degree of hypoxia observed is 
highly dependent on the cell line being used, and that 
the presence or absence of a necrotic core in the spheroid 
is not a good predictor of the degree of hypoxia. Each 
spheroid system studied must therefore be fully char
acterized, and it should not be assumed that work on 
one cell system will provide understanding of other cell 
systems. 

It was reported previously by us4 and by Deen et 
a/., 5 that 9L-cell spheroids (a rat brain tumor cell line) 
possessed a greater cellular radioresistance than the same 
9L cells grown as monolayers. This was found to be true 
for both x-rays and high-energy heavy-ion radiations. 
Since our 9L cell line requires feeder cells for improved 
plating efficiency in clonogenic assays, we decided to 
determine the degree of interaction between the feeder 
cell concentration and the spheroid cell and conventional 
cell culture survival curves. 

Cell survival assays were done with two concentra
tions a( feeder cells. Figure 1 shows the survival curves 
for 9L cells irradiated as single cells and as spheroids 
when the cells were plated with 104 feeder cells per 60 
mm culture dish. The survival curve for the spheroid 
cells includes pooled data for cells from small spheroids 
(1 03 ± 27 f.1m diameter) and large spheroids (303 ± 
56 f.1m diameter). The spheroid cell survival data was 
pooled because no lesser steepness in slope at low survival 
for the large spheroids was apparent, from which we 
concluded that having a fraction of hypoxic cells did not 
contribute to enhanced survival. The spheroid cell survival 
curve had a larger Do value than that for the cell sus
pensions. The Do values for the single cells and for cells 
irradiated as spheroids are 190 and 260 rads, respectively. 
The survival parameters are listed in Table 1. One can 
see from both Fig. 1 and Table 1 thatthe spheroids had 
better survival rates and greater radioresistance than the 
cell suspensions. 

Figure 2 shows the post-irradiation survival of single 
cells and spheroid cells when the feeder cell concentration 

is 7.5 x 104 cells per 60 mm dish. Cell survival parameters 
(Table 1) of spheroid cells were not different with the 
higher feeder cell number. Figure 2 shows pooled data 
for survival of cells from a wide range of spheroid sizes 
that were assayed, and these data appear to be homo
geneous. The Do for the spheroid cells was 275 rad, not 
significantly (P::;:0.01) different from that found for assays 
with the lower feeder cell concentration (Table 1). The 
survival parameters for single cells plated with the higher 
feeder cell number was significantly (P ::;:0.01) different 
from the same parameter found at the lower feeder cell 
concentration. The Do for suspension and monolayer 
cells was 243 rad, not much different from the Do of 275 
rad found for cells irradiated as spheroids. 

The agent used for cell dispersal, trypsin or neutral 
protease, had no detectable effect. The plating efficiency 
of unirradiated cells was the same for both spheroids 
and monolayers, and the surviving fraction at constant 
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Figure 7. Survival of x-irradiated cells from spheroid (o) and 
eel/suspensions (e) with 70' feeder cells. Data from small and 
large spheroids have been combined. Figure'combines results 
of four experiments with cell suspensions and spheroids. Error 
bars indicate one standard deviation. 
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Table /. Summary of survival parameters for cells from monolayer suspension cultures and from 
spheroids. 

Cell source feeder layer concentrations 

Monolayer 
suspension cultures Spheroids 

Parameters of 
survival curve* 

104 7.5 X 104 104 7.5 X 104 

Do (95% Cl) 

Dq (95% Cl) 

n (95% Cl) 

190 (185-195) 243 (225-262) 260 (235-285) 275 (250-300) 

250 (245-255) 337 (364-410) 310 (280-340) 200 (115-285) 

3.7 (3.3-4.2) 4.0 (2.7-6.0) 3.3 (2.1-5.0) 2.1 (1.4-3.0) 

* CJ = confidence interval-the number ranges in parentheses; n = intercept of the ordinate, the values 
of which tend to be asymmetrical at these extreme regions. 
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radiation dose remained unchanged for both cell types 
after dispersal with either agent. 

Figure 3 shows the plating efficiency for non-irradiated 
cells from monolayers and spheroids for a wide range 
of feeder cell concentrations. Cells from the monolayers 
or from spheroids have an increasing plating efficiency 
with increasing feeder cell numbers up to feeder cell 
levels of 7.5 x 104

• At concentrations greater than 105 

feeder cells the plating efficiency is markedly reduced. 
The data for cells from spheroids in Fig. 3(a) is for large 
spheroids (504 ± 19J.Lm diameter), which typically have 
a larger central core of necrosis, leading to an overall 
lower plating efficiency than monolayer cells. In general, 
the plating efficiency was decreased with large spheroids. 
Small spheroids (1 00-300 J.Lm diameter) had a plating 
efficiency similar to that of single cells. 

A survival assay with x-irradiated cells was conducted 
with doses of BOO and 1 ,300 rads. The surviving fraction 
shown in Fig. 3(b) for a dose of 1 ,300 rads revealed that 
post-irradiation survival of monolayer cells could be en
hanced almost twofold as feeder cell concentrations in
creased from 104 to 105 per 60 mm dish. The survival 
of cells dispersed from spheroids did increase slightly, 
but not to the degree observed for the monolayer cells. 
For both cells from spheroids and monolayers, survival 
fraction was reduced by very high feeder cell numbers. 

Extensive work has been done on the x-ray survival 
response of cells from spheroids, primarily V79 Chinese 
hamster cells. Cells grown in three-dimensional contact 
as spheroids were observed to be more radioresistant 
than cells grown conventionally as monolayers or cell 
suspensions. The spheroid survival curves were char-
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acterized by a relatively broadened shoulder (Dq), with 
increased extrapolation number for small spheroids ( < 1 00 
~-tm diameter). 

Our results with spheroids did not show radiation 
response curves that varied with spheroid size, such as 
has been found in other experiments with V79 Chinese 
hamster cells. The results with 9L spheroids are in agree
ment with the· results of Deen et al. 5 in this respect. In 
addition, there was no observable hypoxic fraction in 
large spheroids, such as others observed in in vivo to in 
vitro assays of this same cellline. 6.7 

When the feeder cell concentration is optimized, 
the difference in survival between the cells grown in 
monolayers and in spheroids is reduced for both irradiated 
and unirradiated cells. Our cell assays for both spheroids 
and single cells indicate that feeder cells not only promote 
clonogenicity, but may also condition the media. Con
ditioned media have been shown in the past to have 
effects on the repair of potentially lethal damage. The 
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;educed dependence on feeder cells of spheroid-derived 
cells may indicate that factors are derived from spheroids 
that are similar to those provided by killed feeder cells 
or conditioned medium. In addition, Deen et al. 5 have 
shown that spheroid-derived cells are more radiosensitive 
if they are dispersed prior to being irradiated. We believe 
that this phenomenon has not been reported elsewhere 
and it may or may not be unique to the 9L cell line. The 
substitute feeder cell effect may be at least part of a 
general explanation underlying the apparent radiores
istance of cells grown as spheroids, and may be, in part, 
the basis for the cell contact effect reported by Sutherland 
and Durand. 8 
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LIFE-SPAN STUDIES ON MICE EXPOSED TO HEAVY CHARGED PARTICLES 

E. john Ainsworth, john C. Prioleau, and Lynn j. Mahlmann 

This project, designated Skyhook, was initiated in 
1977-1978 to evaluate life-shortening effects of heavy 
charged particles (HZE). It was hoped that the program 
could ultimately be expanded so that data could also be 
collected ori tumor frequencies, and dose-response re
lationships for at least selected tumors defined. Many 
previous life-span studies had sought to define life-short
ening and carcinogenic effects of photons, protons, or 
high-LET neutrons, but such experiments had not been 
conducted with HZE particles. 

Traditionally, dose-averaged linear energy transfer 
(LET) has been used to evaluate or predict carcinogenic, 
life-shortening, or other deleterious effects of ionizing 
radiations. The general relationship is that increased effect 
or risk is associated with increased LET and then at a 
high level of LET, declines so that a significant fraction 
of the ionization energy is wasted. In the realm of external 
radiation, low-energy, high-LET neutrons, such as those 
produced by reactors, are considered the most hazardous. 
The maximum LET at which comprehensive life span 
studies with neutrons have been conducted is in the 
range of 40 to 70 keV/fl.m; very little information is avail
able for LET values below that range, except for photons, 
and substantially none above it. Although, in terms of 
cell killing in vitro or in vivo, dose-averaged LET alone 
fails to fully describe biological responses to HZE particles, 
we have used the LET concept in the Skyhook studies 
for planning and for comparison of results with experiments 
using neutrons. 

The experimental approach is to expose groups of 
mice to graded doses of different HZE particles, or to 
gamma radiation, in order to define dose-response curves 
for at least life shortening, so that comparisions can be 
made between different HZE particles and other high
LET radiations. These results should be important in de
fining the relative hazard of HZE particles, which are 
characterized by different estimates of dose-averaged LET. 
Because particle mass, charge, or velocity, independent 
of LET, may also be important for characterizing biological 
response, groups of mice have also been exposed, at the 
same LET, to HZE particles differing in mass and charge. 
LET of the order of 80 keV/fl.m has been achieved by 
exposing mice either to stopping 12C particles or to 26Si 
ions in the plateau portion of the Bragg ionization curve 
at appropriate energies. 

Additionally, recent results on cell killing indicate 
significant interactions between injuries produced by high
and low-LET radiations. Although the extent to which 
such interactions are important for carcinogenesis and 
mutagenesis is not known, we should explore this matter 
experimentally in our life-span studies. Computation of 

rem doses for risk estimation in complex radiation fields 
currently assumes independence of high and low LET 
radiation damage. Should this not be the case, there 
would be significant implications for radiation risk as
sessments. Accordingly groups of mice have been exposed 
first to stopping carbon particles (LET= 80 KeV/fl.m) and 
then, within 2 hours, to a single 4.17 Gy dose of cobalt-
60 gamma radiation. So far, the total LET range to which 
animals have been exposed extends from less than 1 
keV/i..Lm (cobalt-60 gamma radiation) to approximately 
150 keV/fJ..m (stopping 20Ne particles). 

The mouse strain used in our studies is the reciprocal 
hybrid of the B6CF 1 strain used in an extensive series of 
comparisons, conducted at Argonne National Laboratory, 
of life shortening and carcinogenic effects of fission neutron 
and gamma radiations. Our objective is to compare these 
neutron and gamma radiation data as extensively as pos
sible with our own results. Beyond the question of the 
dependence of life shortening diseases on LET, a critical 
issue is the extent to which relative biological effectiveness 
(RBE) figures for high-LET neutrons under- or over-estimate 
RBE for high-LET HZE particles. 

A pilot experiment, Skyhook-P, compared the life
shortening effects of stopping 400 MeV carbon particles 
with those of fission neutrons; its early results were de
scribed in the 1979-1980 annual report. The trends re
ported then have continued; that is, life-shortening effects 
occur when animals are exposed to 2.4 Gy of either 
fission spectrum neutrons or stopping 12C particles. At a 
total dose of 0.80 Gy, stopping carbon particles appears 
to be somewhat less effective than fission spectrum neu
trons. Interpretation of our 12C data at 0.80 Gy is com
plicated because the animals may have been significantly 
older than those exposed to 2.4 Gy. This matter will be 
resolved by results emerging from the Skyhook I exper
iment now in progress. Tentatively, we conclude that 
stopping carbon particles with an LET of approximately 
80 keV/m are approximately as effective as fission spectrum 
neutrons having a similar value of dose-averaged LET. 

A total of 2,100 mice have so far been entered into 
the Skyhook I experiment, and 1,200 are now in ex
perimental status. The number of days at which the various 
groups and replicates of experimental animals have been 
at risk varies from approximately 100-1,100 days, so 
the data currently avai I able are not sufficient for firm 
conclusions. Preliminary results (Fig. 1) from earlier rep
licates, based on cumulative mortality over 1 00-day in
tervals in small samples, show the expected variation 
between replicates, with mortality occurring earlier among 
CB6F1 male mice given a single dose of 7.88 Gy of gamma 
radiation than among mice given a single 12C ion dose 
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Figure 1. Cumulative percent mortality in male C86F1 mice 
given a single 7. 88 Gy dose of6°Co gamma radiation or a single 
2.4 Gy dose of 225 MeV 12 C particles in a 4-cm-spread Bragg 
peak. The frequency of radiation deaths was estimated over 
1 00-day intervals, and points, converted to estimates of cu
mulative mortality (probability), are plotted at the midpoint of 
the interval. Sample sizes for replicates are specified in key. 
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of 2.4 Gy. Thus, RBE for life shortening will be less than 
3.3 at 2.4 Gy. 

Current effort is directed to entry of mortality data 
and other records into computer files developed by our 
biometrical consultant, S. Tyler, who has played an im
portant role in developing files and analysis routines for 
life-span studies at Argonne National Laboratory over 
the last three decades. 

Another important development is the collaboration 
of L. Kraft of the NASA-Ames I aboratory with our project. 
Dr. Kraft, a veterinarian, performs autopsies on our dece
dents, and, when specimens are fresh, she and her as-
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sociates prepare them for histopathological evaluation. 
Some tumor characterization will be accomplished, and 
it may be possible to collect useful information on tumor 
frequencies, in relation to dose, over at least selected 
portions of the life span. Because the histopathology 
effort was only recently initiated, it will not be possible 
to collect complete information for both tumor latency 
and age-specific frequency over the entire after-expec
tation of life for all groups of animals. The project's 
current staffing is such that death checks are done 5 days/ 
week. It is Dr. Kraft's experience that under these cir
cumstances only 50 to 70% of the tissues and tumors 
are suitable for histopathological evaluation. 

Skyhook I results are expected to complement other 
data on HZE particle carcinogenesis that is being collected 
using the Harderian gland model system. Skyhook I is a 
phase I study designed specifically to determine shapes 
of dose-response curves for various end points of interest 
over a range of photons or HZE particle doses not con
sidered to be "low." The design of a low-dose study with 
HZE particles requires that estimates for the approximate 
level of life shortening and/or tumorigenesis be in hand 
first. We will then be prepared to evaluate the need for 
further experiments that deal with the effects of HZE 
particles in low, single, or fractionated doses. Emerging 
results from experiments on HZE particle carcinogenesis 
presented elsewhere in this annual report indicate LET
RBE relationships for tumor genesis are different than for 
cell-killing, especially at high levels of LET. N~w additions 
to the life-span study at higher levels of dose-averaged 
LET are therefore being considered. 

The contributions of Colleen Caudill, Panna Lee, 
and Andy Shih to this project are gratefully acknowledged. 

PRODUCTION OF MURINE CATARACTS BY HEAVY CHARGED PARTICLES 

E. John Ainsworth and Jule G. Jose* 

There is an extensive body of literature on the pro
duction of cataracts in human radiotherapy patients treated 
with x rays, and an extensive data base also exists on 
the production of murine cataracts by photons and neu
trons of various energies. The cataractogenic effect of 
heavy charged particles, however, is not known. In ad
dition to our work, studies on rabbits by Lett et af.t and 
on rats by Worgul et a/.* are in progress. The purpose 
of our study is to evaluate the relationship between relative 
biological effectiveness (RBE) and linear energy transfer 
(LET) for heavy charged particles (HZE) and thus to help 
predict cataractogenic risk for persons in space. 

*School of Optometry, University of California, Berkeley. 
+University of Colorado. 
:!:Columbia University, NY. 

The project has three components: (1) evaluating 
cataractogenesis in mice given single doses of x rays or 
heavy-ion beams, for LET dependence; (2) evaluating 
the effect of fractionated doses; and (3) evaluating early 
and late morphological changes in lenses of irradiated 
and control mice by electron microscopy. 

The major effort was devoted to the first components, 
a sequential evaluation of CB6F1 mice exposed either to 
220 kVp x rays or to 40Ar, 20Ne, or 12C ions in the plateau 
portion of the Bragg ionization curve. The nominal ener
gies of the HZE particles in the Bevalac were 570, 470, 
and 400 MeV, respectively. Lens examination was per
formed with a slit-lamp biomicroscope. The number of 
animals evaluated ranged from 12 to 24 per radiation 
dose. A semiquantitative scoring procedure was devised 



whereby the percentage of the total lens area affected 
by cataract was estimated and scored between 0 and 
4.0. A score of 0.5 indicated 1-5% cataract involvement, 
and a score of 4.0 indicated greater than 50% involvement. 
All the results presented here pertained to posterior lens 
cataracts, but changes in the anterior lens and cornea 
were also scored. 

Comparatively smaller efforts were devoted to the 
second component, an evaluation of posterior lens cat
aracts in mice that had received either single or multiple 
fractionated doses of either 225 MeV 12C ions or cobalt-
60 gamma radiation. The purpose was to assess the extent 
to which dose fractionation influenced average cataract 
score at a single time following irradiation. The electron 
microscopic (EM) studies, the third component, were 
limited (see Yang and Ainsworth, "Pilot Ultrastructural 
Studies on Mouse Lens and Coronary Arteries," this annual 
report). 

In the study on LET 00 dependence, subsets of mice 
were evaluated monthly following irradiation until cat
aracts began to appear. The first full-scale evaluation 
commenced at 6 months, and thereafter all the animals 
were evaluated every 2 to 4 months until 21 months. 
Because of the large number of mice, the slit-lamp eval
uations were accomplished over a period of 2 to 3 weeks 
at any one time. 

Figure 1 shows average cataract scores as a function 
of radiation dose, 21 months after irradiation. The average 
score among unirradiated controls was 1 .1, and scores 
in the same range were observed for animals exposed 
to 0.05 Gy of HZE particles or 0.50 Gy of 220 kVp 
x rays. Thus, at up to 21 months, no radiation effect was 
observed for the doses specified, in comparison with 
controls. But this interpretation fails to consider when 
cataracts appeared; this issue will be dealt with in sub
sequent evaluations. At ages corresponding to 16 to 18 
months after irradiation, unirradiated controls showed 
averaged scores in the range of 0.4 to 0.6. Thus, in mice 
of this strain, a high frequency of significant opacifications 
occurs only at 21 to 22 months of age. 

Figure 1 also shows 40Ar ions to have the highest 
cataractogenic potential. A clear LET-dependent differ
entiation between 12C and 20Ne ions occurs only at the 
highest dose, namely, 0.9 Gy, whereas observations made 
at 9, 11, 16, 18, and 21 months all indicate 40Ar ions 
are the most cataractogenic. At some observation times, 
the dose-response curves for neon and carbon ions were 
clearly separated, especially at 0.6 and 0.9 Gy, but at 
11 months, the separation was unimpressive. Because 
the cataract scoring system used is clearly nonlinear and 
only semiquantitative, clear and graded LET dependence 
has been demonstrated only at comparatively high doses 
where the extent of posterior lens involvement is in excess 
of 15 to 25%. We speculate that LET dependence would 
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Figure 1. Average cataract scores, based on slit-lamp biomi
croscopy, in male CB,F, mice at 21 months after irradiation. 
Group sizes were 10 to 20/dose. Mice were given a single dose 
of x rays or of charged particles in the plateau portion of the 
Bragg curve. 
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also occur at low doses with a scoring system of higher 
sensitivity. Based on the same averaged score at a 40Ar 
dose of 0.6 Gy and an x-ray dose of 3.0 Gy, a relative 
biological effectiveness (RBE) of about 5.0 is inferred. 
Similar averaged scores produced by a 40Ar dose of 0.3 
Gy and an x-ray dose of 1.5 Gy yields the same RBE. 
The RBE of 40Ar at doses lower than 0.3 Gy is difficult 
to estimate by this procedure, and time for cataract ex
pression (latency) must also be considered. 

Cataract latency is known to be dependent on ra
diation dose. Analyses in progress consider this matter, 
and Fig. 2 illustrates how the procedure described by 
Bateman and Snead' is being used to estimate latency 
and, to the extent possible, RBE. Figure 2 shows the 
time-dependent frequency of cataract scores of 1 .0 and 
greater (5% or greater involvement of the posterior lens) 
in mice given single HZE-particle doses of 0.05 Gy or 
an x-ray dose of 0.5Gy. We have estimated the time by 
which 50% of the eyes examined exhibit average opa
cifications of this magnitude, and this time is designated 
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Figure 2. Cumulative frequency of 5% or greater lens opacifications (score 1.0 and 
> 1. 0) in C86 F, mice as a function of time after a single dose of 220 kVp x rays or 
heavy charged particles. Croup sizes ranged from 10 to 20 mice/dose/sample time. 
Mice were exposed to charged particles in the plateau portion of the Bragg curve. 

latent period-50% (LP-50.) The values we estimate from 
these data are -13, -13, -17, and -17 months, for 
argon ions, x rays, neon ions and carbon ions, respectively. 
We infer from these curves that the RBE for 40Ar ions is 
approximately 10, or possibly greater, at 0.05 Gy, and 
a lower RBE value is clearly appropriate for 20Ne or 12C 
ions. Assuming that an RBE of 10 is a reasonable estimate 
for 40Ar ions characterized by an LET"' of about 100 keV/ 
m, 40Ar ions probably have an RBE similar to fission
spectrum neutrons at the same dose level. 

Earlier work with high-LET neutrons has shown no 
diminution of cataractogenic effect in mice when two or 
three doses were given at intervals of a few hours. This 
is in I contrast to the results with high-energy photons 
(gamma rays), where a marked reduction in cataractogenic 
effect occurs under similar conditions of dose fractionation. 
To assess the effects of fractionated doses of 225 MeV 
(stopping) 12C particles or gamma rays, slit-lamp ex
aminations were made on animals involved in a life
span study (described in the preceding article). The animals 
had received whole-body doses of either gamma radiation 
or stopping carbon particles spread over a 4-cm peak. 
The 12C exposures were either single doses of 0.4, 0.8, 
or 1.2 Gy, or the same total dose in low weekly fractions 
over 24 to 25 weeks. Slit-lamp evaluations were performed 
either at 340 to 390 days or at 420 to 470 days after 
irradiation. The first set of observations on these carbon
exposed animals showed a higher average cataract score 
among those that had received fractionated doses than 
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among those that had received single doses. When sim
ilarly irradiated animals were examined between 420 
and 470 days, however, the average scores for fractionated 
doses animals were equal to, or slightly lower than, those 
for single-dose animals. We conclude that, for a certain 
time after exposure, the cataractogenic effect of stopping 
12C ions is not diminished by weekly dose fractionation, 
and may be enhanced. 

In contrast to the carbon results, mice irradiated 
with a single cobalt-60 gamma-ray dose of 4.17 Gy and 
evaluated 340 to 390 days afterward have an average 
score of 3.2. When the same dose was delivered in 24 
weekly fractions, the average score was only 0.7, and 
the average score among control eyes was about 0.5. 
Fractionation of the gamma-ray dose thus reduced the 
average cataract score to about that of the controls. 

The contributions of the following persons to this 
project are gratefully acknowledged: Dan Judd, Bennett 
McAllister, Steven Dentone, John Prioleau, Lynn Mahl
mann, Andy Shih, Colleen Caudill, Panna Lee, and Jerry 
Howard. 
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A MORPHOLOGICAL STUDY ON THE CATARACTOGENIC EFFECTS OF HEAVY 
CHARGED PARTICLES 

Vivian V. Yang and E. John Ainsworth 

The complex radiation environment of space includes 
high-energy heavy-ion particles (HZE)-mainly from 
cosmic rays-and such particles may pose a hazard to 
manned space missions of extended duration . The effects 
of space radiation exposure on the lens epithelial ce lls 
of the eye may be of particular concern since this tissue . 
appears to sustain a greater degree of irreparable radiation 
damage than any other superficial tissue . Although there 
is an extensive body of information on cataractogenesis 
following low linear energy transfer (LET) radiation and 
high-LET neutron radiation, only limited data are available 
on such effects on the lens after exposure to HZE particles. 
No previous morphologic comparison has involved x 
rays and HZE particles characterized by different (dose
averaged) LETs where lens changes were the end point. 

The Bevalac, a heavy-ion linear accelerator at the 
Lawrence Berkeley Laboratory (LBL), is a unique facility 
that can provide " man-made" cosmic rays. A study at 

LBL has been designed to exp lore the LET-dependence 
of cataracts produced by HZE particles from the Bevalac, 
using CB6F1 mice as the subjects. The purpose of the 
study is to determine if the radiation damage produced 
by HZE particles and x rays is simi lar, and to assess any 
morphological differences between radiation-induced and 
spontaneous (age-associated) cataracts. 

MATERIALS AND METHODS 

Female CB 6F1 mice, 4 months old, were given head 
or upper body exposures to heavy charged particles or 
x radiation according to standard procedures. 1 Some an
imals in this study came from experiments on Harderian 
gland carcinogenesis in which they had been exposed 
to HZE irradiation. 2 Doses, radiation parameters, and 
sampling times are shown in Table 1. Before the animals 
were sacrificed for the morphological study, slit-lamp 
observations for cataracts were performed. 1 

Table 1. Radiations and sampling times. 

No. of lenses Sampling time 
examined* Radi ation Dose (Gy) (months) 

6 (3) 570 MeV-plateau ' 0Ar 0.5 15, 24 
6 (3) 0.3 15, 24 
6 (3) 0.9 15, 24 

6 (3) 570 MeV-SOBP ' 0Ar' 0 .1 24 
6 (3) 0.25 24 
6 (3) 1.0 24 

4 (2) 570 M eV-SOBP ' 0Ar' 0.1 30 
2 (1) 1.0 30 

6 (3) 470 MeV-plateau 20 Ne 0.05 4, 15 
6 (3) 0 .3 4, 15 
6 (3) 0.9 4, 15 

6 (3) 400 M eV-SOBP " C' 0.1 15 
6 (3) 3.2 15 

6 (3) 220 kVp x rays 0.5 15 
6 (3) 1.5 15 
6 (3) 3.0 15 

6 (3) Control (None) 0 4 
6 (3) 15 
6 (3) 30 

* Numbers in parentheses are the number of animals from each treatment group examined at 
each sampling time. 

t These SOBP-animals (SOBP = Spread-out Bragg Peak) were irradiated at the distal end of a 4-
cm-spread Bragg peak (stopping particles). 

:f: These SOBP-animals were irradiated at the distal end of a 10-cm-spread Bragg peak. 



Figure 7. Light micrographs of a control lens from 8-month-old 
mouse (4 months into experiment) showing: (a) intact bow region, 
lOx; (b) well-aligned anterior fibers, 280x. 

(a) CBB 874-4044;(b) CBB 874-4046 

Animals from each dose group and each age
matched, unirradiated control group were sacrificed at 
each sampling time. The eyes were carefully removed, 
with the lens and cornea separated from the eye and 
fixed overnight using appropri ate methods. Half-micron 
sect ions were cut and prepared for light microscopy. 
Thin sections were exam ined on a 10 A electron micro
scope. 

RESULTS AND DISCUSSIONS 

A contro l mouse lens at 4 months into the experiment 
showed an intact bow region and we ll-arranged anterior 
fibers [Fig. 1 (a) and 1 (b)]. After 20Ne exposure, the only 
abnormal ity found in the lens was the presence of mi
cronuclei (nuc leus fragments) in epithelia l cells at the 
bow region. The production of micronuclei in lens ep
ithelial ce ll s has been seen previously as a response to 
low-LET radiation. It has been suggested that damage 
affecting the cell nuclei in bow epithel ial cells initi ates 
the series of pathological events leading to cataractous 
lesions. Apparent ly, the lens epithelium is the site most 
sensitive to charged particles as well as to other types 
of radiation. At 4 months after 0.3 or 0. 9 Gy 20Ne radiation, 
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the lens fibers at the posterior region seemed to be relatively 
normal compared to fibers at the anter ior region. Some 
anter ior fibers showed a typ ica ll y swollen cytop lasm 
containi ng amorphous materials. Unfortunately, no x
irradiated mice were available so that a direct comparison 
of anterior-posterior lens changes cou ld be made. WorguP 
reported that transparency changes were observed in the 
anterior region of the lens during the fi rst few days after 
3.5 Gy of plateau (nonstopping) 40Ar particles. Soon 
thereafter the posterior region became involved and lens 
f iber changes progressed at a greater rate. At doses lower 
than 0.5 Gy, however, Worgul found the onset of anterior 
and posterior opacities approx imate ly the same, and cat
aracts progressed until1 year post-irradiation. These results 
are in contrast to low-LET radiation , where cataracts 
appear first in the posterior subcapsu lar area. The reason 
for this difference is not understood and should be in
vestigated because both Worgul's results and our findings 
at 4 months are consistent with the hypothesis that man
ifestations of early damage may not be the same for 
photons and some high-LET heavy charged particles. 

At 15 months after exposure to 0.05 or 0.3 Gy 20Ne, 
the morphology of lens fibers was quite similar to the 
control group, but after 0. 9 Gy 20 Ne, the nuclei of the 
bow showed stri king abnormalities. At this dose, both 
the anterior and the posterior lens fibers were irregular 
in shape and size. Degenerative changes were even more 
severe in animals exposed to 40Ar particles . The lens 
fibe rs at the bow region showed sl ight disruption after 
only 0.05 Gy (Fig. 2). Merriam et a/., 4 also reported that 
initial changes in the lens fibers at low doses (0.01 -0. 07 
Gy) of 40Ar particles did not differ significantly from those 
in the control animals . However, degenerative changes 
progressed significantly unti I one year after irradiation. 
We also found that after a 0.3 Gy 40Ar exposure, the 
fibers in the bow and anterior superfic ial regions contained 

Figure 2. Light micrograph of anterior region of lens in mouse 
7 5 months after 0. 05 Cy of plateau 40 Ar particles. Note swollen 
fibers in subcortica l region . 

CBB 8 7 4-4032 



areas of abnormal swelling and vacuolation. Degenerative 
changes in the anterior fibers that received 0. 9 Gy of 
40Ar appeared deeper in the midcortical regions than 
those of the 20Ne irradiation mice. Lens-fiber degeneration 
showed distinct ly at both anterior and posterior regions 
in the x-ray treated groups after 1.5 Gy exposure and 
the degeneration became more severe after exposure to 
3.0 Gy. After both 0 .9 Gy of 40Ar and 3.0 Gy of x-ray 
irradiation, swellings of epithelium at the anterior pole 
developed (Fig. 3). Abnormal nuclei were also seen in 
the posterior fibers after both radiations. We also found 
that a much higher x-ray dose (3.0 Gy), compared to 
the low dose of plateau 40Ar exposure (0.05-0.3 Gy), 

A 

Figure 3. (a) Light micrograph of .swollen epithelium of anterior 
pole in lens at 7 5 months afterO. 9 Cyof plateau ' 0Ar. Numerous 
nuclei have accumulated in the epithelial cell. Degenerated 
areas with pale sta ining were noted in severa l place.s. 7 65 x . 
(b) Degenerated area of (a) containing lipid body (L) and debris 
(D), 3,250X. 

(a) CBB 874-4040; (b) CBB 8 76-5079 
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was required to induce degenerative changes in the bow 
region. Bow breakdown is thought to be due to the ab
normal migration and differentiation of ce ll s in the ger
minative zone at irradiation. In genera l, there was no 
striking qualitative morphological difference between 
animals at 15 months after exposure to either plateau 
heavy charged particles or x rays. After 3.2 Gy of stopping 
12

( particle irradiation, the damage of lens fibers became 
more severe. These degenerat ive changes became pro
gressively more prominent at the later stage (24-30 
months) after irradiation. At 30 months the degenerative 
changes in fibers appeared at the deep region of the lens 
cortex in control animals (Fig. 4). Sign ificant morphol
ogica l differences were observed in the lenses of both 
irradiated and unirradiated animals. Although the average 
cataract score eva luated by slit-lamp was similar in some 
ani mals, the morphological features were quite different. 
In other words, HZE-induced cataracts were morphol
ogically different from spontaneous cataracts. HZE par
ticles have a potential for producing thermophysica l or 
"tunnel " lesions, that other low-LET radiations do not. 
The role of these lesions in the production of abnormal 
fibers by surviving epithelial ce ll s is unknown . 

The morphological differences between stopping and 
nonstopping 40Ar particles were compared at 24 months 
after the irradiations. At lower doses (>0.5 Gy) there 
was no apparent difference in the morphological changes 
for either type of radiation. After higher doses, however, 
the nonstopping 40Ar particles (LET = 100 keV/~J-m) were 
more damaging to the lens f iber structure than were the 
stopping particles (LET= 600 keV/~J-m) (Figs. 5, 6). From 
other LBL studies, 5 RBE of 40Ar particles for killing intestinal 
crypt ce ll s was maximum in the plateau portion of the 
Bragg curve where the LET was - 100 keV/iJ-m and 
declined with increasing LET in 4-cm-spread Bragg peaks. 

In summary, four types of changes appeared after 

Figure 4. Light micrograph of a control mouse lens 30 months 
into experiment. Swollen fibers now appear in a deeper region 
of the cortex. 70x. 

CBB 8 7 4-4050 



Figure 5. Electron micrograph of degenerated fibers in lens 
anterior region 24 months after 0 . 9 Cy plateau ' 0Ar particles. 
The fibers have been completely destroyed and replaced by 
amorphous debris (0), lysosomal-like bodies {L), and electron 
dense globular structures (arrow). Myelin figures (M). 2,750 x . 

XBB 876-5076 

heavy charged particles and x rays: (1) abnorma l bow 
patterns; (2) posterior and anterior migration (or prolif
eration) of nucleated cells in the cortex; (3) swelling of 
fibers and development of amorphous areas, especially 
at the poles; and (4) development of swirls of epithelium 
at the anterior pole, in mice that received either 0.9 Gy 
of Ar particles or 3. 0 Gy of x rays. It seems that the 
magnitude of injury is related to dose, and to LET of 
particles when LET is less than 100 keV/t..tm . These mor
phological results are consistent with RBE results based 
on slit-lamp observations where opacification produced 
by plateau 40Ar ions was found to be greater than for 
plateau 12C or 20 Ne ions or low-LET x rays. Although 
there is considerable morphological similarity in the cat
aracts produced by low-LET and high-LET heavy charged 
particles, lens histology early after irradiation is important 
in order to determine what the initial site of radiation 
damage is for these high and low LET radiations. An 
early morphological evaluation also provides a means 
to predict whether cataracts are likely to be induced by 
a given radiation dose and thus could provide a faster 
and more accurate means to assess potential radiation 
risks for personnel in space. 
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Figure 6. Electron micrograph of lens fibers in region just anterior 
to the bow 24 months after 7.0 Cy stopping ' 0Ar particle irra
diation . Partially degenerated fibers with large vacuoles (V) and 
lysomal-like bodies (L) are noted. 2, 7 50 x . 

XBB 876-5077 
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PILOT ULTRASTRUCTURAL STUDIES ON MOUSE LENS AND CORONARY 
ARTERIES 

Vivian V. Yang and E. John Ainsworth 

Some limited morphologica l studies have been per
formed on the cataractogenic effects of heavy charged 
particles (HZE) and on the effects of such particles on 
coronary arteries. The ultimate objective was to assess 
the functional physiological significance of the morpho
logic changes noted. Changes in the lens, both early 
(weeks or a few months) and late (2 to 2.5 yrs) were to 
be evaluated. It was hoped that fundamental understanding 
of the cataractogenic process couldbe improved . Cor
relations were also sought between morphologic changes 
and cataracts counted by slit-lamp biomicroscopy; the 
results are presented elsewhere in this annual report (see 
Ainsworth and jose). 

The only studies completed before this project was 
terminated concerned evaluation of lens changes in LAF 1 

mice 24 months after receiv ing graded doses (0.1 0, 0.25, 
1.0 Gy) of stopping 570 MeV 40Ar ions in a 4-cm-spread 
Bragg peak, and in CB6F1 mice 24 months after receiving 
graded doses (0.05, 0.30, and 0.90 Gy) of 40Ar ions in 
the plateau portion of the Bragg curve. Eighteen lenses 
from nine animals in each experimental group were eval
uated. These observations permit limited comparisons 
to be made between the effects of stopping and non
stopping 40Ar particles, where the estimated values of 
dose-averaged LET are of the order of 600 and 100 keV/ 
!J.m, respectively. In addition, the lenses from 3 control 
animals and groups of 3 animals given 0.10 or 1.0 Gy 
of stopping 40Ar particles were eva luated at 30 months 
after irradiation to assess similarities or differences in 
ultrastructural features under conditions where the average 
cataract score, estimated by slit-lamp eva luation, was 
approximately equal. 

Figure 1. A thick section of anterior region of mouse lens at 24 
months after 0.5 Cy of stopping 40Ar particle irradiation. Mass 
of aberrant fibers (ba lloon cells) containing abnormal nuclei are 
noted. (300 x) 

CBB 8 16-4767 

At doses below 0.5 Gy no qualitative morphological 
differences were detected at 24 months following exposure 
to either stopping or non-stopping 40Ar particles . Lens 
fibers in the bow, anterior and posterior regions of the 
lens contained areas of abnormal swelling and vacuola
tion. Nucleated cells had migrated into the cortex in 
both anterior and posterior regions (Fig. 1 ). Amorphous 
areas were also seen in the cortex, especially at the 
anterior and posterior poles. At higher doses, namely, 
0. 9 Gy of non-stopping particles and 1 .0 Gy of stopping 
particles, considerable lens fiber disruption was observed. 
Radiation damage produced by non-stopping particles 
was more extensive than damage produced by stopping 
40Ar particles, in that lenses of mice exposed to 0.9 Gy 
of non-stopping particles showed complete lens fiber 
disruption and their replacement by amorphous materials, 
lysosomal-like bodies, and debris (Fig. 2), while in lenses 

• 

2A 

Figure 2. Thick sections of regions just anterior to bow areas 
in lenses of animals irradiated at 24 months following 0. 9 Cy 
of non-stopping ' 0Ar particle irradiation. (A) Anterior region 
replaced by amorphous materials. (70 x ) (8) Anterior fibers 
totally disturbed and replaced by amorphous materials, lysomal
like bodies (L), and debris (0) . (280 x) 

XBB 8 76-4038; XBB 816-4030 



Figure 3. Electron micrograph of degenerated fibers in anterior 
region of mouse lens 24 months after 0. 9 Cy non-stopping ' 0Ar 
particle irradiation . The fibers were completely distorted and 
replaced by amorphous debris (0), lysomal-like bodies (L), and 
electron-dense globular structures (arrow). (2,400 X) 

XBB 816-5076 

of mice that had received 1.0 Gy of stopping argon 
particles, some well-aligned fibers and normal structures 
could still be seen (Figs. 3 and 4) . 

Although more lenses must be collected and eval
uated before firm conclusions can be drawn on LET de
pendence for late morphological damage in the mouse 
lens, these qualitative data support the hypothesis that 
stopping 40Ar particles are less effective than nonstopping 
ones, so that at an LET of ~ 600 keV/f.Lm, a significant 
fraction of the ionization energy is wasted. This hypothesis 
is consistent with other observations regarding LET de
pendence for cell killing and other end points in vivo. 
Whereas production of cataracts, characterized by ab
normal lens fibers, results from abnormal synthetic proc
esses that occur in surviving cells , it is also possible that 
some features of lens disruption are a direct consequence 
of the killing of proliferative cells in the lens. 

Unirradiated control animals and animals that re
ceived 0.1 or 1 .0 Gy doses of stopping 40Ar particles 
were also evaluated at 30 months to assess the extent to 
which ultrastructural changes were progressive after low 
doses of HZE particles and to assess morphologic dif
ferences between radiation-induced and spontaneous 
cataractogenic lens changes. Comments on the problems 
of scoring cataracts on the basis of slit-lamp biomicroscopy 
are presented elsewhere in this report (see Ainsworth 
and jose), as are comments on the apparently progressive 
nature of radiation-induced cataracts (see preceding article 
by Yang and Ainsworth). Following 40Ar doses of 0.1 or 
1.0 Gy, damage to the lens fibers was more extensive 
than at 24 months after irradiation . Thus, ultrastructural 
changes are indeed progressive . Although the average 
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Figure 4. Electron micrograph of lens fibers in region just anterior 
to bow in mouse bow 24 months after 1.0 Cy stopping 40Ar 
particle irradiation. Partially degenerated fibers with large vacuoles 
(V) and lysomal-like bodies (L) are noted. (1 ,500 x ) 

XBB 816-5077 

cataract scores were in the range of 1.5-2.0 in the very 
small number of controls and animals given 0.1 Gy of 
stopping 40Ar particles, the morphological features in the 
lens were quite different. The lenses of both groups showed 
appreciable lens fiber disruption, but there tended to be 
more amorphous material and debris in the lens of the 
irradiated group. Further research on these changes is 
needed. 

The effect of high LET fission-spectrum neutrons and 
gamma radiation on acceleration of arterial smooth muscle 
degeneration and fibrosis, a phenomenon that occurs 
normally in aging animals, was the subject of previous 
publications, and the effects of whole-body exposure to 
HZE particles on these processes is described elsewhere 
in this report (see Ainsworth , Prioleau , and Mahlmann). 
The apparent high sensitivity of arterial smooth muscle 
to high LET radiations makes this an important area for 
study, especially when the functinal significance of mor
phologic changes is assessed quantitatively. 

Hence, we report here the results of a pilot study 
conducted on six animals-B6CF 1 mice-originally de
voted to another project. The mice received doses of 0 .1 
or 0.2 Gy of 56 Fe ions, in the pl ateau portion of the Bragg 
curve from a collimated 1.0 to 1.5-cm beam passed 
through the orbital area of the skull. These animals were 
from a project to evaluate carcinogenic effects of HZE 
particles on the Harderian gland . The test animals had 
received transplants of two syngeneic pituitary glands 



Figure 5. Electron micrograph of coronary artery from a control 
animal. Continuous endothelium (E), smooth muscle (SM), elastic 
lamina (EL), and a 'small area of smooth muscle degeneration 
(arrow) are noted. Lumen, L. (3, 300 x) 

XBBB110-11394 

beneath the spleen capsule 2 to 4 weeks before irradiation, 
as had unirradiated controls . Our other studies on the 
effects of HZE particles on the coronary vasculature in
volved whole-body exposures, but in this study the heart 
was definitely not in the collimated radiation field used . 
In fact, we fail ed to appreciate that the heart was outside 
the radiation field when preparing tissues from these 
animals, so that the present results relate to a different 
hypothesis than the direct effects of radiation . 

At about 400 days after irradiation, 4 transplant con
trols and 3 animals from each of the two irradiated groups 
were sacrificed . Only the coronary arteries in the left 
ventricle were evaluated. For each group of animals, a 
total of 6 to 9 tissue blocks from three different levels in 
2 to 3 large coronary arteries were collected and analyzed . 
Thus, for each test group, a total of 18 to 27 blocks from 
6 to 9 coronary arteries were analyzed quantitatively to 
assess the fractional volume (VJ of damaged smooth 
muscle cells determined by the point-counting procedure 
of Weibel. 

In both transplanted controls and irradiated animals, 
the most predominant ultrastructural changes occurred 
in smooth muscles of !arger coronary arteries where de
generation was detected . Coronary arteries in transplant 
control animals had a continuous endothelium, internal 
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.,. 
Figure 6. Electron micrograph of coronary artery from an animal 
after 0. 1 Cy of Fe particle exposure to head only. There is 
fragmentation of smooth muscle cells (SM) with accumulation 
of matrix material (arrow), fibrosis (F), and debris (0 ). (3,300 x) 

XBB 8110-71 395 

elastic lamina, and smooth muscle layers within the media. 
Small areas of degeneration in smooth muscle of cells 
of a control are shown in Fig. 5. Collagen fibers are 
present within the adventitial layer. Following orbit-only 
doses of 0.1 or 0 .2 Gy, smooth muscle cells of coronary 
arteries showed more advanced fibrosis and extracellul ar 
deposition of matrix materials as shown in Fig. 6. In 
transplant controls 12% of the smooth muscle cells ex
amined showed evidence of degeneration, but in the 
group. that received 0.1 Gy, 28% of the smooth muscle 
cells show degeneration, and the 0.2 Gy group showed 
a degeneration frequency of 24%. At both doses, the 
frequency of smooth muscle cell degeneration was in
creased significantly (p < 0.01 ). These preliminary results 
are consistent with the hypothesis that brain injury could 
be involved in the pathogenesis of smooth muscle de
generation in large coronary vessels . Although some 
contribution of scattered radiation to the area of the lleart 
can not be precluded in these animals, our present as
sessment is that any scattered dose should be very low 
indeed . The results of this pilot study invite further ex
ploration of the possible effects on other organs of brain 
irradiation with HZE particles . 

We wish to acknowledge the interest and support 
ofT. F. Budinger, and the many contributions of M . Barker, 
j . Leiber, and j . Bane. 
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LATE EFFECTS OF HEAVY CHARGED PARTICLES ON THE FINE STRUCTURE OF 
THE MOUSE CORONARY ARTERY 

Vivian V. Yang and E. John Ainsworth 

The mechanism by which late vascular InJury is 
produced is a fundamental radiobiological question. In 
the past the major emphasis in radiation studies in vivo 
has been placed on rapidly dividing cells, especially 
those of the hematopoietic system and intestinal epithe
lium. Slowly-turning-over tissues such as vasculatures 
have received I ittle attention. It has been suggested that 
radiation-induced vascular damage could be the under
lying mechanism that contributes to morbidity or potential 
functional alterations in various tissues. The role of vascular 
damage in the pathogenesis of late radiation morbidity 
after low doses is unknown. One reason is that there are 
very few existing model systems by which late effects on 
the vasculature can be evaluated quantitatively. From 
clinical observations after high doses, we know that ra
diation damage to the vascular system is a contributing 
factor to degenerative changes in many tissues and can 
be a significant factor in the patient's late responses to 
radiotherapy. In studies on experimental animals, mural 
thrombosis occurred in the mouse ventricle at 4 months 
after 1,000 rad of local x irradiation, but lesions in the 
coronary arteries were not observed. Studies of radiation 
effects on the rabbit heart also have been limited to 
observations of a year or less. Relatively few studies have 
included observations extending more than a year after 
low-level , partial-body radiation exposures. 

In recent studies, Yang and Stearner 1
•
2

•3 explored 
the adequacy of the mouse heart as a model system to 
evaluate long-term effects of radiation on the cardia
vasculature. The emphasis was on comparisons between 
low linear energy transfer 6°Co gamma radiation (-0.8 
keV/j..Lm) and high-LET fission neutron (-70 keV/j..Lm) 
radiation. The end point was qualitative estimation of 
smooth muscle cell degeneration in the mouse coronary 
artery at 18 months after irradiation. Such lesions occurred 
as a consequence of normal aging and, at appropriate 
doses, radiation appeared to accelerate this process in 
a dose-related fashion. It was recogn ized that a more 
quantitative end point was needed and that the functional 
significance of the degenerative changes should be in
vestigated. On the basis of those qualitative results, the 
relative biological effectiveness (RBE) was estimated at 
about 3 for high single doses, and at least 35 to 40 when 
fractionated doses were given at low dose-rates over 
several weeks. The lowest dose at which data were col
lected was 24 fractions of 0.8 neutron rad given weekly 
over 23 weeks. 

Increasing human activities in space will be accom
panied by an increased risk of radi ation exposure, and 
a small portion of this radiation includes high-energy 

heavy charged particles. Less is understood about the 
late biological effects of HZE particles than of other types 
of radiation in space. In addition, charged particles are 
being used for the treatment of cancer patients, and it 
seems appropriate to know the late effects of HZE particles 
on the cardiovasculature. Results reported here are from 
a pi lot study conducted on mice sacrificed in connection 
with other experiments and from which tissues for electron 
microscopy were made available. Consequently, the range 
of radiation doses and particle species is limited. 

The objectives were to: (1) determine if late ultra
structural changes, est imated quantitatively, would be 
dose-dependent, and (2) provide preliminary information 
on LET-dependence so that future definitive experiments 
could be designed to measure both morphological and 
functional changes quantitatively. Although these ob
jectives were not attained and the results are incomplete, 
we communicate our guarded conclusions because this 
study will not be extended. 

MATERIALS AND METHODS 

Female B6CF 1 mice, 4 months old, were given upper
body exposures to 6°Co-'Y radiation or heavy charged 
particles from the Bevalac according to procedures de
scribed in detail elsewhere. 4

•5•6 Dose and radiation pa
rameters, are described in Tabl e 1. The animals were 
part of an experiment to evaluate Harderian gland car
cinogenesis. 4 

At 15 months after irradiation, 3 to 8 animals from 
each group and from an age-matched, unirradiated control 
group were sacrificed. Quantitative data were obtained 
from 3 to 4 mice in each irradiated group and from eight 
controls. Only the coronary arteries of left ventricles 
were examined. For quantitative analysis, the final mag
nification on the electron microscope was 6,000 times . 
The numbers of coronary arteries examined are shown 
in Table 1. The fractional volume (VJ of damaged smooth 
muscle cells was obtained by the point-counting method 
of WeibeP In this procedure, a transparent grid is su
perimposed over electron micrographs of equal mag
nification and the fractional volume (VJ is derived from 
the formula Vv = P/P, where P; is the number of points 
over damaged areas of smooth muscle cells and P, equals 
the total number of points over smooth muscle cells. 
Statistical analysis was performed where appropri ate, 
using the student's t-test. 

RESULTS AND DISCUSSION 

Morphologic Changes. The coronary arteries from 
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Table 1. Damage to smooth muscle cells of coronary arteries in relation to radiation doses and 
quality. 

No. of mice No. of C.A .* Radiation Dose (Gy) Vv:j: 
examined Parameterst 

4 10 ' 0Ar-570 MeV§ 1.6 0.43 ± 0.0411 
- 600 keV/ f1m 

3 8 3.2 0.44 ± 0.711 
4 9 20Ne -425 MeV~ 0.8 0.3 1 ± 0.0411 
3 7 - 150 keV/ fl.m 0.4 0.29 ± 0.0311 
3 7 0.2 0 .20 ± 0.04** 

3 8 3.2 0 .39 ± 0.0411 
3 7 " C-400 MeV~ 0.1 0.16 ± 0.02 

- 80 keV/ f1m 

3 7 7.0 0. 35 ± 0.01 11 
3 13 6°Co--y rays 3.2 0.33 ± 0.0211 
3 13 - 0 .8 keV/ j.J.m 1.6 0.24 ± 0.01 ** 

8 22 Control s 0 0.1 2 ± 0.01 

*C. A. = coronary arteries 
t Estimates of dose-averaged LET are from Curtis. 6 

t Fractional vo lume of degenerated smooth muscle cells (mean ± S.E.) 
§ Animals were irradiated at distal end of 4-cm-spread Bragg peak 
II = P < o.oo1 
~ Animals were irradiated at distal end of ID-em-spread Bragg peak . 
•• = p < 0.01 

a representative control animal (Fig. 1) showed a con
tinuous endothelium; the subjacent intimal region con
tained variable amounts of basa l lamina material and 
was separated from the media by the internal elastica . 
The medial layers contained smooth muscle cells with 
basa l lamina material surrounding them. Co llagen and 
elastic fibers were present between the smooth muscle 
ce lls . Col lagen f ibers were predominantly present within 
the advent itial layers. Small areas of smooth muscle cell 
degeneration were present. The predominant ultrastruc
tural changes after radiation treatments were in the medial 
smooth muscle cel ls of the coronary arteries. Smooth 
muscle cells of a coronary artery after a 0.2 Gy dose of 
20Ne showed smooth muscle degeneration, fibrosis and 
extracellular matrix deposition (Fig. 2). These types of 
degenerative changes were more severe after higher 20Ne 
or 40Ar doses. In the group that received a 40Ar dose of 
1.6 Gy, the smooth muscle cells were severely damaged 
and replaced by extracellu lar matrix materia ls, debris, 
secondary lysosomal-like bodies, lipid bodies and fibrosis 
(Fig. 3) . Ultrastructurally, the patterns of these changes 
were quite similar to those found after fission neutron 
radiation described by Yang eta/. 3 Accumulation of matrix 
material in the vessel wall after irradiation has been shown 
to be one of the earliest changes in atherosclerosis . Intimal 
plaques containing aggregates of smooth muscle cells 
were found in the coronary arteries after exposure to 0.8 

Gy 20 Ne and 1 .6 Gy 40Ar (Fig. 4). Although the frequency 
of the plaques was low, none were found in the age
matched control animals . The plaques did not contain 
lipid bodies, which are usually found in atherosclerotic 
disease. It could not be established whether these plaques 
were the result of direct radiation injury or of some indirect 
effect, possibly associated with permeab ility changes 
caused by the depolymerization of connective tissue 
membranes (mucopo lysaccharides matrix) . Our resu lts 

Figure 1. Electron micrograph of coronary artery from a contro l 
animal. Note continuous endothelium (E) lining the lumen (L), 
smooth muscle (SM), elastic lamina (EL ), and small area of 
smooth muscle degeneration (a rrow). Magnifica tion : 3,600 x. 
. XBB 809-105 15 



Figure 2. Electron micrograph of coronary artery after 0.2 Gy 
20Ne dose. There is fragmentation of smooth muscle cells (SM) 
with accumulation of matrix material (arrow) and fibrosis (F). 

Lumen, L. Magnification: 4, TOOx . 
XBB 8010-7 7764A 

showed no profound endothelial damage in the larger 
coronary arteries. The loss of integrity of smooth muscle 
cells in larger coronary arteries after exposure to heavy 
charged particles and other types of radiation could ul
timately influence long-term cardiovascular functional 
capacity and, therefore, increase late radiation morbidity 
and reduce I ife span. Steamer et a/.3 have found that the 
most severe damage in the myocardium of irradiated 
mice usually occurred in groups that showed the greatest 
coronary artery degeneration . The true functional sig
nificance of coronary artery degeneration is not known 
and should be investigated. 

Dose-LET Relationships. Quantitative data on cor
onary artery degeneration are shown in Table 1 and Fig. 
5. In the unirradiated group, about 12% of the smooth 
muscle areas examined showed deterioration . In the ir
radiated groups that received a dose greater than 0.1 
Gy, the percentage increased significantly, ranging be
tween 20% (P < 0.01) and 44% (P < 0.001 ). The fre
quency of degenerated smooth muscle cells after a 0.2 
Gy dose of 20Ne ions was significantly higher than for 
the control animals, but the increase observed after 0.1 
Gy of 12C ion was not statistically significant. Curve shapes 
are not defined meaningfully with 3 to 4 points, but some 
trends are worthy of comment. Above some dose level 
the response appears to flatten out for both gamma photons 
and 20Ne ions. The initial slope is undefined for photons, 
and it is unfortunate that no animals were available at 
doses less than 1.6 Gy. A single 2-component curve may 
provide an adequate fit to all the data from animals 
exposed to HZE particles. Should this inference be correct, 
the response is largely independent of LET, mass, charge, 
or particle velocity over an estimated LET range of - 80 
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Figure 3. Electron micrograph of coronary artery after 7. 6 Gy 
40Ar dose. There is marked loss of medial smooth muscle, which 
is replaced by extracellular matrix material, debris (0), secondary 
lysosmal-like bodies (double arrow), and lipid bodies (LB). Lumen, 
L. Magnification: 3,700x . 

XBB 8070-77765A 

Figure 4. Electron micrograph of coronary artery after 7. 6 Gy 
40Ar dose. Arrows mark an intimal plaque. There is fragmentation 
of the internal elastic lamina (IE), and plaque contains smooth 
muscle cells (SM). Debris, 0 ; Lumen, L. Magnification: 3,700x. 

XBB 809-7 05 7 JA 

to 600 keV/ j.Lm. Two-component or continuously bending 
dose-response curves, with a high initial slope, have 
been reported for other responses to a single dose of 
high-LET radiation. Some other biological systems show 
no marked difference in response to stopping 12C and 
20Ne ions at the particle energies and LETs used in these 
stud ies, but other in vitro systems do. 

Blakely et a/. and Alpen and Powers-Risius have 
shown that particle mass or charge influences cell killing 
independently of dose-averaged LET. 5

•
8

•
9 Our single data 

set from mice exposed to 40Ar ions is of interest, because 
the LET, mass, and charge are higher than for the other 
particles (Table 1). If the response to 40Ar were indeed 
greater than to 20Ne or 12C, an effect of particle mass, 
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Figure 5. Dose-response relationship. The fractional volumes 
of damaged smooth muscle cells at various dose levels are 
shown following irradiation with argon-40, neon-20, and carbon-
7 2 ions, and with cobalt-60 gamma rays. 

XBL 878-4152 

charge, or LET, could be inferred. Even if the response 
to 40Ar were not greater than the response to 12C or 20Ne, 
but not markedly below that to other particles, the response 
would remain of considerable interest because of the 
very high LET of the particle. RBE for killing proliferative 
cells diminishes at LET values of about 100 to 200 keV/ 
J..Lm, so RBE-LET dependence (or dependence on other 
physical properties of HZE particles) could be different 
for production of smooth muscle degeneration. Perhaps 
some mechanism other than killing of slowly proliferating 
cells is involved in production of degeneration. 

Whatever the mechanism, these present preliminary 
results, together with more complete data from other 
experiments, indicate the LET dependence of biological 
responses to charged particles may be endpoint-specific, 
and RBE-LET relationships for cell killing in vitro or in 
vivo may not have broad applicability to other biological 
endpoints, including carcinogenesis. We speculate that 
RBE for smooth muscle degeneration in coronary vessels 
in the mouse is probably greater than 1.0 at any single 
dose of HZE particles, could be appreciably greater than 
1.0 at "low doses," and could increase further with dose 
fractionation, or at low dose-rates. The functional sig
nificance of degenerative changes in murine coronary 
smooth muscle should be investigated. Evaluation of 
damage at earlier times after irradiation might be profitable 
to explore the degree to which the degenerative processes 
are accelerated by radiation. Because of the apparent 
high initial slope after high-LET irradiation, this model 
system may be adequate for further studies on mechanisms 
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of damage and assessment of late effects of high-LET 
radiations on the vasculature. 
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THE RESPONSE OF MOUSE FLANK SKIN TO HEAVY CHARGED PARTICLES 

E. John Ainsworth, John C. Prioleau, and Lynn J. Mahlmann 

Acute skin reactions varying from reddening erythema 
to moist desquamation or necrosis in rodents or other 
experimental animals have been used as a model system 
by which to define injury and recovery processes in the 
stem cells of skin and to provide information on relative 
biological effectiveness (RBE) for radiations of different 
qualities. Additionally, under certain circumstances, such 
information has been considered useful by radiotherapists 
in estimating RBEs for human responses, although such 
early damage to skin is not a primary consideration for 
modern modes of radiotherapy. Late reactions in the skin 
that are probably related to manifestations of late vascular 
damage may be a more appropriate model by which to 
predict RBE for vascular deterioration in skin and other 
tissues, but pig skin, rather than rodent skin, is superior 
for this purpose. 

The present study extends the early observations of 
Leith eta/., who used the acute reaction in the flank skin 
of albino mice to characterize the radiobiological response 
of heavy charged particle (HZE) beams used for radio
therapy at Lawrence Berkeley LaboratoryY Leith's studies 
used single doses or a few fractionated doses to compare 
the effects of helium, carbon, and neon ions, and 220 
kVp x rays. The objective of our nearly completed study 
was to obtain information on repair and recovery between 
radiation fractions that were appreciably lower than those 
used by Leith. Both the work of Leith et a/. and the 
present study complement and extend the results of Raju 
and associates, 3 who used the mouse foot reaction as 
the end point. This reaction, although it has many attractive 
features and has been used extensively by many inves
tigators, including Fowler, 4 is considered to involve a 
multiplicity of target cells and tissues, whereas the flank 
skin response may be more representative of acute ra
diation effects related to skin stem cells. 

Flank skin of female Balb/c mice was exposed to 
either 220 kVp x rays, 400 MeV carbon-12 ions, or 557 
MeV neon-20 ions, using ions in the plateau portion of 
the Bragg curve. A 4-cm spiral ridge filter was positioned 
in the charged particle beam line so that the mouse skin 
would receive some fraction of the dose from charged 
particle fragments. The animal irradiation jigs were the 
same as those employed in Leith's studies. The flank area 
irradiated was greater for x rays than for charged particles. 
For x rays, the irradiated area consisted of the distal half 
of the femur and the tibia/fibula. The foot and the rest 
of the body were shielded by 4 mm of lead. The shielding 
in most of our early x-ray experiments included lead 
beneath the flank area, causing x-ray scatter such that 
frequently the underside of the leg exhibited a more 
marked response than did the surface on which the in-

cident beam impinged. This lead was removed in more 
recent x-ray experiments. A 3 x 5 em collimator was 
used to expose the flank skin of mice to heavy charged 
particles; the leg was positioned so that the foot was 
outside the radiation field, and only the distal few mil
limeters of femur. olus the tibia/fibula, were exposed. 

The skin scoring system described by Leith was used. 
This system is derived from one.described by Fowler and 
associates. Scoring was done daily in some earlier ex
periments, and subsequently the observation frequency 
decreased to 3 times per week over a span of 7 to 35 
days. The data have been reduced either to averaged 
skin scores within this period or to 3-day peak reactions, 
where the scores 1 day before and 1 day following the 
observed peak reaction are averaged. Our initial pre
sentation of these data used averaged skin reactions, 5 

but subsequent conversations with J. Fowler of Ham
mersmith Hospital, London, have led us to favor the 3-
day peak response. The average score over 7 to 35 days 
encompasses both the initial cell-killing and the subse
quent recovery/repopulation. Whereas cell-killing is not 
difficult to score, changes during recovery have presented 
significant scoring problems. As mentioned above, the 
x-ray shielding configuration produces some scatter dose 
on the ventral and lateral aspects of the leg; although 
we attempted to score the response only on the dorsal 
aspect of the leg where the irradiation impinged directly, 
we feel that the scatter dose significantly complicated 
the scoring. Consequently, parts of the x-ray study are 
being repeated. 

Our experimental approach consisted of evaluating 
dose-response relationships for single doses of x rays or 
charged particles among mice that had received a course 
of 7 fractionated doses. Data on single-dose responses 
are essential for estimating the magnitude of repair/re
covery that occurred when 7 fractions a day of either 
charged particles or x rays were administered over 2 
weeks. Daily dose fractions of 3.0 Gy were given 4 days 
a week. When the eighth radiation fraction was given, 
groups of animals that had received fractionated exposures 
also received grade'd single exposures. The magnitude 
of injury accumulated during the course of 7 radiation 
fractions is estimated by x-axis displacement of the dose
response curves for single doses and the dose-response 
curves for total dose administered to the animals that 
received both fractionated doses and the graded challenge 
doses. 

The dose-response curve for single doses of x rays 
indicated significant skin reactions at lower doses than 
expected, and at lower doses than for animals exposed 
in the plateau portions of Bragg curves for 12C or 20Ne 
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particles. Assuming that the degree of scoring complication 
experienced with x rays was approximately the same for 
single and fractionated doses, there is no basis for doubting 
at least the qualitative aspects of these results. They are 

>consistent with the interpretation that although single 
doses of 12C or 20Ne ions were less effective than x rays 
producing early skin reactions, based on averaged scores 
over 7-35 days, repair/recovery of the injury produced 
by fractionated dos~s of charged particles proceeded less 
effectively than for x rays. The estimated dose-averaged 
LETs for the 12C and 20Ne ions are - 12 and - 32 keV/ 
,.._m, respectively. 

Because of the scoring complications associated with 
the shielding used on the x-ray jig, George Chen and 
Todd Richards, also of the Division, assessed the degree 
of x-ray dose inhomogeneity in the radiation field. Their 
assessment indicated that the x-ray dose heterogeneity 
is no greater than that of the charged particles. To reduce 
scatter, we have removed the lead in the shielding beneath 
the leg, and results from two replicate x-ray experiments 
are being collected. On the basis of the results available 
at this time, the 3-day peak score at x-ray doses less than 
2,100 rad is less than that observed with the previous 
lead shielding. This will displace the x-ray dose-response 
curve to the right on the x-axis so that the data will 
probably be consistent with an RBE of approximately 1 
for single doses of 12C or 20Ne ions. This would also be 
more consistent with results from earlier experiments by 
Leith and our own expectations. 

Currently, we plan to perform two additional ex
periments on repair/recovery during the course of frac
tionated x-ray doses, using the experimental design de
scribed above. When these data are in hand, the skin 
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response data will be evaluated for the 3-day peak score 
only, evaluated statistically, and published. 

The authors gratefully acknowledge the contributions 
of Andy Shih, Colleen Cogorno, and Panna Lee to this 
project. The advice of Jack Fowler and Edward Alpen is 
greatly appreciated, and the assessment by George Chen 
and Todd Richards of x-ray dosimetry was critical to the 
interpretation of the present results. 
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EARLY AND LATE EFFECTS OF RADIATION ON HEMATOPOIETIC STEM CELLS 

E. John Ainsworth, Lynn J. Mahlmann, and John C. Prioleau 

Syngeneic bone marrow transplants in rodents, ac
companied by the quantitative scoring of spleen colonies 
developed by Till and McCulloch, 1 provided a means 
whereby survival of hemapoietic stem cells (CFU-S) can 
be quantitated with a precision equal to in vitro pro
cedures. The CFU-S model has allowed estimates of rel
ative biological effectiveness (RBE) to be made for ra
diations of different qualities, and late effects of either 
radiation or cytotoxic drugs on the hemapoietic system 
to be evaluated. The CFU-s model is one of the few in 
vivo systems that permits unambiguous evaluation of 
radiation responses in stem cells under normal steady 
state conditions. Although CFU-S survival can be measured 
accurately only over two or three decades of survival, 
quite adequate survival curves may be generated, and 

fundamental questions relating to radiation sensitivity as 
well as CFU-S proliferation may be addressed. We have 
used the CFU-S system to: (1) study radiosensitivity to 
heavy charged particles and relationships between RBE 
and linear energy transfer (LET); (2) test the hypothesis 
that damage to stromal tissues is of paramount importance 
in explaining late-life reductions in the CFU-S population; 
and (3) explore age-related changes in radiosensitivity 
of CFU-S and the repair capacity of the cells. 

RBE-LET relationships have been explored by ex
posing CFU-S, either in vivo or in vitro, to either photons 
or heavy charged particles (HZE). These studies were 
conducted in collaboration with Lola S. Kelly, Ralph H. 
Thomas, John C. Schooley, and Edward L. Alpen. The 
results are presented in Table 1. The maximum RBE, 2.1, 
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Table 1. CFU-5 response to photons or heavy charged particles. 

Radiation and nominal Residual particle Do (Gy) N RBE50 RBE 10 Slope ratio 
Bevalac energy range (em) 

220 kVp x rays 1.05 1.36 
(1.02-1.09) (1.27-1.46) 

6°Co gamma -t 1.22 1.53 
(1.16-1.28) (1.35-1.73) 

' 0Ne-372 MeV --• 0.84 1.37 
(0.79-0.90) (1.22-1.54) 1.2(1.5)11 1.2(1.5)11 1.3(1.5)11 

12C-400 MeV 23.9t 0.90 0.93 
(0.88-0. 92) (0.89-0.96) 2.5 1.7 1.4 

40Ar-447 MeV --• 0.60 1.31 
(0.56-0.64) (1.13-1.51) 1.8(2.2)11 1.8(2.1)11 1.8(2.1)11 

20Ne-425 MeV 15.5t 0.88 0.99 
(0.86-0.90) (0.94-1.04) 2.3 1.6 1.4 

20Ne-670 MeV 24.0:1: 0.65§ 0.88 
(0.62-0.69) (0.76-1.0) 1.7~ 1.6~ 1.5~ 

40Ar-557 MeV 14.7t 1.51 0.71 
(1.36-1.68) (0.67-0.76) 2.6 1.1 0.8 

• Bone marrow suspensions from LAF, mice irradiated in vitro; samples were positioned in the plateau portion of the Bragg curve for 20Ne and 
•oAr. 

t LAF, mice were given whole-body exposures; the centerline of the animal holder was positioned at the approximate center of 12C, 20Ne or 40Ar 
Bragg curves spread to 4 em. 

:f: CB6F1 mice were given whole-body exposures; the centerline of the animal holder was positioned approximately 2 em "upstream" of the distal 
peak of the Bragg curve spread to 10 em. . 
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§ This value for CB6F, strain is not directly comparable with values for LAF, mice because of the greater radiosensitivity of CFU-5 from CB6F1 .... 

mice; the survival curve is based on 8 radiation doses. 
II RBE or slope ratio based on adjustment of x-ray Do by a factor of 1.2 so intercomparisons may be made with other RBE estimates where gamma 

photons were used as the reference radiation. ~~ 
~ Estimates based on comparison with the gamma radiation survival curve in the CB6F1 mouse where Do is 0. 98 (0. 92-1.04) and N is 0. 97(0.81-

1.0) based on 9 dose points. D' and N are significantly lower than for the LAF, mouse. 

was observed following exposure of CFU-S in vitro to 
447 MeV 40Ar particles, characterized by an LET 00 of 100 
keVIJ.Lm. The RBE decreases at lower and higher levels 
of LET. Stopping 557 MeV argon particles with an LET 
of 500 to 600 keV/J.Lm have an RBE of essentially 1.0. 
Preliminary results on acute radiation lethality (LD50130) 

also support an RBE of 1 .0 for 557 MeV 40Ar ions. The 
extrapolation numbers for stopping argon, neon, and 
carbon particles appear to be less than 1.0, in some cases 
markedly less than 1.0--an invitation to explore carefully 
the effects of dose fractionation on CFU-S response in 
vivo. Interestingly, the survival curve for CFU-S exposed 
in vitro to 447 MeV 40Ar ions shows an extrapolation 
number greater than 1.0, so some attention must be 
addressed to resolving differences in extrapolation numbers 
between in vitro and in vivo CFU-S procedures. 

As the footnotes to Table 1 explain, the sensitivity 
of CFU-S of LAF, mice is significantly less than that of 
CB6F, mice exposed to either photons or stopping 20Ne 
ions; the Do difference is about 20%. When CFU-S survival 
was evaluated for 425 and 670 MeV neon ions at the 
same residual range, the estimates of RBE were quite 

similar, although the contribution of fragments to dose 
would be expected to be somewhat different for the 4 
and 10 em spiral ridge filters used in those in vivo ir
radiation experiments. Any differences in the contributions 
of fragments to total dose are not reflected clearly in the 
CFU-S survival curves, estimated by RBE at the 50% and 
10% survival levels. 

Future studies on CFU-5 survival following exposure 
to HZE particle beams will address specific hypotheses 
relating to alterations in CFU-killing effects in relation to· 
the dose contribution made by primary particles and 
fragments. 

Earlier work has demonstrated an initial dose-related 
depletion of the CFU-S compartment, followed by a re
population to near normal levels that occurs within 90 
to 150 days. Subsequently, for reasons not understood, 
the size of the CFU-S population decreases again and is 
accompanied by an increase in the fraction of CFU-S 
engaged in DNA synthesis. Such late changes in the cell 
population kinetics of CFU-S may be related to leuke
mogenesis. We have previously postulated that the ev
olution of stromal injury contributes to the late-life de-
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ficiency in the size of the CFU-S population. To test this 
hypothesis, we have used locally irradiated, long-term 
survivors of skin tolerance studies, described elsewhere 
in this report (see Ainsworth eta/., "Response of Mouse 
Flank Skin ... "). Measurements have been made of the 
CFU-S content in the irradiated leg, in comparison with 
the leg shielded for either photons or HZE particles. 
Femur CFU-S content has been determined at various 
times between 6 months and 1.8 years after radiation. 
Only in a few instances has a significantly different CFU
S content been observed between the irradiated and the 
shielded leg, and in those cases the radiation doses were 
in the range of 5,000-7,300 rad. The clear pattern that 
has emerged is that, at late times after irradiation, the 
CFU-S content in both the irradiated and the shielded 
legs is significantly lower than the CFU-S content in the 
femurs of age-matched unirradiated control animals. There 
is thus some systemic response that results in CFU pop
ulation size changes in both legs. The functional phys
iological significance of these changes is currently under 
study. Aspects of these late-effects studies are being con
ducted collaboratively with David Crouse, University of 
Nebraska Medical School, and Michael Hagen, Armed 
Forces Radiobiology Research Institute. Work in progress 
is determining the hematocrit, hemoglobin content, and 
total erythrocyte content in animals that have received 
photon or HZE particle exposures to only one leg. 

Studies are being planned to determine the effect of 
prior irradiation on CFU-S repopulation after a low single 
dose of x rays. Because age-related changes in radio
sensitivity of CFU-S would be important in such studies, 
measurements have been made of CFU-S Do for "young" 
CB6F1 mice and aged mice (2-2.5 years) of the reciprocal 
hybrid strain, B6CF 1, using the "recipient" CFU-S meth
odology. In this technique, CFU-S survival is determined 
after injecting diluted bone marrow into recipient animals 
and irradiating the bone marrow of those recipients. No 
significant effect of age on Do has been detected. The 
gamma-ray Do for young and aged CFU-S is in the range 
of 85-90 rad, and no marked differences were observed 
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............ 
in either the radio of CFU-S/1 05 nucleated cells or femoral 
CFU-S content. 

Future studies comparing irradiated young and aged 
animals, and aged animals irradiated much earlier, will 
examine any diminished capacity to repair radiation injury 
or to repopulate CFU-S after a low radiation dose among 
aged animals or animals that have been previously ir
radiated. Late manifestations of resitual injury in the he
matopoietic system, accompanied by alterations in cell 
population kinetics, may indicate a deregulation of control 
systems that could be important in leukemogenesis. 

CFU-S repopulation has been studied previously fol
lowing either single or fractionated doses of photons or 
high LET fission neutrons. Under conditions where the 
CFU-S depression per femur was approximately equal 
at 1 to 2 days following fractionated doses of photons 
or fission neutrons, the CFU-S repopulation 8 days after 
completion of the fractionation sequence was significantly 
lower for neutons than for photons. 2 We have used this 
experimental model to assess the extent to which 670 
MeV neon ions produce similar effects. Preliminary results 
indicate similar CFU-S repopulation during the first several 
days after completion of a fractionated radiation sequence 
with either cobalt-60 gamma radiation or neon-20 ions. 
Future CFU-S repopulation studies will be conducted on 
animals exposed to HZE particles characterized by higher 
values for dose-averaged LET. The intention is to explore 
time-dependent changes in thymus weight because we 
have previously found that thymus weight regeneration 
has a significant dependence on LET. 
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!It CELLULAR AND MOLECULAR RADIOBIOLOGY OF HEAVY-ION BEAMS 

Cornelius A. Tobias, Eleanor A. Blakely, Frank Q.H. Ngo, Ruth J. Roots, Tracy 
C.H. Yang, Polly Y. Chang, Leora Lommel, Laurie M. Craise and Michael). Yezzi 

Accelerated heavy particles are candidates for use 
in cancer radiotherapy, and the major goal of our program 
has been to characterize the biological potential of Bevalac 
beams for this purpose. Relative biological effectiveness 
(RBE) values and oxygen enhancement ratio (OER) prop
erties of monoenergetic carbon, neon, and argon beams 
with initial energies of several hundred MeV/u have been 
measured as a function of residual range. 1 Bevalac beams 

with Bragg peaks modified to encompass tumors of various 
sizes have also been studied using cultured cells in vitro. 2•

3 

Past studies have shown that the biologically effective 
peak-to-plateau dose ratio was maximized for carbon 
and neon, and then diminished somewhat for argon; 
however, argon ions had a superior LET distribution for 
optimal reduction of the radiobiological oxygen effect. 
This analysis suggested that an ion beam with an atomic 



number between neon and argon would be most useful 
for cancer radiotherapy trials. Tobias et a/. 4 proposed, 
therefore, that perhaps a silicon or phosphorus beam 
would retain an effective depth-dose profile while main
taining a lower OER. Preliminary results with accelerated 
silicon ions were reported last year. 

SILICON-ION STUDIES 

Our evaluation of the clinical potential of silicon
ion beams has been extended this year to include RBE 
and OER measurements in vitro using 530 MeV/u and 
670 MeV/u beams with Bragg peaks extended to widths 
of 4 or 10 em. The T-1 human cell data obtained with 
Bevalac beams of carbon, neon, silicon, and argon ions 
of 14-cm range have permitted a comparison of their 
aerobic and hypoxic cell-killing potential. 

Survival versus range plots for simulated, dual par-
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allel-oppq,sed fields are illustrated in Fig. 1. Where the 
Bragg ionization ratios from the two beams overlap, the 
peak-to-plateau dose ratio is magnified without increasing 
the plateau entrance dose. The overlapping peaks also 
serve to average the number of stopping particles across 
the entire peak, which makes both the dose distribution 
and the LET distribution in the peak region more uniform. 
The carbon and neon beams demonstrate the greatest 
ratio of peak-to-plateau biological effectiveness. However, 
cell killing of both aerobic and hypoxic cells in the peak 
region is greatest for silicon and argon beams. 

An advantageous OER has also been measured in 
the more penetrating 670 MeV/u silicon beam. Figure 2 
indicates OER values measured at specific range positions 
in the Bragg curve of this beam. The OER at 10% survival 
is still high (2.6) in the entrance plateau, but it diminishes 
to 2.0 in the proximal peak, 1.8 in the midpeak, and 
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Figure 1. lsoeffectiveness of extended Bragg peaks. (A) Physical Bragg ionization curves for single-port and simulated cross
fired dual parallel-opposed port 570 MeV/u Ar beams for cell monolayer exposures in vitro. (B) Human T-1 cell depth-survival 
curves following simulated cross-fire of C, Ne, Si, or Ar beams for hypoxic and aerated cells with 4-cm extended Bragg peak. 
The oxygen (OER) effect in the "tumor" is smallest for Si and Ar. Initial energy of each beam and entrance dose required to 
kill cells in the peak to 10% surviving level are indicated. (A) XBL 785-8658; (B) XBL 809-3680) 
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Figure 2. Silicon Bragg curve and 70 % OER values for 670 
MeV/u beam with a 70-cm extended Bragg peak. 

XBL 879-4234 

1 .4 in the dista l peak. The cross-fired para ll el-opposed 
position yielded an OER of 1.6, which means an averaged 
OER between 1.6 and 1.8 can be achieved across the 
extended peak in para llel -opposed fields of th is beam . 
Aerobic RBE values for each depth pos ition studied are 
quite similar to the neon RBE values, ranging from 1 .4 
in the plateau at 10% survival to a value of 1. 7-1 .9 
across the extended peak. 

Additional si licon-ion beam experiments have been 
designed to evaluate primary beam fragmentation effects 
on ce ll killing in vitro under aerobic and hypoxic con
ditions. Silicon-ion beams of four different initial energies 
from 320 MeV/u to 670 MeV/u were acce lerated at the 
Bevalac. Monolayer track-segment ce llul ar survival was 
measured at the residual range positions indicated for 
each silicon beam shown in Fig. 3. In conjunction with 
these biological experiments, j. Llacer conducted physical 
experiments using silicon-germanium detectors to identify 
the particle composition and LET at specific residual 
ranges where biological measurements are made. 5 E. V. 
Benton irradiated plastic nuclear track particle detectors 
under the same beam conditions to evaluate particle 
track diameters for independent LET determinations. 5 

We are part icular ly interested in what effect an in
creased fragmentation component has on ce ll kill ing. 
Exposing ce ll s at the same residual range of si li con beams 
of a low and high initial energy makes this comparison 
possible. Two beams with different initial energies can 
be chosen which have the same primary beam component, 
but different levels of fragmentation. Measuring cell killing 
in the plateau of the Bragg curve also permits one to 
study high-LET primary beams without contaminat ion 
from fragments. 

The coordinated evaluation of physical characteristics 
of partic le beams by both active and passive detector 
techniques has been quite useful to the interpretation of 

93 

beam composition effects on biological measurements. 
The most extensive study with this approach concentrated 
on si licon ions because the fragmentation effects are 
significant (a lthough less than for argon ions), and peak 
LET values are near or greater than the critica l 100 
keV/f..l-m leve l. 

Preliminary biological data in Fig. 4 show that silicon 
OER measurements are quite simi lar for all beams at an 
LET near 100 keV/ f..l-m if the primary beam component 
is the same, no matter what the silicon fragmentation is. 
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Figure 3. Silicon Bragg curves of beams with four different initial 
energies: 320, 456, 530, and 670 MeV!u. Residual range positions 
are designated where track segment cell monolayer measurements 
of RBE and OER values were made. XBL 8 7 7-4043 
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Figure 4. OER values at 70% survival as a function of dose
average mean LET for silicon-ion beams of four different initial 
energies. XBL 8 7 9-4236 



Preliminary physica l measurements show that the highest 
percentage of silicon fragments is composed of aluminum 
and magnesium. There are also sma ller fragments (e.g. , 
Z <6) with much lower LET, but their contr ibution to ce ll 
killing is much less. The LET va lues of the large fragments 
are high, and therefore do not greatl y dilute the primary 
beam LET. For examp le, the LET of the si licon fragments 
in the 530 MeV/u beam is approx imately 80% of the 
LET value of the pr imary silicon ions near the Bragg peak . 
A si milar compar ison fo r the 425 MeV/u neon beam 
shows that the LET of the neon fragments is approximately 
40% of the LET of the primary neon ions. 

Future experiments wil l examine fragmentation effects 
with neon beams of various initial energies . Fragmentation 
is significantly reduced for neon, and the adm ixture of 
low-LET fragments with primary ions of high LET may 
demonstrate more dramatica ll y a fragmentation effect of 
mixed LET beams. This may be especia lly true for the 
LET range encompassed by the stopping neon ions. Results 
pooled from physica l and b io logical stud ies indicate that 
sili con ions may be optimal for simu ltaneously obta ining 
a high RBE and a low OER. Apparently, the LET distribution 
of si li con-ion beam fragments is high enough to eli c it 
optimal cell killing of aerobic and hypoxic cel ls. Studies 
are p lan ned to maximize the high-LET component of the 
sil icon beam, and they wi ll guide the development of 
particle beam de li very dynamics that are under consid 
eration for clinical purposes. 

CELL AGE DEPENDENCY OF HEAVY-ION 
EFFECTS 

Variations in the rad iosensitivity of cu ltured mam
malian cells at different phases of the division cycle have 
been known since the early 1960s.&-9 lt was not, however, 
until the late 1960s and early 1970s that high LET radiations 
were found to diminish the variat ion between the most 
sensitive and the most resistant phases. 

Although it is generally agreed that the variation in 
radiosensitivity to high-LET radiation is less than that for 
x rays, sufficient data do not exist in the literature to 
make quantitative comparisons of the magnitude, qual
itative characterization , dose, LET, or cell-line dependence 
of the reduction . To further complicate these studies, 
differences in response according to age can occur be
tween cells that have been synchronized by var ious 
methods .10 Clearly, more systematic studies are needed 
to establish the LET dependence of the cell age response. 

The cellular age response to low-LET radiations can 
be generalized into two forms : one for cells with a short 
G 1 phase, and one for cells with a long G1 phase. 10 Both 
forms show a similar response at cell cycle ages beyond 
the sensitive G / S interface, through a maximally resistant 
late S phase, and final ly a sensitive G 2 and M population . 
However, in cells w ith a long G 1 phase, there is an 
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additional radioresistance early in G 1 that declines at the 
G / S trans ition to a va lue about eq ual to that fo r mitotic 
ce ll s. 

Most estab li shed human ce ll lines have cell cycle 
generation times of 20 to 24 hours, and a G 1 peak of 
radioresistance to x rays. During the past year, we syn
chronized human T-1 cel ls by the mitotic se lection 
method, using a Talandic automatic ce ll synchronizer. 
Synchronized human T-1 ce ll populations were exposed 
to doses of Bragg-peak 425 MeV/u neon ions rang ing 
from 1 to 4 gray, and the su rviva l results are plotted in 
Fi g. 5 as a function of ce ll age. The data are summarized 
from two separate experiments. The percentage of labeled 
cel ls from a 15-minute pulse of trit iated thymidine was 
scored autoradiographica ll y in a fract ion of each pop
ulation to confi rm the degree of synchrony and the duration 
of the S phase. Except for the lowest dose, surv iva l results 
show radioresistance in ear ly G 1 and in late S/ear ly G2 , 

and radiosensit iv ity at the G/S boundary. The G 1 phase 
of human T-1 ce lls becomes progress ive ly more sensitive 
to neon-ion damage until the S phase begins-and the 
ce lls abruptly become radioresistant. Radiosensitivity then 
cont inues to increase progressively as the cells move 
through the G 2 phase. 
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Exposures of the synchronized human T-1 cell pop
ulations to 225 kVp x rays have demonstrated that the 
degree of variation between the most resistant and the 
most sensitive cell phases after doses of 7 Gy of x rays 
is comparable to that seen after 2 Gy of Bragg-peak neon 
ions. Late S phase/early G2 phase cells are resistant to 
both radiations. G, phase cells, however, appear to be 
more sensitive to neon ions than to x rays at this dose 
level. Further experiments are in progress to examine 
the qualitative and quantitative differences in the age 
response of human cells to low and high LET radiations. 

REPAIR OF POTENTIALLY LETHAL DAMAGE IN 
CONFLUENT CELLS 

A large fraction of the normal human cell population 
consists of stationary or slowly proliferating cells. To 
better understand the potential hazards of radiation to 
normal tissues, it is useful to study the responses of sta
tionary-phase mammalian cells to heavy-ion radiation. 
We used mouse embryo cells (C3 H 1 OT1/2) as a model 
system for investigating the repair of potentially lethal 
damage. Cells at a confluent state were irradiated with 
x rays or plateau silicon beams having an initial energy 
of 320 MeV/u and a dose-averaged LET of approximately 
88 keV/j.Lm. One group of cells was incubated at 37°C 
for 1 day before they were allowed to grow and divide, 
while another group was seeded at a low density in 
dishes immediately after irradiation. Figure 6(a) shows 
the dose-response curves of cells plated immediately 
after irradiation with x rays or silicon ions. The RBE for 
cell killing at the 50% survival level is about 3.0. When 
the cells were kept at a confluent state at 37°C for 1 day 
after irradiation, cell survival increased significantly. 

To compare the amount of repair of potentially lethal 
damage that occurs during the incubation period, we 
use the repair ratio. This number is defined as the ratio 
of the radiation dose necessary to kill the 50% survival 
level in the delayed plating experiment versus the dose 
required to kill the 50% survival level in the immediate 
plating experiment. The repair ratio is about 1.7 for x 
rays and less, about 1 .4, for silicon ions. Using the results 
from the delayed plating experiment as a model for slowly 
proliferating cells, we therefore measure an RBE of 3.3 
at the 50% survival level [Fig. 6(b)], higher than the RBE 
of 3.0 measured for actively growing cells. The repair 
of potentially lethal damage is slightly reduced at an LET 
of 88 MeV/j.Lm, which results in a 10% increase in the 
relative biological effectiveness of 320 MeV/u plateau 
silicon ions for cell killing of confluent cells. 

INDUCTION AND REPAIR OF DNA LESIONS: 
THE SIMIAN VIRUS 40 SYSTEM 

The Simian virus 40 (SV40) DNA is complexed with 
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nucleosomes and, although physically smaller than the 
mammalian DNA-protein complex, is structurally almost 
identical to it. The viral unit has a small molecular weight, 
and it can be used to assess DNA damage in both an in 
vitro (DNA solution) and an in vivo (intracellular viral 
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DNA) system. Chromatographic assay systems developed 
in our laboratory allow complete separation of single
and double-strand break yields, either from the SV40 
DNA solution or the SV40 DNA recovered from a host 
mammal ian cell. 

We are interested in understanding the qualitative 
and quantitative differences between high- and low-LET 
radiation in terms of molecular damage. The steric con
figuration of the DNA molecule during and after irradiation 
may be important to understanding the action of radiations 
with different ionizing capacities. Our program, therefore, 
includes some work on lesion-induction in DNA by ra
diations with different LET values. These studies are also 
an integral part of our work on radiation-induced cell 
transformation and chromosome damage. 

Data from studies of damage to SV40 DNA in so
lution, where 60Co-gamma-ray irradiations were compared 
to ridge-filtered, distal Bragg-peak 670 MeV/u neon-ion 
irradiations, are shown in Fig. 7. Electrophoretic migration 
of the DNA samples is from left to right, and the unir
radiated samples exhibit two peaks. The major peak with 
the highest mobility accounts for about 90% of the DNA 
and is designated Form I; the minor peak with a lower 
mobility accounts for the remaining 10% of the DNA 
and is designated Form II. The Form I molecules are 
covalently closed, duplex DNA with 24 superhelical turns. 
The Form II species contain a single-strand break and 
have an open circular form. The small fraction of Form 
II molecules is invariably present as a result of the isolation 
procedure and the storage of SV40 DNA preparations. 

Following both types of irradiation, there is a pro
gressive increase in the relative percentage of Form II 
molecules. At dose levels in excess of 1 krad, the DNA 
electrophoretogram of damage from each radiation type 
exhibits a new peak with a mobility between the Form 
I and Form II species. This peak is associated with Form 
Ill DNA molecules that contain a double-strand break 
and are thereby converted to an open-chain form. The 
efficiency of forming single- and double-strand breaks is 
higher with gamma radiation relative to the neon-ion 
radiation per unit dose. At comparable doses of these 
two forms of radiation, the extent of conversion of Form 
I to Form II, and of Form I 6r II to Form Ill molecules, is 
greater in the samples exposed to gamma rays. The frag
mentation of Form Ill molecules to polynucleotide seg
ments is also promoted more efficiently by the gamma 
radiation, as is evident from the broad DNA electro
phoretograms following a total dose of approximately 
40 krad. Experiments are in progress to measure the LET 
dependence of these types of DNA damage. 

LETHAL EFFECTS OF DUAL RADIATIONS 

We have demonstrated with both synchronous and 
asynchronous cells that low- and high-LET radiations do 
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not act independently in cell killing, but cause a synergistic 
interaction. 12

•
13 The magnitude of the interaction in syn

chronous cells is greatest with the smallest time interval 
between the high- and low-LET radiation. Results indicate 
that among the selected cell stages studied, late S phase 
shows the greatest interaction between 425 MeV/u neon 
Bragg-peak ion irradiation and x-irradiation, and G1/S 
shows the least. 
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Figure 7. Electrophoretograms of SV40 DNA irradiated in solution 
with Ne ions or gamma rays. Dose range is from 100 rad (1 
Gy) to 40,000 rad (40 Gy). LET-dependent damage is evident 
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Cell progression studies have also shown that high
LET heavy ion irradiation causes a drastic delay of cells 
in G2 phase. Lucke-Huhle et a/. 14 observed a profound 
G2 block that had an LET dependence similar to the cell
killing end point, but with a greater biological effective
ness. With increasing dose the effect becomes greater, 
the maximum effect occurring at or near 8 hours after 
irradiation of asynchronous, exponentially growing 
Chinese hamster V-79 cells. This is the time a V-79 cell 
would need to proceed from G1 to G2 phase. 

Conventional radiotherapy uses a fractionated dose. 
treatment schedule. It is therefore of interest to consider 
the cell-killing effects of sequential doses of high- and 
low-LET radiation in asynchronous cells, with the time 
between the two radiation modalities varied. The effect 
of a dose of low-LET radiation on a cell population that 
has perhaps progressed to a more radiosensitive cell phase 
after a first dose of high-LET radiation can thus be ex
amined. 

Figure 8 demonstrates survival measurements made 
in asynchronous Chinese hamster cells irradiated first 
with 200 rad of Bragg-peak neon ions (mean LET , = 

183 keV/J.Lm), or 500 or 800 rad of Bragg-plateau neon 
ions (mean LET, = 38 keV/J.Lm), followed by 1,000 rads 

425 MeV/omu Neon 
225 kVp X- rays 

200rod Ne {LBL-Fl 
+ 1000 rod X 

TIME 

500 rod Ne { LBL -Al 
+ 1000 rod X 

V79 

fij o:q;o 

16 

Figure B. Survival data for asynchronous Chinese hamster V79 
cells irradiated with either 200-rad Ne Bragg-peak ions and 
1,000 rad of x rays, or 500 rad or BOO rad of Ne Bragg plateau 
ions and 1,000 rad of x rays. Incubation time at 37'C between 
the two radiation modalities varied from zero to 15 hours. 

XBL 788-3451 
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of 225 kVp x rays. The incubation time at 37°C between 
the two radiation exposures varied from zero to 15 hours. 

The results show that there are qualitative and quan
titative differences between the survival patterns of cells 
receiving the fractionated low-LET radiation regime 
compared to those receiving the high LET-low LET dose 
schedule. In all cases, however, there appears to be a 
significantly increased radiosensitivity 8 hours after the 
first radiation dose, corresponding to the time when the 
cells would be blocked in the more radiosensitive G2 

phase. Cells receiving the high-LET radiation first dem
onstrate this more effectively per unit dose, compared 
to the effect in cells receiving a first dose of low-LET 
radiation. The complete interpretation of the result is 
complicated by the competing effect of repair of the 
damage from the first radiation dose. Experiments are in 
progress with cultured human cells to study the cell line 
dependence of radiosensitve cell kinetics after high-LET 
irradiations. 

THE REPAIR-MISREPAIR MODEL 

A biophysical model for interpretation of cellular 
effects caused by heavy charged particles and other del
eterious agents has been developed and is under study 
in our laboratory. 15 The repair-misrepair (RMR) model is 
being used to quantitatively evaluate the competition 
between eurepair (true or perfect repair) and misrepair 
processes of molecular lesions established at very fast 
times (~10-4 sec) following irradiation. 

The consideration of lesion production and repair 
in mixed modality regimes has been of particular interest 
during the past year. Figure 9 is a plot of Chinese hamster 
V79 cellular survival after irradiation with very high LET 
8.5 MeV/u argon ions alone, with x rays alone, or with 
800 rad of argon ions followed immediatley by graded 
doses of x rays. The argon ions were accelerated at the 
SuperHILAC and had a mean LET, of 1,800 keV/J.Lm, 
which results in an exponential survival curve and, be
cause of overkill, shows higher survival than x rays. 

An RMR function was used to fit the data resulting 
from the mixed modality experiment. The RMR fit of 
data from experiments in which either 8 Gy or 16 Gy 
of argon ions was followed by graded x-ray doses was 
compared to theoretical fits using the theory of dual 
radiation action 16 (see Fig. 1 0). The fit of data to this 
theory is poor because of the difficulty in estimating over 
a small dose range the very smaiiJ3 parameter associated 
with the exponential argon survival curve. The RMR fit 
demonstrates additional proof that there are remnant le
sions from the first argon dose which can interact with 
damage from a subsequent x-ray irradiation. The im
portance of track structure, LET, particle charge, and 
velocity on the interactive effect is under investigation. 
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MECHANISTIC STUDIES OF NEOPLASTIC CELL TRANSFORMATION BY IONIZING RADIATION 

Tracy Chui-hsu Yang, Laurie M. Craise, and Cornelius A. Tobias 

Shortly after the discovery of x rays by Wilhelm C. 
Roentgen in 1895, many physicians began to apply this 
ionizing radiation to cancer treatment. Soon, however, 
the potential carcinogenic effect of rad iation was noticed 
because many radiologists began to develop skin ulcer
ation and skin tumors on their left hands, which were 
exposed to x-rays. Over the following decades, many 
animal experiments with radiation have been performed, 
th.e results showing a strong dependence on dose in 
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cancer induction. Even within a low-dose range, the 
frequency of many types of cancer generally increases 
with dose. 

Both primary cultures and cell lines have been used 
to study the radiation induction of neoplastic cell trans
formation in vitro. Because of their uniformity in response 
to radiation and because of their high-plating efficiency 
and ease of handling, established cell lines have been 
widely used by radiation biophysicists to study cellular 
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Figure 1. Schematic of experimental method used for studying neoplastic cell transformation of C3H1 OTI 'h cells induced by 
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responses to radiation. The most popular cell line for 
investigating, in particular, radiation-induced neoplastic 
ce ll transformation has been the C3H1 OTV2, establ ished 
by Reznikoff eta/. in 1973. 1 Embryo ce ll s from the C3H 
mouse were grown in dishes for many passages through 
the ce ll cycle, then cloned. One of the cloned cells 
(clone 8) showed a high sensit ivity of postconfluent in
hibition of cell division, and this clone was subsequent ly 
selected as the vehicle for studying neoplastic cell trans
formation by chem ical carcinogens in vitro. In noncon
fluent or sparse cu ltu res ce ll s are fibroblast-like , with a 
long cytoplasmic process. Once they reach a confluent 
stage, the cells form a flat, even monolayer and appear 
somewhat epithelial. 

Figure 1 shows a schematic diagram of the genera l 
method we have used to determine the survival frequency 
of ce ll s and the frequency of radiation-induced neoplastic 
cell transformation. Transformed foci can be eas il y rec
ognized, since they are dense and discrete, in contrast 
with the flat background of control ce ll s (Fig. 2). 

As part of the Biology and Medicine heavy-ion ra
diation program, we are systematica ll y investigating the 
potential carcinogenic and mutagenic effects of high
and low-linear energy transfer (LET) radiation at the cellular 
level. From these studies, we antic ipate additional insight 
into the molecular and cellular mechanisms of radiation 
carcinogenes is. Such results should provide quantitative 
information useful for assessing the undesirable biological 
effects of cosmic rays in space. Some of our recent ex
perimen'ta l results are presented here. 

I 

Figure 3 shows the dose-response curves for cells 
irradiated either with x rays or with 13.2 MeV/n (million 
electron volts per nucleon) carbon ions accelerated at 

0 rad 120 rad 
470 MeV/n 
Carbon ions 

Figure 2. Left dish is a control containing evenly spread monolayer 
C3H 7 OT'h cells with no transformed colonies; right dish shows 
a discrete and dense neoplastic transformed focus in cells ir
radiated with 7 20 rad neon ions. 
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the 88- lnch Cyclotron at LBL. For x-irradiated cells, the 
survival curve shows a sign if icant shoulder with an ex
trapo lation number (n) of about 2, determined by ex
trapolating the exponentia l portion of the survival curve 
back to zero dose. The surviva l curve for ce ll s irradiated 
with 13.2 MeV/n carbon ions (LET=128 keV/~-tm ) appears 
to be a simp le exponential one. For a given lethal effect, 
carbon part icles are more effective than x rays . For ex
ample, it takes less than 300 rad of carbon ions to ki II 
90% of the cells, about half the dose of x rays. The 
relative b iological effectiveness (RBE) for carbon ions at 
90% cell killing, or 10% survival, is, therefore, about 
2.0. The RBE value for carbon ions varies with dose or 
the level of cell killing: it increases with a decrease of 
dose or in ce ll killing. 

The effects of ionizing radiation on neoplastic cell 
transformation is shown in Fig. 4 . The number of trans
formants per surv ivor is plotted as a function of radiation 
dose on a I in ear scale. Both x rays and carbon ions can 
induce neoplastic cell transformation. For x rays, the 
frequency of cell transformation per survivor increases 
with radiation dose and appears to reach a plateau at 
about 600 rad . For a given dose, 13 .2 MeV/n carbon 
particles show a greater effect than x rays in inducing 
neoplastic cell transformation , since there are consistently 
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Figure 3. Dose-response curves for cells irradiated with x ra ys 
or 7 3.2 MeV/n carbon ions. RBE values (ra tio of x-ray dose and 
carbon-ion dose for an equal biological effect) are given at 
different survival levels. 
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more transformants per survivor for all carbon ion doses 
used than for x rays. The RBE value for carbon particles 
varies with the dose level, from about 1. 9 at a relatively 
high dose to about 3.0 for low doses. High-LET heavy 
ion radiation, i.e., carbon ions with LET= 128 keV/fLm, 
therefore, can cause cell killing and neoplastic cell trans
formation more effectively than x rays. 

When the frequency of transformation is compared 
on an equal survival level, however, no significant dif
ference between these two modalities of radiation bas 
been seen. Figure 5 shows a plot of the number of tr~ns
formants per survival as a function of the log of percent 
of survival; the dose-response curve appears to be cur
vilinear. 

Some transformation lesions induced by x rays are 
repairable. When x-irradiated confluent C3H1 OT1/2 cells 
were incubated for 24 hours at 3rC before being plated 
into dishes as singlets, the transformation frequency de
creased significantly. The results of an experiment designed 
to study the rapair kinetics of transformation lesions in 
confluent cells are given in Fig. 6. For both radiation 
doses used, 600 and 300 rad, there is clearly a significant 
decrease of transformation frequency over 24 hours. Cells 
irradiated with 600 rad, for example, showed a decrease 
in the number of transformants per survivor from about 
3 X 10- 3 to about 7 X 10- 4 . Since the initial number 
of transformants per survivor for a single dose of 300 rad 
is also about 7 x 10- 4

, this suggests that about half of 
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Figure 4. Effects of ionizing radiation on neoplastic cell trans
formation: linear plot of percent of transformants per survivor 
as a function of radiation dose for x rays and carbon particles. 
At equal doses, the number of transformants per survivor for 
carbon ions is consistently higher than for x rays. RBE values 
for various frequencies of transformation are given. 
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the transformation lesions induced by 600-rad x rays are 
repairable. The number of transformation lesions re
maining in cells appears to diminish exponentially with 
incubation time, although present data are· not precise 
enough to make a determination on the repair rate. 

In irradiated mammalian cells, various types of lesions 
in the cell nucleus have been observed, including single 
DNA strand breaks, double DNA strand breaks, base 
damage, and DNA and nuclear protein cross-links. Shortly 
after irradiation, these lesions will be either repaired 
perfectly (eurepair) or repaired incorrectly (misrepair). A 
simplified diagram showing the possible pathways of 
lesions in irradiated mammalian cells is given in Fig. 7. 
Cells with no misrepaired lesions will survive the radiation 
assault and remain normal. Misrepaired lesions can be 
lethal or nonlethal. Cells containing nonlethal misrepaired 
lesions will become mutated and/or neoplastically trans
formed; cells possessing lethal misrepaired lesions will 
die. Ionizing radiation appears to be much more effective 
in producing lethal lesions than in causing mutation and 
neoplastic transformation in mammalian cells. A 600-
rad dose of x rays, for instance, will kill about 90% of 
the C3H 1 OT1/2 cells, while of the survivors less than 1% 
will be transformed and 0.1% will be mutated. These 
apparent differences in response to radiation may relate 
to differences in target size for cell killing, mutation, and 
neoplastic transformation. We will return to this point 
later. 

When the transformation frequency per survivor for 
low- and high-LET radiation is compared at an equal 
survival level, the experimental data show no significant 
difference (Fig. 5). This result seems to suggest that a 
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constant portion of nonlethal lesions may be responsible 
for cell transformation. If a linear plot of the transformation 
frequency-per survivor versus the percentage of survival 
is calculated, however, a curvilinear response is found, 
as shown in Fig. 8. At high cell-killing levels, radiation 
appearsto form more transformation lesions per survivor. 
The transformation lesion, therefore, is not a constant 
portion of nonlethal lesions for different doses. Instead, 
the proportion of misrepaired nonlethal lesions may in
crease at higher doses. Because interaction between le
sions produced by different heavy particles or photons 
becomes more probable at high doses, some transfor
mation lesions may be a result of error-prone interactions 
between primary lesions. 

It has been assumed that mammalian cell nuclear 
DNA is the primary target for cell killing by low and 
moderately high doses of ionizing radiation. There is also 
some evidence to suggest that DNA is an important target 
for radiation-induced neoplastic cell transformation. 
Studies with isotope-labeled nucleotides, for example, 
show that tritiated thymidine can cause neoplastic cell 
transformation in vitro. Moreover, cells exposed to 5-
bromodeoxyuridine (a DNA analog) before x-irradiation 
gave a frequency of cell transformation several times 
higher than cells treated with radiation alone. The con
centration of the DNA analog used was about 1 o-s M, 
which did not cause a significant number of cells to 
transform. 
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Figure 6. Repair kinetics of transformation lesions in confluent 
CJH10T'h cells irradiated with two different doses of x-rays. 
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Mechanisms other than a point mutation, such as 
a frameshift mutation or a small deletion, have been 
suggested for neoplastic transformation. Mutation at the 
chromosome level, e.g., aneuploidy due to nondisjunc
tion, has been proposed for the diethylstilbestrol-induced 
neoplastic transformation. Ionizing radiation is known 
to cause chromosome aberrations effectively. It seems 
plausible that some macrochromosomal aberrations may 
be related to the neoplastic transformation lesions. More 
than one type of DNA lesion, therefore, may contribute 
to the radiation-induced neoplastic cell transformation. 

Ionizing radiation produced 

lesions in the cell nucleus 

error-free ..-----
(eurepaired lesions) 

~ misrepaired 
lesions 

/ ""' nonlethal lethal 
lesions lesions 

/ \.. 
mutation transformation 
lesions ---- lesions 

living normal living cells living cells nonviable 
cells with with cancer cells 

mutation cell morphology 

Frequency: ~ 100% $0.1% ~1% ~100% 

Figure 7. Possible pathways of primary lesions induced by ionizing 
radiation in mammalian cells. Maximum frequency for various 
biological effects of ionizing radiation is given under each column. 
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That both repairable and nonrepairable transformation 
lesions occur, as shown by the repair kinetics study (Fig. 
6), supports this idea. 

The frequency of neoplastic cell transformation by 
ionizing radiation is generally less than 1 %, which suggests 
that in mammalian cells the transformation target may 
be 100 times smaller than that for cell killing. The trans
formation target probably consists of many genes in the 
cell. How these transformation genes are distributed 
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among the chromosomes and what the DNA sequences 
of these genes are--these are two of the questions we 
are trying to answer through our current experiments. 
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Heavy-ion projection radiography and heavy-ion 
computerized tomography (CT) are being developed in 
our laboratory into low-dose, safe, reliable, noninvasive 
clinical diagnostic radiological procedures that can 
quantitate and image very small density differences in 
the structure of human tissues. The ability of heavy ions 
to achieve a more precise resolution of density and com
position of normal and neoplastic tissues of the body 
than x rays provides the potential for improved clinical 
diagnostic cancer detection in general, and of small can
cers in human tissues in particular. It should also improve 
charged particle radiotherapy treatment planning at LBL. 
Our clinical studies focus on heavy-ion mammography 
and tomographic reconstruction of the brain. We are also 
developing passive and active on-1 ine heavy-ion detector 
systems, for such devices are the basis for better quan
titative densitometry of tissues and organs, for projection 
imaging, and for two- and true three-dimensional CT 
reconstructions with precise stopping power values. All 
these goals have valuable applications in cancer medicine. 

PASSIVE DETECTOR RESEARCH 

Our passive detectors are special nuclear track de
tectors originally developed for space research; they are 
described in last year's annual report. Figure 1 shows 
the calculated modulation transfer functions for certain 
heavy ions and protons; these functions were obtained 
using a phantom detector foil stack and the charged 
particle stopping-point distributions. Figure 1 also shows 
the relationship of dose to resolution. Figure 2 shows the 
range (or density) resolution against radial resolution for 
neon and protons at constant dose levels; in each case, 
better density resolution is achieved at higher dose levels. 

*University of San Francisco. 
+Accelerator and Fusion Research Division. 
=I=Engineering and Technical Services Division. 
§Department of Nuclear Engineering, University of California, Berkeley. 
IIUniversity of California, San Francisco. 

At the same depth resolution, however, neon has much 
better radial resolution than protons at the same dose 
level; it would take extremely high proton doses to match 
neon resolution. At a 20-cm range we obtain a depth 
resolution down to 0.1% and a radial resolution of 0.1 
to 0.2 em with either carbon or neon beams, using particle 
flux densities between 103 and 5, x 103 particles/cm2

• 

Radial resolution of neon is visibly better than that of 
carbon, partly because of statistics and partly because 
neon particles make larger lesions in the plastic nuclear 
detectors. Using neon beams at high dose, we have 
obtained a density resolution of 0.05% for an object of 
1 em in size imbedded in a phantom of 12 em diameter. 
A dose of 0.02 rad is adequate for neon or carbon-ion 
mammograms, where radial resolution is on the order 
of 0.2 em. 
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Figure 1. Calculated modulation transfer functions for certain 
heavy ions and protons, obtained using a phantom detector foil 
stack and particle stopping point distributions. These distributions 
also determined the relationship of dose to resolution. The graph 
is valid for particle beams of approximately 20-cm range in 
water. The inhomogeneity is in the middle of the phantom, 
about 10 em from the detector. A value corresponding to about 
20% of the statistical error is assumed. XBL 809-1981 



ACTIVE HEAVY-ION IMAGING RESEARCH 

Active heavy-ion imaging techniques are being de
veloped to produce two-and three-dimensional repre
sentations of a patient's tissues and organs . As an active 
imaging method, our multiwire proportional chamber, 
described below, produces digitized data during exposure; 
the data are rapidly processed and images can be re
constructed while the patient remains in position. By 
rotating the patient while exposures are taken for two
dimensional radiographs, it is possible to collect data 
necessary for three-dimensional reconstruction. This 
method does not reformat a three-dimensional image by 
stacking multiple tomographic slices. Rather, a true three
dimensional image is directly synthesized and recon
structed from a series of two-dimensional projections, 
and the resolution of the reconstructed images is therefore 
uniform in all three dimensions. 

MEDUSA (Medical Dose Uniformity Sampler) is a 
16-plane multiwire proportional chamber constructed 
and used at the biomedical heavy-ion beam area of the 
Bevalac. The 16 chamber planes are stacked, and each 
plane has 64 parallel wires placed 4 mm apart; the wire 
directions are staggered in such a way that they cover 
the 180-degree space. The data collected on the 64 wires 
of a plane are the line integrals along the wires of the 
beam intensity, and represent the one-dimensional pro
jection of the two-dimensional beam intensity profile 
along the direction of the wires of the particular plane. 
Based on the 16 projections, each at a different angle, 
the beam intensity profile is reconstructed. 

Heterogeneous three-dimensional tissues and organs 
can be imaged using the MEDUSA. When a heavy ion 
beam with a modified Bragg peak (spread by a specially 
designed filter) is transmitted through the tissues of the 
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Figure 2. Depth and radial resolutions that can be reached at 
a constant dose in beams of 20-cm range from objects about 
10 em from the detector stack. Better depth resolution is achieved 
at the same dose when the radial dimension of the object is 
larger. The resolutions that can be reached with neon ions at 
practical doses are obviously better than those with protons. 
The calculations were made for 20% accuracy. 
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body, only particles in the peak that have excess energy 
after passing through the object enter the chamber. The 
modified Bragg peak is shaped so that the dose is a 
function of the position in the spread peak; the measured 
dose downstream of an object in the beam is translated 
into the integrated stopping power of the object along 
the path of the beam. The resulting image of a three
dimensional anatomical structure is a two-dimensional 
projection radiograph; each pixel (rectangular picture 
element) gives the integrated electron density seen by 
the beam particles arriving at the pixel 's coordinates. 

Figures 3 and 4 are reconstructed heavy-ion CT im
ages of the chest of a living beagle dog; a neon-ion beam 
(670 MeV/amu) with a 14-cm-spread Bragg peak was 
used. The sensitive area of the MEDUSA is a circle with 
a radius of 25.6 em. A larger chamber, with finer wire 
spacings than the current 4 mm and with more chamber 
planes, is planned for clinical applications. It will provide 
a three-dimensional assessment of the patient's radi
ographic anatomy with respect to the heavy-ion treatment 
beam when the patient is in the treatment position just 
before radiotherapy. Such information will be valuable 
for therapy planning, verification of the treatment plan, 
patient positioning, and the localization of the treatment 
volume in which the cancer is confined. 

HEAVY-ION NEURORADIOLOGY 

Over the past year, considerable advances have been 
made in heavy-ion computerized tomography recon-

Figure 3. Heavy-ion (neon, 670 MeV!amu) computerized to
mographic (CT) reconstruction of the thorax of a living beagle 
dog using the multiwire proportional chamber (MEDUSA) at 
the Bevalac. The images represent two-dimensional projections 
at 16 different angles in the upright position. XBB 818-7850 



Figure 4. Neon-ion (670 MeV!amu) CT reconstruction (MEDUSA) 
of the chest of beagle dog illustrated in Fig. 3. The images 
represent transverse sections of the thorax; each slice thickness 
is 7 2 mm. The internal structures of the heart, lungs, and medial 
wall are seen. XBB 8 78-785 7 

struction of the brain in vitro and in clinical cancer patients. 
Using plastic nuclear detectors, we have demonstrated 
that carbon-ion and neon-ion tomography are capable 
of high-density resolution . In this report we show the 
first heavy-ion CT reconstruction of the human brain in 
a clinical patient. One of our main research goals for 
the coming year is to improve the quality of such re
constructions and to perform quantitative comparisons 
with state-of-the-art x-ray CT procedures. Figure 5 illus
trates the manner in which heavy-ion computerized to
mography of the brain is performed at the Bevalac. The 
scanner assembly for patient positioning is now in working 
condition , modified from the previous year's description 
specifically for clinical patient examinations. 

Figure 6 i ll ustrates the first neon-ion (670 MeV/amu) 
CT reconstruction of the human brain in a clinical patient 
with metastatic melanoma in the cerebral cortex. The 
image reconstruction represents a two-diminsional 1.5-
mm thick section through a true three-dimensional 2.5-
cm-thick solid cylinder cut through the center of the 
brain. While this initial study lacks the high resolution 
of tissue structure of the brain, no corrections have been 
made for tissue or computational artifacts, and on ly 30 
projection angles have been used. Nevertheless, the poor 
spatial resolution does not limit delineation of the internal 
structures of the brain , and density resolution appears 
to be similar to the early x-ray computerized tomographic 
brain scans. Differences in density between various regions 
of skull and brain structures can be seen. True three
dimensional neon-ion CT images of the 2.5-cm-thick 
section of the brain in this patient are being computed, 
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Figure 5. The multiple-exposure patient-scanning assembly for 
heavy-ion computerized tomography in the medica l cave at the 
Beva lac. Used for heavy-ion imaging of tissue and organ spec
imens, it has been modified for clinica l patient examinations, 
particularly heavy-ion CT of the head and brain . Only a rotating 
patient chair remains to be built. CBB 87 6-5064 

Figure 6. Neon-ion (670 MeV!amu) CT reconstruction (7 .5-mm 
slice) of the human brain in a clinical patient with metastatic 
malignant melanoma in the cerebral cortex. Note dilated third 
ventricle and blunting of left anterior horn by enlarging brain 
tumor. No corrections have been made for tissue or computational 
artifacts; only 30 projection angles were used. XBB 879-907 7 



synthesized, and reconstructed. We plan more studies 
of such two- and three-dimensional heavy-ion recon
structions of the brain in patients undergoing heavy-ion 
radiotherapy for brain tumors at LBL. 

HEAVY-ION MAMMOGRAPHY 

Heavy-ion mammography with carbon ions has be
come a safe, reliable, noninvasive procedure that can 
define very small differences of density in breast tissues 
of patients . The improved density resolution of heavy
ion mammography over x-ray mammography and xe
roradiography can potentially identify small breast cancers 
of less than 1 em diameter, particularly in dense breasts . 
The results of the first-phase clinical trial of heavy-ion 
mammography are encouraging, and warrant continued 
study for application to the early diagnosis of breast cancer. 

In our laboratory, heavy-ion radiography of human 
postmastectomy breast specimens and of clinical breast 
cancer patients has shown that very slight density changes 
(less than 1 %) in soft tissues of the breast can be detected . 
Computer analysis and display methods for variable den
sity (depth) and spatial (lateral) resolution of mammo
graphic images provide a range of quantitative evaluations 
of normal and pathological breast tissues and their fine 
structure and composition, e.g., electron-density distri
bution profiles and density distribution histograms, and 
stopping-point profiles along a tissue section. 

An initial heavy-ion mammography clinical trial is 
in progress; thus far, 39 patients have been examined, 
and over 160 heavy-ion mammograms have been ob
tained . All heavy-ion mammograms are compared with 
the patient's x-ray mammograms or xeroradiographs, and 
with pathological findings where available. Density res
olution in carbon-ion mammograms is equal to or exceeds 
that of x-ray mammography. Carbon ions have shown 
almost all abnormal densities in the breasts of patients 
that could be detected by x rays (Fig. 7) , and provide 
greater sensitivity than x rays in detecting minute con
trasting tissue densities. X rays provide better lateral (spa
tial) resolution, and are relatively more sensitive to higher 
atomic number tissue structures, such as microcalcifi
cations in the breast. In all patients examined by both 
x-ray and carbon-ion mammography, the heavy ions 
confirmed the x-ray studies, i.e., either positive or negative 
for breast cancer. Biopsy studies verified these findings 
in 12 patients (8 benign and 4 malignant tumors); 25 
patients either did not have biopsies done, or the results 
were not available . In two patients, nonpalpable breast 
masses of less than 1 em were detected only on carbon
ion mammograms. Biopsies proved breast carcinoma in 
one case and a benign tumor in the other. 

Computer-analysis image-synthesis programs using 
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the VAX-780 computer system have now been developed 
for heavy-ion mammography, and analysis of over 100 
mammographic images from the 39 patients examined 
in the clinical research breast cancer trial have been 
carried out. Each heavy-ion breast image is analyzed as 
a set of isodensity contour plots and a heavy-ion number 
(-r) frequency histogram for correlation with clinical ra
diological images and pathological breast tissues, in pa
tients and in surgical specimens. The isodensity contour 
plot (Fig. 8) permits quantitative measurement of regions 
of high integrated electronic stopping power; such regions 
indicate the presence of a possible malignant lesion. The 

Figure 7. Computer-synthesized carbon-ion (250 MeV/amu) 
mammogram of left breast of patient with breast cancer. Note 
a small region of increased density in breast parenchyma. This 
was detected on the conventional x-ray mammogram, but the 
nature of the density could not be determined. This mammogram 
was analyzed using quantitative methods unavailable with x
ray imaging (see Figs. 8 and 9). XBB 8 7 7 7-7 0208 

Po tho log icol breast tissue 
(r>normol) 

Figure 8. Computer-produced isodensity contour plot derived 
from stopping-power va lues in heavy-ion mammogram of patient 
with suspected breast cancer (Fig. 7). Dense regions are outlined, 
and the residual range of the charged particles after passing 
through the breast is identified by letters near each contour. A 
low residual range value indicates a region of high tissue (electron) 

density. XBL 8 7 7 7-4334 



composite contour plot also outlines the size and structure 
of the breast lesion and gives information on the paren
chymal patterns of the breast tissues, information that 
may be used in assessing the potential for developing 
cancer. This procedure would be similar to that used in 
the analysis of x-ray mammograms for classifying the 

potential risk of developing cancer of the breast. 
The stopping power frequency distribution provides 

additional important quantitative information for eval
uating heavy-ion mammograms. From our studies on 
breast tissue specimens, the stopping power values and 
heavy-ion numbers (-r) for normal , neoplastic and dys
plastic breast tissues are very different. The heavy-ion 
mammogram frequency distribution histogram ofT pro
vides a potential means of, for example, determining the 
types of tissues present in the breast. Figure 9 demonstrates 
the expected large peak of normal breast tissue at about 
T = -43 and a smaller peak at about T = 0 indicating 
abnormal dense breast tissue, possibly cancer. Methods 
are now being developed to interpret these heavy-ion 
number frequency distribution histograms for each in
dividual breast cancer patient. The method should prove 
of considerable value in test-retest clinical studies where 
measurable changes in stopping values from normal values 
may be predicted. 

The quantitative nature of the heavy-ion mammo
grams makes them particularly suited for pattern-rec
ognition analysis. Methods have been developed to pro-
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Figure 9. Stopping-power frequency-distribution histogram de
rived from a computer-synthesized heavy-ion (carbon, 250 MeV/ 
amu) mammogram of patient w ith suspected breast cancer (Figs. 
7 and 8). Normal and pathological breast tissue appear as separate 
peaks with significantly different heavy-ion (T) numbers. 
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duce edge enhancing gradient plots derived from heavy
ion images. Such analysis allows us to follow tissue density 
alterations as well as changes in frequency distribution 
histograms, and thus to follow the growth of benign or 
malignant breast tissue in patients. 

George T.V. Chen, J. Michael Collier, John T. lyman, and Sam Pitluck 

The Radiotherapy Physics Group works on the phys
ical and biophysical aspects of charged particle radio
therapy. Our activities include the development of iso
survival beams (beams of uniform biological effect), 
computerized treatment planning development for charged 
particle radiotherapy, design of compensation to shape 
dose distributions, and development of dosimetry tech
niques to verify planned irradiations in both phantoms 
and patients. 

HARDWARE ACQUISITIONS 

In the past year, two major devices were delivered: 
the EMI-7070 scanner and the VAX 11 /780 computer. 
The EMI-7070 scanner, capable of scanning patients in 
the treatment (upright) position, was delivered in Sep
tember 1980. In Apri I 1 981, after a lengthy period of 
installation and testing, the unit began to scan patients . 
A software package for bone hardening corrections has 
yet to be delivered, but the full integration of this scanner 
into treatment planning is underway. 

The VAX 11 /780 was installed in June 1981 in the 
Radiotherapy Physics section of the Research Medicine 
Building. The system is shared with the Particle Radiog
raphy Group and the Electron Microscopy Group at Don
ner Laboratory. The system is configured with two me
gabytes of core memory and three 300-megabyte disk 
drives in add ition to two 67-megabyte drives. This machine 
will enable treatment plans to be calculated on 320 x 
320 pixel grids, and will substantially expand our ca
pabilities in interactive and batch treatment planning. 

QUANTITATIVE COMPUTERIZED 
TOMOGRAPHY 

Parameters affecting the quantitative use of com
puterized tomography (CT) data have been investigated. 
Stability of CT numbers from slice to slice on the EMI-
7070 is better than 2 Houndsfield units for water-equiv
alent plastic, air, EMI bone analogue, perspex, and pol
yethylene . (CT numbers are a measure of a pixel's linear 
attenuation coefficient.) Long-term CT number stability 



is under investigation through qual ity assurance scans 
performed daily. Absolute CT values are currently not 
within contract specifications. Wide var iat ions are seen 
when el li ptically shaped phantoms are scanned, or when 
circular phantoms are scanned a few centimeters off axis 
(the variations are as large as 5-7%). Extensive phantom 
studies are underway to establish the accuracy of CT 
numbers for reference materials under clinical cond itions 
(in the presence of inhomogeneities , in phantoms of var
ious shapes and sizes, etc). 

CT DATA EDITING 

Data from CT scans must be edited for proper bolus 
design . Such operations include altering the CT numbers 
of contrast-e .g., from gastrointest inal gas to tissue val 
ues-to prevent overcompensation. Semi -automatic 
techniques to find these regions and make required 
changes are under development. 

TREATMENT PLANNING PROGRAMS 

Although CT scans have not been available in the 
treatment position until recently, a code fully utilizing 
this information has been developed. Software to disp lay 
CT scans and window and level images, and to enter 
target vo lumes via cursor, has been developed. Contour 
information and scan data are then used to (1) define 
coll im ator shape; (2) define required compensation; (3) 
select appropriate irradiation parameters of range and 
spread Bragg peak; and (4) generate aids in collimator 
alignment. 

The dose calculations are performed on the CT data, 
using the single energy scan convers ion algorithm to 
extract relative water-equ ivalent path lengths from 
Houndsfield units. Output of the calcu lat ion is a set of 
isoeffect or physical dose contours superimposed on a 
gray-level image of the scan. Figure 1 shows a repre
sentative treatment planning output from this code. Integral 
dose, maximum and minimum target dose, and other 
relevant quantities are automatica ll y ca lcu lated. With 
the memory limitations of the PDP 11 /34, the machine 
used before the VAX was installed, it was possible only 
to calculate the dose distribution in a relatively coarse 
grid of 80 x 80 pixels. Since CT image data are commonly 
provided in a 320 x 320 matrix, a data-averaging factor 
of 16:1 was necessary. Typical pixel size in the calcu
lational matrix for body scans was 0.54 em. The VAX 
computer will perform dose calculations in the full matrix. 

IMAGING SOFTWARE 

Programs were written to reformat axial CT scans 
to produce saggital, coronal, paraxial, and truly oblique 
images. This software is useful in visualizing the target 
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Figure 7. Treatment plan for chordoma. Helium beams are brought 
through laterals and posteriors with field matching. A U-shaped 
high-dose volume is achieved while keeping the spinal cord 
dose below tolerance. CBB 87 70-9958 

in relation to adjacent tissues from a number of per
spectives. 

Interactively visualiz ing the target volume and ad
jacent critica l structures in three dimensions is under 
exploration. Contours of organs and target are semi-au
tomat ical ly obtained with edge detection routines on CT 
scans. These contours are then displayed on an Evans 
and Sutherland Picture System, which was made available 
for a pilot study through the National Center for Com
putation in Chemistry at LBL. Image rotation, translation, 
highlighting, and scaling may be performed in real time. 
The pilot study will evaluate this graphics system for 
treatment planning optimization . Figure 2 displays an 
image of organ contours as seen on the Evans and Suth
erland system. 

COMPENSATION FABRICATION AND 
VERIFICATION 

Techniques for computer-controlled fabrication of 
compensators based on CT data have been performed. 
Programs have been written to generate instructions for 
a computer-controlled milling machine to fabricate the 
compensator. Test compensators have been milled, and 
detailed dosimetry on resulting dose distributions are 
under analysis . 

DOSIMETRY RESEARCH AND DEVELOPMENT 

A number of projects in dosimetry development and 
research were begun. The specific projects are summarized 
below: 

1. Utility of TLD for heavy ion dosimetry. We are 
collaborating with two groups to study the utility of ther-



Figure 2. Evans and Sutherland Picture System image of a pan
creatic tumor volume, kidneys, and spinal cord. The image 
may be rotated interactively to establish the optimal irradiation 
angle to avoid critica l structures. Images in pseudo-three di
mensions also are an aid in determining the volume of critica l 
structures at potential risk. CBB 8 19-83 14 
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moluminescent dosimeters in heavy ion patient-related 
dosimetry, fo llow ing preliminary work done here several 
years ago. With P. Fessenden and W. Hoffmann of Stanford 
University M edical Center, we are investigat ing the use 
of CaF 2 :Tm for charged-particle dosimetry. Experiments 
in the plateau and extended Bragg peak region of helium 
and neon beams has been performed and is under analys is. 
TLD response w ill be correlated with microdosimetric 
measurements of the lineal energy distribution made by 
Fessenden et a/. In the second collaboration, K. Hagstrom 
and colleagues at the M .D. Anderson Hospital in Houston 
are evaluating the use of l ithium f louride and lithium 
borate for heavy ion dosimetry. 

2. PEBA. The Positron Emitting Beam Analyzer is a 
device capable of determining the stopping point of a 
radioactive charged particle beam to within 1 mm ac
curacy. Experiments were performed using radioactive 
neon-19 beams and PEBA on an anthropomorphic head . 
Determination of the stopping point of the charged particle 
beam were compared with CT-derived information and 
geometric measurements. All techniques agreed to within 
1 mm. Experiments using PEBA were also performed on 
dogs and other phantoms to determine the influence of 
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Figure 3. (a) Schematic experimental layout for respiration-residual 
range perturbation study. (b) Variation of residual range in wa ter 
equiva lent units as a function of time. Oscillations are due to 
respiration process, which interposes va riable amounts of tissue 
between entrance surface and target. 

(a) XBL 8 18-4085; (b) XBL 8 18-4083 



blood flow on peak position. These experiments were 
executed by Chatterjee and Alpen of LBL, who are refining 
the device for clinical use. When the hardware is perfected, 
PEBA will be used on radiotherapy patients to verify 
treatment planning calculations of therapeutic range. 

3. Solid State Radiation Detector. The Charged Par
ticle Radiography Group has developed an active heavy 
ion radiography detector that is also of interest to the 
Radiotherapy Physics Group. This solid state silicon dE/ 
dx and germanium detector assembly is capable of pro
viding accurate information on the identity, position, and 
residual range of individual particles. This dosimetric 
capability may be used for transmission measurements 
with the patient positioned for treatment to answer the 
following questions: What effect does respiration have 
on residual range in abdominal irradiations? What var
iations in residual range are produced by bowel gas, and 
are they significant over the period of treatment time? 
This device is also a convenient and rapid method for 
determining integrated water-equivalent range through 
the body. The solid-state detector is to be used principally 
for radiography and beam fragment analysis, but it is 
also available for pilot clinical dosimetry. To date, the 
electronics has been assembled for a respiration-residual 
range study at the 184-lnch Cyclotron. A schematic of 
the experimental setup is shown in Fig. 3(a). Figure 3(b) 
shows measurements of the variation in residual range 
in a patient not immobilized in Litecast. 

4. Dosimetry using heavy-ion radiography. About 
10 patients have had heavy-ion radiographic exposures 
in the area of tumor. These are planar digital radiographs 
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in which, after processing, the pixel value is directly 
proportional to the integrated water-equivalent path 
through the body at that point. These data are compared 
with CT scans through the same regia~ to verify the 
validity of the CT to water-equivalent pathlength con
version used in treatment planning. For simple regions, 
such as the abdomen or brain (where inhomogeneities 
are not complex or extensive), the CT-predicted value 
of integrated pathlength is accurate to within 3 mm or 
less. In complex regions such as the base of the skull, 
even with high-resolution CT (slice thickness 1.5 mm), 
differences between CT-predicted range and heavy-ion 
radiography may be very large, on the order of 2-3 em. 
Reasons for these differences include the following: (1) 
Minor orientation differences between the CT scan and 
the radiograph can cause large variations in water-equiv
alent pathlength because the base of the skull is thin, 
and, from a lateral port, this inhomogeneity is imaged 
along a "thick" dimension; and (2) quantitative stability 
of CT numbers in the presence of substantial amounts 
of bone is poor, because CT numbers are modified by 
beam hardening effects of the x-ray beam. 

Heavy ion radiography has also been performed on 
excised human ribs to determine range perturbations 
from them. Experimental results show that the relative 
stopping power of human rib averages 1.4, and that 
perturbations from ribs in a lateral field have a magnitude 
of approximately 3 mm. Heavy-ion radiography of the 
vertebral column shows maximum range pull-back of 
1.5 em near the articular facets. 

TREATMENT OF CANCER WITH HEAVY CHARGED PARTICLES 

Joseph R. Castro, Cornelius A. Tobias, William M. Saunders, George T.Y. Chen, 
John T. Lyman, J. Michael Collier, Sam Pitluck, Theodore L. Phillips, Kay H. 
Woodruff, Theresa C. Peters, and Robert E. Walton 

Table 1. Heavy particle clinical trial patients (7175-9181 ). 
The project, "Treatment of Cancer with Heavy 

Anatomic Region Helium Heavy Particle 
Charged Particles," has been ongoing since 1975. Con-
tinued patient accrual during FY 81 has included irra- Head/Neck 25 15 
diation with helium ions at the 184-lnch Synchrocyclotron Intracranial 17 20 
(77 patients) and irradiation with neon ions at the Bevalac 

Ocular so 
(29 patients). 

Since 1975, 362 patients have been irradiated with Thoracic 41 11 

particles and 27 patients irradiated with conventional Abdomen 120 25 

radiotherapy, as controls in randomized studies (Table Retroperitoneal 11 3 

1). Pelvis 17 

The goals of the clinical helium and heavy charged Skin & Subcutaneous 5 

particle radiotherapy trial are: (1) to evaluate the potential 
Subtotal: • 282 80 

of improved dose localization as exemplified by helium-
ion irradiation where little, if any, biological advantage Low-LET photon control patients 27 

is expected; and (2) to evaluate the combined potential 
(randomized pancreas trial) 

of improved dose localization and increased biological TOTAL PATIENTS IN TRIAL: 389 



effect available with heavier ions such as carbon, neon, 
silicon, and argon ions. 

CURRENT TREATMENT PROTOCOLS 

Through an intergroup agreement with the Radiation 
Therapy Oncology Group (RTOG), the Northern California 
Oncology Group (NCOG) provides the primary assistance 
in protocol design, statistical support, quality control, 
data collection, control patient irradiation, and referral 
of patients. Patients within the geographical area of 
northern California and northwest Nevada are entered 
through the NCOG. Patients from other parts of the United 
States may be entered into the clinical trial through the 
RTOG. 

Current protocols include the following: 
1. LBL-NCOG 3P81/RTOG 79-10 

Randomized Trial of Localized Unresectable Carci
noma of the Pancreas. (Helium) 

2. LBL-NCOG 3E81/RTOG 79-09 
Localized Squamous Cell Carcinoma of the Esophagus, 
nonrandomized. (Helium and Heavy Ions) 

3. LBL-NCOG 7081 /RTOG 79-08 
Localized Ocular Melanoma, nonrandomized. (He
lium) 

4. LBL-NCOG 3S91/RTOG 81-14 
Localized Unresectable Adenocarcinoma of the 
Stomach, nonrandomized. (Helium and Heavy Ions) 

5. LBL-NCOG OR81 /RTOG 79-11 
Phase !-Phase II Study of Miscellaneous Locally Ad
vanced Tumors, non randomized. (Helium and Heavy 
Ions) 

6. LBL-VASOG 
Localized Unresectable Carcinoma of the Pancreas, 
nonrandomized. (Helium and Heavy Ions) 

HELIUM ION RADIOTHERAPY 
(184-lnch Synchrocyclotron) 

The aim of the helium-ion radiation therapy program 
has been to test the potential clinical advantage of im-
proved dose localization. · 

Dose fraction sizes of 20 Gy equivalents per fraction, 
four fractions per week to total doses of 60 to 70 Gy 
equivalents have been used to keep dose prescriptions 
of helium ion irradiation comparable to low-LET (linear 
energy transfer) photon irradiation. 

Helium ions have been used in sites such as the 
following, where improved dose localization has appeared 
to be a possible advantage: 

• Selected head and neck tumors around the base 
of the skull and cervical spine, as well as in the paranasal 
sinuses 

• Localized soft tissue sarcomata 
• Carcinoma of the stomach (localized) 
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• Carcinoma of the esophagus 
• Locally advanced and/or recurrent neoplasms in 

the abdomen and the pelvis. 

Dose Localization Studies. A heterogeneous group 
of 92 patients has been entered into Phase I protocols 
to evaluate acute normal tissue effects, develop charged 
particle treatment techniques, and investigate possible 
clinical benefits of superior dose distributions with the 
helium-ion beam. Our general impression is that for tumors 
adjacent to critical organs such as the spinal cord, we 
can deliver a higher dose to the tumor than could be 
delivered with photons, while keeping doses to normal 
tissues at acceptable levels. Tumor control in this group 
of patients has been excellent and normal tissue damage 
minimal. 

This is perhaps best illustrated by a subgroup of 
these patients with chordomas or low-grade chondro
sarcomas of the base of the skull, high cervical spine, 
or sacrum. Most of these tumors can be controlled if a 
photon dose greater than or equal to 70 Gy equivalents 
can be delivered to the tumor. However, this is often 
impossible to accomplish with photons because of un
avoidable irradiation of nearby spinal cord, brain, or gut. 
We have treated 1 0 such patients to date. Five had the 
tumor in the bones of the base of the skull, three had 
sacral tumors, and in two the tumor was in the second 
cervical vertebra. Seven patients have had followup 
ranging from 12 to 43 months. Four are alive and well 
with no evidence of disease; two had persistence of their 
tumor and expired; and one is alive with local control 
but has an apparent metastasis to the mandible. 

Ocular Melanoma. Ocular melanomata are malig
nant tumors of the pigmented layer of the eye. This tumor 
seems nearly ideal for testing the possible benefits of 
helium-ion irradiation. When discovered, these tumors 
are generally small and have not metastasized. They are 
therefore potentially curable by a localized treatment 
such as surgery or irradiation. They can be precisely 
localized for radiotherapy by noninvasive tests such as 
ultrasound, computerized tomography, fluorescein an
giography, and clinical examination, and by a minor 
surgical procedure that involves suturing radiopaque 
markers around the base of the tumor. 

The standard therapy for this tumor is enucleation 
of the eye. By precisely positioning the Bragg peak over 
the tumor with a 3-mm margin proximally and distally 
along the beam and a 2-mm margin laterally, a high 
uniform dose can be delivered to the tumor, while sparing 
nearby critical structures such as the optic disc and fovea, 
if the tumor is a few millimeters away from them. We 
are currently delivering a dose of 80 Gy equivalents (61.5 
physical Gy) in five fractions over 8 to 10 days. This has 
produced a very high rate of tumor control, a low rate 



of normal tissue damage, and preservation of useful vision 
in most patients. 

Between 1 February 1978 and 30 November 1981, 
we completed treatment of 53 patients, with followup 
ranging from 1 to 45 months. Five patients have had 
local recurrence of their tumor. Two of these are from 
among the first few patients treated by us. It is now 
apparent that these represent marginal misses of the tumor. 
A third patient has a "ring melanoma" of the ciliary 
body. The other two local failures are thought to represent 
examples of radioresistant tumors. 

Normal tissue morbidity has been mild, most com
monly consisting of epitheliitis of the eyelid and loss of 
lashes in those· cases where the lid could not be retracted 
out of the radiation field. Two patients have cataracts 
which are not affecting their vision significantly. About 
two-thirds of the patients have vision greater than 20/50 
in the treated eye. One patient, with a very large tumor, 
had shrinkage of the tumor, but subsequently developed 
severe pain secondary to glaucoma and retinal detach
ment, requiring enucleation. 

In addition to the sites listed above, where dose 
localization has proved to be of value with helium-ion 
irradiation, several patients with localized soft tissue sar
coma, metastatic disease in paraaortic lymph nod~s, and 
localized carcinoma of the biliary tract have also been 
treated. In these cases, the ability to deliver 60 Gy equiv
alents without exceeding the tolerance of adjacent normal 
tissues has clearly been of value, and several of these 
patients have had long-term control of their local disease. 

Carcinoma of the Pancreas. Irradiation of patients 
with localized, unresectable carcinoma of the pancreas 
has been carried on at Lawrence Berkeley Laboratory 
since 1976. Our interest was directed at this disease site 
because of availability of patients, increasing incidence 
of this disease in the United States, and the potential for 
local control if an adequate dose could be delivered 
without injury to adjacent normal structures. 

A pilot study was accomplished of some 35 patients 
who received 50 to 60 Gy equivalents of helium irra
diation. There is approximately a 15% incidence of control 
within the irradiated area. The only morbidity has been 
a low incidence (about 10-15%) of radiation gastritis 
and/or duodenitis. The percentage of patients living free 
of disease for greater than 6 months is about 10%. 

A randomized prospective study (LBL-NCOG 3P81/ 
RTOG 79-1 0) was begun in 1978 comparing 60 Gy of 
photon irradiation given in split-course fashion with 60 
Gy equivalent of helium-ion irradiation. Both arms of 
the study received 5-fluorouracil chemotherapy. 

To date, 52 patients have been entered in this ran
domized study, 44 of whom are evaluable. There has 
been no difference between the two arms with respect 
to time to failure, time to local recurrence, or overall 
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survival. Failure within the Irradiation field in both arms 
has been very high with or without distant metastases, 
approximately 90%. 

Because of the high local failure and I iver metastases 
rate, we intend to propose a new study using a heavier 
particle and multidrug chemotherapy. In addition, we 
propose whole-liver irradiation to a low total dose. 

Carcinoma of the Esophagus. Twenty-five patients 
have now been accrued in a Phase II nonrandomized 
prospective study for helium-ion irradiation of localized 
carcinoma of the esophagus (NCOG protocoi3E81/RTOG 
79-09). Since this protocol was activated in December 
1978, the dose has gradually been escalated. The current 
dose level is 69.75 Gy equivalents in 8 weeks. Only 
seven patients have had local control of their tumor, with 
followup ranging from 5 to 12 months. Eighteen of the 
patients have had local failure, with or without distant 
metastases. We therefore intend to begin a pilot trial for 
carcinoma of the esophagus using a heavier ion such as 
neon in hopes that the superior oxygen enhancement 
ratio and greater relative biological effectiveness of these 
beams will be reflected in higher local control rates. 

HEAVY PARTICLE IRRADIATION AT THE 
BEVALAC 

The goals of the Phase 1-Phase II heavy particle (C, 
Ne, Si and Ar) study are: (1) evaluation of acute and 
subacute response of normal tissues such as mucosa, 
skin, and intestine; (2) initial evaluation of tumor response; 
(3) development of effective treatment techniques using 
carbon, neon, argon, and silicon ions based on experience 
obtained with helium ions; and (4) clinical evaluation 
of the physical and biological dose distributions available 
with neon, carbon, argon, and silicon ions. To date, 80 
patients have been irradiated at the Bevalac; 78 of these 
have been irradiated with either the neon- or the carbon
ion beam, as access to the argon-ion beam has been 
limited. 

It is our intent to accumulate approximately 120 to 
150 patients in this pilot study so as to irradiate target 
sites in various regions of the body. We need to obtain 
maximal information regarding acute and subacute normal 
tissue effects together with some impression of tumor 
response to these particles. -

We expect that an additional 6 months of beam 
availability should enable us to complete the current 
Phase 1-Phase II study for neon, argon and silicon ions. 
Thereafter we should be ready to begin prospective con
trolled studies with a heavier particle, allowing a short 
period to install, test and place in service a beam spreading 
wobbler system for patient irradiations. 

Heavy particle radiotherapy experience to date has 
included irradiation of tumors in various parts of the 
body, including primary and metastatic brain tumors, 



advanced head and neck tumors, carcinoma of the 
esophagus, metastatic tumors in the lung, advanced car
cinoma of the pancreas and other miscellaneous locally 
advanced tumors. 

Since these patients generally have very advanced 
tumors and since doses have been gradually escalated, 
estimates of tumor response are premature. Morbidity to 
date has generally been mild except for two instances 
of radiation pneumonitis related to dose and volume of 
lung irradiated rather than to the specific particle (neon). 
Only two patients have been irradiated with argon ions, 
but both had impressive local control of tumor after rei-
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atively low doses of approximately 15 Gy equivalents 
given in four fractions. 

We recognize that changing the configuration of the 
delivered beam by altering the depth of penetration and 
the size of the spread Bragg peak may change the bio
physical attributes of the beam; thus the complexity of 
heavy particle irradiation does not necessarily lend itself 
to the selection of a single ion as the optimal particle 
for radiation of all target sites. Further studies will be 
needed to determine the role of heavy particle radiotherapy 
in clinical practice. 

Magnetic Field Studies 

BIOLOGICAL EFFECTS OF MAGNETIC FIELDS 

Tom S. Tenforde, Cornelius T. Gaffey, Michael S. Raybourn, and Lynette Levy 

Several developing energy technologies, including 
fusion reactors, magnetohydrodynamic systems, and su
perconducting magnet energy storage rings, involve the 
routine exposure of personnel to large magnetic fields. 
The strong fields at these and other research and industrial 
facilities have created a need to evaluate the interactions 
of magnetic fields with living systems. Research programs 
in this area are in progress at Brookhaven National Lab
oratory, Pacific Northwest Laboratories and Lawrence 
Berkeley Laboratory. The results of these parallel studies 
will ultimately provide a comprehensive data base for 
establishing magnetic field exposure guidelines. 

The principal focus of the LBL program is the analysis 
of magnetic field effects on physiological functions in 
experimental animals and selected organ and tissue sys
tems. A major research effort has used electrical recording 
techniques to detect functional alterations in the cardi
ovascular, neural, and visual systems during the appli
cation of stationary magnetic fields. These systems involve 
ionic conduction processes and are therefore potentially 
sensitive to electrodynamic interactions with an applied 
magnetic field. In the case of the visual system, magnetic 
interactions could also arise through orientational effects 
on the magnetically anisotropic photopigment molecules 
within retinal photoreceptor cells. 

In addition to studies with potentially sensitive target 
tissues, we are evaluating magnetic field effects on a 
broad range of other physiological functions in laboratory 
mammals, including the measurement of circadian 
rhythms using noninvasive recording techniques. In future 
research within the LBL program, our emphasis will shift 
increasingly toward the use of noninvasive transducer 
techniques to evaluate the influence of chronic magnetic 
field exposure on mammalian physiological functions. 

Finally, a number of specialized studies are being 
carried out through collaborative research efforts with 
scientists in other groups at LBL, as well as scientists at 
other institutions. These studies include investigations of 
magnetic field effects on the conformation of DNA and 
on the growth and development of plants and insects. 

A brief summary is given here of results obtained 
during the past year in two selected research areas within 
the magnetic field bioeffects program. 

CARDIOVASCULAR STUDIES 

Previous studies in our laboratory have demonstrated 
that significant changes occur in the electrocardiograms 
(ECG) of rodents, dogs, and baboons during exposure 
to stationary magnetic fields. Experimental evidence in
dicates that these alterations of the ECG are attributable 
to magnetically-induced blood flow potentials. These 
induced potentials occur in the segment of the ECG be
tween the S wave and the P wave. Their amplitudes have 
been found to be: (1) dependent on field strength, (2) 
totally reversible upon removal of the field, (3) dependent 
upon orientation of the subject within the field, and (4) 
detectable in the ECG of large animals such as dogs and 
primates at a field strength of 1 kilogauss. 

These observations have been extended, using 
monkeys as subjects in experiments designed to test for 
alterations in cardiac function in the presence of a sta
tionary magnetic field. In collaborative studies with T. 
Budinger and B. Moyer, recordings were made of the 
ECG, phonocardiogram, and intra-arterial blood pressure 
in three subjects. Measurements of the heart rate were 
also obtained from the ECG record. These data clearly 
showed the presence of magnetically-induced blood flow 



potentials, but gave no indication of associated cardi
ovascular stress since both the heart rate and the intra
arterial blood pressure were unaffected by stationary fields 
up to 15 kG strength (Fig. 1 ). The phonocardiogram data 
have been analyzed to obtain the temporal sequencing 
of the opening and closing of the mitral, tricuspid, pul
monary, and aortic valves. When combined with data 
on the temporal sequencing of the series of potentials 
observed in the ECG record, this information has allowed 
us to associate specific magnetically induced flow po-
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tentials with the pulsatile intracardiac, aortic, and pul
monary flows that occur during the cardiac stroke cycle. 

RETINAL ELECTROPHYSIOLOGY 

The occurrence of visual phosphenes in humans 
exposed to time-varying magnetic fields has been doc
umented by numerous studies since d' Arsonval's discovery 
of this phenomenon in 1896. Although stationary (i.e., 
time-independent) magnetic fields have not been found 
to elicit visual phosphenes, we have recorded the elec-
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Figure 1. Electrocardiogram and intra-arterial blood pressure 
records are shown for a juvenile male monkey during exposure 
to stationary magnetic fields up to 15 kG. The percent increase 
in the ECC signal amplitude at the locus of the T-wave, and 
the systolic and diastolic blood pressures, are plotted as a function 
of magnetic field strength. The increase in T-wave amplitude 
is attributable to the superposition on the normal T wave of a 
magnetically-induced potential associated with' pulsatile aortic 
blood flow. 
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troretinogram (ERG) in order to detect any alterations in 
retinal function that may occur during exposure to a 
stationary field. Using in vitro turtle retina preparations, 
we have measured both the photoreceptor A-wave signal 
and the synaptically mediated B-wave signal in the ERG. 
Changes in these signals associated with photon absorption 
have been recorded during the application of stationary 
magnetic fields ranging in strength from 10 G to 10 kG. 
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Experiments have also been conducted throughout 
the diurnal light: dark (12: 12) cycle because of the cyclic 
changes that are known to occur in both the physiologic 
and metabolic functions of rods and cones. Results to 
date indicate that the retinal response to photic stimuli 
is unaffected by large stationary magnetic fields during 
the dark phase (Fig. 2: upper panel). Similarly, no field 

· effect has been seen during the light phase or during the 
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Figure 2. Electrophysiological response of in vitro turtle retina preparations to graded 
photic stimuli are shown under control conditions and during exposure to stationary 
magnetic fields. Changes in the 8-wave were recorded during application of achromatic 
stimuli that varied by 4 orders of magnitude. The highest test flash intensity(- log 
1, = 0) was 5 x 7015 quantalcm'lsec. None of 16 retinal preparations demonstrated 
magnetic sensitivity during either the light or dark phases of a daily 12-hour light! 
72-hour dark cycle, as illustrated in the upper chart for a retinal preparation during 
the light cycle. In contrast, studies with 21 retinal preparations from two turtle species 
have shown sensitivity to fields as low as 50 G during the light-to-dark transition 
period (circa 6 p.m.), when both rod and cone photoreceptors undergo a rapid shift 
in physiologic and metabolic activities. Lower chart shows suppression of the 8-
wave amplitude during exposure to stationary magnetic fields for a retinal preparation 
at the end of the light-to-dark transition period. X8L 819-4223 



dark-to-light transition phase of the diurnal cycle. How
ever, as shown in the lower panel of Fig. 2, a significant 
alteration in retinal photic response occurs during the 
light-to-dark t~ansition phase. The threshold field pro
ducing this effect is approximately 50 G, and at field 
levels greater than 100 G the B-wave amplitude is sup
pressed by up to 80%. This change in response has been 
consistently observed in 21 separate experiments using 
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both the all-cone and duplex rod-cone retinas from Pseu
dyms and Chf2/ydra turtles, respectively. The compression 
of the retinal response to photic stimuli in the presence 
of a stationary magnetic field is not accompanied by a 
change in the state of visual adaptation, suggesting that 
the underlying mechanism does not involve the initial 
stages of the phototransduction process. 

A FUNCTIONAL APPROACH TO THE ASSESSMENT OF OCULAR HAZARDS OF LASERS 

Michael S. Raybourn, Robert l. Kong, and David 0. Been 

_T~e use of low-energy lasers in research, industry, 
med1cme, and the military has increased dramatically 
in th~ past decade. As a consequence, the danger of 
laser-mduced ocular dysfunction through both thermal 
and nonthermal (photochemical) mechanisms has in
.creased. Current safety guidelines for laser exposures 
have _been determined primarily by histopathological 
techniques and subsequent thermal burn calculations. 
While this approach is appropriate for coherent quantal 
fluxes resulting in thermophysicallesions (~ 1Q21 to1022 
quanta/cm2/sec), these techniques are too insensitive to 
detect nonthermal effects on retinal function. Damage 
mechanisms in nonthermal effects probably involve pho
toactivation of molecules, leading to membrane oxidation. 

~more sensitive approach, electrophysiological re
cordmgs of the electroretinogram (ERG), has been used 
to monitor the functional viability of the retina. This 
bioelectric response to light is a massed voltage potential 
recorded from the entire eye. Since the ERG correlates 
well with overt visual function, it has been useful in both 
clinical and research settings. However, since it represents 
neural information summed over the entire retinal surface 
it cannot differentiate between the contributions of separat~ 
retinal loci. Therefore, any localized retinal dysfunction 
will usually go undetected (except in the macula). Since 
laser irradiation is focused onto the retina in the same 
manner as incoherent light, the spatial dimensions of the 
irradiated tissue can remain relatively small and, therefore, 
escape detection of ERG analysis. 

. We have undertaken the task of quantitatively reas
sessl·n·g current laser exposure safety standards by using 
sens1t1ve neurophysiological techniques that can selec
tively probe regional differences in functional behavior 
across the retina. We are assessing acute nonthermal 
laser effects in an in vitro retinal preparation that allows 
~igor~us con~rol over many important optical and phys
Iological vanables while retaining its visual responsivity 
for hours. 

METHODOLOGY 

Our approach involves the quantitative analysis of 
intensity (stimulus)-response (biological), or 1-R, functions 
obtained with electrophysiological recordings from neural 
tissues in an in vitro "retinal eyecup" preparation. We 
use two independent recording microelectrodes (in con
junction with coaxial incoherent and laser light stimu
lation) to monitor two retinal sites. This provides an all
important intraretinal control hitherto unobtainable in 
risk assessment studies. We can thus determine the dose
response functions for safe levels of incident electro
magnetic energies, using functional end points instead 
of the more classical, but less sensitive, histopathological 
techniques. 

Our model system is the retina of the turtle. There 
are three reasons for this choice. First, all vertebrate 
retinae transduce incident light into neural signals in 
basically the same way. Secondly, more is known about 
the biophysics and biochemistry of turtle photoreceptors 
than about any other vertebrate cell except the erythrocyte. 
Third, the physical dimensions of t~rtle photoreceptors 
are large enough (S-8 f.Lm x 75 f.Lm versus 0.8 f.Lm x 
80 f.Lm in man) so that intracellular recording for direct 
assessment of membrane functions can eventually be 
made. 

Our surgical procedure is as follows: At a specific 
time in an artificially maintained 12 hours light: 12 hours 
dark diurnal cycle, the animal is decapitated and pithed. 
Under dim red light, the eye is dissected from the head 
and hemi-sected in a plane perpendicular to the anterior
posterior axis, near the ora serrata. The anterior portion 
of the eye is discarded while the posterior portion is 
drained of its vitreous humor, leaving the so-called "retinal 
eyecup." This in vitro preparation can retain its phys
iological viability for up to 5 hours, although 3 to 4 hours 
is our usual experimental duration. 

The eyecup is placed in a Lucite recording chamber 
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Figure 7. Retinal eyecup preparation showing separate test and control light spots with respective recording 
electrodes. Each spot is 7 mm in diameter. Photographed through a dissection microscope at lO x 
magnification. XBB 8 7 8-7904 

into which a water-saturated mixture of 0 2 :C02 (95%:5%) 
gas is de li vered. The scleral (back) portion of the eyecup 
is grounded via Ag-AgCI contacts in the chamber. Glass 
microelectrodes used for record ing ERG's are made on 
a Livingston-type pipette pu ller, fil led with 0.2M NaCI , 
and have resistances of about 250 kohms. Two recording 
electrodes are positioned onto the retina via independent 
hydraulic drives. Signals from each electrode are amplified 
via separate recording channe ls, and conventional ac 
recording techniques are used. Data is stored on magnetic 
tape and on computer diskette for future playback and 
analysis. 

Incoherent white light is provided by a 200-W tung
sten-iodine lamp (1.8 x 1 0 '4 quanta/sec/cm 2 at 635 nm) 
in a two-channel optical system. Intensity and wavelength 
are controlled by interposing neutral density and narrow
band interference filters (20 nm half-width). Two apertures 
in the optical pathway, each with two-dimensional mo
bility, are used to create two separate focused images 
on the retina (Fig . 1 ). Thu s, a separate st imulus spot can 
be centered on each recording electrode. The two spots 
are individually shown so that the stimuli can be alternately 
presented. Stimulus timing is contro lled by a digital pulse 
timer which triggers Uniblitz drivers and electromagnetic 
shutters. 

Severa l devices provide laser stimulation, including 
a 0.5 mW and a 2 mW helium-neon (HeNe) laser, and 

a 0.6 mW gallium arsenide (GaAs) semiconductor diode 
laser. For al l lasers, the beam is comb ined with the in
coherent li ght path by means of a beam splitter. Thus, 
coherent and incoherent beams are coaxial. Positive and 
negative lenses are used to match coherent and incoherent 
retinal image sizes. Since the laser exposures in our ex
periments last several minutes, manual shuttering of lasers 
has been adequate. 

DATA ANALYSIS 

Our method of assessing retinal funct ion is based 
on the analysis of the photic stimu lus intensity-biological 
response amplitude relationships of the loca ll y-recorded 
ERG. Our data are presented in the form of intensity
response (1 -R) functions. There are three major advantages 
in using 1-R function analysis over the more familiar 
methods of tracking threshold criterion val ues. First, it 
measures retinal behavior over the entire physiological 
response range, not just at one point (e.g ., threshold). 
Second ly, this analysis offers a rigorous method for defining 
and quantifying changes in visual sensitivity at different 
retinal sites . Lastly, 1-R function analysis can reveal in
formation about the cellu lar and/or synaptic mechanisms 
affected . 

The 1-R funct ion is derived in our experiments by 
eliciting ERGs with brief (1 00 msec) f lashes of incoherent 



white, or chromat ic, light of vary ing intensities. Figure 
2 illustrates such an experiment. The 1-R function is a 
plot of the amp litude of the ERG component of interest 
(R), in this case the B-wave, as the ordinate, versus the 
log intensity of the test flash eliciting that ERG as the 
abscissa. This plot is shown by the filled circles in Fig. 
3. 

This 1-R function can be described more formally 
by a hyperbolic tangent funct ion of the form: 

where I is the test flash intensity, R is the response elicited 
at that intensity, Rmax is the maximum response elicited 
(the saturated response amplitude) , a is the intensity that 
elicited a half-maximal response, and N is a constant. 
The curve described by this expression is shown as the 
so lid line in Fig. 3, where N has the value of 0.8 . The 
intensity response functions of all retinal neuronal types, 
determined by both intracellular and extracellular re
cording techniques, have been shown to be of this form, 
but with different values of N. The 1-R function thus 
provides a detailed, quantitative characterization of the 
intensity-response properties of the retinal site studied. 
This is an important index in assess ing changes in retinal 
function. 

The 1-R function also can be used to quantify changes 
in sensitivity. The 1-R funct ion in Fig. 3, for example, 
represents the dynamic response range of a given retinal 
site, but this is true only at one particular level of ambient 
illumination . The intensity domain over which the retinal 
site responds can be extended by both cellular and synaptic 
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Figure 2. ERGs elicited by light flashes of varying intensities. 
The log relative intensity is indicated to the left of each response. 
Response traces have been displaced vertically for clarity. 
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Log intensity 

Figure 3. 1-R function derived from experiment shown in Fig. 
2. Peak 8-wave va lues are shown by filled circles. Dimensions 
of the ordinate labeled " R" are microvolts. Hyperbolic tangent 
function (see text) is shown by solid line. 
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Figure 4. 1-R functions obtained at two different ambient light 
levels. Curve A was measured in the dark (no background light). 
Curve 8 was measured in the presence of a - 2. 0 log unit 
background light. The half-maximal intensities for curves A and 
8, labeled a A and a 8, respectively, show a shift in sensitivity of 
approximately 1.0 log units along the abscissa. 
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adaptation mechanisms in response to changes in back
ground ambient illumination. For example, in Fig. 4, 
curve A shows the lcR function measured at a retinal 
locus in the dark (no ambient light). When the 1-R function 
was measured at the same site in the presence of a back
ground light of -2.0 log units, curve B was obtained. 
This curve is shifted to the right along the intensity axis 
with respect to curve A. This means that brighter test 
flashes are required to elicit responses comparable to 
those obtained in the absence of background light. In 
other words, the sensitivity of the retinal locus has been 
reduced due to the change in ambient light level. This 
process is referred to as light adaptation. The change in 
sensitivity due to the background light can be expressed 

Control site 

60 
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quantitatively by taking the difference between the half
maximal intensities, cr, of the two 1-R functions. In this 
case erA is -3.8 log units and cr8 is -2.8 log units, so 
there is a change in sensitivity of 1.0 log units. 

The application of this technique to the assessment 
of laser effects on retinal function can be seen in Fig. 5. 
A 5-minute exposure to the gallium arsenide (GaAs) diode 
laser (PRF mode) results in a rightward shift in the 1-R 
function of the lased site (i.e., a decrease in sensitivity), 
with an accompanying compression of response ampli
tudes. This change is not seen at the nonlased control 
site and thus represents a local dysfunction in retinal 
activity due to laser exposure. 

-----e Pre-exposure 
----o20' Post-

> 
:1.. 

40 

20 

exposure 

~ o~----~----~------~----~---
> -3 -2 _, 0 
0 
~ 
I 

CD 

60 Lased site 

40 

20 

Log intensity 

Figure 5. 1-R functions obtained to flashed light spots before 
and after exposure to a gallium arsenide (GaAs) diode laser for 
5 minutes. Control site was not exposed to laser irradiation and 
demonstrates the absence of any physiological change in the 
in vitro preparation during the experiment. 
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FUNDAMENTAL AND APPLIED STUDIES ON RED BLOOD CELL-MEMBRANE 
SYSTEMS 

Howard C. Mel, Stephen P. Akeson, * Gary Richieri, * Sarah Rabinovici, Steven 
Peros,t and Diana Lininger.+ 

Our research this year can be divided into three 
distinct but interrelated areas. First has been the stand
ardization of an osmotic fragility test using resistive pulse 
spectroscopy (RPS). 1 While the development of protocols 
for basic biophysical studies has been the major focus 
of this work, the foundations for a clinical test of fragility 
that is both simple and inexpensive have also been pro
vided. 

Second, on a more fundamental level, a more refined 
and detailed model of the dynamics of osmotic hemolysis, 
one that incorporates our previous work on rheological 
properties2 with the macromolecular models of Sheetz 
and Singer, 3 has been developed. In a major step, electric 
field strength has beeh added as an experimental parameter 
in RPS. We now measure the separate contributions of 
membrane and cytoplasm to the particle resistivity, and 
thus can follow the kinetics of both volume and underlying 
ionic changes that occur during hemolysis. While the 
initial motivation was to gain a better understanding of 
the electrical signals generated by erythrocytes during 
hemolysis, the theory and protocols are also applicable 
to the sizing of any membrane-bounded particle, as we 
have found in studies of the delipidization of fixed red 
cells. 

Finally, in an ongoing collaboration with M.C. Wil
liams and his group in the Department of Chemical En
gineering at the University of California, Berkeley, we 
have been studying the aging of whole blood. We have 
focused on ionic and volume regulation in cells stored 
at various temperatures, since such properties (along with 
others) determine the deformability of red blood cells, 
the state of their membranes, and ultimately the viability 
of such cells upon transfusion. 

OSMOTIC FRAGILITY RE-EXAMINED 

When red blood cells (RBC) are suspended in hy
potonic media, they osmotically equilibrate by swelling 
in a fraction of a second. If the resultant volume exceeds 
the membrane surface area, the cell bursts. As was shown 
by Yee and Mel/ this process can be followed by RPS 
measurements of the suspension of lysing cells. As shown 
in Fig. 1 (a), at fast flow or high shear conditions, there 
are two separate "size" populations representing, re
spectively, "ghosts"-RBC stroma -and critically swollen 
intact cells. When exposed to hypotonicmedium, these 
two populations are distinct at 45 seconds, but merge 

* Graduate Group in Biophysics and Medical Physics, UC Berkeley. 
t Department of Biophysics and Medical Physics, UC Berkeley. 

together by 3 minutes post-exposure. The basis for this 
early bifurcation is the difference in deformability between 
the two populations. 

If we instead measure the suspension at a very high 
electric field strength [Fig. 1 (b)], we find that the two 
populations remain distinct even after 3 minutes. As we 
will discuss later, we believe that this second experiment 
provides a measure of the difference in internal con
ductivity between the ghosts and the intact cells, and 
we can thus obtain a clear and clinically useful measure 
of the percentage of ghosts. As shown in Fig. 2, the 
osmotic fragility curves generated by this method are 
comparable to -those produced by the traditional test, 
which relies on absorption spectroscopy to follow the 
release of hemoglobin. The major difference, and one 
of considerable practical importance, is that the RPS
based test requires only 60 seconds, and can be run with 
minor changes on a standard Coulter counter. The standard 
osmotic fragility test, in contrast, requires a series of 
quantitative dilutions that takes at least 45 minutes. As 
a result, it is not used nearly as widely as it should be. 

With a standard protocol for measuring osmotic 
fragility in hand, we have begun systematic studies of 
the factors in specimen preparation that influence this 
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Figure 1. RPS "sizing" of ghosts and intact cells in a hemolyzing 
population of RBCs at two electric-field strengths (125 mOsm 
PBS, room temperature). 
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Figure 2. Comparison of standard osmotic fragility test with 60-second dynamic osmotic hemolysis test by RPS. Four normals and 
four pathologies: C.L.L.-chronic lymphatic leukemia; P. V.-polycythemia vera; /.D.-iron deficiency anemia; and S.C.-sickle 
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property. The role of temperature as a major determinant 
of osmotic fragility has long been known, yet it is not 
commonly appreciated. As shown in Fig. 3, the region 
of greatest sensitivity is in the vicinity of room temperature 
(arrow points to 22°C). Furthermore, at room temperature 
we find major shifts in fragility during the first 30 minutes 
following dilution of whole blood into PBS (phosphate 
buffer saline), so a 30-minute incubation in "primary 
dilution" to allow the cells to stabilize is now incorporated 
into our protocols. · 

VOLTAGE-DEPENDENT CONDUCTANCE 

The observations shown in Fig. 1, that resistive pulse 
(or size) spectra of ghosts can vary wildly, depending on 
the voltage drop across the sensing orifice, was first re
ported by Gear, 4 without explanation. Zimmerman et 
a/. 5 had previously reported dielectric breakdown of red 
blood cells at electric field strengths above 3.25 kV/cm, 
but they did not incorporate their results into the theory 
of cell sizing. Once we observed this phenomenon in 
our own laboratory, we began a series of experiments 
to quantitate the effect. Figure 4 shows the results of one 
such experiment, where red blood cells were sized in a 
series of 300 mOsm solutions having different resistivities, 

Figure 3. RPS osmotic fragility as a function of inverse temperature. 
('Kelvin'). Note arrow pointing to room temperature. 
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made by different admixtures of sucrose., Above ap
proximately 1 kV/cm the measured peak or modal volume 
is a function of both the solution resistivity and the electric 
field strength in the orifice. We interpret these data to 
mean that below 1 kV/cm the red cells are essentially 
perfect resistors, but that above this threshold, their re
sistance becomes voltage-dependent. 

If we turn to the theory of electrical sizing as de
veloped by Kate he I, 6 the dependence of electrically sensed 
size on solution resistivity, at high electric fields, is taken 
to reflect changes in a combined "shape and conductivity" 
factor. When the data from Fig. 4 are analyzed in this 
way, and the shape factor for the nonconducting cells 
is taken to be 1.2, then one can solve for the particle 
resistivity for each conducting size. As shown in Fig. 5, 
the discocyte resistivity rapidly converges to a value of 
about 200 ohm-em. This agrees quite well with the value 
of Pauly and Schwann/ who used (r)lpedance measure-

E in kV/cm 

Figure 4. RBC slow flow volume (peak channel) vs. electric 
field strength in the RPS sensing orifice. Six admixtures of sucrose: 
X- 0%; o- TO%;!::,.- 20% D- 30%; 0 - 40%; and V 
- 50%. All 300 mOsm. 
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Figure 5. RBC resistivity vs. electric field strength in the RPS 
sensing orifice. 
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ments to obtain a cytoplasmic conductivity of 227 ohm
em for red blood cell cytoplasm. Also shown in Fig. 5 
are the particle resistivities from a similar experiment 
with spherocytes, measured at 160 mOsm, showing a 
convergence to about 300 ohm-em. 

When a similar experiment is performed on ghosts, 
the results, as shown in Fig. 6, are quite different. If all 
these ghosts have the same true volume and shape (i.e., 
they are spheres), then their coincidence in apparent size 
above the threshold for dielectric breakdown means that 
at any given high electric field strength, they all have 
the same ratio of particle to solution resistivity. This implies 
that the membrane resistivity at high electric fields is 
relatively insensitive to the ionic strength of the solution. 

The importance of understanding voltage-dependent 
conductance in Coulter-type sizing is demonstrated in 
Fig. 7. Here we plot the volume as a function of osmotic 
pressure of the suspending medium, for seven different 
current settings, all available on any Coulter-type cell 
sizer. We observe a strong dependence on sensing current, 
particularly at low osmolarities, where the difference 
between two relatively low currents can represent the 
difference between sizing a fully resistive cell or a con
ducting cell. In the case of resistive cells, we are looking 

1° Ghosts (IOminl made and sized in 
original solution slow flow 
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Figure -6. Ghost volume (slow flow, peak channel) vs. electric 
field strength in the RPS sensing orifice at seven osmotic pressures: 
•- 70 mOsm; V- 80 mOsm; 0 -90 mOsm; D- 100 
mOsm; !::,. - 110 mOsm; and o - 120 mOsm. ~ 
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at true volume, while in the case of conducting cells, 
we are really looking at a complex function of volume 
and resistivity. 

Figure 8 shows another aspect of this phenomenon. 
Here we are looking at ghosts measured at slow-flow 
rates, and we observe that at very high electric field 
strengths some ghosts become completely transparent, 
electrically (i.e., zero resistance). This is reflected in the 
complete disappearance of ghosts in terms of the RPS 
sensing system. The time-kinetics reflect the process of 
equilibration of the ghost interior with the surrounding 
medium. When these once again match, the dielectric 
breakdown of the membrane leaves a particle having no 
appreciable difference in resistivity from that of the sus
pending medium. 

Finally, this type of experiment has been used to 
study the effects of the surface-active agent Triton X-1 00 
on fixed red blood cells. This nonionic detergent removes 
lipids from membrane systems, so that fixing RBCs with 
the protein cross-linking agent glutaraldehyde (GA), and 
then exposing these cells to Triton X-1 00, yields a protein 
cytoskeletal object. Microscopically, the cellular residues 
from this treatment maintain their gross morphological 
and structural integrity. 

The upper curve in Fig. 9 shows the mean volume 
± 1 standard deviation for control cells averaged over 
the same set of electric field strengths as the Triton-treated 
cells. One sees that, unlike native cells or Triton-treated 
fixed cells, the control fixed cells are insensitive to high 
electric fields (up to 2. 7 kV/cm), and do not change with 
time. By comparison, we recall that native red cells exhibit 
breakdown above about 1 kV/cm, and therefore appear 
to be much smaller at high fields. However, the apparent 
size for the fixed cells being acted on by Triton show a 
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Figure 7. RBC volume (slow flow, peak channe/) vs. osmolarity 
(in PBS) measured at seven different sensing currents: •- 25.4 
~J.A; 6.- 49.8 IJ.A; 0- 97.6 IJ.A; 0 - 198 IJ.A; o- 375 
~J.A; V- 740 IJ.A; and X- 1471 IJ.A. 
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strong dependence on field strength (lower curves, Fig. 
9), and with increasing field strength reaches an apparent 
plateau at earlier times. The constant late-time apparent 
size for the Triton-reacted residues probably is a reflection 
of the intrinsic conductivity of the porous-membrane 
system, once the membrane has become effectively 
transparent to the current. A recent report by Cuppoletti 
eta/. 8 that tritonized, fixed RBCs are completely permeable 
(even to the macromolecule albumin), supports our 
interpretation of the properties of this late-time object. 
In this view, the early-time data, reflecting a voltage
dependent size, are indicative of a state when membrane 
lipids have not yet been removed. 
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Figure 8. "Disappearance" of ghosts at high electric field strengths. 
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Figure 9. Kinetics of RPS size changes during Triton X-1 00 de
lipidization of glutaraldehyde fixed RBCs. Open symbols, four 
electric field strengths for Triton exposed cells: 6.-327 volts! 
em; o - 643 volts/em; 0 - 1557 volts/em; 0 - 2478 volts! 
em. Closed symbols are the average for these four field strengths 
for the control, non-Tritonized fixed cells. 
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IONIC AND VOLUME REGULATION IN 
STORED WHOLE BLOOD 

Part of our group's research effort has dealt with the 
aging of blood bank red cells. Biophysical and biochemical 
changes in red blood cells have been monitored over a 
22-day period, for temperatures ranging from 1 octo 37°C. 
The chemical and biological changes in the plasma were 
followed by analysis of Na+, K+, LDH (lactate dehydro
genase) and hemoglobin (performed at Alta Bates Hospital 
in Berkeley). The biophysical changes in red cells were 
followed with resistive pulse spectroscopy, and included 
measurements of c'ell volume, deformability, and osmotic 
fragility in 120 mOsm PBS. We find that both sodium 
and potassium migrate across the cell membrane during 
storage. The enzyme LDH progressively leaches from 
the red blood cells during storage, well in advance of 
hemoglobin leakage. On the basis of plasma analyses, 
we conclude that cation permeabilities are lowest for 
blood stored at 22°C, and rise for blood stored at 4°C 
and 37°C. Blood stored at 4°C, then incubated at 22°C, 
undergoes a partial recovery of the normal, nonequilibrium 
cation distribution. Cell volume rises with time, indicating 
gain of total ion (and hence water) content by the cells. 

Membrane deformability decreases with storage time; 
osmotic fragility increases dramatically for cells stored 
at temperatures above 22°C, but drops for those stored 
at lower temperatures. Figure 10 shows that there exists 
a steady potassium leakage for blood stored at 4°C, for 
the entire 14 days of the study. This is probably the result 
of the steady leakage of K+ out of the cell in a manner 
that cannot be counteracted by the suppressed Na+JK+ 
pump. This finding is important because the standard 
blood bank storage temperature is 4°C. Transfusion of 
such blood, with high plasma K+, might conceivably 
result in kidney damage. Blood stored at 3rC reaches 
a steady state of plasma K+ level after only 3 days. Blood 
stored at 22°C leaks less K+ in the first 7 days, presumably 
because the Na+JK+ pump works to keep cellular K+ 
high. The rapid increase inK+ leakage after 7 days would 
then mean that the pump is failing, owing to depletion 
of ATP. Blood stored at 4°C for 7 days, then at 22°C, 
apparently undergoes reactivation of the Na+ JK+ pump, 
leading to a partial recovery of the K+ distribution. Such 
samples ultimately behave like the sample stored con
tinuously at 22°C. 

Figure 11 shows the change in red cell volume with 
time for different storage temperatures. The cells gain 
volume with time, probably driven by uptake of Na+ 
ions. An important observation is that K+ starts to leak 
out of the cells much earlier than Na+ starts to leak in, 
so that initially all cells shrink. Again, the uptake of Na+ 
is greatest for cells stored at 37°C, and lowest for cells 
stored at 4°C. For cells stored at 22°( there is a change 
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in swelling after 6 days, again reflecting probable depletion 
of ATP, and cessation of Na+JK+ pump activity. 

CONCLUSIONS 

We are developing a model of the red blood cell in 
which volume is a state function of cation concentrations. 
These cation concentrations are, in turn, in a nonequi
librium steady-state condition determined by the external 
ionic milieu and internal metabolic resources. Osmotic 
fragility becomes a probe of selative internal ionic con
centrations, which determine cell volume. The directions 
for future research in this area are clear-the elucidation 
of the time-and temperature dependence of osmotic frag
ility, and the extension of the basic RPS osmotic fragility 
test to large-scale clinical trials. 

The blood storage research is a continuation of our 
previous work on Na+JK+ leak and pump activity, and 
their short-term effects in red blood cells. Our results 
show that, during blood storage, Na+ and K+ have in
dependent fluxes. While the total picture of red blood 
cell changes during storage cannot yet be interpreted 
with conventional understanding of the transport mech-
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Figure 10. Potassium-ion concentration in blood plasma as a 
function of days of storage of whole blood at different temper
atures:•-4"C; A -22"C; X -37C; and<> -4°C, transferred 
to 22"C after 7 days. 
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an isms, it is possible that part of the explanation involves 
changing cation permeabilities through an altered red 
blood cell membrane. 

The voltage-dependent conductivity experiments are 
the start of a major new track in RPS research. For the 
present, we are focusing on ionic regulation in red cells, 
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Figure 11. RBC volume changes measured by RPS (slow flow) 
as a function of days of storage of whole blood at different 
temperatures:•-4'C; .& -2Z"C; X -37C; and• -control, 
fresh blood, every day, 2Z"C. CPO preservative. 

XBL 8110-4311 

125 

since this is the primary basis for volume regulation. The 
apparent voltage-dependent conductance of the mem
brane obviously has a physical basis. The Triton deli
pidization experiments point towards a lipid-mediated 
effect; we plan more tests of this hypothesis. 
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7. STRUCTURAL BIOPHYSICS 

The entire Donner Laboratory Staff was saddened 
by the death this year of Dr. Jack Burki, Staff Senior 
Scientist and Group Leader of the Structural Biophysics 
Group. Jack Burki was respected throughout the research 
community for his remarkable ability to originate and 
carry out top-level experimental programs. He was filled 
with enthusiasm and energy and was generous in sharing 
both his scientific talents and his personal friendship. 
His research program represented a major part of this 
group's effort, and a report of the latest work from his 
program is included in this annual report. 

The Structural Biophysics Group continues its efforts 
to understand ultrastructural elements at both subcellular 
and tissue levels. The human lung is one of the major 
target organs forth is work. Research on the identification 
of muscle elements in human lung, as well as scanning 
electron microscopy of the pulmonary macrophage and 
of the toxic particles that can play an important role in 
environmental damage to this organ, is described. The 
special technique of low-temperature scanning electron 
microscopy as applied to the analysis of frozen hydrated 
biological material is also covered. The high-resolution 
electron microscopy program reports advances in the 
technology of photographic processes for electron mi
croscopy and the application of high-resolution EM to 
studies of the basic structure of bacteriorhodopsin. 

The DNA and genetic studies program (in addition 
to the work from Dr. Burki's group) includes work on 
the conformational transitions and circular dichroism 
characteristics of mammalian cells and DNA components 
and also describes the continuing efforts of Dr. Junko 
Hosoda to probe protein interactions in the T4 bacteri
ophage. These basic studies are aimed at a better un
derstanding of the recombination and repair pathways 
and of the genes that control these processes. 

The yeast genetics program has been very active 
during the past year. Results of studies on chromosome 
loss, recombination and mutation detection in yeast and 
of the cloning of yeast genes involved in repair and 
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recombination are reported. Studies on the repair of x
ray damage and the chromosome properties of radiation
sensitive diploids of yeast have also been part of the 
research activities of this group. The studies of recom
bination in yeast carried out by Dr. Michael Esposito 
show how basic studies can contribute to a better un
derstanding of the mechanisms of both mitotic and meiotic 
recombination. Such studies also improve our ability to 
monitor the genetic effects of suspected mutagenic-re
combinogenetic agents. 

Studies of carcinogenic potency are also carried out 
on the basis of mathematical modeling. The development 
of a systematic quantitative approach for analyzing the 
results of short-term tests for carcinogens and mutagens 
is well under way. 

Basic research to improve our understanding of the 
relationship between cells and tissues is reported for the 
model system utilizing epithelial cell lines. The method 
of formation of epithelial structures and the nature of 
cell-collagen interaction are both important to under
standing how tissues are formed and how the cell as
sociation with connective molecules effects the developing 
tissue structure. Dr. Mina Bissell has also continued her 
very important work on tumor promoters and test systems 
for detecting such promoters. 

The structural biophysics section concludes with 
eight papers detailing some of the current work of the 
serum lipoprotein project. This project investigates the 
structure, metabolism, and medical significance of these 
important biological macromolecules. The very productive 
research of this group continues the long and distinguished 
record of the investigators who have played such an 
important role in determining the structure and function 
of the serum lipoproteins. Some of the earliest work 
demonstrating the importance of these macromolecules 
was pioneered at this laboratory, and their lipoprotein 
research activities continue to be at the forefront of 
biomedica,! research. 
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Electron Microscopy Studies 

MICRO-IDENTIFICATION OF MUSCLE ELEMENTS IN HUMAN LUNG 

Jacob Bastacky, Thomas L. Hayes, Susan B. Klein, Laurence Baskin, L. Michael 
Sprague, Barbara von Schmidt,* and May F. McKoon 

We are currently studying the extent and distribution 
of smooth muscle in the airways of the human lung. 
Smooth muscle makes up a major portion of the wall of 
the conducting airway. Such muscle regulates the caliber 
of the airway and hence its flow/resistive properties. It 
also maintains the patency (openness) of the airway. 
There has been uncertainty as to the extent and distribution 
of smooth muscle in the airway. It is not known, for 
example, whether it continues the full length of the airway 
or stops. If smooth muscle stops, it is not known where. 
This distribution along the airway is of consequence to 
the asthmatic, whose airway muscle is contracted and 
whose airways are narrowed and filled with mucus. It 
is also important to patients with emphysema, for their 
airways are poorly supported and prone to collapse. 

The techniques of positional morphology can be 
applied to a number of questions abounhe structure and 
function of the lung. They lend themselves to an un
derstanding of the structural biophysics of the airway 
and the respiratory system. Positional morphology is an 
approach to the study of biological structure that uses 
electron and light microscopes in a coordinated manner. 
It can be defined as the analysis of microstructure de
termined by location along a functioning unit of an organ. 

We have been developing this approach and applying 
it to the human lung. Although lung architecture has 
been studied for many years, important aspects of its 
structure and function remain poorly understood. One 
reason is that its structural units are difficult to image 
with conventional transmission microscopes. The lung 
is essentially a network of tubes branching in three di
mensions, efficiently filling all the space between 
branches. Conventional light or transmission electron 
microscope (TEM) imaging requires that the lung be cut 
into slices several thousandths to millionths of an inch 
thick. It is difficult to extrapolate from thes.e essentially 
two-dimeosional sections to highly organized three-di
mensional structures. Transmission microscope analysis 
of structures the size of lung units requires laborious 
serial sectioning and tedious reconstruction techniques. 
The scanning electron microscope (SEM), on the other 
hand, does not require thin, flat sections. It can be used 
to analyze surfaces that have considerable three-dimen
sional relief. It is thus particularly appropriate for studying 
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the lung with its complex space-filling geometry. 
We use the SEM to map the airway as it branches 

through the lung [Fig. 1 (a)). We follow the airway from 
its entry into the lung as a 1/2-inch diameter bronchus 
through 17-27 generations of branchings to its terminus 
as a series of 0.01-inch alveoli (air sacs) at the outer 
limiting membrane, the pleura. The map is used to locate 
significant features for analysis with a powerful array of 
microscopic techniques. We use the scanning electron 
microscope to look at the airway surface and determine 
its geometry and elemental composition at magnifications 
up to more than 30,000 times [Fig. l(b) and (c)). Then, 
using the transmission electron microscope, we go a step 
further and look under the surface at the internal structure 
of cells that make up the wall of the airway [Fig. 1 (d)). 
Elemental analysis can be performed in the TEM, and 
histochemical analysis can be performed with the light 
microscope. We can thus correlate surface and internal 
structure, accessing the large body of TEM ultrastructural 
information for the interpretation of SEM surface features. 
Observations of the lung made with the unaided eye can 
be extended to the microscopic level using a high-res
olution macrocamera. This allows us to locate microscopic 
structures very precisely within the whole lung. This is 
of great value in bridging, for example, the gap between 
clinical radiology and experimental histology. We can 
see color with the macrocamera technique, and since 
color is a property of molecules, we are able to study 
the biochemistry of the tissue, again as a function of 
position along an airway. The low-magnification camera 
can look through more than a millimeter of tissue to see 
color-much as our eyes can look through the outer 
layers of skin to see blood in a flushed face or a prominent 
vein. 

The whole process begins with samples of lung re
moved in surgery. We inflate the samples with glutar
aldehyde fixative at specific pressure, dissect open the 
airway from bronchus to pleura, and follow the pathway 
that air takes during inspiration. We photograph the dis
section in color, then prepare the sample for electron 
microscopy by fixing and staining the tissue with osmium, 
tannic acid, lead citrate and uranyl acetate. These chem
icals together act as stains. We carefully remove water 
from the tissue by substituting alcohol for the water, then 
substituting C02 for alcohol. Raising the C02 above its 
critical temperature and pressure then slowly releasing 

•· 
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Figure 7. (a) SEM map of the last centimeter of the human airway (22. 5 x ), terminal bronchiole (TBJ to pleura (P). Note alveoli (A), 
the gas exchange surface of the lung. The surface of one alveolar septum lAS) is examined in (b) (I BOx) and in (c) (450 x) with the 
SEM. Notice single surface epithelial cells (E) and macrophages IM ). This septum was excised, sectioned, and examined with the 
TEM. (d) shows the interior of the septum at plane 0 (3,050x ). Smooth muscle cells (SM ) and collagen (C). 
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the pressure allows us to complete the drying without 
passing the tissue through a liquid/vapor interface. Blocks 
of tissue for the SEM are covered with a thin layer of 
metal to render them conductive and to increase their 
secondary electron coefficient under the electron beam. 
Montage maps are made of the airway [Fig. 1 (a)]. These 
maps are used to survey features of interest to various 
studies. Selected surface features are analyzed at increasing 
magnifications in the SEM [Fig.l(b) and (c)], and these 
features are then dissected out by hand and embedded 
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in epoxy. Thin cross-sections of these features are cut 
on an ultramicrotome and viewed in the electron beam 
of the TEM [Fig. 1 (d)]. 

Results to date with our correlative technique indicate 
that smooth muscle can readily be identified [Fig. 1 (d)]. 
We have found smooth muscle present in the entrance 
rings of alveoli in the respiratory portion of the airway, 
and specifically in the respiratory bronchiole and the 
alveolar duct. ' 

SCANNING ELECTRON MICROSCOPIC INVESTIGATIONS OF INTERACTIONS 
BETWEEN PULMONARY MACROPHAGES AND TOXIC PARTICLES 

Gregory L. Finch, Thomas L. Hayes, Gerald L. Fisher,* and Karen L. McNeill* 

The pulmonary alveolar macrophage (AM) residing 
in the deep lung is a motile, phagocytic cell that is an 
important component of pulmonary defense against air
borne pollutants. A great deal of work has therefore been 
carried out in this laboratory using the scanning electron 
microscope (SEM) to examine AM interactions with en
vironmental pollutants such as fly ash, particles produced 
during coal combustion. 1 Fly ash has been characterized 
as morphologically and chemically heterogeneous, with 
many potentially toxic trace elements associated with 
particles in the respirable size range. To examine possible 
effects of interactions between these trace elements and 
lung cells, we have begun studies investigating the effects 
of nickel subsulfide (Ni 3S2) on the AM. 

The administration of Ni 3S2 , a potent inorganic car
cinogen, to the AM test system is accomplished in two 
different ways. The first is an in vivo technique. Particles 
of pure Ni3S2 suspended in a sterile saline solution are 
gently injected at the first pulmonary bifurcation of lab
oratory mice in a method termed intratracheal intubation. 
This method is nonlethal and can be repeated several 
times for each animal. After waiting various times to 
allow the particles to interact with host tissue and cells, 
the animal is sacrificed and the lungs lavaged (washed) 
through the trachea with a sterile saline solution. The 
lavage effluent contains free lung cells (mostly AM) which 
can then be allowed to attach to glass coverslips prior 
to preparation for SEM. 

The second method of AM exposure is an in vitro 
approach,. Cells are obtained by lavage from unexposed 
animals, attached to glass coverslips, and cultured in a 
serum-containing medium at 37°C. These AM are then 
exposed to known Ni 3S2 particle loadings for various 
times prior to fixation, dehydration, and drying for the 
SEM. 

Preliminary investigations have begun on two groups 
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of intratracheally intubated animals. Mice were intubated 
with N i3S2 for varying times up to 15 weeks, and received 
a particle bolus at 1- to 3-week intervals. Mice were then 
housed from 2 to 5 weeks before sacrifice and AM re
covery. This delay insured that pulmonary clearance 
mechanisms had an opportunity to act on the particles. 
SEM observation of AM lavaged from these animals 
showed no intracellular Ni 3S2 particles present. This may 
be due to cytotoxic effects of the particles, or it may 
simply be that no cells containing particles survived the 
period from the last intubation because of biological 
turnover. 

Since no intracellular particles were evident, a clas
sification scheme based on AM surface morphology was 
used to explore possible differences between Ni3S2 particle
exposed AM and those lavaged from control animals 
intubated only with sterile saline. Fifty cells per sample 
were randomly selected for the quantification of AM 
surface features such as ruffles, filopodia, blebs, microvilli, 
and featurelessness. The degree of cell spreading along 
the coverslip was also quantified. Apparent differences 
were noted between control and exposed groups for two 
surface features, the incidences of ruffles and blebs (Figs. 
1 and 2). As the Ni3S2 dose increased, the incidence of 
ruffles was found to decrease, reaching a value of ap
proximately50% that of control groups. Conversely, the 
incidence of blebs increased with increasing particle dose. 
Efforts are continuing to assess the significance of these 
observations, and to correlate AM morphology with cell 
function parameters. 

In vitro exposures of AM have shown that Ni 3S2 
particles are cytotoxic. A 20-hour incubation of cells 
with particles allows sufficient time for phagocytosis to 
occur, and nearly every cell with particles exhibits a total 
loss of surface features and extensive membrane damage. 
Figure 3 shows such a cell, along with an SEM x-ray 
map of the same area for Ni, which permits identification 
of the particles. In contrast, Fig. 4 shows a control cell 



Figure 7. Alveolar macrophage lavaged from Ni352 intubated 
mouse. Arrow indica tes ruffles, membranous ridges projecting 
upward from cell surface. Bar = IOJJ.m, original magnification 
3, 900X. 

XBB 87 70-9992 

Figure 3. Alveolar macrophage exposed to Ni,S, particles in 
vitro for 20 hours. Extensive membrane damage is evident. 
Bottom half of image is an x-ray map for Ni K. x-rays showing 
presence of several Ni352 particles. Bar = 7 OJJ.m, original mag
nification 3,500x. 

XBB 87 70-9990 
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Figure 2. Alveolar macrophages lavaged from Ni352 intubated 
mouse. Cell at left exhibits many spherical membranous blebs 
(arrow) on its surface. Bar = 70JJ.m, original magnification 
2,700X . 

XBB 87 70-9993 

Figure 4. Alveolar macrophage from unexposed group. Membrane 
blebs and ridges are well-preserved, and Ni x-ray map shows 
only background (noise) x-ray counts present in the Ni K. energy 
channel. Bar = 70 JJ.m, original magnification 4,000x . 

XBB 8 7 7 Q-9989 



with a well-preserved surface; the corresponding x-ray 
map demonstrates that no particles are present. The noise 
in the maps is not due to the presence of Ni, but rather 
to the production of background (continuum) x rays under 
the electron beam. 

Such extensive damage to every cel l with particles 
is not seen with decreased incubation times. The extent 
to which the particles are phagocytized may relate to 
the observed cytotoxicity. For example, Fig. 5 shows a 
cell assoc iated with two Ni 3S2 particles after 3 hours in 
culture. The particles are attached to the cell surface but 
are not internalized. The surface arch itecture of the ce ll 
is well-preserved and no membrane damage is evident. 
At incubation times of one to three hours, many similar 
cells are observed. 

Efforts are continuing to examine the course of AM 
phagocytosis over time and the cytotoxic ity of Ni 3S2 par
ticles. Further research will assess AM response to metal 
coexposures, correlat ion of observed morphological fea
tures with cell function assays, and SEM examination of 
AM known to be live or dead at the time of fixation, 
using light microscopic vita l stains. These studies should 
provide information on the response of AM to complex 
environmental pollutant mixtures. 

132 

Figure 5. Alveolar macrophages attached to a Formvar-coated 
grid. Upper cell has two Ni351 particles (arrow) attached to cell 
surface. The particles are not internalized and no cell damage 
is evident. Bar= 70 J.Lm, original magnification 2, 300 x . 

XBB 87 70-9997 
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lOW-TEMPERATURE SCANNING ElECTRON MICROSCOPE TECHNIQUES 

Thomas l. Hayes, Jacob Bastacky, l. Michael Sprague, Gregory l. Finch, 
Gregory R. Hook, and May F. McKoon 

The low-temperature analysis of bulk biological ma
terial can be a useful addition to the battery of techniques 
used for the study of cell structure and chemical com
position . The bulk specimen can often be maintained in 
the frozen-hydrated state w ith control of temperature and 
pressure conditions, 1 and the technique provides the op
portunity to investigate connective properties not readily 
accessible by reconstruction from the thin -sectioned 
specimen. 

The reduced number of preparative steps that results 
from the ability to analyze frozen -hydrated specimens 
directly in the Scanning Electron Microscope (S EM) can 
reduce shrinkage and extraction artifacts. The initial 
freezing step st ill remains as a most critical procedure, 
but many of the artifact-producing steps associated with 
critical point drying or freeze-drying can be eliminated. 
Improved understanding of structural changes assoc iated 
with the freezing as disti net from the drying (sub I imation) 
process is possible by using direct SEM visualization of 
all steps of the freeze-drying process. Frozen-hydrated 
stud ies at the cellular level have been carried out on 
experimental plant and animal tissues and have shown 

promising results for the study of fluid distribution in 
lung and for microanalytic app lications. 

LOW-TEMPERATURE SEM PREPARATION 
CHAMBER 

The well-established place of freeze-drying in bio
logical SEM has stimulated research and engineering efforts 
to improve the instruments and devices available for low
temperature SEM. For example, the AMRAY Biochamber,* 
in use at LBL (Fig. 1 ), not only provides frozen-hydrated 
specimens, but also provides controlled freeze-drying 
capability. Specimen temperature can be kept well below 
the recrystallization point, fracturing and coating can be 
carried out without warming the specimen or exposing 
it to air, and the intimate contact with the SEM provides 
visualization of all steps of the drying process. 

The Biochamber permits the introduct ion, fracturing 
and coating of frozen specimens in a chamber attached 
directly to the SEM . After preparation in the chamber the 

•AMRAY Corporation , 160 Midd lesex Turnpike, Bedford , Mass. 01730. 
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Figure 7. Schematic drawing of the Biochamber for frozen-hydrated scanning electron 

microscopy. XBL 811-7585 

specimen is moved through the connecting door to the 
cold stage of the SEM. The sample can be kept below 
103 K at all times, and both temperature and pressure 
are monitored during the process. The SEM stage is cooled 
by a Joule-Thomson refrigerator operating on high-pressure 
nitrogen gas. In the present design, the Biochamber has 
its own liquid-nitrogen trapped high vacuum system . The 
sample can be heated by contact heating, and by a radiant 
heater if higher temperatures are desired for the fracturing 
operation or for surface etching of the ice matrix. An 
adjustable, cooled knife is used for cryofracturing, and 
the sample can be viewed by a binocular light microscope. 
The system has produced high quality frozen-hydrated 
specimens in sufficient numbers to justify inclusion of 
the technique in current biological research projects. 

There are three main areas of application of the 
Biochamber's low-temperature SEM techniques : 

1. Microlocalization of chemical elements in quick
frozen , cryofractured specimens by SEM characteristic 
x-ray analysis. The abi I ity of the frozen-hydrated 
technique to immobilize ions and particles continues 
to make this a prime area for Biochamber application. 

2. Investigations of cathodoluminescent (CL) prop
erties of specific biological stains in frozen-hydrated 
tissue specimens. If low temperature and the hydrated 
matrix improves the CL signal above current levels, 
very significant clinical and research techniques could 
be developed. 

3. Studies of intricate tissue surfaces and the spatial 
relationship between the cells. The structural integrity 
and large area available for analysis, along with a 
reduction in number of preparation steps and elim
ination of the need for sectioning, means that large 
numbers of specimens can be examined with minimum 
artifacts. 

Studies on the structural and elemental changes as
sociated with the drying (sublimation) step of the freeze
drying process will be helped by the Biochamber tech-

nology. Frozen-hydrated specimens can be monitored 
during the etching or drying stages, and artifacts associated 
with drying can be separated from those due to freezing. 
The Biochamber technique can also be used as a " win
dow" on the process of freeze-etch replica production 
for TEM in order to improve the chances for good ori
entation and proper depth of the cryofracture plane. 

REPLICA TECHNIQUES VS. DIRECT LOW 
TEMPERATURE ANALYSIS 

The freeze-fractured surface topography of biological 
tissue can be indirectly imaged in the transmission electron 
microscope (TEM) after the surface has been shadowed 
and replicated . The replica gives unique and detailed 
information on the morphological characteristics of 
membranes which cannot easily be obtained in other 
ways because the fracture plane preferentially follows 
the midplane of biological membranes. Although ex
tremely useful , freeze-fractured replicas do have some 
limitations : 

• Replicas are very fragile . 
• Correct identification and interpretation are 

sometimes hampered because the replica is not suf
ficiently extensive to show the relationship between 
adjacent cells over a wide area . 

• The exact plane of fracture cannot be assessed 
until the replica has been prepared and the sample 
destroyed . 

• Because the sample is destroyed during replica 
preparation, useful elemental analysis is not possible . 

As an alternative to the replica technique, the frozen
hydrated technique has the following advantages: 

• The sample is maintained in the hydrated state. 
• Large continuous complementary fracture surfaces 

can be viewed, allowing preservation of the spatial 
relationships . 

• The sample remains intact and can be subjected 



to further analysis. 
• Chemical spec ies are more effect ively stabilized 

for elemental analysis than with conventional methods 
of fixation, dehydration, and drying. 

• Multiple fractures of the same sample with SEM 
observation of each fracture surface is possible. 

• Deep etching of the sample can reveal cellular 
structures that are difficult to study by replica tech
niques. 

• After determ ining that a fracture plane passes 
through an area of interest, higher resolution information 
can be obtained by processing the platinum-carbon 
(Pt-C) coated sample as a replica for observation in 
the TEM. 

• Sample preparation can be rapid because the de
hydration and drying steps are eliminated. 

TESTING THE LOW-TEMPERATURE CHAMBER 

The yeast cell was used in the early work that es
tablished the importance of freeze-etching as a surface 
structure technique and in the development of later ex
periments showing that the fracture plane tends to cleave 
between membrane bilayers, revealing intramembrane 
particles. 

The cup-shaped environmental face of the yeast cell 
membrane has characteristic membrane invaginations 
appearing as ridges 40 nm in width and intramembrane 
particles seen as small bumps of less than 10 nm in 
diameter. Membrane invaginations, measured at 80 nm, 
are observed as ridges on the environmental faces and 
as indentations at the dome-shaped protoplasmic faces. 

In low-temperature SEM, the outer surface of the 
sample can be deep-etched to reveal the surface of the 
sample's membrane below the plane of the or iginal frac
ture. As the etching process proceeds, whole cells separate 
from the sample, leaving their impressions in the ice. 
This process is similar to freeze-drying but is faster, as 
only the ice near the surface needs to be sublimed. 

SEM of frozen-hydrated samples can provide infor
mation difficult to obtain by convent ional replication 
techniques . For instance, fracture planes at a high angle 
to one another can be imaged. In the replica technique 
one face may not be shadowed properly because of 
geometrical considerations; in addition , replicas of sur
faces with precipitous topography are very fragile and 
difficult to clean. Deep etching often produces a jagged 
topography that is easily observed intact in the SEM but 
difficult to see as a replica . 

The ability to view the whole fracture surface is an 
advantage of frozen-hydrated SEM because global in
formation on the fracture can be gained . Yeast cells, 
maintained in position on the fracture surface, can easily 
be viewed at a broad range of magnifications giving 
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information on the relationship of the cells to the fracture 
surface . 

We have also used a low-temperature stage and 
preparative chamber to carry out SEM micromanipulation 
of plant material held at - 150°C. The leaf of the common 
geranium plant, quick-frozen without fixation or cryo
protection, was introduced onto the SEM low-temperature 
stage (Fig. 2). Micromanipulation with a chi lled needle 
can remove individual pollutant particles from the leaf 
surface, or fracture cells and col lect specific surface 
structures for further analysis (Fig. 3). Visual ization of 
surface insects in the frozen state was also possible (Fig. 
4). 

ELEMENTAL ANALYSIS OF FROZEN-HYDRATED 
BULK MATERIAL 

The analysis of electron-induced characteristic 
x-ray radiation is a rapidly growing field of biomedical 
research. The scann ing electron microscope is useful for 
such analysis when the microchemical information needed 
is related to microvolumes in the specimen rather than 
to microconcentrations (parts per million or parts per 
billion) measured over relatively large volumes of the 
specimen . In the latter case, techniques such as neutron 
activation analysis or atomic absorption analysis are more 
appropriate. For spatial resolution studies, which require 
optimum visualization of the specimen, the SEMis very 
effective. 

Figure 2. Frozen-hydrated gland structure on Pelargonium leaf 
surface. Arrow indicates particle of adsorbed pollutant. Bar = 
I O f!..m . 
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Figure 3. Chilled micromanipulator needle collects gland structure 
from frozen surface of Pelargonium leaf. Distance across field 
= 150 JJ.m. 

XBB 745-307 3 

Freezing techniques generally, and the frozen-hy
drated specimen technique in particular, play an important 
role in x-ray elementa l analysis by preventing movement 
of ions or relocation of particles. Rapid freezing will hold 
elemental species in place, and the ability to analyze 
the specimen in the frozen-hydrated state eliminates the 
movement that can occur during freeze-drying. In bio
logical specimens, high water content often results in 
major rearrangements taking place during sublimation 
of the ice. The frozen-hyrated techniques prevents cell 
constituents from moving to the cell wall during freeze
drying and offers a practical method for the study of 
element distribution in situ. 

In an attempt to make the analysis of small particles 
less sensitive to geometric factors and fluctuations in 
beam current, Statham and Pawley, working at the U. C. 
Berkeley Department of Electrical Engineering and Donner 
Laboratory, suggested that peak-to-background ratios 
would be less affected by changes in particle size, shape, 
and beam entry point than are the peak areas. Several 
methods for the use of peak-to-background ratios for 
quantification were li sted ; for instance, the simple linear 
relationship between peak to background ratio and el
emental concentration cou ld be used when the mean 
atomic number of the particles is constant. 

In all quantitative investigations of the elemental 
composition of biological specimens, the question of 
appropriate standards is of paramount importance. Shortly 
after the introduction of x-ray microanalysis, it became 
evident that in only a few cases were sample and standard 
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Figure 4. Intact insect on frozen-hydrated leaf surface. Distance 
across field= 7.2 mm. 

XBB 745-3034 

sufficiently similar to apply the simple linear calculations. 
The most often used approach has been to correct the 
measured intensities by applying corrections for atomic 
number, absorption, and fluorescence. However, an al
ternative approach would be to develop standards that 
more closely match the biological specimen being ana
lyzed. In this effort, low-temperature SEM is particularly 
helpful. The ability to analyze standard solutions held 
in the frozen state and subjected to the same cryofracture 
and coating as the frozen-hydrated biological specimen 
provides us with a set of standards with a wide range of 
concentrations in a matrix, ice, that is the same as the 
principal component of the biological specimen. 

CONCLUSION 

The ability to observe and analyze SEM specimens 
in the frozen-hydrated state permits the study of hydrated 
surfaces within the cell or tissue. Chemical an;;~lysis by 
SEM x-ray spectroscopy is also available, since it is the 
actual sample, not a rep li ca, that is used . The technology 
for the preparation and maintenance of such low-tem
perature samples is rigorous, but a low-temperature SEM 
preparation chamber has been found to maintain the 
necessary temperature and pressure conditions. Valuable 
information on both structure and chemistry of ind ividual 
cells and cell surfaces has been obtained through the 
application of this unique microanalytic method. 
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PHOTOGRAPHIC EMULSION STUDIES FOR OPTIMIZATION OF THE 
ELECTRON MICROSCOPY OF CRYSTALLINE SPECIMENS 

Kenneth H. Downing and David A. Grano 

The use of low-dose imaging and spatial image re
construction has recently begun to realize the potential 
of the electron microscope in structural studies of bio
logical specimens. 

A low dose is required to limit radiation damage to 
the specimen. However, a dose that will not destroy the 
specimen is generally insufficient for obtaining a statis
tically defined image of a single molecule. This problem 
can, in principle, be overcome for images of crystalline 
specimens by a spatial filtering operation that averages 
the images of a large number of unit cells of the specimen. 
The averaging yields an image with improved statistical 
definition. 

Micrographs recorded with such low dose generally 
show very little contrast. The information content of the 
image is extracted from the Fourier transform of the image, 
where the signal from the specimen is concentrated at 
the reciprocal lattice points of the crystal. Several pho
tographic emulsions, differing widely in characteristics 
such as speed and resolving power, are available for 
recording images. To choose the proper emulsions and 
recording conditions, we need to be able to predict the 
influence of the emulsion on the image quality. The 
properties that would allow such prediction are the mod
ulation transfer function (MTF) and the noise spectrum 
of the emulsion. 

We have measured these properties for a number 
of emulsions used in electron microscopy. In the process 
we have developed techniques for predicting the signal
to-noise ratio in the Fourier transform of the image of a 
crystalline specimen. No single emulsion will provide 
the best results under all conditions, but a small number 
of emulsions can be used to cover a wide range of op
erating conditions. 

All the data were obtained from distally computed 
Fourier transforms of plates or films exposed in the electron 
microscope. Modulation transfer functions were calculated 
by taking the ratio of amplitudes in the transforms of 
images of a fine-mesh screen to those of the screen itself. 
An anaiY,tic ·expression of the form: 

MTF(s) = 
1 + (s/50 )

2 

where s = spatial frequency, has been found in previous 
work to fit the data quite well. The MTF can be char
acterized by a single parameter, 50 , which is the spatial 
frequency at which the value of the MTF falls to 0.5. 

Noise spectra were obtained from areas of the emul
sions uniformly exposed to the electron beam. The noise, 
N, which depends on both the exposure, E, and spatial 
frequency, can be described by the expression: 

N (s) = ( a + b VE) e - ms 

where a and b are closely related to the fog and speed 
respectively, of the emulsion. 

These two expressions can be combined to give an 
equation that predicts the signal-to-noise ratio (SNR) in 
the Fourier transform of an image of a crystalline specimen. 
We find that, for a given specimen, desired resolution, 
and emulsion, the only free parameter in the expression 
for the SNR is the magnification at which the image is 
recorded, i.e., the magnification can be adjusted to op
timize the SNR. In addition, one can select from the 
emulsions we have analyzed the one yielding the highest 
SNR under given conditions. 

We have presented the relevant data in contour plots 
such as that shown in Fig. 1. At top is indicated the SNR 
that would be obtained for any combination of object 
spacing and magnification by selecting for the "best" 
emulsion at each point in the plot. The numbers on the 
contours are related to the logarithm of the SNR. The 
"grid" below shows, for each of the 12 emulsions tested, 
which ones give either the best SNR at a given point 
(dark shading) or an SNR within 30% of the best (light 
shading). The axes of each small square are the same as 
in the contour plot. The information in this figure can 
be used to select both the best conditions for recording 
an image, and the emulsion that will perform best under 
those conditions. 
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Figure 1. Signal-to-noise ratio (SNR) predictions for speci
ment exposure of 1 electron per square angstrom. Above: 
Contour plot indicating the SNR in the Fourier transform of a 
crysta lline specimen, as a function of lattice spacing and 
magnificat ion. Numbers along the contours are base-10 
logarithms of a " unitized SNR" thac when multiplied by 
parameters related to the structure amplitudes and number 
of unit ce lls of the specimen, gives the actual SNR in the 
image transform. The contours follow SNR values obtained 
by selecting among the 12 emulsions tested for the one 
giving the highest SNR at each point in the plot. Right: The 
axes of each square (one for each emulsion tested) 
correspond to those of the contour plot. Dark shading 
indicates regions of the plot within which an emulsion gives 
the highest SNR; light shading indicates an SNR within 30% 
of th e highest. 
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SECONDARY-STRUCTURE CONTENT OF BACTERIORHODOPSIN 

Bing K. Jap, Marcos F. Maestre, and Robert M. Glaeser 

A projection map of the structure of bacteriorho
dopsin, the molecule responsible for photosynthesis in 
some bacteria, has recently been obtained at better than 
4.0 A resolution by Hayward and Stroud, 1 using the high
resolution electron microscopy facilities developed in 
this laboratory. This map, or image, shows a particularly 
narrow, high-contrast feature in the region of the molecule 
previously designated as being composed of three a
helices (helices 1, 2, and 3 in the notation of Engelman 
et a/.2 Our preliminary image simulations seem to indicate 
that no model of three ti I ted he I ices can come even close 
to accounting for the image seen in this region of the 
molecule. On the other hand, the image suggests that 
there may be a [3-sheet or even " random coi I" confor
mation spanning across the lipid bilayer. 

A definitive assignment of specific forms of secondary 

structure to a three-dimensional crystallographic model 
of the protein can only be done with Fourier maps obtained 
at rather high resolution . A number of technical problems 
still must be overcome before the high-resolution studies 
of Hayward and Stroud can be extended to perform such 
a 3-D structure analysis. We have therefore· undertaken 
a series of spectroscopic studies to determine whether 
there is sufficient "[3-sheet"secondary structure to account 
for the narrow, high-contrast feature seen in the Hayward 
and Stroud projection . 

Circular dichroism (CD) spectra of intact " purple 
membrane" arrays of bacteriorhodopsin were recorded 
between 190 nm and 240 nm, using both the normal 
CD detector system and the fluorescence-detected CD 
system . The spectra we have obtained with the normal 
detector are in excellent quantitative agreement with the 



spectra pub I ished by Becher and Cassim. 3 The fluores
cence-detected CD system effectively corrects for any 
light scattering effects, which might otherwise flatten and 
distort the CD spectrum. As shown in Fig. 1, there is 
very little difference between the spectra recorded with 
the two systems. Since there is therefore minimal distortion 
of purple membrane due to light scattering, it is possible 
that distortions due to "absorption flattening" are also 
quite small. 

The ellipticity at 222 nm has generally been found 
to be a reliable measure of the percentage of a-helix. 
Assuming that e a-helix (222) = -30,044, and eB (222) = 
-3,361 deg.cm 2/dmole, we find an a-helix content of 
about 48%, in agreement with the estimate of Becher 
and Cassim. 3 A least squares best fit of reference spectra 
of Chen et a/. 4 for helix, 13-sheet, and random coil yields 
an estimate of 50% a-helix, while giving further estimates 
of 34% for 13-sheet and 16% for random coil. 

The possi bi I ity of an absorption-flattening artifact in 
the CD spectra of purple membrane can be avoided by 
obtaining spectra of bacteriorhodopsin (bR) solubilized 
in the detergent Triton X-1 00. The CD of Triton-solubilized 
bR is, indeed, considerably more "helical" than that of 
intact purple membrane. The e (222) value indicates 
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Figure 1. The circular dichroism spectrum of purple membrane 
in H,O as compared to the scattering corrected spectrum obtained 
with the fluorescence-detected circular dichroism technique. 
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58% helix content, while curve fitting suggests 62% helix, 
16% 13-sheet and 22% random coil. The increase in helix 
content from 50 to 62% may be partly due to the con
version of a substantial portion of the C-terminal sequence 
from random coil to a-helix in the presence of detergent. 
This possibility is supported by our finding that the helix 
content of papain-cleaved, Triton-solubilized bR is 55%. 

Infrared spectra of air-dried purple membrane were 
recorded over the range 1,100 cm- 1 to 2,000 cm- 1 ; an 
example is shown in Fig. 2. The region of the amide I 
band at about 1,650 cm- 1 is the area of primary interest, 
since the helix and coil conformations typically give 
bands at about 1,652 cm- 1 to 1,656 cm- 1 while 13-sheet 
gives a band at about 1,632 cm- 1

• The p-urple membrane 
sample is "anomalous" in that the amide I band has a 
peak at about 1 , 666 em - 1 • 5 We have found that the bR 
amide in our spectra can be further resolved into a main 
peak at 1,663 cm- 1 and a second peak at 1,639 cm- 1 • 

The second peak is visible as a distinct shoulder in our 
spectra of air-dried purple membrane, but such a "second 
peak" is even more distinct in published spectra of mem
branes dried in glucose or of membranes suspended in 
D2o.s 

Our interpretation of the infrared spectra is that the 
major band, centered at 1,663 cm- 1

, is due to a-helix 
and random coil. The anomalous blue shift of 7 cm- 1 

to 11 cm- 1 would suggest that the majority of hydrogen 
bonds formed by the amide groups in helical and coil 
regions are somehow weakened, distorted, or lengthened. 
Supercoiling of the helices apparently cannot account 
for this "H-bond distortion," since tropomyosin, a coiled
coil a-helical protein, shows a normal amide I band 
position. We further suggest that the minor band at 1,639 
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Figure 2. Infrared spectrum of air-dried purple membrane together 
with the spectrum of tropomyosin for comparison. 
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cm- 1 is due to ~-sheet conformation, and that theIR data 
thus provide qualitative confirmation of the CD evidence 
that there is 16% to 34% ~-sheet in bacteriorhodopsin. 
This "~-sheet" band is also blue-shifted from its normal 
position. 

The amount of ~-sheet content observed in bR, by 
spectroscopic methods, is more than sufficient to account 
for the narrow region of high contrast seen in the high
resolution map of Hayward and Stroud. Four strands of 
~-sheet would have a combined "width" of - 20 A, 
corresponding well to the length of the region under 
question. If the strands themselves were 35 A in length, 
a total of 40 amino acids would be involved, corre
sponding to about 16% of the protein. It is important to 
realize, however, that a substantial fraction of the peptide 
chain (as much as 8%) may be in one of the numerous 
~-turn conformations, which may be mistaken for ~
sheet in the spectroscopic data. 

The amount of a-helix (or 310 helix) is usually quite 
reliably estimated from CD spectra. The value of 50-
55% a-helix that is inferred for the native purple membrane 
may be too little to be consistent with an "all helix" 
model for fitting the peptide chain to the 3-D model of 
the structure. The seven-helix model of Engleman eta/. 2 

contains a total of 174 amino acids in the helix confor
mation, corresponding to 70% of the protein, while in 
the model of Orchinnikov et at. 6 about 80% of the protein 
is in the a-helix conformation. On the other hand, a 
structural model containing only five helices would be 
readily compatible with a helix content of about 50-
55%. The high-resolution structural map of Hayward 
and Stroud seems to give unambiguous evidence for the 
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existence of four a-helices, and a less-well resolved feature 
could be interpreted as a fifth helix. However, the existence 
of more than five transmembrane helices in bR seems 
unlikely, judging from the appearance of the 4 A resolution 
projections, and is not well supported by quantitative 
interpretation of the CD spectra. 
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DNA and Genetic Studies 

CONFORMATIONAL TRANSITIONS OF POLY(dCdG)·POLY(dCdG) 

Kathleen B. Hall and Marcos F. Maestre 

It has been known for some time that 
poly(dCdG)·poly(dCdG) undergoes reversible confor
mational change in ethanol solutions and in high salt. 
This conformational change has not been seen with any 
other natural or synthetic polynucleotide, and the exact 
nature of its geometry is currently a very active area of 
investigation. It has recently been shown by x-ray crys
tallography that short oligonucleotides of alternating CG 
assume a Z-form geometry. This Z-form is a left-handed 
helix with a dinucleotide repeat unit. One question that 
we wish to address is how the crystal structure relates 
to solution structure. 

We were interested in knowing what proportion of 
the circular dichroism spectra of these conformations 
was due to scattering, since there has been speculation 
that the Z-form is an aggregate. Aggregates generally 
exhibit anomalously large circular dichroism (CD) signals 
that obscure the true CD spectrum. We wanted to know 
the "true" CD spectrum of the Z-form. 

The results were surprising. There is very little scat
tering contribution to the CD of either the B- or Z-form. 
Our investigations showed, however, that the ethanolic 
forms of poly(dCdG)·poly(dCdG) are achieved in different 
ways. 
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Figure 1. CD spectra of poly(dCdG)·poly(dCdG) showing the 
noncooperative transition from Z-form to A-form geometry in 
ethanol. 
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In approximately 35% ethanol, the polymer under
goes a cooperative transition from B-form to Z-form. This 
form is stable from 35% ethanol to approximately 62% 
ethanol. Further addition of ethanol produces a third 
conformation, resembling an A-form, through a non
cooperative transition (Fig. 1 ). With no added counterions, 
this form exhibits no sign of aggregation. 

We were also curious to see what effect methanol 
would have on the transitions of the synthetic polynu
cleotide, since the solution behavior of calf thymus DNA 
in methanol is usually different from that in ethanol, 
presumably because of the extent of hydration. In ethanol, 
calf thymus DNA remains in B-form until it forms an 
aggregate at high ethanol concentrations; in methanol it 
changes gradually to C-form. 
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Figure 2. Comparison of the CD spectra of various solution 
forms of poly(dCdG)·poly(dCdG). Note that while the shape of 
the spectrum in 85% .ethanol and in 88% methanol is char
acteristic of A-form geometry, the rotational strengths of the 
respective bands are very different. 
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Poly(dCdG)·poly(dCdG) undergoes its cooperative 
B- to Z- transition in methanol, but the A-form in high 
methanol concentrations has a very suppressed CD com
pared to the ethanol form. The solution forms of the 
polymer qre compared in Fig. 2. 

We plan to extend our investigation of this polymer 
to look more closely at the nature of these two transitions 
and to attempt to fit the calculated CD with the exper
imental CD. For these calculations, we will use geometric 
parameters from both the crystal structures and from 
RNA geometry since the CD of poly(rCrG)·poly(rCrG) is 
very similar to that of the Z-form of the deoxypolymer. 

CIRCULAR DICHROISM IN A SINGLE EUKARYOTIC MAMMALIAN CELL 

Marcos F. Maestre and Gary C. Salzman* 

The state of condensation of chromatin, the DNA 
complex in a mammalian cell nucleus, changes as the 
cell passes through its life cycle. These changes are in
timately related to cell growth and function. We have 
investigated chromatin condensation states in the nuclei 

*Los Alamos National Scientific Laboratory, New Mexico. 

of single Chinese hamster ovary (CHO) tissue culture 
cells, using a special microscope adapted to a commercial 
dichrograph. 

Chiral molecules such as DNA differentially absorb 
and scatter light of opposite circular polarization. The 
absorption phenomenon is called circular dichroism (CD), 
and the scattering phenomenon is called circular intensity 



differential scattering (CIDS). It is measured as the dif
ference of the scattered intensities for incident left and 
right circularly polarized light, divided by the sum of 
those intensities. A microscope with strain-free ultraviolet 
optics (Zeiss-photometer) has been adapted to a circular 
dichrograph (Cary model 60). This instrument measures 
the summed CD signal plus the spatially integrated dif
ferential signal from the CIDS component over a large 
solid angle in the forward direction as a function of 
wavelength from 200 to 340 nm. 

This microscope has been used to measure the CD/ 
CIDS spectrum for single nuclei in intact, 50% ethanol 
fixed CHO cells. Cells are prepared by the mitotic shake 
method, with the samples taken at 2-hour intervals up 
to 13 hours after release from mitosis. This enables the 
preferential selection of cells in each major phase of the 
cell cycle. The position of each cell in its cycle was 
determined by simultaneously measuring in the CD mi
croscope the optical density of the nucleus at 260 nm 
where the DNA absorption band is centered and its CD/ 
CIDS spectrum. Spectra for approximately 40 cells have 
been measured. 

The CD/CIDS signals were large and reproducible. 
Near 270 nm the signal increased monotonically as a 
function of increasing optical density (see Fig. 1 ). The 
rate of increase was rapid across stage G 1 and slower 
across Sand G2 • In addition, cells with low optical density 
(G 1 ) had nonzero CD tails at 340 nm; these relatively 
large signals are presumably due to a differential scattering 
component (from the CIDS). This scattering may be due 
to the CIDS contribution from the supercoiled helices 
present in the tertiary, quaternary, and higher order or
ganization in condensed chromatin. These nonzero CD 
tails at long wavelengths outside the DNA absorption 
bands disappear for the highest optical density nuclei. 
The spectra of this last type of cell (presumably in G2 

phase) resembles the spectra of chromatin in vitro. 
CD/CIDS spectra were also obtained for the nuclei 

of single superficial squamous epithelial cells. The spectra 
of these highly condensed, or pycnotic, nuclei were 
characterized by very strong signals that were quite distinct 
from those of any CHO cell nuclei. 

Maestre and collaborators1
-

3 have solved the problem 
posed by the scattering of circularly polarized light from 
oriented and randomly oriented helices. The theory shows 
that there is significant differential scattering outside the 
absorbance bands of helices which depend on the helix 
dimensional parameters vs. wavelength. In particular the 
~heory predicts that significant CIDS should be measurable 
n the visible regions of the spectrum for superorganizations 
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Figure 1. CD of single intact eukaryotic cells (Chinese hamster 
ovary) as a function of life-cycle stage. Run no. 2468: early G, 
phase; no. 2533: G, to early 5 phase; no. 2499: 5 phase; no. 
2542: G, phase; and no. 2523: late G, phase. The OD values 
indicate the amount of DNA in the nucleus. 
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of nucleic acids such as those found in eukaryotic nuclei. 
Preliminary measurements of the CIDS of various 

types of viruses (T2, TS, T7 phages, TMV virus) showed 
the existence of CIDS components. It is reasonable to 
suppose that the same type of information could be ex
tracted from the measurements of single cells in the CD 
microspectrophotometer. 
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USE OF GENE 32 PROTEIN AFFINITY CHROMATOGRAPHY TO PROBE 
PROTEIN-PROTEIN INTERACTIONS 

Junko Hosoda, Herbert W. Moise, Bruce M. Alberts,* Timothy Formosa,* and 
Rae Lyn Burke* 

The bacteriophage T 4 gene 32 protein is essential 
for DNA replication, recombination, and part of the DNA 
repair pathways. Genetic experiments have suggested 
that this protein interacts directly with many T4 enzymes 
related to these processes. In our previous work (and 
partly this year) we have shown that the gene 32 protein 
has two domains--an "A" domain at the carboxy terminus 
and a "B" domain at the amino terminus-that are spe
cifically involved in such protein-protein interactions, 
and we also showed that such interactions control the 
activity of gene 32 protein and other enzymes in DNA 
replication complexes. 1

•
2 

To study further the interactions between gene 32 
protein and other T4 proteins, we attached gene 32 protein 
covalently to agarose matrixes (Affi-Gel 10 or Affi-Gel 
15, BioRad) through an N-hydroxysuccinimide linkage. 
To examine the role of the carboxyterminal "A" domain 
in these interactions, we also attached 32*1 protein, made 
by the proteolytic removal of the carboxy terminus "A" 
domain, to the matrix. Lysates labeled with carbon-14 
amino acids were prepared from T4-infected cells, and 
affinities of the labeled T4 proteins for these matrix-bound 
proteins were examined by column chromatography. 

Figure 1 compares elution profiles of radioactive 
early T4 proteins (which include almost all replication
recombination-repair proteins) from three different col
umns: one with intact gene 32 protein; another with 
32*1 protein (without the "A" domain); and the control 
column with bovine serum albumin (BSA). The bulk of 
radioactive proteins did not bind to any of the columns 
and came out immediately, so they are not included in 
this figure. 

Elution of a fairly large amount of proteins from the 
intact gene 32 protein column is retarded (O.SM wash) 
or requires higher salts. Elution of some of the proteins 
from the 32*1 protein column also required a higher salt, 
but the elution profile was quite different between these 
two columns. Preliminary analysis of the eluted proteins 
by two-dimensional gel electrophoresis indicated that at 
least eleven T4 proteins bind to the gene 32 column. 
The analysis also indicated that DNA polymerase, gene 
45 protein (essential for DNA replication and transcrip
tion), and gene 32 protein were the major components 
showing strong affinity for the gene 32 column. The 
binding of DNA polymerase and gene 45 protein required 
the intact "A" domain because binding of these to the 

•Department of Biochemistry and Biophysics, University of California, 
San Francisco. 

32*1 column was reduced. Binding of gene 32 protein 
did not require the "A" domain because it still binds to 
the 32*1 column. These results are consistent with our 
previous and current data using sedimentation and gel 
filtration analyses. 1- 3 The gene 32 protein column showed 
strong affinity for single-stranded DNA but no affinity for 
double-stranded DNA. 

At LBL, our current targets using gene 32 protein 
affinity chromatography are (1) to bind the "A" peptide 
(51 amino acid residues of a long peptide from the carboxy 
terminus) to the matrix and then see if it has binding 
sites to polymerase and other T4 proteins that bind only 
to gene 32 protein but not to 32*1 protein; and (2) to 
purify T4 gene 46 and 47 products and identify their 
activity. These two genes are essential for recombination 
and repair pathways. It has been suggested that they code 
for a nuclease, but no experiments to prove this have 
been done with purified 46 and 47 gene products, which 
appear to bind to the gene 32 protein column. Thus, we 
intend to use 32-protein affinity column chromatography 
to purify these proteins. Our previous experiments sug
gested that 32*1 protein has some affinity for double
stranded DNA. The possible use of the gene 32 protein 
and the 32*1 protein column chromatography for sepa
rating DNA with complicated structure will be examined. 
DNAs to be examined are a mixture of single and double 
strands and DNAs with distorted helix such as UV-ir
radiated DNA or DNA to which bulky residues are at
tached. 

3.0 rl>0.05M NaCI ri>0.2M NaCI 
c 1 wash I 
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Figure 1. Comparison of elution profiles for T 4 bacteriophage 
proteins from three different columns: one with intact gene 32 
protein; another with 32*1 protein (without the "A" domain); 
and a control column with bovine serum albumin (BSA). 
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CHROMOSOME LOSS, RECOMBINATION, AND MUTATION DETECTION IN A 
YEAST ASSAY SYSTEM 

Martha L. Dixon* and Robert K. Mortimer 

Two diploid strains of Saccharomyces cerevisiae have 
been constructed: XD99 for detecting mitotic chromosome 
loss; and XD83 for detecting mitotic crossing-over, gene 
conversion, reversion of base pair substitution, reversion 
of frameshift mutation, and forward mitochondrial mu
tation. The two strains have been tested with a variety 
of aneugens, recombinogens, and mutagens. Mitomycin 
C and p-fluorophenylalanine have been tested in sus
pension with the chromosome loss strain (XD99), and 
both induced a dose-related increase in chromosome 
loss. Ethidium bromide, 4-nitroquinoline-N-oxide, 
ICR170,t EMS,* and MNNO have been tested in sus-

*Department of Biophysics and Medical Physics, University of California, 
Berkeley. 
tlnstitute for Cancer Research drug 170. 
:f:ethyl methanesulfonate. 
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pension tests with the mutation/recombination strain 
(XD83), which showed dose-related increases in mutation 
and/or recombination. In addition, a number of mutagens 
have been tested successfully in spot tests with the mu
tation/recombination strain. Both strains have also been 
tested with two physical agents: ultraviolet light and x 
rays. 

The positive selection procedures used with both 
strains in the system and the broad spectrum of genetic 
end points that may be monitored should make this two
strain system useful both for studying the basic mechanisms 
involved in recombination, mutation, and aneuploidy 
and for screening chemicals on a large scale. 

CLONING OF YEAST GENES INVOLVED IN REPAIR AND RECOMBINATION 

Isabel L. Calderon,* David Schild,* C. Rebecca Contopoulou, * and Robert K. Mortimer 

The RADSO to RAD57 genes of the yeast Saccha
romyces cerevisiae have previously been shown to be 
involved in repair of x-ray and methyl-methane sulfonate 
(MMS) induced DNA damage and in recombination. We 
are currently cloning some of these genes; the clones 
will be used to study transcriptional regulation, determine 
nucleotide sequences, and isolate their primary gene 
products. 

Yeast strains carrying mutations in the LEU2 gene 
and in one of these RAD genes were transformed with 
YEp13 (LEU2) plasmids containing near-random yeast 
DNA inserts (kindly supplied by K. Nasmyth of Cold 
Spring Harbor Laboratory). Leu+ transformants were se-

*Department of Biophysics and Medical Physics, University of California, 
Berkeley. 

lected and then screened for x-ray resistance. On the 
average, for the different rad mutations, about V1,ooo of 
the LEU+ transformants was also x-ray resistant. By this 
technique we have isolated plasmids that complement 
radS0-1, rad51-1, rad52-1, rad54-3, and rad55-3. We 
have also isolated plasmids that complement rad55-3 
and rad57-1 by using a double selection method, one 
that involved plating transformants on media lacking leu
cine but containing MMS. 

Plasmids complementing the radS0-1 mutation were 
about 10 times more frequent than plasm ids comple
menting the other rad mutations. Unexpectedly, all but 
two of these plasm ids turned out to contain a suppressor 
capable of reversing only amber nonsense mutations. 
We have independently determined that the radS0-1 mu
tation is also amber. None of the other plasm ids analyzed 
carried nonsense suppressors. 
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The concomitant loss of LEU2 and the radiation
resistant phenotype in these strains suggested that both 
were due to the plasmids. Genetic analyses of plasmid
bearing strains were carried out. Preliminary results in
dicate that the plasm ids do not greatly improve the char
acteristic low sporulation and low spore viability of some 
of the homozygous rad diploids. These results may be 

INDUCIBLE REPAIR OF X-RAY DAMAGE 

Martin Budd* and Robert K. Mortimer 

Cells with the rad54-3 mutation show a temperature
conditional response to x rays. Strains with the rad54-3 
mutations are sensitive to x rays at 36°C but resistant at 
23°C. Survival curves of rad54-3 diploid strains show 
exponential decline at 36°C with a similar slope as rad52 
strains; however, at 23°C they retain the radioresistant 
shoulder. Analysis using neutral sucrose sedimentation 
shows that rad54-3 strains possess temperature-conditional 
.double-strand-break repair capacity. At 23°C partial res
titution of the breaks occurs, while at 36°C no repair 
occurs. 

Repair is studied by post-irradiation incubation of 
the cells at the permissive temperature of 23°C, followed 
by shifting cells to the restrictive temperature. Comparison 
with survival of cells held continuously at the restrictive 
temperature gives the amount of repair. Incubation of 
cells for 5 hours with cyclohexamide at 23°C, followed 
by plating at 36°C, shows that yeast possesses small 
amounts of repair enzymes. By allowing the cells 0.5 

*Department of Biophysics and Medical Physics, University of California, 
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partially explained by the frequent loss of these plasm ids 
during meiosis. 

DNA from transformed yeast was used to transform 
E. coli; plasmid DNA was then isolated. Restriction anal
yses of the various plasmids have been done. We are 
now isolating subclones of the inserts and attempting to 
prove that the RAD genes are present on the plasmids. 

h~urs at 23°C to synthesize repair enzymes after x-ray 
treatment, then 4.5 hours at 23°C in the presence of 
cyclohexamide (CYH), followed by plating at 36°C, sur
vival was significantly enhanced over that of cells in
cubated continuously in the presence of CYH after x-ray 
treatment. 

The experiment has been done using a split-dose 
protocol: x-raying the cells with a small dose, incubating 
the cells without CYH for 13 hours at 23°C, x-raying 
with the challenge dose, incubating at 23°C for 4.87 
hours, followed by plating at 36°C. Cells given the split 
dose protocol exhibit a significantly higher survival than 
cells given a single dose and incubated continuously in 
the presence of CYH for 5 hours. The data of the single
dose and split-dose experiments are analyzed using a 
geometrical model of cell survival. The assumption that 
the synthesis of proteins which affect cell survival is un
changed by radiation is inconsistent with the data of the 
experiment presented. The most likely interpretation is 
that after radiation there is an increased synthesis of 
enzymes, such as the rad54 gene product, which is in
volved in the repair of double strand breaks. 

CHROMOSOME LOSS IN RADIATION-SENSITIVE DIPLOIDS OF YEAST 

David Schild,* Robert K. Mortimer, and C. Rebecca Contopoulou* 

The RAD57, RAD52, RAD55, and RA057genes of 
the yeast Saccharomyces cerevisiae have previously been 
shown to be involved both in resistance to x rays and 
MMS (methyl-methane sulfonate) and in mitotic recom
bination, and the RAD52 gene has been implicated in 
meiotic recombination. Here we report that diploids 
homozygous for rad52-7 undergo spontaneous chro
mosome loss at a much higher level than wild-type diploid 
strains. X-ray treatment of homozygous rad52-7 diploids 

*Department of Biophysics and Medical Physics, University of California, 
Berkeley. 

causes an additional significant increase in chromosome 
loss, resulting in their conversion to near haploids. Ir
radiation of diploids homozygous for either the rad5 7 -· 
rad55-3, or rad57-7 mutation results in the expression 
of many recessive alleles. Frequently markers on opposite 
arms of the same chromosome are expressed together, 
probably indicating chromosome loss. The frequency of 
marker expression in these rad homozygotes is significantly 
lower than in the rad52 homozygote. Both the rad55-3 
and rad57-1 mutations have previously been shown to 
be cold sensitive (c.s.) in their survival response to x
rays. The coordinate marker expression is partially c.s. 



in homozygous rad55-3 diploids but occurs with near 
equal frequencies at 23°C and 36°C in the rad57-11rad57-
1 diploids. 

We have also developed a mapping method based 
on the rad52-induced chromosome loss. The high level 
of chromosome loss in rad52 diploids can be used to 
determine the chromosomal location of unmapped genes 
by examining strains in which the gene to be mapped 
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1s m repulsion to known chromosomal markers. This 
eliminates the necessity of coupling the unmapped mu
tation with markers on every chromosome. This method 
was used to determine that hom6 is located on chro
mosome X; the exact position of hom6 was determined 
by mitotic recombination and tetrad analyses. Mapping 
of other mutations and improvement of the method are 
sti II in progress. 

MITOTIC RECOMBINATION IN SACCHAROMYCES CEREV/SIAE 

Michael S. Esposito, Carlo V. Bruschi, Dimitrios T. Maleas, and Kathleen A. Bjornstad 

The observation that many mutagenic carcinogens 
stimulate mitotic recombination in yeast has renewed 
interest in the mechanisms and genic control of both 
spontaneous and induced mitotic recombination. The 
yeast system is particularly advantageous for studying 
spontaneous mitotic recombination because rare recom
binants can be recovered and subjected to genetic analysis. 
Our initial studies of spontaneous mitotic recombination 
in wild-type diploid cells provided evidence that many, 
if not all, mitotic exchanges between homologous chro
mosomes occur before chromosomal duplication. 1 The 
working model of mitotic recombination we have adopted 
for study is shown in Fig. 1. The detection of mitotic 
recombinants depends upon formation of a Holliday 
structure, resolution of the Holliday structure by DNA 
replication, and chromosomal segregation. This model 
differs from the conventional view that mitotic recom
bination between homologous chromosomes is initiated 
postrepl icationally as in meiosis. 2 

MITOTIC RECOMBINATION IN rem1-1/rem1-1 
DIPLOIDS 

The rem 1-1 mutation, previously isolated in our lab
oratory, stimulates mitotic recombination between linked 
genes (intergenic recombination) and recombination of 
alleles of the same locus (intragenic recombination). 3 

The rem 1-1 mutation does not stimulate meiotic recom
bination; normal levels of both intragenic and intergenic 
recombination are observed following meiosis of rem 1-
1!rem1-1 diploids. Though the rem1-1 mutation does 
not stimulate recombination during meiosis, we observed 
that mitotic exchange events in rem1-1/rem1-1 diploids 
exhibit a chromosomal distribution that more closely 
resembles the distribution observed during meiosis than 
mitosis of the wild type. 4 This observation raised the 
possibility that mitotic recombination in rem1-1/rem1-1 
might occur postreplicationally as in meiosis. 

We have analyzed the genotypes of sectored diploid 

colonies reflecting mitotic recombination of rem1-1/rem1-
1 and wild-type control hybrids to determine whether 
the rem 1-1 mutation enhances prereplicational and/or 
postreplicational mitotic exchange. 5 The results of this 
study are summarized in Table 1. Genotypes indicative 
of prereplicational mitotic exchange were exhibited by 
89/90 sectored colonies of the wild type and 1531155 
sectored colonies of rem1-1/rem1-1. 

MITOTIC AND MEIOTIC EFFECTS OF THE 
spo17-7 MUTATION 

The spo 11-1 mutation has provided additional sup
port for the prereplicational model of mitotic recombi
nation. Diploids homozygous for spo11-1/spo11-1 exhibit 
a hyper-recombination phenotype with respect tom itotic 
recombination and a hypo-recombination phenotype with 
respect to meiotic recombination. Mitotic populations 
of spo 11-1/spo 11-1 hybrids undergo mitotic exchange 
at rates approximately 15 times higher than those of the 
wild type. After meiosis in spo11-1/spo11-1 diploids, 
we have observed extensive inviability among meiotic 
segregants. Ascosporal survival was about 0.02%. Re
combination levels following meiosis of the spo11-11 
spo 11-1 diploid were about 10 times lower than those 
observed following meiosis of the wild type. 6 

The isolation of mutations that stimulate mitotic re
combination and diminish meiotic recombination fulfills 
a prediction of the prereplicational mitotic versus post
replicational meiotic recombination hypothesis. According 
to this view, mutants that are defective in the endonu
cleolytic scission of Holliday structures would be expected 
to exhibit enhanced mitotic recombination because a 
greater fraction of Holliday structures would await res
olution by DNA replication, as shown in Fig. 1. Such 
mutants would be expected to exhibit diminished meiotic 
recombination and a high level of meiotic anomalies 
since meiotic endonucleolytic scission of Holliday struc
tures is required for postreplicational recombination and 
normal chromosomal segregation/ 
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Figure 1. The prereplicational model of mitotic recombination. 
Before chromosomal duplication, a Holliday structure is formed 
by exchange of single strands of DNA of the same chemical 
polarity. When the Holliday structure is not cleaved before 
duplication of the chromosomes, the resulting chromatids consist 
of a pair with markers in the nonrecombinant configuration, 
i.e., 1 and 4, and a pair of recombinant chromatids, i.e., 2 and 
3. When chromatids 1 and 3 separate from 2 and 4, a sectored 
colony results, exhibiting segregation of the recessive markers 
band c. The arrows indicate the 3' termini of the deoxyribon
ucleotide chains. The broken lines indicate DNA synthesized 
during the 5 phase of mitosis. 
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RECOMBINATION IN HYPERHAPLOID CELLS 

Our studies of recombination in rem 1-1 and spo 11-
1 strains suggest that the phenotypes of rec mutants will 
contribute to understanding the mechanisms of both mi
totic and meiotic recombination. We have recently con-
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Table 1. Genetic analysis of sectored diploid mitotic colonies. • 

Colonies of 
prereplicational Ambiguous Total 

Diploid origin colonies analyzed 

REM1/REM1 - 89 90 
(wild type) 

rem1-1/rem1-1 153 2 155 
(hyper-reel 

• Red-white sectored colonies in which reciprocal recombination ac
companied heteroallelic recombination at either the LEU1 or TRPS 
locus were analyzed as described previously. 1 The colonies of pre
replicational origin exhibited eight of the nine genotypes predicted 
by the prereplicational model.' 

structed n + 1 strains in which one can isolate mutations 
that affect intragenic recombination, intergenic recom
bination, and chromosomal loss. Such mutations are 
detected by their effects on recombination and segregation 
of the disomic chromosomal pair. These hyperhaploid 
strains will also be employed to monitor the genetic 
effects of suspect mutagenic-recombinogenic agents. 
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USE OF THE MAIZE Ahd1 GENE FOR RADIATION MUTAGENESIS AND AS A MUTAGEN MONITOR 

Michael Freeling, David S.-K. Cheng,* Sarah Hake, t and Deverie K. Bongard Pierce 

An important research area in our laboratory has 
involved using accelerated heavy ions from the LBL Be
valac to induce mutations of the Adh 1 gene in maize. 1 

We were able to recover Adh1 mutants because ADH
pollen grains are naturally resistant to a chemical selective 
agent. Our preliminary analyses of two mutants induced 
by heavy ions indicated that these mutants do not behave 
like the over 100 Adh 1 mutants induced with the chemical 
mutagen EMS (ethylmethane sulfonate). One mutant 
(Adh7-51951a, from plateau LET 400 MeV/amu Ne10 +) 

is expressed below normal levels in one plant organ, but 
compensatorily overexpressed in other organs. 2•3 Thus, 
this mutant may well be in a developmentally important 
part of the Adh 1 gene. Another mutant (Adh 1-Se020) 
behaves like a deletion (Table 1 ). 

In addition to isolating more Adh1 alleles, we have 

*Genetics Department, University of California, Berkeley. 
'Working in collaboration with Dr. W.C. Taylor, Genetics Department, 

University of California, Berkeley. 

been pursuing two very different experimental aims with 
these two mutants. First, we intend to use recombinant 
DNA technology to isolate and study the stretch of DNA 
that encodes "normal" Adh 1 gene and heavy-ion mutant 
Adh1. Second, we are developing a monitor of envi
ronmental, volatile mutagens that we hope will function 
like the Ames test, supplying data at factory and freeway 
sites. Progress toward these two aims has been substantial. 

All recombinant DNA progress has involved close 
collaboration and the work of postdoctoral students, who 
are sponsored jointly by W.C. Taylor of the Genetics 
Department, U.C. Berkeley, and Dr. Freeling of this group. 

From our previous work, 4 we knew that ADH 1 poly
peptide-the product of the Adh 1 gene-was one of 
about 10 major proteins synthesized in roots metabolizing 
in an anaerobic environment. We reasoned that messenger 
RNA-ADH1 isolated from anaerobic roots should be in 
a high concentration relative to the concentration in 
aerobic roots. We were correct in that assumption and 
now have a complementary DNA (eDNA) probe for Adh 1 
and to several of the other anaerobic genes as well. 

Table 1. The initial Adh 1 - alleles to be used in our development of a mutagen monitor. 

Progenitor Source Revertant 
allele Mutant laboratory• Mutagen Characteristics f x 1 o•t 

Adh1-S 5657 OS EMS CRM- 1 maps as point 2±0 

Adh1-S 908 OS EMS CRM•, maps as point 7±1 

Adh1-FkF "(25 MF gamma rays CRM-, maps as point <0.8 

Adh1-S 3020 MF 500 MeV C6+ CRM-, maps as "deletion" usu. 2 

Adh1-S 3034a MF Derivative of No activity, selected as a 250 
Robertson's Mu:f: derivative of Mu-induced (unstable) 

S3034 

Adh1-S 3034c MF Derivative of as above 7 
Robertson's Mu:f: (stable) 

Adh1-S or 11 PS Ac-Ds from bz2-m :f: No activity in seed or pollen With Ac, unstable; 
an Adh1-"F" without Ac, < 1 0 

Adh1-Cm variant OS none 5% ADH1-F activity 1 ±0.3 

• OS = Drew Schwartz (Indiana University, Bloomington); PS = Peter Starlinger (University of K61n, West Germany; MF = Michael 
Freeling (LBL). 

t f = phenotypic revertant frequency = blue pollen (AOH+ )!total pollen 
:t Mu and Ds are both insertional elements. Ben Burr of Brookhaven National Laboratory estimates these sequences to be very approximately 

Tib and10 Kb, respectively (personal communication). · 
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A B 
Figure 1. Autoradiographs of duplicate filters carrying recombinant plasmid DNAs. A "spot" reflects the binding 
of 32 P-Iabeled eDNA directed by either (A) anaerobic, or (B) normal poly(AJ+ RNA. Bacterial colonies that released 
recombinant molecules containing eDNA specific for anaerobic mRNA should generate a differential signal when 
(A) and (B) are compared. Three such differential signals are circled above. XBB 8110-10003 

Figure 2. The result when several different "a naerobic recombinant" plasmids were cut with Pst1 , 
separated electrophoretically in gels, and probed with 32 P-Iabeled, authentic eDNA to maize Adh 1. 

Of the 15 autoradiographs of "Southern" hybridizations shown above, the arrows indicate the 
two DNA fragments that have a sequence homology with Adhl. XBB 8110-10004 



Total poly(A) + RNA from anaerobic roots served as 
template for the synthesis of double-stranded, comple
mentary DNA. Tracks of 8 to 15 dC res idues were added 
to the 3' ends and an equivalent number of dG residues 
were added to the 3' ends of E. coli plasmid pBR322 
that had been linearized by enzymatic cleavage at its 
single Pst1 site. The dC/dG tailing procedure reconstructs 
the Pst1 site at each end of the inserted eDNA so that 
the insert could be removed after cloning in E. coli. 
Twenty-five hundred clones, recognized by their antibiotic 
resistance phenotype, were recovered . DNA from each 
was transferred to duplicate nitrocellulose filters that were 
then hybridized to 32 P-Iabeled RNA or eDNA from either 
anaerobic or aerobic roots . Those colonies hybridizing 
more strongly to anaerobic 32P-probes were designated 
"anaerobic eDNA" and studied further. Figure 1 shows 
a pair of filters; each "spot" is 32 P-probe binding one of 
our recombinant plasm ids. Putative "anaerobic cDNAs" 
are circled. 

While we were testing recombinants for their spec
ificity to Adh7 , the Peacock Laboratory in Australia ob
tained an unequivocal ADH1 eDNA recombinant: its 
879 nucleotides have been sequenced . Since we actively 
collaborate with the Peacock group, they sent us this 
recombinant. Of the first 15 putative "anaerobic cDNAs" 
in our collection that were tested , two hybridized with 
the authentic Adh 7 eDNA; thus, we have our own ADH1 
recombinants (Fig. 2). 

With a eDNA recombinant that hybridizes with Adh7 
coding sequences, we can find out exactly what is altered 
in the heavy-ion-induced mutants. The technical obstacle 

Figure 3. Pollen gra ins segregating 7: 7 for ADH+ (blue): ADH
(c/ear) after staining specifically for ADH activity. 

XBB 8 770-70002 
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that briefly prevented us from reaching Adh 7 nucleotide 
sequences is now overcome. 

The second major aim has involved the development 
of a pollen mutagen monitor. 5•6 The Adh 7 mutants I is ted 
in Table 1 all have one characteristic in common: the 
vast majority of their pollen grains do not turn blue in 
ADH-specific stain (Fig. 3). The frequency of ADH + grains 
among ADH - is called the "revertant frequency" ; this 
easily quantifiable end point is indicated for each 
mutant in Table 1. these mutants were chosen to include 
every type of DNA lesion presently available at this 
locus. We are trying to use the frequency of reversion at 
these mutant alleles to distinguish different classes of 
mutagens : low-LET radiations, high-LET radiations, 
point mutators, frame shifters, deletion-markers, and 
insertional mutators. 

Progress has also been made on two other projects, 
one with Drosophila and the other with a tobacco relative : 
(1) We have learned that the ability of the Drosophila 
Adh gene to express enzyme in Malpighian tubules reflects 
a DNA difference within the Adh gene itself. (2) We have 
optimized the isolation and growth of protoplasts from 
the tobacco relative Nicotiana plumbaginifolia. We are 
now testing whether the colonies that form from protoplasts 
remain capable of regenerating plants . We are trying to 
devise an efficient protoplast transformation system (we 
require over 106 plant-forming units every Wednesday) . 
In addition to its promise in helping us understand the 
nature of the gene and gene programming, an efficient 
transformation system is of potential agricultural impor
tance. 
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MUTAGENESIS IN MAMMALIAN CELLS 

H. John Burki, Richard D. Wood, and Regine Goth-Goldstein 

To understand how DNA damage caused by physical 
and chemical agents leads to biological effects such as 
cell killing, mutation, and malignant transformation, it 
is important to investigate how DNA repair processes 
modify the initial damage. Genetic studies in bacteria 
and yeast have revealed the great biochemical complexity 
of DNA repair and have shown that insufficient or defective 
repair results in cell death and/or mutation. In mammalian 
cells mutations affecting repair and sensitivity to mutagens 
have been recognized primarily in human cells as genetic 
disease syndromes. There is a need for a variety of DNA 
repair mutants, in addition to the few now known, that 
can link specific DNA repair processes with mutagenesis 
and cell recovery. Studies would be facilitated if these 
repair-deficient mutants could be systematically derived 
from an established cell line with favorable growth prop
erties. 

Our long-term goal is select a range of mutants with 
hypersensitivity to various DNA-damaging agents from 
Chinese hamster ovary (CHO) cells. 

SOLAR AND UV-INDUCED DAMAGE 

In 1980 we isolated two ultraviolet-light sensitive 
mutant clones (27-1 and 43-38) by a replica-plating tech
nique. These mutants are hypersensitive to cell killing 
and mutation induction by UV light. During 1981 our 
research has centered around the characterization of the 
43-38 mutant. The effort has involved studies with both 
asynchronous and synchronous cells. 

Asynchronous cell studies. The UV-hypersensitive 
mutant 43-38 has a D0 of 0.3 J/m 2

, compared to 3.2 J/ 
m2 for the wild type CH0-9, while having the same 
growth rate and chromosome number as the wild-type, 
making it ideal for comparative studies. 

The 43-38 mutant shows only about 17% of the 
UV-stimulated unscheduled DNA repair synthesis of CH0-
9 as measured by autoradiography. When breaks in su
percoiled chromatin are measured after UV by the nu
cleoid sedimentation method, 43-38 appears to be capable 
of carrying out only limited incision. 

~The sensitive mutant shows a reduced ability tore
cover to control rates of semi conservative DNA synthesis 
after UV-irradiation (Fig. 1 ). This observation indicates 
that the ability to remove DNA damage by excision repair 
is important in allowing semiconservative DNA replication 
to proceed normally. 

We also have data showing that recovery of colony
forming ability between fractionated UV-exposures is 
deficient in 43-38. This provides a link between the 

phenomenological observation of recovery and the bio
chemical action of repair systems. 

Studies with a solar simulator (Berkeley sunlight fails 
to give reproducible conditions!) show that 43-38 is also 
sensitive to solar wavelengths, but the sensitivity is not 
as pronounced as that for germicidal UV. This indicates 
that pathways for repair of far-UV and near-UV-induced 
damage may be under separate control, as they are in 
bacteria. 

Synchronous cell studies. The cell-cycle response 
for killing and mutation induction by ultraviolet irradiation 
was measured in synchronous CHO wild-type cells and 
in the UV-hypersensitive mutant (43-38) derived from 
this line. For the wild type, a characteristic age response 
is seen for killing by UV, with maximum sensitivity in 
early S and resistance increasing through the S-phase. 
There ·is also a life-cycle specificity for induction of 
diphtheria-toxin resistance in late G1 and early S. In 
contrast, the 43-38 cell line shows a relatively "flat" 
response to UV throughout the cell cycle, for both killing 
and mutation induction (Figs. 2 and 3). 

X-RAY AND ALKYLATING AGENT INDUCED 
DAMAGE 

We have completed a study showing that 43-38 is 
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Figure 1, DNA synthesis after exposure to UV light in wild type 
and mutant cells. (a) Fluence-response for amount of DNA syn
thesized within two hours after exposure to UV light. (b)-(d) 
Inhibition and recovery of DNA synthesis after various doses 
of UV in 43-38 (e) and CH0-9 (o). 
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· Figure 2. The "age response" for killing by ultraviolet light. 
Synchronous populations of CHO cells were obtained by mitotic 
detachment and exposed to UV light at various times afterward. 
Line symbols: x--x, "wild-type" CH0-9 after 12 ]m-2 UV; 
o-o, UV-sensitive 43-38 after 1.0 jm-2 UV. 
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somewhat x-ray sensitive when compared to the wild 
type, but only slightly. This shows that the mechanisms 
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Figure 3. The "age response" for induction of mutants resistant 
to diphtheria toxin. Symbols same as in Fig. 2. 
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leading to x-ray-induced effects and UV-induced effects 
are separate. 

The mutant shows th~ same response as the wild 
type to cell killing and mutation induction by ethylni- · 
trosourea. 

Mildred Hughes, Margarita de Veciana, Ann Poley, 
and Bonnie Presson also participated in this work. 

Carcinogenesis and Cell Biology 

CARONOGENIC POTENCY 

lois S. Gold, Charles B. Sawyer, William R. Havender, and Bruce N. Ames 

We have worked out a mathematical model of car
cinogenic potency and developed computer programs 
to calculate an index of potency, the T050 (tumorigenic 
dose for 50% of the animals). We have also made sub
stantial progress in setting up a data base on the potency 
values of 1 ,200 cancer tests on about 250 chemicals. 

The range of carcinogenic potency is over 1 0-million
fold (Fig. 1 ). Clearly, therefore, some carcinogens in the 
environment are not a major hazard (an occasional dose 
of saccharin added to a cup of coffee), while others (a 
variety of volatile solvents, breathed in by workers) may 
pose considerable risks. 

Our attention has focused on some of these volatile 
solvents for two reasons: many solvents containing 

chlorine or bromine are known carcinogens, and in
halation appears to be an efficient route of entry. For 
some compounds, such as ethylene dibromide and eth
ylene dichloride, the allowable exposures for U.S. workers 
are (on a mg/kg basis) about on the same level or slightly 
higher than the dose which gives halfthe animals tumors. 
In light of these findings, human exposure standards should 
be re-examined. 

Ethylene dichloride, manufactured in the U.S. at a 
level of 11 billion pounds a year, has recently been 
shown to be a carcinogen in rats and mice. We have 
analyzed human exposures to ethylene dichloride as well 
as some aspects of human risk assessment based on its 
carcinogenic potency in rats and mice. 
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Figure 1. Range of carcinogenic potency in female mice based 
on National Cancer Institute bioassays. 
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COMPARATIVE ANALYSIS OF DATA FROM SHORT-TERM TESTS FOR 
CARCINOGENS AND MUTAGENS 

Joyce McCann, Linda Hayashi, L~ura Horn, Holly Hurd, John Kaldor, Praveena 
Lal, Gerry Litton,* .Renae Magaw, Philip Presentation, Bob Siegel, Malcolm 
Pike,+ and Leslie Bernstein+ 

The use of short-term tests, such as the Salmonella 
(Ames) test, 1 for predicting the carcinogenic potential of 
chemicals has expanded so rapidly that development of 
systematic, quantitative approach for analyzing and in
terpreting results has become essential. In a review of 
the literature, 2 we identified over 100 different short-term 
testing methods. It is now generally agreed that, forthor
ough evaluation, a chemical should be tested using more 
than one of these short-term tests; however, it is not clear 
which tests should be used, nor how conflicting results 
from different tests should be interpreted. Since different 
short-term tests appear to detect carcinogens with varying 

• Computer Applications, Engineering and Technical Services Division. 
t Department of Preventive Medicine, University of Southern California 

Medical School, Los Angeles. . 

degrees of sensitivity and specificity, the analysis and 
interpretation of results can be complex (for recent dis
cussion, see Refs. 3-6). 

The potential of short-term tests to provide quantitative 
information about carcinogenicity is much less certain 
than their potential to provide qualitative information. 
There is, however, suggestive evidence. that some quan
titative correlation in potency between short-term tests 
and animal cancer tests may exist, and it is important to 
thoroughly explore this possibility for practical as well 
as scientific reasons. Short-term tests of thousands of 
synthetic and natural chemicals have identified far more· 
potential carcinogens than can be confirmed by con
ventional animal cancer tests. The carcinogenic potency 
of different chemicals can vary by more than a millionfold. 
Clearly, if potency in short-term tests could be used to 
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Figure 1. Overall data-base design. Dotted sections are not yet fully implemented. 

make rough predictions of potency in animal cancer 
tests, risk evaluation could be more easily focused on 
chemicals with the greatest potential hazard. 

A DATA BASE FOR COMPARATIVE 
QUANTITATIVE ANALYSIS I 

We have constructed 7 a data base of short-term test 
~esults that will provide a powerful resource for resolving 
1ssues of comparability, both between various short-term 
tests and between short-term and animal cancer tests 
by allowing quantitative comparisons to be made. ' 

We use a general-purpose data-base management 
system, SPIRES, that was developed at Stanford University. 
~t can operate on a variety of IBM computer systems and 
1s used extensively throughout the United States and 
abroa~ .. l.t has powerful searching, updating, and display 
capabd1t1es, and may be used in either interactive or 
batch mode. Also, data input to the SPIRES system can 
be in a variety of input formats, which permits data from 
other data bases to be analyzed with minimal conversion 
problems. 

Information on each short-term test is contained in 
a series of separate data bases (Fig. 1 ). We have completed 
the ?esign of data bases for the Salmonella test, mam
malian cell mutagenesis assays, and sister chromatid ex
change assays. 

XBL 814-647 

Each data base consists of a collection of records 
each of which contains data from one dose-respons~ 
experiment. Each element within a record represents a 
differ~nt parameter of the experiment. For example, there 
are 53 other possible elements besides numeric dose
response data in each Salmonella record, such as "amount 
of S-9 added per petri plate,"* and "tissue used as the 
source of the'S-9." Also shown in Fig. 1 are a BIBLIO
GRAPHIC data base and CHEMICAL NAME AND CAS 
NUMBER data base, which are linked to the short-term 
test data bases. (CAS stands for Chemical Abstracts Serv
ice.) Data input routines have been developed to facilitate 
entry and correcting of data. These routines automatically 
prompt for specific data elements so that, with minimal 
instruction, one can rapidly and accurately enter data 
into the system. 

In addition to the overall system of data bases, there 
are several accompanying program packages for manip
ulation of information in the data bases. The STATISTICAL 
ANALYSIS package consists of a set of FORTRAN routines 
for analysis of the dose-response data (see below). The 
routines are completely independent of the data-base 

* Most chemical carcinogens are metabolized to their active forms 
by enzymes in mammalian tissues. In the Salmonella test a tissue 
homogenate (S-9), usually from rat liver, is added directly to the 
mutagen test system. 



structure, thus permitting independent development and 
refinement of the statistical routines and the data-base 
sections. Interaction between the data base and the FOR
TRAN programs is carried out so that we can select 
records for analysis interactively at the terminal. Results 
of the statistical analysis are stored in the computer as 
part of the data base. 

A package of OUTPUT routines has been developed 
for displaying various parts of the data base. Output 
routines to summarize the data and the results of the 
statistical analysis for the Salmonella (Ames) test (described 
below) are shown in Figs. 2(A) and 2(B). This output 
design is based on a format used by Ames and colleagues6•9 

to display results of their carcinogenic potency calcu
lations. Each line represents results of a single experiment 
(one dose-response curve), and has a unique experiment 
number, which appears in the last column of Fig. 2A 
and the first column of Fig. 2B. Various parameters de
scribing the assay protocol, bibliographic information, 
and results of the statistical analyses are displayed on 
each line. To facilitate visual comparison of results on 
different chemicals, results of the potency calculation 
are also plotted on the print-out, on a log scale ranging 
over 7 orders of magnitude. Potencies estimated from 
results reported from different laboratories appear, in 
general, to be highly reproducible. Potencies estimated 
from results obtained in four different laboratories using 
the tester strain TA 100 are indicated in Fig. 2(A). We are 
also developing an output routine that will make com
parison of results from different short-term tests easier. 
The Salmonella data base contains results from over 
25,000 experiments from the published literature, from 
unpublished data kindly provided to us by the NCI/NTP, 
and from our own laboratory results. We are still entering 
data into the mammalian cell mutagenesis and sister 
chromatid exchange data bases. They currently contain 
results from about 500 experiments each. 

AN EMPIRICAL APPROACH TO STATISTICAL 
ANALYSIS OF SALMONELLA TEST DATA 

In the Salmonella mutagenicity assay, as originally 
described and usually performed, histidine auxotrophs 
are exposed to the test chemical on a petri dish, and the 
only measurement made is the number of revertant col
onies on each plate. The Salmonella assay is thus not a 
precise means of measuring mutation rates, since the 
estimation of a mutation rate requires knowledge of the 
number of cells at risk of mutation and the number of 
mutant cells resulting from exposure. 

The shape of the dose-response curve typically de
pends on the range of doses used. For most mutagens at 
low doses the curve increases linearly; then, as the dose 
increases, the curve may flatten and finally turn down-
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ward, due primarily to effects of toxicity (e.g., see Fig. 
3). 

Several authors have based their proposed statistical 
analyses of Salmonella dose-response data on models of 
the entire dose-response curve. However, modeling the 
entire curve is a difficult undertaking because of the 
single measurement made in the assay, and because 
different mechanisms of mutagenesis and toxicity may 
be operating for different chemicals. 

We have taken a different approach. 10 We assume 
that the initial part of the curve is linear and base the . 
statistical analysis solely on this region, reasoning that 
it contains most of the only interpretable information 
about the mutagenesis dose response. We have described 
both a formal approach for choosing doses that are on 
this initial linear part of the dose-response curve and a 
procedure for estimating the initial slope of the curve 
and testing it for statistical significance. We have also 
described a simple goodness-of-fit test for linearity of 
response in the defined region. 

Briefly, we choose doses on the initial part of the 
curve as follows. If single-hit kinetics are operating, and 
other effects, such as toxicity, are negligible, then the 
probability of a plated cell producihg a revertant colony 
[P(d;)] is approximately a linear function of the dose. We 
restrict our attention to situations where this is true. At 
low doses the expected value of N;i (the number of revertant 
colonies on the r plate at the i'h dose level) can therefore 
be approximated by 

E(N;) = j.L; = N0 P(d;) = f3o+f31di . (1) 

where N0 is the initial number of cells plated, [30 is the 
expected number of spontaneous revertants, and [3 1 is 
the unit increase in revertants, i.e., the slope of the true 
dose-response curve at low doses. 

In the Salmonella assay, a large number of cells are 
plated; these cells are immobile, and each has a small 
independent probability of forming a revertant colony. 
The Poisson distribution is thus the natural probability 
distribution to assume for Nii· Actual replicate data at a 
fixed dose tend to show, however, that the Poisson as
sumption does not hold, and that the variances tend to· 
exceed their respective means. By introducing the extra 
parameter, we may generalize the Poisson distribution. 
to allow for this increased variability. We have selected 
for routine use a generalization of the Poisson relationship 
of variance equals mean: 

V; = 'Y j.L; . (2) 

To define the initial linear portion of the curve, we 
use a stepwise method for successively rejecting data at 
doses where there is evidence of a significant downward 
departure from linearity. We first consider the data at the 
highest dose and fit two models: Model A, which fits 
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************************************* ******************* 
CAPT AN 
( 19] 0 s A R NS LIV 50 NS 17ug 0.0000 + 109 
( 33] 0 s A M NS LIV NS NS 46ug o. 0000 + 43 
( 72] 5 s p R SDA LIV NS NS 12U9 B 0.0000 + 711 
( 7l 5 s p M NMR LIV NS NS X + 17 
( 33] 5 s A M NS LIV NS NS S7ug 0.0010 + 45 
( 72l 7 s p R SDA LIV NS NS 6•J9 B 0.0000 + 708 

7l 7 s p M NMR LIV NS NS X 18 
33] 7 s A M NS LIV NS NS A 47 
721 8 s p R SDA LIV NS NS 332u9 0.0542 N 705 
7l 8 s p M NMR LIV NS NS 19 

33] 8 s A M NS LIV NS NS 150ug 0.0029 - 49 
2331 0 s 

EJ 
13ug 0.0000 N 1321 

6] 0 s 9ug o. 0000 + 225 
19] 0 s lOug 0. 0000 + 108 
1l 0 s . 

. 
3Ufl o. 0000 + 15 

33] 0 s . 4uo o. 0000 + 42 
6] 9 s 3uo 0.0000 N 224 

136] 5 s 10u9 o.oooo + 723 
5] 5 s + 20 

136] 5 s 905ng 0. 0000 + 724 
233] 5 s 1uo 0.0000 N 1322 

6] 5 s 3ug B 0.0000 + 226 
72l 5 s 2uo o. 0000 + 710 

1] 5 s v N 14 
33] 5 s 15ug 0.0014 + 44 
72l 7 s A + 709 
331 7 s A 46 
721 8 s A N 707 
331 8 s > 161U9 0.1563 - 48 

2331 2 s 217u9 0. 0034 N 1323 

CAPT AN 
109 ( 191 DE.-Flor·ad'.:J78. NATU,271.F>455// 0.204.6·/ 1.25,223/ 2.5.284/ 5.421/ 10,645/ [5,5) 
43 ( 331 Simmor, et .al..1977. EPA,NS// 0,{98}/ 1,{141)/ 5,{210}/ 10,{285}/ 15,{340}/ 25,{330}/ 50,{704}/ [7,7) 

711 ( 721 M.ar·~h.all et al..t976 .. .JAFC,24.P560// 0,14/ 25.117/ 50,231/ .[3,3) 
17 ( 7] H€<rbold, B•HE.-lmaier·,l97t:. .. MURE,40,P73//[Q],[1301/ (11,[29751/ [11)),[17.51/ [201,[0)/ [4] 
45 ( 33] Simmon et a.l..t977. EPA,NS// (1,{14}/ 1o{20}/ 5,{60}/ 10,{113}/ 15,{55}/ 25,{71}/ 50,{14.3}/ [7,7] 

708 ( 72l Ma.r~ha.ll et a.l.,1976. ,JAFC,24,P560// 0,9/ 25.148/ 50,288/ [3,31 
18 ( 7] Her·t•o:•ld, Bu~€'lrr,a.ier·,1976. MURE,40.P73//C01,(551/ [1],[."3451/ C1Q),[01/ C20J,[01/ C4] 
47 ( 33] :3liTIIT•N• et a.l..t977. EPA.NS// 0.~3}/ 1.<2}/ 5,{2}/ 1(1,{2}/· 15,{0}/ 25,{0}/ 50,{1}/ C71 

705 ( 72] Ma.r·~hall et a.l..t976 .. .JAFC,24,P560// 0,32/ 25.32/ 50,51/ [3,31 
1'~ 7l Hert•O],j, Bu~elrr.a.ier.1976. MURE,40,p73//[Q1,[2151/ [11,(~:02.51/ [10],[01/ (2(1],[0]/ [41 
49 331 S:immor, et a.l.d977. EPA.NS// (1,{25}/ 1,{19}/ ~i,{22}/ 10,{2/:..}/ 15,{21>/ 25,{46}/ e;0,{44}/ [7,71 

1321 2331 Ames. 1976. II 0.224/ 5,2'~73/ 20.4644/ 50.2593/ [4,3] 
225 6] McCann et a1 •• 1975. PNAS.72.P979// 0,154/ 1.302/10.972/50,1716/ 100,262/ [5,31 
108 191 DeFlora.,197.S. NATU,271,P4-55// 0,226.3/ 1.2.5,J2.S/ 2.5,397/ 5,570/ 10.1115/ C5,5l 

15 1] Sl"dr·a.su E.-t al..t977. OHCA,A,P267// 0,206/ 1.3,412/ 2.6.882/ 10.252:3/ 25.1970/ 50.11:3/ [6,4) 
42 331 SiiTIITI(•n et al..t977. EPA,NS// 0,{72}/ 1.{211}/ 5,{532}/ 10,{822}/ 15,{€:20}/ 25,{720}/ 50,{T}/ (7,31 

224 6] McCann €'t al..1975. PNAS,72.P979// 0,27/5,282/ 10.349/50,211/ C4,3J 
723 136] Hallett et a1 .• 1975. Cherr•ica.l Co:•ntr·ol R0,4/ 1.11110.12125.20/50.66/100.180/ Cb.bl 

20 5] Seiler·,1975. PCST.17.P398// [0],[11/ [9.9E-04J,[1.24)/ [0.011,[1.831/ (0.11,[4.3L:1/ [11,[::3.731/ ***[7] 
724 136] Hallett et al. >1975. Ctu;·mical Contr·ol RO.S/ 1,6/ 10,10/ 25.18/ 50,67/ 100,84/ 250.:2000/ [7,71 

1322 23:,;:] Am"-'s.l976. II (1,281 5,697/ 20,17221 50.366/ [4,31 
226 6] McCann et al.,1975. PNAS,72,P979// O, 16/ 1.35/ 5,106/ 10,163/ 50,275/ [5,31 
710 72] Mar·~hall et a.l .• 1976 •. JAFC,24,p560// 0.101 10.24::::; 25."320/ 50,596/ [4,31 

14 1] Shlr·asu et al. ·1977. OHCA,A,F>267// O,NS/ 5,118/ 10,265/ 25,:382/ 50.118/ [51 
44 :,;::3] :=:imrr,o:;on et a1..1977. EPA,NS// r O.OSJ/ 1.{29J/ ~ •• {80}/ 10.<76}/ 15,{104}/ 25,{80}/ SO,{T}/ [7,51 

709 72] Mar·shall et al. ,1976. .JAFC,24.P560// 0,7/ 10.335/ 25,47/ 50,0/ [41 
46 .33] Sirr,rr,on €'t al..t·;.77. EPA,NS:// 0,{7}/ 1,{2}/ 5,(5}/ 10,{0}/ 15.{0}/ 25,{0}/ SO,{OJ/ [7J 

707 72] Marsr-.all et a1.,1976 .. JAFC,:.::4.P560// 0.32/ 10.19/25.11/50,0/ (41 
48 3.3] :;immon et a.l..t977. EPA,NS// (1,{8}/ 1,{7}/ 5,{14J/ 10.{16}/ 15,{26}/ 25,{/!.}/ 50,{22J/ [7,71 

132:;: 233] Ames,1976. // (1,61/ 5,67/ 20,65/ 50,11:3/ [4,41 

Figure 2. Summary output for Salmonella test data, including results of statistical analyses. Each line of (A) and (8) represents a single 
dose-response experiment. 
(A) Columns are, from left to right: REF = a bibliographic number. ORG = Salmonella tester strain used (0 = TA 100, 9 = TA98, 
5 = TA 1535, 7 = TA 1537, 8 = TA 1538TA92). ASS = type of assay (5 = standard plate test). /NO = inducer, if an external 
metabolic activation system was used (A = Arochlor, P = phenobarbital). SPE = animal species used as source of metabolic 
activation (R = rat, M = mouse). STR = strain of animal (a series of three-letter codes, or four-letter codes for F1 hybrids; NS = 
not specified). TIS = tissue used, also indicated by three-letter codes (e.g., LtV = liver). ACT = microliters S-9 per petri plate. PRO 
= mg per ml of protein in the S-9. (NS = not specified). Potencies, calculated as dose increasing revertant background 5 times, 
are plotted on a log scale using one of three symbols ( +, ±, > ), depending on the one-sided P-va/ue obtained from the statistical 
test on the significance of the slope:+ = P,;; 0.01; ± = 0.01 <P ,;;0.05; > = P > 0.05. Associated lower and upper confidence 
bounds are plotted as ":". The rectangle in 2(A) indicates results obtained by four different laboratories, using the tester strain TA 100

1 

(see text). POT = calculated potency value followed in some cases by qualifying or error codes: A = estimated slope was negative; 
8 = confidence intervals could not be calculated; V = spontaneous revertants not specified; X = non-standard response units; PVL 
= one-sided P-va/ue testing whether slope of dose-response curve is significantly different from zero. QUA = author's opinion that 
chemical was positive(+), negative(-), or borderline (W) {N = not specified]. EXP = "experiment number" assigned to dose
response curve. 
(8) From left to right: experiment number; bibliographic reference number (Ref. 223 unpublished; Ref. 6, dose-response curve not 
published); bibliographic reference (four-letter codes are used for journal names); dose/response data from which potency was 
calculated({] = dose or response units are not ~J..g/plate or revertants/plate); number of dose-response pairs in experiment, followed 
by number used by statistical program to estimate initial slope. 

(A)X8L 8110-11963; (8)X8L 8110-11962 



Eq. (1 ), i.e. a straight line, through all data points, and 
model B, which fits Eq. (1) through all points except 
those at the highest dose, and fits a separate mean at 
the highest dose (see Fig. 3). Then data at the highest 
dose are rejected as not lying on the initial linear portion 

I 

of the curve if either the estimated slope under model 
A is not positive, or if the model B fits the data significantly 
better than model A and the mean at the highest dose 
is less than that predicted by the line fit to points at all 
doses except the highest. The significance is assessed 
using a likelihood ratio test, with likelihood functions 
that incorporate the generalized Poisson mean-variance 
relationship (Eq. (2)). If the data at the highest dose are 
rejected, the process is repeated on the data at the next
to-highest dose level, and the procedure continues until 
there is no rejection, or until only three dose levels remain. 
The goodness-of-fit of the linear model and the significance 
of the mutagenesis dose-response are assessed using the 
remaining points. 

WORK IN PROGRESS 

In addition to continuing development of the data 
base, several projects are in progress: (1) Development 
of a method for statistical analysis of data from mammal ian
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Figure 3. Procedure used to define the initial linear region of 
dose-response, applied to data from an NCI assay of 4-nitro
quinoline-1-oxide using salmonella strain TA 1538. 

MODEL A: = line fit to data at all four 
doses. 

MODEL 8: ------------ = line fit to data at three lowest 
doses. 

@ = separate mean fit to data at 
highest (fourth) dose. 
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cell mutagenesis assays; (2) comparison of two alternative 
measures of mutagenic strength; (3) a laboratory study 
aimed at assessing the comparability of different muta
genesis assay protocols; (4) an evaluation of the reprod
ucibility of Salmonella test results in the published lit
erature; and (5) a comparison of carcinogenic and 
mutagenic potencies in the Salmonella test and animal 
cancer tests (in collaboration with B.N. Ames, L.S. Gold, 
and colleagues). 
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COCARCINOGENIC ACTION OF TOXIC AIR POLLUTANTS 

Margaret R. White and Jerome A. Moore 

Carcinogenic chemicals and toxic gases occur in 
our environment as byproducts of modern technology, 
principally from the use of fossil fuels . Some chemical 
carcinogens are known to induce lung tumors in mice 
when administered in sufficiently large doses. The toxic 
gases are lung irritants. Since humans are exposed to 
these environmental pollutants, we need to know about 
their possible interactions. 

There is some indication 1•
2 that at least one toxic 

gas, sulfur dioxide (S02), when combined with a chemical 
carcinogen, may increase the incidence of tumors in 
animals over that of the carcinogen alone. In experiments 
performed earlier in this laboratory, urethan, a carcinogen 
not usually found in the environment, was administered 
to mice exposed to S02 or air in environmental chambers. 
When the mice were exposed to S02 before urethan 
administration, there was an increase in tumor incidence 
as compared to the incidence in animals given urethan 
but exposed to air. Conversely, when the S02 exposure 
was after urethan administration, there was a decrease 
in tumor incidence. 

In the experiment reported here, the chemical car
cinogen administered to mice was benzo(a)pyrene (BP), 
an environmental pollutant. In contrast to our earlier 
experiments, BP was given at the midpoint of exposure 
to the gas in order to more closely simulate the human 
situation in which exposure to both agents is likely to 
be simultaneous . BP was dissolved in triolein (a nontoxic 
oil) and was injected intraperitoneally as a single dose 
of 0.125 mg per g of body weight. The S02 concentrations 
used were 6, 12, or 24 parts per million (ppm) in air. 
The animals were exposed in environmental chambers 
for 6, 12, or 24 days. Appropriate air and solvent controls 
were included. After exposure, the mice were returned 
to their cages and subsequently sacrificed at 10, 16, or 
22 weeks after administration of BP. The lungs were 
preserved in formalin , the lobes separated, and the tumors 
counted . 

The results of the experiments are illustrated in Figs. 
1 and 2. A concentration of 24 ppm appears to increase 
the incidence of tumors, whereas 6 and 12 ppm appear 
not to. The yield of tumors seems to decline with increased 
duration of exposure. 

In the urethan experiments performed earlier, the 
number of tumors increased when exposure to S02 pre
ceded carcinogen administration and decreased when 
S02 exposure followed the carcinogen. We speculate 
that exposure to S02 before carcinogen administration 
may increase the susceptibility of lung cells to the action 
of the carcinogen and that exposure to S02 after carcinogen 
may slow the growth of tumors and/or destroy some 
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Figure 1. Effects of 502 exposure on tumor incidence. Exposure, 
ppm-days, was obta ined by multiplying the concentration of 
50, by the number of days in the charr.bers. Each curve is 
labeled with the concentration of502• The numbers in parentheses 
are the days of exposure to SO, . All mice were given BP at the 
midpoint of the 502 exposure. Data are from animals sacrificed 
at 22 weeks after BP administra tion . 
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Figure 2. Effects of SO, concentration on the incidence of tumors. 
All exposure periods (6, 7 2, and 24 days) are combined for 
each concentration of gas. Data are from animals sacrificed 22 
weeks after BP administration. 
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tumor clones. If this is true, these effects may be coun
teracting one another in the BP experiment, where the 
animals were exposed to S02 both before and after BP 
administration. 

That longer exposures seem to depress tumor in
cidence at all three concentrations of S02 , may indicate 
either that growth of tumors is temporarily suppressed 
or that some incipient tumors are destroyed. It was not 
possible to continue the experiment long enough to reach 
the plateau of tumor incidence, i.e ., at the last sacrifice 
not all tumors were large enough to be identified grossly. 
Thus the ultimate number of tumors for each concentration 
of S02 could not be determined. At the S02 concentration 
of 24 ppm it may be that the effects of S02 before BP 
were too great to be completely counteracted by its effects 
after BP administration . At the 6 or 12 ppm concentrations 
the depressing effects of S02 after BP may have been 
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more than sufficient to counteract the initial effects, par
ticularly at the longer exposures. Experiments with longer 
time intervals between treatment and sacrifice are needed 
to find whether the apparent depression of tumor incidence 
by S02 exposure after BP is a delay in growth of tumors 
or a destruction of some tumor clones. 
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EPITHELIAL CELLS LINES AS MODELS FOR MORPHOGENESIS AND 
CELL-COLLAGEN INTERACTIONS 

H. Glenn Hall, Steven Chin, Deborah A. Farson, and Mina J. Bissell 

Cells organized into tissues are in direct association 
with connective macromolecules comprising an extra• 
cellular matrix. Stromal ·cells such as fibroblasts are con
tained within the matrix . Epithelial cells reside along the 
outer boundary of the matrix in contact through their 
basal surfaces w ith a dense layered specialization of the 
matrix called the basal lamina. The basal lamina serves 
to delineate the layer of epithelial cells and to separate 
them from stromal components. Epithelial cells exhibit 
a distinct polarity with respect to the basal lamina. Or
ganelles such as the nucleus and Golgi apparatus often 
take characteristic polarized positions with the cytoplasm. 
The apical surface of the cells, opposite the basal side, 
faces to the exterior of the tissue or, if the epithelium 
curves to form a tube, faces into a lumen . A junctional 
complex between adjacent cells girdles the rim of the 
apical face so that the cell layer effectively seals off the 
space on the apical side from the space on the basolateral 
side. 1 Metastasizing epithelial cells degrade the basal 
lamina, lose their polarity and invade into the stroma. 

The purpose of this resea rch project is to analyze 
the roles that components of the extracellular matrix 
have on the structure, organization, and function of ep
ithelial ce lls. The substratum on which cells grow in 
culture, cons isting of either artificial substances or of 
natural matrix components, has been shown to influence 
the adhesion and growth of cells. 2.3 We have found that 
several other important ce llular activities are profoundly 
influenced by ce llular interact ion with Type I co llagen, 
a major protein component of the connective tissue ex-

tracellular matrix . Collagen substrata affect the synthetic 
activity of two epithelial cell strains, "Normal" Murine 
Mammary Gland (NMuMG) and Madin Darby Canine 
Kidney (MOCK), and affect their organization into tissue
like forms . MOCK cells grown on the surface of plastic 
petri dishes and cells grown on the surface of a collagen 
gel incorporate radiolabeled amino acids into distinctly 
different proteins. Differences are seen in proteins that 
are contained in the cytoplasm as well as those that 
fractionate with the cytoskeleton. We are working to 
further identify these proteins. 

An additional response of both MNuMG and MOCK 
cells grown on collagen gels is the synthesis of new 
sulfated glycosaminoglycans: chondroitin sulfate A and 
B, dermatan sulfate, and heparan sulfate (Fig. 1 ). A larger 
ratio of chondroitin and dermatan suI fate to heparan 
sulfate is synthesized by MNuMG ce lls compared to 
MOCK cells. Similar rat ios of these glycosaminoglycans 
are normally found in mammary gland and kidney. This 
result indicates that, despite numerous passages in culture, 
these cells retain some ability to function in a tissue
specific manner. 

The effect of collagen on the polarity and organization 
of cells is being studied by growing cells to a monolayer 
over a collagen gel and then overlaying their apical sur
faces with more collagen . This creates an unusual situation 
for the ce ll whereby both the ap ical and basal surfaces 
contact the collagen , which is normally associated only 
with the basal surface. Both MOCK and NMuMG cell 
monolayers dramatically respond to resolve this apparent 
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Figure 1. Autoradiograph of JSS-sulfate incorporated into 
glycosaminoglycans (GAGs), separated by cellulose acetate 
electrophoresis. (A) GAGs synthesized by MOCK cells grown 
on a plastic petri dish. (B) GAGs synthesized by MOCK cells 
grown on a collagen gel. 0 =origin; HS = heparan sulfate; DS 
= dermatan sulfate; CS = chondroitin sulfate. Dotted 
enclosures indicate localization of known nonradioactive 
standards. 
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conflict by undergoing considerable reorganization, which 
leads to the creation of lumen. A row of cells above the 
lumen establish basal contact with the upper co llagen 
ge l, and a row of cells below the lumen maintain basal 
contact with the lower collagen gel. Although both ce ll 
lines create lumen, they exhibit characteristic differences. 
The NMuMG cells tend to organize into rounded clusters 
with small lumen (Fig. 2B) that together appear very 
similar to acini seen in cross section of glandular tissue. 
The MDCK ce lls, on the other hand, form lumen that 
coalesce into large cavities (Fig. 20). As seen by electron 
microscopy, the lumen are, in fact, enclosed by· the ce lls 
with junctions associated with the new apical su rfaces 
separating the lumen contents from the tissue culture 
medium (Fig . 3). Numerous microvilli project into the 
lumenal space. 

In summary, these cell strains can be used as versatile 
models for studying the mechanism of ep ithe li al mor
phogenesis, particularly lumen formation, and the nature 
of cel l-collagen interaction. 

We thank Jon Lieber for technical help w ith the 
electron microscopy. 

Figure 2. Light micrographs of cells grown in culture. (A) NMuMG cells grown on 
a collagen gel. (8) NMuMG cells as in (A), one week after being overlaid with 
another collagen gel. (C) MOCK cells grown on a collagen gel. (OJ MOCK cells as 
in (C), one week after being overlaid with another collagen gel. 
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Figure 3. Electron micrograph of a cross section of MOCK cells 
grown on a collagen gel and overlaid with collagen as in Fig. 
2(0 ). C = collagen gel; N = nucleus; L = lumen. Bar= 7 0 
microns. 
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TUMOR PROMOTER AND TUMOR VIRUS INDUCED CHANGES IN GENE 
EXPRESSION AND PROTEIN PHOSPHORYLATION IN AVIAN CELLS 

Andrei Laszlo, Jill Hatie, and Mina ). Bissell 

Carcinogens can be divided into two classes, initiators 
and promoters. Initiators are capable of inducing tumors 
in experimental animals by themselves. Promoters, while 
not carcinogenic by themselves, enhance the action of 
initiators by lowering the threshold doses for the production 
of tumors. Such concepts are based mainly on the classic 
two-stage carcinogenesis system developed with the 
mouse epidermis.' Recent epidemiological studies indicate 
that a great majority of human cancers are induced en
vironmentally; these studies also ind icate that the disease 
is a multi-stage process, with a long latency period . Much 
of the research on carcinogens has focused on substances 
that are mainly initiators. Such substances probably act 
by altering cel lular DNA, either by point mutations or 
induced re-arrangements. The mode of action of tumor 
promoters, however, remains unclear. 

We have been investigating the effect of the classical 
tumor promoter, 12-0-tetradecanoyl 13-phorbol acetate 
(TPA) on gene express ion and protein modification in 
cultured chicken cells . Previous studies from this and 
other laboratories have shown that the treatment of cells 
in culture with TPA induces a phenotype similar to trans
formation with tumor viruses. In particular, TPA-treated 
chicken embryonic f ibroblasts (CEF) resemble CEF that 
have been transformed with Rous sarcoma virus (RSV), 
a tumor virus that contains RNA. Much progress has been 
made in recent years in the study of this virus. The product 
of the RSV-encoded gene responsible for transformation 
in culture and tumor formation in whole animals has 
been shown to be a protein kinase that adds phosphate 
to tyrosine to create a rare amino ac id , phosphotyrosine. 
The same protein kinase is thought to modify the phos
phorylation of severa l cellula r proteins and thereby to 
bring about the changes in cellular regulation that cul
minate in transformation. 2 

Thus it is of interest to determine if tumor promoters 
also induce alterations in gene expression and protein 
phosphorylation, and, if so, whether such alterations are 

similar to those induced by RSV. In addition to examining 
the mechanism of tumor promoters, this approach al lowed 
us to investigate the possibility that viral and chemical 
carcinogenesis share a common ground . We have in
vestigated, by two-dimensional ge l electrophoresis, pro
teins labeled with 35S-methionine and inorganic 32 P
phosphate in cel ls treated with TPA. The patterns observed 
indicated that, indeed, TPA induced change in both gene 
expression and protein phosphorylation (Figs. 1 and 2) . 
Some of the changes in gene expression were similar to 
those found in RSV-transformed CEF, while others were 
unique to the TPA treatment. Although TPA treatment 
leads to alterations in the state of phosphorylation of 
several ce llular polypeptides, we did not find any changes 
in the state of phosphorylation of at least two of the major 
putative substrates of the RSV-associated protein kinase . 
In addit ion, on ly RSV-induced transformation increased 
the abundance of the rare amino ac id, phosphotyrosine, 
found in total ce llular proteins ; TPA treatment did not. 
These results imply that the induction of the phenocopy 
of the transformed state by TPA treatment acts by different 
mechanisms than those currently thought to be involved 
in the act ion of RSV. A further complex series of exper
iments involving conditional mutants of RSV led to results 
which imply that RSV may act via different mechanisms 
than those currently accepted . 

We have identified one of the gene products whose 
expression may be altered in both RSV-transformed and 
TPA-treated CEF as vimentin, the subunit of the so-called 
intermediate filaments in fibroblasts. The function of vi
mentin-containing filaments in these cells is the subject 
of intense research in other laboratories. The find ing that 
both TPA treatment and transformation with RSV affect 
the synthesis of vimentin gives a fresh approach to this 
problem. We are attempting to correlate the alterations 
in vimentin synthesis with its distribution in the cell . As 
shown in Fig. 3, alterations in the distribution of vimentin
contain ing filaments accompany transformation w ith RSV. 
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Figure 1. Autoradiogram analysis of 355-methionine-labeled extracts of control (A), and TPA-treated CEF (8) by two-dimensional gel 
electrophoresis. Circles mark polypeptides whose expression increases while squares mark polypeptides whose expression decreases 
after TPA treatment. (A) XBB 814-31/0A; (B) XBB 814-3113A 
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Figure 2. Analysis ol 32P-phosphate-labeled extracts of control (A) and TPA-treated CEF (8) by two-dimensional gel 
electrophoresis. Downward-pointing arrows indicate location of polypeptide whose phosphorylation appears in 
TPA-treated cells. Upward-pointing arrows indica te lack of alteration in the state of phosphorylation in TPA-treated 
cells of a polypeptide that is a substrate for the RSV-encoded protein kinase. 
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Figure 3. Organization of vimentin-containing intermediate filaments in normal (A) and RSV-transformed CEF (8), as revealed by 
indirect immunoflourescence. 

The elucidation of such changes and their relationship 
to the increased synthesis of vimentin is in progress. 

It is expected that, besides adding to our knowledge 
of the mechanisms of viral and chemical carc inogenesis, 
our work will also shed light or the workings of normal 
cellular machinery. 
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TEST SYSTEMS FOR TUMOR PROMOTERS: ANALYSIS OF POSSIBLE HEALTH 
HAZARDS IN EUPHORBIA LATHYRIS 

Mina ). Bissell, Esther K. Nemethy, * Liza Riddle, Andrei Laszlo, and Melvin 
Calvin* 

The growing of green plants as a renewable source 
of liquid fuels and chem ica l feedstocks is attracting in
creasing interest. Euphorbia /athyris has been considered 
as one of these potential hydrocarbon-producing plants, 
and the production of two liquid fuels, gasoline and 
ethanol , from the crude plant extracts has been dem
onstrated. This latex-producing plant grows wild in Cal
ifornia and has also been successfully cultivated. 

The milky latex of E. /athyris is rich (50% of dry 
weight) in reduced triterpenoids; however, it also contains 
a minor amount (0.1% of dry weight) of esters of the 
tetracyclic diterpenol, ingenol, which are closely related 
to the most active components of croton oil , 12-0-te
tradecanoly-phorbol-13-acetate (TPA). 1 These ingenol 
esters have been shown by Adolf and Hecker to be co
carcinogenic in the mouse skin test. 1 At that time it was 
cautioned that the plant's products, or food contaminated 

*Chem ica l Biodynamics Divi sion, LBL. 

with the plant, should be considered as potential co
carcinogenic risks. 

Taking advantage of the known effects of TPA on 
cel ls in cu lture/ we have recently developed a sensitive 
test system for detecting unknown tumor promoters. 3 

Here we describe the use of the system in detecting 
promoter act ivity in Euphorbia /athyris extracts before 
and after treatment with organic solvents in the preparation 
of synthetic fuels. 

Basic hydrolysis of the active fraction, prepared after 
acetone and methanol extraction, yie lded only one com 
pound identified as ingenol triacetate by spectroscopic 
methods. Further analysis of this fraction by high-pressure 
liquid chromatography revealed a mixture of ingenol 
esters. This fraction was designated as ELA in our test 
system.(Table 1 lists the various compounds tested and 
their designations.) The morphological effects of ELA and 
TPA on normal chicken embryo fibroblast cells were 
sim il ar. The cross-hatched pattern, characteri stic ofTPA-



Table 7. Compounds tested and their designations. 

Explanation 

ELA Active Fraction I from latex (in MeOH) 

ELA, Contro l for ELA, derived from corn (in MeOH) 

ELB Hot MeOH extract of dry plant (in MeOH) 

ELB, Control fo r ELB, MeOH extract of corn 

ELC Hot heptane extract of dry plant (in acetone) 

ELC Control fo r ELC, heptane extract of corn 

TPA Posi tive control in MeOH 

MeOH Solvent control 

Acetone Solvent control 

ELB,o1d Same as ELB, but extracted with cold MeOH 

ELC,0 10 Same as ELC, but extracted wi th co ld heptane 

treated cells, was seen in ELA-treated cu ltures as well . 
In contrast, the treated extracts ELB and ELC, even at 
20-fold higher concentrations, had little or no effect on 
the morphology of these cells . These compounds had 
no overt toxic effects on cells in culture as measured by 
either slight increase or slight inhibition (varying from 
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Figure 7. The rate of glucose uptake as a function of time. Resu lts 
are the average of at least six separate experiments on duplicate 
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experiment to experiment) on the rate of growth at densities 
higher than 2 x 105 cells per cm 2

• 

To quantitate the degree of activity of these fractions , 
we measured sugar uptake in these cultures. The increase 
in the rate of sugar uptake has been shown previously 
to correlate with the tumor promoter activity of TPA and 
its derivatives . 2 A time course of 2-deoxyglucose uptake 
after TPA and ELA treatments (Fig. 1) indicated that 12-
hour treatments gave max imal effect. While the exact 
response curve was dependent on the density, serum 
concentration, and age of cultures, an 8 to 12 hour time 
was chosen for subsequent studies. A comparison of the 
rates of sugar uptake after treatment with ELA, ELB, and 
ELC indicated again that ELA contained tumor promoter 
activities and that these were lost after drying and extraction 
(Fig. 2). 

To differentiate further between possible contami
nating amounts of tumor promoter activities left in fractions 
ELB and ELC, we used a yet more sensi tive test. We have 
previously shown that chick ce ll s, infected with tem
perature-sensitive (ts) mutants of Rous sarcoma virus and 
grown at nonpermissive temperatures, constitute a yet 
more sensitive assay for detection of tumor promoter 
activity of phorbol esters. 3 This is because these ce lls 
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Figure 2. Increase in 2-deoxyglucose uptake after treatment with 
TPA and E. !athyris extracts. Ratios for ELB and ELC show the 
effect of drying and extraction in removing tumor promotor. 
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appear to be "initiated" and as such may be expected 
to have a more precise response to tumor promoters . 
Experiments performed under condit ions where untreated 
controls are still growing (Fig. 3) indicate that response 
to TPA and ELA is more pronounced in ts-infected cultures 
in addition to being above and beyond the growth re
sponse. Furthermore, ELB and ELC still appear inactive. 
The magnitude of response of normal c:ells in these ex
periments (Fig. 3) is lower than the data shown in Fig. 
4. The reason for this apparent reduCtion is that the 
untreated control cultures which are still growing have 
a higher rate of sugar transport than cells that are serum
deprived and density arrested. The pattern of response, 
nevertheless, remains the same. 

Finally, with the use of a 2-dimensional polypeptide 
separation technique, we showed that there are unique 
alterations in the secreted proteins after treatment with 
either TPA or ELA. Such alterations were absent from the 
medium of cells treated with non-tumor-promoting de
rivatives of phorbol ester or those treated with ELB or 
ELC (Fig. 4) . 

We have studied E. Lathyris as a source of liquid 
fuel because it is native to California and can be cult ivated 
in its climate. Other plant species, however, can be 
considered; some of these are also latex-bearing species 
of the family Euphorbiaeceae. The latexes of these Eu
phorbias are rich in reduced terpenoids, but the irritant 
and cocarcinogenic principles are also prevalent. For 
example, Euphorbia tirucal/i, which is being actively 
investigated in Japan as a liquid fuel producer, yields a 
latex with esters of 4-deoxy phorbol that are irritant and 
cocarcinogenic. It is therefore essent ial to investigate the 
potential carcinogenic ri sks of these alternate energy 
sources. 

While there are many systems for detecting primary 
carcinogens, systems for detecting potential tumor pro
moters are scarce and are being developed only now. 
The classical system used by Berenblum in the formulation 
of his two-stage mor:lel of carcinogenesis is the mouse 
skin. 4 This system has the usual shortcomings of whole 
animal studies: it is not sensitive enough and it is extremely 
time-consum ing and expensive if one is to perform a 
statistically meaningful trial. Cell culture has proven a 
rei iable substitute for structure-function studies of phorbol 
esters and its derivatives. For example, the extent of 
increase in 2-deoxyglucose uptake by chick embryo fi
broblasts in culture correlates directly with the degree 
of tumor promoting activity on the mouse skin. 2 These 
cells, therefore, could be used not on ly to understand 
the mechanism of action of TPA but also to provide a 
simple and reliable assay for detecting unknown tumor 
promoters. 

Using both normal and ts-virus infected cells, we 
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have shown that we can detect tumor-promoter-li ke ac
tivities in the latex of Euphorbia /athyris. We have further 
shown that these activities are absent after extraction of 
potential sources of fuel. Our results indicate th at, with 
mechanical harvesting and drying, there should be no 
toxicological dangers. This finding has much potential 
significance, both for the further processing of E. /athyris 
and for other possible sources of energy. 
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Lipoprotein Studies 

UNUSUAL MORPHOLOGY OF HUMAN LOW DENSITY LIPOPROTEINS 

Trudy M. Forte, Robert W. Nordhausen, and Virgie Shore* 

The major cholesterol-transporting macromolecule 
in the blood is the low density lipoprotein (LDL). Thi s 
particle carries a specific protein on its surface known 
as apo lipoprotein Band contains a core rich in esterified 
cholesterol. High levels of plasma LDL are positively 
correlated with an increased risk of cardiovascular disease. 

Plasma levels of LDL are regulated by the rate of 
cholesterol synthesis by the liver and by the uptake of 
LDL by cells and tissue. Most ce ll s have specific receptor 

*Lawrence Livermore Laboratory. 

sites for LDL which thus remove LDL from the plasma 
and tell the cell to reduce its own cholesterol production. 
There is a rare genetic defect in which cel l receptors are 
deficient or defective, leading to unusually elevated plasma 
LDL levels . This disease, known as familial hypercho
lesterolemia Type lla, is most pronounced in the homo
zygous condition: receptors are impaired or absent, and 
synthesis of cholestero l by the liver is elevated. Such 
afflicted patients have LDL concentrat ions two to five 
times higher than normal and manifest early atheroscle
rosis . 

We have studied the electron microscopic structure 



Figure 7. Electron micrograph of normal/ow density lipoproteins, 
negatively sta ined. 
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of LDL from homozygous Type lla subjects whose LDL 
was isolated at a density of 1.019- 1.063 g/ml. The LDL 
was negativel y stained with sodium phosphotungstate 
and examined in the electron microscope. Unlike normal 
LDL (see Fig. 1 ), w hich consi sts of spherica l particles 
with diameters between 220 and 250 A, LDL particles 
from Type ll a subjects form extensive linear aggregates 
or "chai ns" upon negative staining (Fig. 2a). The long 
and short axes of such particles are 249 A and 163 A, 
respectively (for an axia l ratio of 1.5) . This chaini ng is 
not an artifact of li poprote in iso lation because si mil ar 
morphologies can be found in unaltered plasma examined 
by negat ive sta ining techniques (Fig. 2b). 

Although normal LDL is known to have an overall 
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Figure 2. Electron micrographs of NaPTA negatively sta ined 
preparations from a patient w ith Type /Ia hypercholesteremia. 
(a) LDL (density 7. 0 7 9-7 .063 glm/) fraction after negative staining. 
Note the long, linear aggregates (chaining) of LDL particles. 
End particles often have flattened, parallel free edge (arrows). 
(b) Who le p lasma from patient diluted 7:20 and subsequently 
examined by negative sta ining. " Cha ining" is obvious even in 
the whole plasma. Bar marker represents 700 nm. 
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Figure 3. Agarose gel electrophoresis of untreated (native) LDL and glutaraldehyde-treated LDL. After g lutaraldehyde treatment, both 
normal and Type /Ia LDL have a mobility, which indica tes an increase in negative charge. 
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net negative charge, numerous amino groups contribute 
positive charges as well. Since the phosphotungstate stain 
is a multivalent anion, it is possible that under some 
conditions the negatively charged phosphotungstate 
causes crosslinking between LDL particles, thus producing 
the linear aggregates. To test whether positive charges 
on Type lla LDL play a role in its unusual electron mi
croscopic structure, samples of this LDL were fixed with 
2% glutaraldehyde. This fixative binds to the positive 
charges on the particles . Agarose gel electrophoresis (Fig. 
3) of treated and untreated Type lla LDL shows that the 
electrophoretic mobility of the particle increases after 
fixation , thus indicating an increase in negative charges 
and a decrease in positive ones. Normal LDL, whether 
native or treated with glutaraldehyde, has the same elec
trophoretic mobilities as the corresponding Type I Ia LDL 
(i.e., negative charges increase with fixation). Glutar
aldehyde-fixed Type I Ia LDL particles lost their ability to 
form I i near arrays or chains after being stained with phos
photungstate (Fig. 4). Surface charge thus appears to play 
a rol e in the unusual electron microscopic behavior of 
Type lla LDL. The most reasonable explanation is that 
the positive charges on the Type I Ia LDL are so distributed 
as to permit linear aggregation in the presence of phos-
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Figure 4. Electron micrograph of Type /Ia LOL negatively stained 
after glutaraldehyde fixation. These treated LOL lose their pro
pensity to chain. 
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photungstate. Such an unusual charge distribution, which 
implies an abnormal distribution of amino groups, may 
have important metabolic consequences in Type lla sub
jects. 

PHYSICAL, CHEMICAL, AND METABOLIC PROPERTIES OF SUBCLASSES OF 
HUMAN PLASMA LOW DENSITY LIPOPROTEINS 

David J. Burke, Ronald M. Krauss, Trudy Forte, and Frank T. Lindgren 

Low density lipoproteins (LDL) from normal human 
subjects are heterogeneous with respect to size, density, 
and composition .1

•
2 When examined by gradient gel 

electrophoresis, 2 the LDL from individual subjects can 
be reso lved into as many as five distinct peaks. To in
vestigate the metabolic interrelationships among these 
LDL subclasses and their poss ible roles in cardiovascular 
disease, we have developed a rapid and gentle procedure 
for fractionating these LDL subclasses . This procedure 
involves two sequential equilibrium density gradient 
centrifugations using vertica l and horizontal rotors . The 
first centrifugation results in the purification of all the 
LDL from other plasma components and a partial puri
fication of the LDL subclasses from one another. The 
second centrifugation allows the recovery of fractions 
highly enriched for each of the subclasses present in the 
original plasma (Fig. 1 ). 

Highly purified LDL fractions from normal subjects 
have been used to show a strong correlation (r = 0. 95) 
between LDL flotation rate (S~) and LDL particle diameter. 
In one experiment using 11 fractions from 9 subjects, 
the data best fit the empirical equation D = 5.129 Sf 
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Figure 7. Gradient gel analyses showing purification of subclasses 
of LOL from the plasma of a male subject. (A) whole LOL (d 
= 7. 0 7 9- 7.063 glm/), isolated by sequential flotation; (8), (C), 
(0 ) sequential 3. 0 ml fractions pi petted from the LOL-containing 
portion of a 34 ml vertica l rotor gradient; (E), (F), (C) equilibrium 
density gradient fractions from (8), (C), and (0), respectively. 
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+ 218, where D is the diameter in angstrom units and 
57 is the corrected flotation rate. Particle sizes ranged 
from 230 A to 275 A as determined both by gradient gel 
electrophoresis and electron microscopy. 

Our LDL fractionation procedure has been modified 
to allow production of sterile LDL fractions suitable for 
use in studies of LDL catabolism in vivo. Studies are also 
underway to investigate the interaction of different LDL 
fractions with animal cells in culture and to identify the 
serum and tissue components required for the metabolic 
interconversion of LDL subclasses. 

CHARACTERIZATION OF NEONATAL HDL 

Paul A. Davis and Trudy M. Forte 

The study of high density lipoprotein (HDL, d = 

1.063-1.21 g/ml) metabolism and its control has recently 
gained added impetus because of the discovery of its 
"protective" role in the prevention of coronary heart 
disease, a major cause of death in the American pop
ulation. As part of the effort to understand the factors 
that influence HDL levels and the types of HDL present, 
the study of neonatal cord blood H DL from humans was 
undertaken. Neonatal lipoproteins differ from those of 
the adult in that they show little evidence of the sexual 
dimorphism (i.e., the elevation of HDL in the female) 
that is apparent in adult lipoprotein levels. Furthermore, 
the concentration of total cord blood lipoproteins is one
third to one-fourth that of the adult and, in contrast to 
the adult, where the bulk of the lipoprotein mass is in 
the low density region (LDL, d = 1.0063-1 .063 g/ml), 
the main mass of the neonatal lipoproteins is in the high 
density region. 

High density lipoproteins were isolated from neonatal 
cord blood plasma by sequential preparative ultracen
trifugation after adjusting the plasma density to d = 1.21 
g/ml with NaBr. To characterize the size distribution of 
neonatal HDL, the particles were analyzed by gradient 
gel electrophoresis (GGE). The migration distance of a 
particle in the gel during electrophoresis compared to a 
standard, the R1, is related to its size; that is, particle size 
is inversely related to R1 value. Figure 1 shows the R1 

values of various particle peaks (obtained from densi
tometric scanning of a fixed and protein-stained gradient 
gel after electrophoresis) and their frequency among the 
individual cord blood plasma HDL's analyzed. To compare 
adult and cord blood patterns, a no rmalized replot of 
the data obtained by Blanche eta!. 1 is also shown. As 
can be seen, the cord blood pattern shows some skewing 
toward smaller R1 values, indicating that larger particles 
are present in increased frequency in cord blood. In 
addition, the cord blood shows an increased frequency 
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at R1 values of 0 .62-0.64, where the adult HDL shows 
a relative absence of particles. 

Besides the differences shown by GGE in cord blood 
plasma HDL, the apolipoprotein content of HDL from 
neonates also shows differences from that observed in 
the adult. While neonatal HDL samples contain all the 
apolipoproteins present in the adult, they show alterations 
in the relative amounts. In particular, the neonatal HDL 
shows a relative enrichment of apo E and of a reducible 
complex containing apo E and apo A,, as assessed qual
itatively by electrophoresis on 10% polyacrylamide gels 
in the presence of SDS (soldium dodecyl sulfate) (Fig. 
2). In contrast, adult HDL normally contains only small 
amounts of apo E and traces of the apo E-A 11 complex. 

Our observation of a shift toward larger particle 
sizes and an increased amount of apo E in neonatal HDL 
may have some connection to a recent report that a larger 
HDL, enriched in apo E, appears in the adult after cho-
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Figure 7. Frequency distribution of R, va lues of cord blood HDL 
versus adult HDL distribution. Cord blood has a greater frequency 
of particles with smaller R, values, indicating larger particle 
diameters. 
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lesterol feeding. 2 The exact relationship between the larger 
particles observed in the neonate and the larger, apo E
enriched adult HDL particles, termed HDLCI is unknown . 
Further studies will cont inue the effort to understand the 
physiological significance of neonata l apo E-enriched 
HDL. 
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Figure 2. Polyacrylamide gel electrophoresis (70 %) of apoli
poproteins of cord blood HOL. (7 ) Unreduced HOL, (2) molecular 
weight standard, (3) reduced HOL. Cord blood HOL contains 
prominent amounts of apolipoprotein E (apo E) which is present 
only in negligible quantities in adult HOL. Reduced HOL reveals 
a decided increase in apo E, which suggests that native apo E 
is in a complexed form that produces monomeric apo E upon 
reduction. 
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METABOLISM OF PLASMA LIPOPROTEINS BY HUMAN LIPOLYTIC ENZYMES 

Thomas A. Musliner, Christine Giotas, and Ronald M. Krauss 

Plasma low and high density lipoproteins are com
prised of multiple subspecies with distinct chemical, 
physical , and morphologic properties . The metabolic 
basis for this heterogeneity is poorly understood, but it 
is likely to involve two lipolytic enzymes, lipoprotein 
lipase and hepatic lipase, that are known to contr ibute 
to the intravascular catabolism of circulating lipoproteins. 
Both are active at the capi llary endothel ial surface, li
poprotein lipase (LPL) in extrahepatic tissues and hepatic 
lipase (HL) in the liver. Available data, wh ile incomplete, 
point to LPL as the major enzyme mediating hydrolysis 
of large, triglycer ide-rich lipoproteins, and suggest a role 
for HL in the metabolism of smaller partic les. 

We are attempting to determine the relationship be
tween the activities of LPL and HL and the recently defined 
subfractions of low (LDL) and high (HDL) density lipo-

proteins . The enzymes have been separated and partially 
purified from human plasma sources by a method based 
on heparin-affinity chromatography. The partially purified 
enzymes are free from contamination with each other 
and are being used to hydrolyze human very low density 
lipoprotein (VLDL) substrate in in vitro incubations. Li
poprotein degradation products are analyzed by gradient 
gel electrophoresis, allowing comparison with the known 
electrophoretic patterns of LDL subspecies . 

In preliminary experiments, extended incubation of 
VLDL with LPL has resu lted in the formation of inter
mediate-sized lipoproteins, the bulk of which migrate 
on gradient gels in the region between VLDL and LDL. 
The rest of this material migrates in the region corre
sponding to the largest of the LDL subspecies observed 
in normal human plasma. Experiments are currently un-



derway to determine if further metabolism of these in
termediate-sized products takes place either in the pres
ence of hepatic lipase or with the addition of HDL as 
an "acceptor" for lipoprotein components that accumulate 
during triglyceride hydrolysis. Hepatic lipase incubated 
with VLDL results in a lesser degree of triglyceride hy
drolysis than does VLDL-LPL incubation, and there is 
much less accumulation of lipoprotein products that differ 
in electrophoretic mobility from the starting material. 

A similar in vitro system using LDL or HDL as the 
starting substrate is currently being used to detect possible 
subfraction conversions mediated by the two lipases. 

EFFECTS OF DIET ON SERUM LIPOPROTEINS 
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Potential changes in HDL subspecies accompanying hy
drolysis of VLDL by both enzymes are also being sought. 

In parallel with these studies, a rat perfusion system 
is also being characterized. In this system, liver or hind 
limb preparations are perfused with medium containing 
specific lipoproteins. This permits selective exposure of 
substrates to either HL or LPL bound to the capillary 
endothelium in situ. Such studies, taken together with 
the in vitro incubations, should provide information re
garding physiological mechanisms for the production of 
specific LDL and HDL subspecies involved in the ath
erosclerotic process. 

Ronald M. Krauss, Virgie Shore,* Gail Butterfield, Susan Shattuck, and Frank T. 
Lindgren 

The aim of this project was to determine the influence 
of various dietary factors on levels, composition, and 
metabolic interrelationships of serum lipoproteins in 
healthy men. All protocols were carried out in healthy, 
normolipemic men; aged 23 to 37. Diets were formulated, 
prepared using real foods, and fed to the subjects at the 
Department of Nutritional Sciences, UC Berkeley. Two 
major studies were completed in the past year: one on 
the effects of varying energy flux on serum lipids and 
lipoproteins, the other on the effects of varying the ratio 
of polyunsaturated to saturated fat (P:S). 

ENERGY FLUX 

Four highly trained distance runners ran 10 miles 
per day for a 4-week period, and 5 miles per day for a 
second 4-week period, with total energy intake adjusted 
to maintain constant body weight at both levels of exercise. 
The diet fed throughout contained 31% total fat (ap
proximately 10% saturated, 10% monounsaturated, and 
10% polyunsaturated), 52% carbohydrate, 17% protein, 
and 1 50 mg cholesterol/1 000 kcal. The subjects were 
housed in the Human Metabolic Unit at UC Berkeley, 
and exercise was carried out under direct supervision 
on or near the campus. Calories were adjusted to maintain 
relatively constant body weights in all subjects, although 
percent body fat declined slightly during the second ex
ercise period. 

Comparision was made between mean lipid and 
lipoprotein measurements for the last 2 weeks of each 
study period. At the lower energy level, serum cholesterol 
levels were unchanged, while HDL cholesterol fell by 
an average of 8% (range 4-13%), and triglyceride in
creased by 23% (range 2-40%). Low density lipoprotein 

*Lawrence Livermore Laboratory. 

levels (LDL, S~ 0-12) were 17% higher (range 8-25%, 
p < 0.025), and total HDL levels were reduced by 13% 
(range 5-21%, p < 0.05). Among the major HDL sub
classes, the decrease was confined to the HDL2 species: 
HDL2• dropped by 24% (p < 0.025) and HDL2b by 31% 
(p < 0.05). Ratios of LDL/HDL increased by 19-58% 
(mean 34%, p < 0.025). 

DIETARY P:S FAT RATIO 

A 1 0-week protocol designed to assess effects of 
variation in the ratio of polyunsaturated to saturated fat 
in diet was carried out with six subjects in the Human 
Metabolic Unit. The diets were the same as those fed to 
six other subjects studied as outpatients last year. Diet 
composition was the same as that in the study of runners 
except that P:S ratio was adjusted to 0.25:1, 1:1, and 
3:1 primarily by changing the amounts of butterfat and 
safflower oil and by keeping all other components, in
cluding monounsaturated fat, constant. The initial diet 
(P:S = 3:1) was fed for 4 weeks, and half the subjects 
then were fed each of the other two diets for 3 weeks, 
with reversal of diets in the final 3-week period. As in 
the outpatient study, total plasma cholesterol and tri
glyceride concentrations decreased significantly with in
creasing P:S ratio (Table 1 ). 

Changes in HDL cholesterol concentrations varied 
among the subjects. In the outpatient study, values were 
highest with P:S = 1:1, but, in the metabolic unit study, 
mean values were lower and similar with the three diets. 
For the combined group, differences among the diets 
were not statistically significant (Table 1 ). Analytic ul
tracentrifuge measurements, however, indicated that, in 
the combined group, levels of the HDL2b subclass were 
significantly higher (mean = 56%) with P:S = 1:1 than 
with P:S = 0.25:1, while levels of HDL3 and HDL2• 

r 
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Table 1. Differences in cholesterol levels according to P:S ratio. 

P:S Ratio 

Variable 0.25:1 1:1 3:1 

Total plasma cholesterol 186.5 ± 13.2 166.6 ± 11.4 143.1 ± 8.8 
(mean mg!dl ± SEM) 

Mean· plasma tryglyceride 76.6 ± 6.8 68.4 ± 5.5 60.5 ± 4 .. 9 
concentration (mg!dl ± SEM) 

HDL cholesterol concentrations* 51.6 ± 3.3 54.0 ± 3.2 53.5 ± 2.5 
(mg!dl ± SEM) 

*Combined mean values for outpatient and metabolic unit studies. n = 12. 

were similar. With P:S = 3:1, mean levels of both HLD2a 

and HDL2b were significantly lower than with P:S = 1:1, 
and HDL2b levels were similar to those with P:S = 0.25:1. 
The ratio of cholesterol/protein in HDL was highest with 
P:S = 0.25:1 andsimilartothatwiththeothertwodiets. 
Cholesteryl-ester/free-cholesterol ratios showed small but 
consistent differences among the diets, ranging from 6.4 
(w/w) at P:S = 1:1 to 7.0 at P:S = 3:1. Cholesteryl ester/ 
total lipid ratios were also highest at P:S = 3:1, with 
offsetting reductions in percent phospholipids and, to a 
lesser extent, triglycerides. lmmunoassays of HDL apo
lipoproteins (apo) A~l and A-ll in the outpatient study 
were performed by J. Albers and M. Cheung atthe North
west Lipid Research Clinic in Seattle. Changes in levels 
of apo A-1 and apo A-ll with diet generally paralleled 
changes in total HDL mass, and there were no significant 
differences in apo A-1/A-11 ratios among the diets. 

Both analytic ultracentrifugation and direct meas
urements of lipoprotein protein and lipid constituents 
showed that levels of LDL and intermediate density li
poproteins (IDL, S~ 12-20) declined progressively and 
significantly with increasing P:S ratio. LDL particle size, 
as judged by gradient gel electrophoresis, also declined 
progressively with increase in P:S ratio, as did ratios of 
cholesteryl esters to free cholesterol, to total lipids, and 
to protein. 

Ratios of LDL/HDL lipid and protein components 
were consistently lowest at P:S = 3:1, but the magnitude 
of the differences in these ratios on the 3 diets varied 
widely among individual subjects. Also, changes in in
dividual parameters tended to be related to concentrations 
of the parameters at baseline. Further statistical analyses 
of these differences are in progress. 

Studies of postprandial changes in lipoproteins were 

also carried out during both the outpatient and metabolic 
unit studies. In the outpatients, following a standard fat 
meal (1 gm fat/kg wt, P:S = 1 :1, cholesterol 0.15 mg/ 
kg), HDL2a and HDL2b mass increased at 4 and 6 hours 
on all diets, while HDL3 decreased except with P:S = 
0.25:1. Differential reductions in plasma levels of apo 
A-1 and apo A-ll resulted in changes in apo A-1/A-11 
ratios that paralleled changes in ratios of HDLiHDL3 • 

In the metabolic unit, lipoproteins were analyzed at 3-
hour intervals during the course of one 24-hour period 
in which subjects consumed their regular meals at P:S 
= 1:1. Levels of very low density lipoproteins (VLDL) 
peaked at 12 noon and again at 9 p.m. to 12 midnight 
(3-6 hrs after dinner), while levels of IDL and LDL fell 
progressively and significantly from 9 a.m. to 12 midnight 
and increases in HDL2a and HDL2b, but not HDL3 , tended 
to parallel changes in VLDL. 

The results of these studies indicate that levels of 
lipoprotein constituents known to influence coronary risk 
can be influenced in normal subjects by specific dietary 
interventions, including variation in dietary fat composition 
and in total energy flux. A base of data on postprandial 
changes in serum lipoproteins has also been provided. 
These data will require further analysis to fully assess the 
impact of nutritional factors on normal and diseased 
states of lipoprotein metabolism. 

Studies planned and in progress will provide further 
information on these and other dietary effects, information 
that will be required to make rational assessments of the 
potential risks and benefits of specific dietary interventions. 
Furthermore, analysis of individual metabolic factors 
governing dietary responses will help in the understanding 
of mechanisms that may lead to improved therapies in 
the future. 
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EFFECTS OF EXERCISE TRAINING ON SERUM LIPOPROTEINS 

Ronald M. Krauss, Frank T. Lindgren, Paul Williams,* Peter D. Wood,* and 
William l. Haskell* 

Individuals with a high level of habitual physical 
activity are known to differ from their sedentary coun
terparts across a wide range of physiologic parameters, 
including levels of serum lipids and lipoproteir~s. It has 
been observed repeatedly that blood levels of very low 
and low density lipoproteins are lower in exercising than 
in nonexercising individuals, while high density lipo
protein levels are greater. In collaboration with investi
gators at Stanford University, a study was designed with 
the following aims: 

• To determine whether changes in serum lipopro
teins and lipoprotein subclasses occur during the 
course of exercise conditioning in previously se- · 
dentary middle-aged men. 
• To detect possible interrelationships among these 
changes that may be metabolically determined. 
A total of 81 men between the ages of 30 and 55 

were recruited. They were selected on the basis of a 
number of criteria; for instance, they were not involved 
in an exercise program or in strenuous job activity, and 
they satisfied suitable medical and orthopedic require
ments. Forty-eight of the subjects were assigned randomly 
to the exercise group. The training entailed progressive 
walking, jogging, and running, centered on three-times
weekly supervised sessions over a 12-month period. The 
exercise measure that was felt to be most representative 
of the results of training was the average-miles-per-week 
recorded during months 5 to 12. This figure ranged from 
zero to greater than 20, with a median of 8.6. Lipoproteins 
were measured at baseline, and exercise effects were 
examined in 41 of the exercising subjects available over 
the year. 

Analytic ultracentrifugation provided measurements 
of two major subclasses of high density lipoproteins, 
HDL2 and HDL3 , and two major subgroupings of low 

* Stanford University, Stanford, CA. 

density lipoproteins, LDL of S~ 0-7 and LDL of S~ 7-12. 
Previous cross-sectional studies comparing ·lipoproteins 
in highly trained distance runners'and sedentary controls 
had shown that levels of HDL2 , but not HDL3 , were 
significantly higher in the runners, and LDL of S~ 0-7, 
but not S~ 7-12, were significantly lower. Furthermore, 
there was a strong negative correlation between levels 
of HDL2 and LDL of S~ 0-7. 

In the present study we found that reductions in 
total serum cholesterol and increases in HDL cholesterol 
were significantly correlated with exercise levels at one 
year. Among the lipoprotein subclasses, we found that 
HDL2 was positively related to exercise level while HDL3 

showed a significant negative correlation. Among the 
lower density lipoproteins, exercise level was significantly 
associated with a reduction in S~ 0-7 LDL; this LDL 
appeared to be the major contributor to the reduction 
of serum cholesterol, since the other low density lipo
protein classes showed no significant relationships with 
exercise. These results are in the expected directions, 
given the cross-sectional differences between runners 
and controls that we had found earlier. Furthermore, we 
found that increases in HDL2 with exercise were signif
icantly correlated with a reduction in LDL of S~ 0-7 and 
with increases in LDL of S~ 7'-12, consistent with cross
sectional correlations observed at baseline. 

These data lead to the conclusion that exercise con
ditioning is associated with coordinate changes in li
poprotein subclasses, changes that reveal relationships 
not apparent from total lipoprotein measurements and 
reflect relationships already present at baseline. It is likely 
that the biochemical mechanisms responsible for these 
relationships, possibly involving tissue lipase activities, 
are activated in some way by the process of exercise 
conditioning. The resulting linkage between reductions 
in smaller, denser LDL of S~ 0-7 and increases in HDL2 

and HDL cholesterol is likely to be of particular importance 
in modulating atherosclerotic risk. 
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STRUCTURE-ACTIVITY STUDIES OF CARCINOGEN BINDING BY PLASMA C01'!STITUENTS 

Helen P. Shu 

Plasma lipoproteins have been observed to interact 
with a large numberofxenobiotic compounds, including 
drugs and carcinogens, which exhibit varying degrees 
of lipophilicity. The correlation we have observed pre
viously between saturating levels of benzo(a)pyrene taken 
up by isolated lipoproteins and the lipoprotein lipid volume 
of very low density lipoprotein (VLDL), low density li
poprotein (LDL), and high density lipoprotein (HDL) sug
gests that lipid solubility is an important factor in such 
interactions. 1 This report compares and contrasts the up
take by plasma lipoproteins of benzo(a)pyrene, 3-hy
droxybenzo(a)pyrene, and benzo(a)pyrene-7,8-dihydro
diol, a family of compounds exhibiting decreasing lipid 
solubility as indicated by their relative migration in thin 
layer chromatography (Fig. 1 ). Details of these observations 
can be found in Ref. 2. 

On a molar basis, uptake to saturation of 
benzo(a)pyrene (SaP), 3-hydroxybenzo(a)pyrene (3-
HBaP), and benzo(a)pyrene-7,8-dihydrodiol (BaP-0) is 
lower as the lipoprotein particle size decreases from VLDL, 
to LDL, to HDL. For a given lipoprotein, molar uptake 
at saturation generally decreases as the degree of hy
droxylation of the compound increases; an exception is 
HDL uptake of 3-HBaP. The albumin-rich (d > 1 .20) 
fraction, in contrast to the lipoprotein fraction, exhibits 
an increased uptake as the degree of hydroxylation in
creases. 

The correlation between saturating levels of BaP 

COMPOUND 

Benzo(o)pyrene 0.695±0.031 

3-Hydroxybenzo(o)pyrene 0.445±0.048 

OH 

Benzo(o)pyrene -7,8-dihydrodiol 0.280±0.032 

OH 

Figure 7. Structure-activity studies of three lipophilic carcinogens. 
Plasma uptake studies were undertaken with benzo(a)pyrene 
and two hydroxylated derivatives, 3-hydroxybenzo(a)pyrene, 
and benzo(a)pyrene-7,8-dihydrodiol. These three compounds 
represent a range in lipid solubility, as indicated by their relative 
migration (R1) in thin-layer chromatography in a solvent system 
consisting of benzene:ethanol (9: 7, by volume). 
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uptake with the lipoprotein total-lipid volumes of VLDL, 
LDL and HDL (108, 114, 140 1-Lmoles/cc, respectively) 
suggests that solubility in the lipid phase is a dominant 
factor underlying BaP uptake. Since the uptake of 3-
HBaP by VLDL and LDL (1 00 and 106 ~J-moles/cc, re
spectively) is comparable to that of benzo(a)pyrene, it 
appears that the increased polarity introduced by the 
hydroxyl group does not affect uptake into the lipid phases 
of VLDL and LDL. For HDL, however, the calculated 
uptake of 3-HBaP per lipid volume (254 ~J-moles/cc) is 
nearly twice that of BaP. The HDL is unique among the 
lipoprotein classes examined in exhibiting molar uptake 
of a hydroxylated derivative which is greater than that 
of BaP. This enhanced uptake may reflect, in addition 
to lipid solubility, a specific interaction of this compound 
with the HDL apolipoproteins or with a surface monolayer 
of phospholipids. The presence of the second hydroxyl 
group (benzo(a)pyrene-7,8-dihydrodiol) is associated with 
much lower molar uptake per lipid volume for all li
poproteins (12, 30, 26 ~J-moles/cc for VLDL, LDL, and 
HDL, respectively). The uptake of BaP-0 per lipid volume 
for LDL and HDL is twice that for VLDL. Factors other 
than lipid solubility also influence the uptake of this 
derivative. 

The increasing uptake of BaP derivatives into the d 
> 1.20 fraction with increasing degree of hydroxylation 
appears to result from affinity of the d > 1.20 fraction 
for the derivatives. Isolated d > 1.20 fraction took up 
approximately 1 0 times more of the derivatives than did 
the control incubation consisting of 0.1 SM NaCI-0.01% 
EDTA, * pH 7.4. This suggests that the solubility of the 
derivatives in aqueous media has not increased with 
increasing hydroxylation. Furthermqre, when plasma is 
incubated with the derivatives, the percent uptake by 
the d > 1 .20 fraction is approximately constant under 
metabolite concentrations that are saturating, half-sat
urating, quarter-saturating, or trace. This suggests that 
the d > 1.20 fraction competes effectively against the 
lipoprotein fraction regardless of metabolite concentration. 
Further studies are required to identify components present 
in the d > 1 .20 fraction responsible for the uptake. 

Saturation level of plasma incubated with 3-HBaP 
is similar to that attained by the sum of the isolated 
lipoprotein and d > 1.20 fractions. This suggests that 
factors intrinsic to the individual lipoprotein or d > 1.20 
fractions determine the final uptake levels. That is, the 
uptake of 3-HBaP by each isolated lipoprotein fraction 
is independent of the presence of any other fraction. 
Unlike 3-HBaP, the sum of BaP-0 uptake by separately 

*EDTA = ethylenediaminetetraacetate solution. 



incubated lipoprotein and d > 1.20 fractions is approx
imately half that of incubated total plasma. The reason 
for the greater uptake by plasma requires further study, 
but these results suggest that the interactions between 
lipoprotein and d > 1.20 fractions and among lipoprotein 
fractions may affect BaP-D uptake. 

The presence of hydroxyl groups results in increased 
partitioning of BaP derivatives into the d > 1.20 fraction. 
Other functional groups which confer increased polarity 
to lipophilic compounds-e.g., methoxy groups in the 
drug reserpine, and hydroxyl and methoxy groups in 
quinidine-are probably responsible for their increased 
partitioning into the d > 1.20 fraction. 

On the basis of lipid solubility, the hydrophobic 
core of lipoprotein particles has been proposed as the 
probable location for uptake of apolar compounds by 
lipoproteins. The observed uptake of compounds more 
polar than BaP-i.e., 3-HBaP by HDL and BaP-D by 
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plasma-implicates factors other than lipid solubility. 
Our results with BaP metabolites indicate that functional 
side groups can materially alter both uptake levels by 
lipoproteins and their distribution among lipoprotein and 
nonlipoprotein components in plasma. The biological 
significance of carcinogen binding by different plasma 
fractions is currently under investigation. 
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ORIGINS OF SUBPOPULATIONS OF HUMAN PLASMA HIGH DENSITY LIPOPROTEINS 

Alex V. Nichols, Elaine L. Gong, and Patricia J. Blanche 

Our studies over the past several years have focused 
on the structure and function of human plasma high 
density lipoproteins. (HDL) because of the importance of 
these lipoproteins in cholesterol metabolism and transport 
and because of the inverse relationship between plasma 
levels of HDL and the risk of coronary heart disease. In 
earlier work, we had identified, by means of gradient 
gel electrophoresis and scanning densitometry, at least 
five subpopulations of HDL-HDL2b, HDL2., HDL3., 

HDL3b, and HDL30-Which contribute to a greater or 
lesser extent to the plasma concentration of the total HDL 
(Fig: 1 ). We also showed that elevated plasma levels of 
HDL are strongly associated with increased levels of the 
HDL2b and HDL2• subpopulations rather than with HDL3 

subpopulations. Our understanding of the origins of these 
subpopulations and their interrelationships with other 
major lipoprotein subclasses is still far from complete. 

Recently, we demonstrated that HDL species in the 
size range of HDL2b and HDL2• can arise from HDL3 

subspecies following in vitro incubation. This process 
requires the action of the enzyme lecithin: cholesterol 
acyltransferase as well as the presence of other plasma 
components (Fig. 2). Some of the other plasma com
ponents participating in this interconversion are the low 
density lipoproteins (LDL) and the very low density li
poproteins (VLDL). The participation of LDL in the HDL 
interconversion process is detected by a marked increase 
in lipid staining of a specific subpopulation ot LDL (Fig. 
3). Complementary studies also demonstrate the occur
rence of lipid transfer between the HDL and LDL lipo-

proteins and considerable specificity in the LDL acceptor 
species. 

These in vitro studies provide additional insight into 
possible metabolic mechanisms contributing to the pol-

84.8 

HDL 2b HDL 2a HDL3a HDL 3b HDL 3c 

Figure 1. Densitometric scan of a gradient gel following elec
trophoresis of an ultracentrifugal fraction containing high density 
lipoproteins (HOL) in human plasma. The lipoproteins were 
made visible by a protein stain. Base indicates migration intervals 
defining the five subpopulations of HDL. Peaks for each sub
population in this sample are indicated by arrows, and numbers 
are particle sizes. 
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Figure 2. lnterconversion of HOL3 subpopulations to HDL, species 
in the presence of lecithin:cholesterol acyltransferase activity 
and lipid transfer proteins in plasma. The particle size (95.2 A) 
of the major product of this interconversion is between those 
of HOL,b (105.7 A) and HDL,, (91. 6 A). Shaded area represents 
HDL in the control plasma. 
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ydispersity of the HDL distribution. These studies also 
indicate that the compositional polydispersity of other 
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Control Plasma (0 hr) Incubated Plasma (6 hr) 

/ 

LDL LDL 

Figure 3. New low density lipoprotein species (arrow) are 
produced with the interconversion of HOL 3 subpopulations 
to HDLl species shown .in Fig. 2. These new lipoprotein 
species fall into the size range of low density lipoproteins 
observed in plasma of individuals with high plasma levels of 
triglycerides. 
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lipoprotein classes, such as the atherogenic LDL species, 
may reflect their participation in such mechanisms. 
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