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INTRODUCTION 

Edward L. Alpen 

As for most human endeavors, we can remark 
that 1984 has been a year of strain, of change, of 
success, and most of all, a year in which we 
continue to enjoy the satisfaction of seeing the 
results of a job well done. The whole scientific 
community of the country has continued to 
experience a period of severe Federal budgetary 
constraints. We are no exception, and ·some 
cutbacks and program redirections have been 
necessary. I am pleased to report though that the 
vital core of our research continues to be vigorous 
and productive. We can only hope that the future 
brings us to convergence on fiscal stability. 

A point of special interest for us in 1984 was 
the commissioning of our new Nuclear Magnetic 
Resonance Imaging Facility. The two imaging dev
ices are in place and operating in a newly con
structed special facility that is the special result of a 
consortium arrangement of industrial and Depart
ment of Energy funding along with private dona
tions; a first, we believe, for a national laboratory. 
This new facility, a natural extension of the imaging 
program of research medicine, is also the catalyst 
for closer relationships between research medicine 
and our two radiotherapy programs. Another 
important milestone for research medicine has been 
the proof of principle for the new high-resolution 
positron-emission tomograph. 

The research in the environmental physiology 
program has been rapidly converging from several 
directions on new methodologies for long-term cul
ture of bone-marrow cells in vitro. Such diverse 
approaches as bone-marrow transplantation, bone
marrow regulation, hematoparasite research, and 
hormonal and regulator studies are all using similar 
versions of the culture system. 

Some expansion of our program on 
electromagnetic radiation effects has occurred, 
particularly involving a new venture in microwave 
research. We also completed an epidemiological 
study on the occupational effects of long-term 
exposure to magnetic fields. No such effects were 
detectable. 

We have passed several important milestones 
this year in the ongoing program on the 
radiotherapeutic applications of accelerator 
radiations. The design of the Advanced Biophysical 
Accelerator has been completed, major 
improvements have been made in management of 
the extracted particle beams, and a proposal for 
construction has gone forward to the National 
Institutes of Health for their consideration. The 
biophysical and medical science advances have 
been equally impressive. The treatment of tumors 
in difficult regions of the central nervous system 
has been shown to be particularly valuable. The 
program on radiation treatment of arteriovenous 
malformations in the brain continues to gather 
impressive statistics with control rates well in excess 
of 90% for over 1 00 patients. 

Other landmarks passed this year included the 
first application in patients of beams of Bevalac
produced radioactive ions for localization of tumors. 
The preliminary trials were· entirely successful, and 
the program will continue. 

The carcinogenesis/mutagenesis program, first 
formally organized in 1980, has grown so well that 
it is now constituted as the Cellular and Molecular 
Biology Group. The emphasis on DNA damage 
and repair continues to be the primary ·theme of 
this group. 

I particularly wish to acknowledge the 
tremendously valuable services provided by our 
administrative staff, headed by Mr. Baird Whaley. 
These individuals, who get no explicit recognition 
in the scientific accomplishments, are a most 
remarkable group. They appreciate that their role 
is to facilitate the performance of good science, a 
role they enthusiastically accept. In this year of 
fiscal constraints, they have managed to accomplish 
near miracles while remaining cheerful and 
supportive. 

As usual, I take this opportunity to welcome 
our new staff members. I hope they will come to 
share with me the enthusiasm of working with such 
a remarkable group of scientists. 
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SECTION 1. RESEARCH MEDICINE 

INTRODUCTION 

The efforts of our group have continued to 
develop or incorporate the best tools we can for 
evaluation of the physiological state of normal and 
pathological processes of major diseases such as 
aging and atherosclerosis. Cancer, of course, is a 
continuing challenge, but in this area we focus on 
the use of noninvasive methods to aid the heavy
ion radiotherapy program. The two major tools we 
are developing in this quest to understand disease 
mechanisms are emission tomography and nuclear 
magnetic resonance (NMR). Emission tomography 
involves the injection of radioative isotopes bound 
to chemicals that go to specific regions of the 
body, depending on the normal or abnormal meta
bolic activity in the region of interest. NMR is used 
to learn about physical and chemical composition 
of body tissues. 

Our app~oach, which makes maps of the func
tional or chemical state of tissues, should ~e con
trasted to the usual approach of determining body 
anatomy by x-ray methods. We use the basic ideas 
()f computed tomography devices (CAT scans), 
many of which were developed at LBL in the early 
1970s, but rather than trying to depict anatomy, we 
design devices to make pictures of body function. 
An example of this comparison appears in the 
Alzheimer's disease study reported in this section. 

.We are strongly focused on noninvasive 
methods for mapping body metabolism because 

basic principles of science dictate that energy. 
changes must precede functional and metabolic 
changes. A change in function precedes an ana
tomic change. Thus, we believe metabolic images 
are more sensitive than anatomic images for evalua
tion of disease problems. 

Accomplishments of the Research Medicine 
Group over the last year are: 

1. Discovery of brain metabolism defects in 
Alzheimer's disease. 

2. Development of a new method for brain
blood-flow measurements. 

3. Proof of our design for a super-resolution 
tomograph with 2.5-mm-resolution imaging (4 
times better than any existing system). 

4. Development of a method for labeling human 
blood platelets so that early signs of stroke 
can be detected. 

5. Completion of a new medical research NMR 
facility for diagnostic imaging studies in 
patients and for in vivo studies of human 
metabolism in normal subjects. 

6. Discovery of a mathematical method for 
quantitating metabolic changes in the body, 
using tracers. 

7. Completion of the first epidemiological study 
showing no effects of magnetic . fields on 
human health .. 
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, COMPARISON OF PET AND PROTON NMR IMAGING IN THE DIAGNOSIS OF 
.: t:·.::~LZHEIMER-TYPE DEMENTIA 

Ro.bert P. Friedland, Thomas F. Budinger, William J. Jagust, 
and Michael Brant-Zawadzki* 

Despite recent advances in our understanding 
of the pathophysiology of Alzheimer's disease (AD), 
we remain unable to make the diagnosis nonin
vasively, except by exclusion. While x-ray com
puted tomography (CT) is of great value in eliminat
ing the presence of other dementing illnesses, it 
cannot be relied upon to confirm the diagnosis of 
AD-the cortical and ventricular atrophy seen in 
AD is not seen in all cases and often cannot be dis
tinguished from the CT changes in healthy aged 
individuals. The more recently developed tech
nique of positron emission tomography (PET) has 
been used with a labeled glucose analogue, (18F)-
2-fluoro-2-deoxy-D-glucose (FDG), to noninvasively 
study glucose metabolism in dementia. Specific 
regional alterations, particularly in the temporal
parietal cortex, have been found. 1- 4 Nuclear mag
netic resonance (NMR) imaging is another powerful 
new technology that is beginning to be applied to 
dementia. We have compared the findings in PET 
studies using FOG with NMR imaging in two sub
jects with Alzheimer-type dementia (ATD). 

Both patients met all current research criteria 
for the diagnosis of probable AD. Each had pro
gressive dementia of gradual onset with Hachinski 
Ischemia Scale scores of less than 4, and neither 
had any underlying medical conditions. In each 
case onset of symptoms had been 3 years before 
the studies reported here, and in both cases neu
ropsychological testing over a period of more than 
1 year had documented progressive dysfunction. 
Case 1 was a 64-year-old male with a Mattis 
Dementia Rating Scale score of 111 (normal, 
140-144); case 2 was a 63-year-old male with a 
score of 91. 

Details of the imaging methodologies used may 
be found in previous publications. 1 ' 2'5 Proton NMR 
was performed using a 0.35-tesla superconducting 
system (Diasonics MT /S). Both spin-echo and 
inversion-recovery imaging methods were per
formed. The slice thickness was 7 mm. Pixel size 
was 1. 7 mm in the plane of section (128 X 128 
matrix). 

PET was performed using the Donner 280-
crystal tomograph, which has a resolution of 8 mm 

*Department of Radiology, University of California, San Fran

cisco, CA 

full-width at half-maximum.2 In both cases 
intravenous injection of 8 mCi of FDG was fol
lowed by rapid blood sampling. Tomographic data 
were studied from a plane parallel to the 
canthomeatal line at the level of the basal ganglia 
and at the mid-ventricular level, with a slice thick
ness of 10 mm. Rates of FOG utilization were cal
culated for cortex regions, using the operational 
equation developed by Sokoloff et al., and rate 
constants for FDG transport and phosphorylation 
were determined for the subjects in our laboratory.6 

Figure 1 displays CT, PET -FOG, and NMR 
images in subjects 1 and 2, from mid-ventricular 
sections. In case 1 moderate ventricular enlarge
ment without cortical atrophy is detected with CT 
and NMR. Both ventricular enlargement and cortical 
atrophy are evident on the CT and NMR images in 
case 2. The gray-white interface is better identified 
on NMR than on CT in both subjects. Some of the 
NMR images have a relative loss of signal in a band 
through the central brain, probably because RF 
field inhomogeneities have led to a decrease in sig
nal from brain regions removed from the antenna. 
CT, PET-FDG, and NMR images in healthy aged 
subjects are shown below for comparison. 

The PET-FDG images in both Alzheimer sub
jects show bilateral hypometabolism in the 
temporal-parietal cortex. In both subjects this is 
more marked on the subject's right side. Rates of 
FDG utilization are summarized in Table 1. 
Temporal-parietal rates are all hypometabolic in 
comparison to those in cortex of healthy aged sub
jects who have equal rates of glucose use in frontal 
and temporal-parietal cortices without asymmetry. 
Hypometabolism most marked in temporal cortex 
was also observed in PET-FOG data obtained at 
lower levels in these subjects. 

The CT image reflects the attenuation of the x
ray beam for each volume of tissue, a phenomenon 
primarily dependent on the electron density of the 
tissue. With NMR, the image is determined by the 
concentration and state of hydrogen nuclei in the 
tissue.5 The therrnomolecular properties of the 
hydrogen nuclear environment as well as the local 
magnetic homogeneity of that environment influ
ence the signal used to create the NMR image. 
This multiparametric nature of the NMR signal 
allows a more comprehensive assessment of the 



Case 1 

Case 2 

Aged 
Controls 

X-ray CT 

5 

PET-FOG NMR 

Fig. 1. CT (left), PET (middle), and NMR spin-echo images (right) in cases 1 (top) and 2 (middle) and in healthy 
aged controls (bottom). Th e CT and PET studies on the bottom row were performed on a healthy 63-year-old con
trol subject. The NMR image was from a different healthy aged subj ect (82 years). In all images the subject's left is 
on the viewer's right side. The CT images are not contrast-enhanced. The PET images are of FOG accumulation, 
and the NMR images are spin-echo images, second echo. The arrow shows the location of the right temporal
parietal cortex. (XBB 847-4874) 

Table 1. Rates of FOG utilization (mg/100 gjmin). 

Frontal Temporal- Entire 
cortex parieta l cortex cortex 

Case 1 4.31 2.95 3.8 1 
Case 2 2.58 1.29 2.23 

Healthy aged 3.67 3.69 3.72 
controls (N=7) (0.49) (0.47) (0.51 ) 
(mean age 63 ± 
mean and SO) 

tissue's physical properties than that obtained with 
CT, yielding greater sensitivity to pathology.5 While 
the CT and NMR spin-echo images are mostly 
reflective of tissue anatomy and biochemical 
make-up, the PET-FDG image is a map of meta
bolic rates, largely reflective of levels of neuronal 
activity. In the present two cases NMR failed to 
demonstrate any regional changes suggestive of AD 
other than the atrophy also detected on CT. The 
PET-FDG studies, however, documented focal 
asymmetric hypometabolism in temporal-parietal 



cortex in both cases . These changes have been 
found in all of 16 other ATD subjects studied with 
PET-FOG in our laboratory and are not found in 
healthy aged subjects. 1

•
2 Similar findings have also 

been reported by others. 3·4 

Elevated T 1 relaxation values suggestive of 
increased water content in white matter have been 
found with NMR by Beeson et al. 7 in senile ATD 
subjects using the 0.4-T spin-warp imaging method. 
However, the resolution of the NMR instrument 
used in that study was probably not sufficient to 
prevent sampling from enlarged sulci, with the 
resultant contribution of CSF to the white-matter T 
determinations. Also, motion of the subject in th~ 
NMR imaging procedure can lead to serious 
artifacts not easily recognized as such. Thus, 
without control for the effects of motion small 
changes in the calculated parameter of T1 cannot 
be detected. Control studies are needed . The 
periventricular change noted on the NMR study of 
subject 2 is probably reflective of increased water 
content and/or demyelination in the deep white 
matter. This abnormality has also been found in 
nondemented elderly subjects, as well as in sub
jects with probable multi - infarct dementia.8 The 
cause and significance of these periventricular 
changes remain unclear.8 While the NMR image 
may not be diagnostic for AD, it is superior to x-ray 
CT in detecting the presence of multiple strokes as 
well as delineating atrophic cortex, because of its 
intrinsically greater contrast sensitivity. 

These preliminary studies suggest that physio
logical imaging with PET may be superior to NMR, 
as it is presently used, in the noninvasive diagnosis 
of ATD. While PET is limited at present to a few 
centers, single photon emission computed tomogra
phy (SPECT) with isotopes for relative cerebral 
blood flow quantitation can provide regional phy
siological data without the need for a local cyclo
tron, at a cost comparable to that of other clinical 
imaging modalities. Preliminary studies suggest that 
SPECT may also be of value in the identifying focal 
alterations of brain physiology in ATD. 

6 
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AN IODINE-122 BRAIN-BLOOD-FLOW RADIOPHARMACEUTICAL 

Thorton Sargent Ill, Chester A. Mathis, Alexander T. Shulgin, and Yukio Yano 

The ability to accurately quantitate radiotracers 
in vivo is a unique feature of positron emission 
tomography (PET). To be able to use this ability to 
measure brain blood flow would be of great value 
in all PET brain studies in this and other labora
tories. It would be especially important to see if 
changes found in glucose metabolism are also exhi
bited as changes in blood flow and to be able to 
identify and measure blood-flow changes in brain 
disorders such as stroke. There are other isotopes 
and methods used for PET brain-blood-flow studies, 
but each has some disadvantage in accuracy or pre
cision. 

We have been investigating an agent derived 
from our previous studies, iodo-dimethoxy-N,N
dimethyl amphetamine (IDNNA), which can be 
iodinated so rapidly that it is possible to label use
ful quantities with positron-emitting 1221 (half-life, 
3.6 min). This isotope is the daughter of 20-hr 
122Xe, and, as described elsewhere in this report, 
we have designed and built a generator that we 
load with 100 to 200 mCi of 122Xe and can extract 
from it 25 mCi of 1221 every 20 to 30 min over a 
period of 2 days. 

Using this 1221, we have labeled IDNNA, 
injected it into a dog, and obtained the PET images 
shown in Fig. 1. The first image was obtained by 
injecting 75-sec 82 Rb from our 82Sr-82Rb generator, 
a diffusible tracer that enters vascularized tissue but 
does not cross the intact blood-brain barrier, 

represented by the dark space in the top center of 
the image. We then injected 1221DNNA, and the 
second image shows that the agent is taken up 
exclusively in the brain. The third image was 
obtained by then injecting 18FDG into the same 
animal, and it can be seen that both the FDG and 
IDNNA are taken up in substantially the same way. 
This is in accord with the widely held view that 
glucose uptake and blood flow are closely coupled 
in the brain. Testing of this concept under a 
variety of altered brain metabolic states will be part 
of future research . 

This is the first demonstration of 1221 for in vivo 
studies with PET. The singular advantages of this 
isotope derive from its short half-life and its long
lived parent. The short half-life results in a lower 
dose to a patient, and, because it has virtually 
disappeared in 20 min, repeat studies can be done 
under changed physiologic conditions. If it does 
prove to be taken up in the same way as FDG, it 
could replace the more complex and costly FDG 
method. Because 1221 can be milked from a 20-hr 
generator, the parent 122Xe can be produced at a 
cyclotron anywhere in the country and shipped to 
PET laboratories. This would allow laboratories 
without dedicated cyclotrons to perform PET stu
dies, or those with cyclotrons to devote them to 
production of other isotopes that can be used in 
conjunction with brain-blood-flow studies. 



8 

Slice Orientation 

122
1-DNNA 

Fig. 1. PET in vivo images of dog injected sequentially with 82Rb, 122 /0NNA, and 18FDC. Th e orientation of the 
!-em-thick image plane is shown in upper left. (XBB 840-8052A) 

NEW INSTRUMENTATION FOR HIGH-RESOLUTION, DYNAMIC, THREE-DIMENSIONAL 
IMAGING OF POSITRON-LABELED COMPOUNDS IN THE HUMAN BODY 

Stephen E. Derenzo, John L. Cahoon, Ronald H. Huesman, Tony Vuletich, and 
Thomas F. Budinger 

600-CRYSTAL ULTRAHIGH-RESOLUTION SINGLE
LAYER POSITRON TOMOGRAPH 

This new tomograph , which is in the final 
stages of construction, will be used for the study of 
abnormal metabolism in brain disorders, brain 
tumor metabolism before and after therapy, and the 

development of arterial plaques that cause stroke 
and heart disease. For these studies, selected bio
logical compounds are labeled with a positron
emitting isotope, such as 68-min 68Ga, 20-min 11 C, 



or 1 08-min 18F, and then administered by simple 
injection. Information on the biochemical 
processes in an organ is obtained from measure
ments of the rate at which the positron tracer is 
delivered to that organ and the accumulation and 
loss of the tracer as a function of time. 

The tomograph is especially designed to image 
tracers that decay by producing positrons. These 
positrons travel a short distance in tissue (less than 
1 mm for isotopes such as 18F and 11 C) and annihi
late with a nearby electron to produce two 511-keV 
photons that fly off in nearly opposite directions. 
Because the electron and positron have some 
motion at the instant of annihilation there is an 
angular spread of about 0.51 o FWHM. For our 
detector ring, with a diameter of 60 em, this 
corresponds to a spatial broadening of 1.3 mm 
FWHM. 

The patient is encircled by 600 bismuth ger
manate scintillation crystals 3 mm X 10 mm X 

(a) 

Hot spot phantom 
(64cu wires 
0.25 mm diam.) 
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30 mm deep coupled individually to 600 photo
tubes. 

Electronic circuits determine whenever any cry
stal has detected an annihilation photon in time 
coincidence (within 10 billionths of a second) with 
any of the 200 opposing crystals. Events are accu
mulated in high-speed semiconductor memory and 
reconstructed by a high-speed special processing 
unit to produce an image of the distribution of the 
tracer on a TV screen. 

Figure 1 a is the drawing of a resolution test pat
tern of 37 fine copper wires. There are 5 indivi
dual wires and 8 groups of 4 wires whose spacing 
ranges from 1 0 mm to 4 mm. The wires were con
verted to positron emitters by neutron capture in 
the 1-MW campus reactor and imaged by opposing 
groups of detectors. One group of detectors and 
the resolution test pattern were rotated under com
puter control to measure the same 60,000 crystal
pair coincidences that the full tomograph will meas-

(b) 

1 million events 
2 position clam 
0.9 mm bins 

Fig. 1. Resolution test pattern consisting of 37 copper-64 wires 0.25 mm diameter in a 20-cm-diameter lucite 
cylinder. (XBB 846-4477) 



ure. The reconstructed image (Fig. 1 b) shows that 
all groups of wires are resolved except for the wires 
on 4-mm centers at 8 em. 

Figure 2 shows the radial and tangential com
ponents of the spatial resolution as a function of 
the distance to the center of the tomograph. A 
point source at the center has a circular image with 
2.6 mm FWHM. A point source 8 em from the 
center has an elliptical image with 2.7 mm X 
4.2 mm FWHM. 

The major advantages of this tomograph are: 
(1) A spatial resolution (2.6 mm FWHM in-plane 

and 5 mm FWHM along the patient axis) that 
is a factor of 2-3 better than existing systems. 

(2) Rapid computer alignment of 600 photopeak 
pulse-height windows and coincidence timing. 

(3) Many parallel data acquisition circuits for low 
system deadtime and high data rates (1 05 

events/sec when imaging tracers in the 
human head and 106 events/sec when imag
ing the attenuation distribution with an exter
nal source) . 

This work is an evolution of the Donner 280-
Crystal Positron Tomograph, which is now in its 
seventh year of successful operation. 

BLOOD AND VASCULAR DISEASES 
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Fig. 2. Measured spatial resolution as a function of distance 
from the center of the tomograph. FWHM = full width at half
maximum; FWTM = full width at tenth maximum. 

(XBL 84 7 -7530) 

Shirley Ebbe, Robert Leven, Elisabeth Mazoyer, Dorothy Carpenter, 
Elizabeth Phalen, and Tamlyn Yee 

BLOOD CELLS 
The production of blood platelets from 

megakaryocytes in the bone marrow is subject to 
feedback regulation by the level of circulating pla
telets. In response to perturbations of the platelet 
count, demonstrable alterations occur in the size, 
number, and maturation rate of megakaryocytes. 
The occurrence of some of these changes without 
abnormalities of the platelet count in compensated 
hypomegakaryocytic states indicates that mega
karyocytes may be subject to regulatory mechan
isms that are independent of the platelet count. It 
has been proposed that one such mechanism may 
be controlled by the number of megakaryocytes 
themselves. 

A striking example of compensated megakaryo
cytopenia occurs in genetically anemic mice of the 
S1/S1d strain in which numbers of megakaryocytes 
are much lower than normal, but platelet counts 
are normal. The presence of intense macrocytosis 

of the megakaryocytes in S 1 /S 1 d mice appears to 
compensate for the deficiency, but mechanisms 
responsible for the megakaryocytic abnormalities 
are unknown. We previously reported that the 
megakaryocytic abnormalities of S 1 /S 1 d mice were 
reproduced in long-term cultures of their bone mar
row. This finding suggested that they may have 
been determined by an abnormality of marrow 
stromal cells, since the persistence of hemopoietic 
cells in such cultures is dependent upon growth of 
cells of the marrow stroma, and 51/51 d mice are 
known to have a genetically determined environ
mental defect of their hemopoietic tissue. How
ever, this conclusion could not be confidently 
stated because of the nearly coincident occurrence 
of reduced number and macrocytosis of mega
karyocytes in the cultures, leaving open the possi
bility that size might be regulated by number or 
number by size. Further cell cultures were done to 
test this possibility. 



Cultures of marrow from LAF mice were done 
with different concentrations of hydrocortisone (0, 
10-8 M , 10-5 M). Cultures were initiated with the 
contents of a single femur, fed weekly (when cells 
in supernatant media were analyzed), and 
recharged with marrow from a second femur after 
three weeks. After four weeks of culture, numbers 
of megakaryocytes varied with the concentration of 
hydrocortisone; at weeks 5 to 7 the¥ were 4 to 20 
times greater in cultures with 10- M hydrocor
tisone than in those with none and 1.5 to 5 times 
greater than those with 10-8 M (Fig. 1). 
Megakaryocyte sizes were the same in all cultures 
at week 5; minor variations at other times did not 
correlate with megakaryocyte number or hydrocor
tisone concentration (Fig. 2) . These findings indi
cated that megakaryocyte number and size could 
be independent variables in marrow cultures and 
that one was not the sole determinant of the other. 
Thus, the probability that stromal cells may influ
ence megakaryocytopoiesis in culture was 
strengthened, both by these results and by addi
tional experiments with S 1 /S 1 d mice. 

The identification of regulatory stromal cell
megakaryocyte interactions would add significantly 
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Fig. 1. Numbers of megakaryocytes in long-term bone-marrow 
cell cultures from LAF1 mice with different concentrations of 
hydrocortisone in the medium. Data points connected by solid 
lines were determined simultaneously; dashed lines indicate two 
separate experiments. (XBL 849-7960) 
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to the understanding of the regulation of platelet 
production. Therefore, studies are under way to 
make comparative biochemical and ultrastructural 
studies of megakaryocytes in culture and in bone 
marrow and of their relationships to other cells . 

VASCULAR DISEASES 

New studies are underway to investigate 
interactions between platelets and the normal or 
diseased vessel wall. One of the aims is to deter
mine if vascular lesions can be detected by positron 
emission tomography using platelets labeled with 
positron emitting radioisotopes such as 68Ga. In 
collaboration with Y. Yano and M. Singh, rabbit pla
telets are being labeled with 67 Ga to permit appli
cation of platelet survival measurement for testing 
methodology, since this is the most stringent test of 
platelet viability. Animal models of acute and 
chronic vascular lesions will be studied to deter
mine the extent to which circulating platelets 
interact with the vessel wall. 
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Fig. 2. Sizes of megakaryocytes from the same cultures dep
icted in Fig. 1. (XBL 849-7959} 
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DEVELOPMENT OF RADIONUCLIDES AND RADIOPHARMACEUTICALS FOR POSITRON 
EMISSION TOMOGRAPHY 

Yukio Yano, Thomas F. Budinger, Chester A. Mathis, Mohindar Singh, 
David Moore, and Reese Jones 

This program is concerned with the cyclotron 
production of short-lived positron emitters such as 
2-min oxygen-15, 1 0-min nitrogen-13, 20-min 
carbon-11 , 98-min bromine-75, and 11 0-min 
fluorine-18 for the radiolabeling of biochemical 
substrates by rapid and remotely controlled chemi
cal syntheses. Another aspect of short-lived 
radionuclide availability is the development of 
radioisotope generators as a convenient and 
economical source of 75-sec rubidium-82, 3.6-min 
iodine-122, and 68-min gallium-68. 

CYCLOTRONS 

Three cyclotrons are being used to produce 
positron emitters. The LBL 88-lnch Cyclotron pro
duces curie quantities of carbon-11 for the rapid 
synthesis of methionine, choline, and palmitic acid . 
These metabolic substrates are purified and 
analyzed by high-performance liquid chromatogra
phy (HPLC) and administered to human and animal 
subjects to study brain and heart disease by quanti
tative positron emission tomography (PET). This 
cyclotron also produces oxygen-15 labeled water in 
multiple batches of 100 millicuries each for the 
measurement of cerebral or myocardial blood flow 
by PET. 

In addition, preliminary studies to investigate 
the production of high-purity 75 Br via the 
76Se{p,2n) 75Br nuclear reaction have been con
ducted . The (p, 2n) route yields curie amounts of 
75Br with less than 2% 76Br and 77Br impurity. We 
have bombarded a target containing naturally abun
dant SeF 6 gas with 31-MeV protons at the 88-lnch 
Cyclotron to determine the potential value of an 
enriched 76SeF 6 target. We have obtained about 
4 mCi of 75Br per ,u.Ah of beam current, and studies 
are continuing to determine the resistance of the 
gas to radiolytic damage. 

The 76-inch cyclotron of the Crocker Nuclear 
Laboratory (CNL) at the University of California 
Davis is producing 70-90 millicuries of [F-18]-2-
fluorodeoxyglucose (18FDG), a glucose analog, on a 
regular basis for PET studies of cerebral metabolic 
rate for glucose in patients with Alzheimer's type 
senile dementia, brain tumors, or schizophrenia. 
These studies are conducted by R.P. Friedland 
(Veteran's Administration Martinez) and T.S. Sargent 

(LBL) . 
Modifications in the chemical synthesis of 

18FDG at CNL have been made by C.A. Mathis of 
LBL to increase the radiolabeling yield and 
radiochemical purity of the product. A potassium 
acetate/acetic acid powder mixture is placed in the 
gas stream leading from the 18F-F2 target to the 
synthesis hot cave. This mixture converts 18F-F 2 to 
18F-acetylhypofluorite (CH 3C0018F). The advan
tages of CH 3C0018F over 18F-F2 include its more 
selective fluorination properties, its regia- and 
stereospecificity, and its greater synthetic versatility. 
The CH 3COO 18F is carried by neon gas to a solu
tion containing triacetylglucal in Freon-11, and the 
resulting addition product is hydrolyzed to give 
80 mCi of 18FDG per 30 ,u.Ah of cyclotron beam 
time. 

The Medi-Physics CS-22 cyclotron, Emeryville, 
California, is available to us 1-2 days per week. 
We have developed a small-volume water target for 
the production and recovery of 300-400 mCi of 
18F from isotof.ically enriched oxygen-18 water via 
the 180(p, n) 1 F reaction. 

The benefits of this nuclear production route 
include high yields per cyclotron beam hour and 
the capability to synthesize high-specific-activity 
radio~harmaceuticals for ligand-receptor studies. 
The 8F-fluoride produced by this method will also 
be used to produce 2-18F-fluorodeoxyglucose for 
cerebral metabolic studies. 

GENERATORS 

We are developing radioisotope generators to 
obtain short-lived positron emitters from their 
parent radionuclides. This development makes PET 
imaging possible without an on-site cyclotron. 

The 82Sr j 82Rb generator was reloaded every 
3 months with 200 mCi of 82Sr {t

112 
= 25 days) 

obtained from Los Alamos National Laboratory. 
The generator routinely provides 20-60 mCi doses 
of 82Rb for PET studies of myocardial blood flow 
and changes in the permeability of the blood-brain 
barrier caused by tumors or other brain disease. 

The 68Gej68Ga generator was used to obtain 
5-10 mCi of 68Ga as the GaCI3 from the 275-day 
68Ge parent. Several chelates of 68Ga, including 
exine, tropolone, and mercaptopyridine-N-oxide, 



were studied to label isolated platelets from human, 
dog, and rabbit blood. Successful formation of the 
68Ga mercaptopyridine-N-oxide (MPO) was 
obtained, as determined by H PLC analysis. The 
68Ga MPO was labeled to isolated platelets and 
reinjected into rabbit models for atherosclerotic 
lesions which were produced by balloon catheter 
scraping of the aorta immediately prior to or subse
quent to intravenous injection of the 68Ga labeled 
platelets. These studies were done in collaboration 
with S.N. Ebbe of LBL. Table 1 lists the results 
from these experiments. 

Gallium-68 ethylenediamine tetraacetic acid 
(EDTA) was used to measure cerebral blood volume 
and blood-brain barrier permeability changes in 
Alzheimer's-type dementia in studies by Dr. R.P. 
Friedland. 

We have designed and developed a generator 
system to produce the short-lived 122

1 (t
112 

= 3.6 
min) positron emitter from the parent gas 122Xe 
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(t1 12 
= 20 h). Xenon-122 is a waste by-product of 

the 1271 production of high-purity 1231 and is avail
able for shipment on a weekly basis from CNL. A 
schematic diagram of the 122Xe generator is shown 
in Fig. 1. Approximately 200 mCi of 122Xe is 
shipped to LBL in a gas-tight container, and the 
122Xe is transferred to a storage vessel in a shielded 
cave for use as a generator of 122 1. The 122Xe is 
transferred to and from the reaction vessel by cryo
genic pumping, and about 120 mCi of 1221 remains 
behind in the reaction vessel for subsequent chemi
cal reaction. The length of the in-growth period for 
122 1 is about 20 minutes, and the transfer of the 
122Xe back to the storage vessel requires about 
30 seconds. The recovery efficiency of 1221 from 
122xe is about 60%, and the radionuclidic impuri
ties are kept below a few microcuries by the short 
in-growth period and application of vacuum to the 
reaction vessel for 10 seconds following in-growth. 
We are presently improving methods for the rapid 
incorporation of 122 1 into a number of radiopharma
ceuticals for PET studies of cerebral blood flow and 
cerebral blood volume in stroke, Alzheimer's, 
schizophrenia, and radiation therapy patients. 

Table 7. Ga//ium-68 platelet labeling. 

After 

68Ga Ligand Platelets• Initial Saline 

Pure Vol(ml) Type Conc.(!Lg) Type Cone. X 109 Media Label(%) Wash(%) Buffer pH 

EEb 0.5/6.0 oxine 200 rab 1.0 ACD:Sal 26 19 AC 6.8 
EE 0.5/6.0 oxine 400 rab 1.9 ACD:Sal 84 so AC 6.8 
EE 0.5/6.0 oxine 400 rab 3.9 ACD:Sal 59 32 AC 6.8 
EE 0.5/6.0 oxine 400 rab 1.9 ACD:Sal 42 23 AC 7.0 
EE 0.5/6.0 oxine 200 hum 9.3 ACD:Sal 42 31 AC 7.0 
EE 0.5/6.0 oxine 200 hum 9.3 ppp 19 6 AC 7.0 
AG1X8 0.5 oxine 100 dog ACD:Sal 10 OH- 6.5 
EE 0.5/6.0 Tro 40 dog ACD:Sal 5 OH- 7.4 
EE 0.5/6.0 Tro 20 dog ACD:Sal 12 OH- 7.4 
EE 0.5/6.0 Tro 60 dog ACD:Sal 10 3 OH- 7.4 
EE 0.5/6.0 MPO 200 hum 2.3 Saline 63 56 OH- 7.0 
EE 0.5/6.0 MPO 200 hum 2.3 ppp 43 38 OH- 7.0 
EE 2.0 MPO 400 rab 6.5 Sal 45 35 AC 7.0 
EE 2.0 MPO 400 rab 4.8 Sal 43 34 AC 7.0 
EE 2.0 MPO 400 rab 12.3 Sal 49 43 AC 7.0 

• Incubation 25-37"C. 15 min. 

b EE - Ether extraction. 
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Fig. 1. Schematic of 122Xe/ 22 J generator, cryogenic transfer system, and organic synthesis reaction vessel. (XBL 846-7 160) 

SCATTER COMPENSATION IN EMISSION COMPUTED TOMOGRAPHY 

Ronald H. Huesman, Michael Bruno, and Thomas F. Budinger 

Our work is concerned with the physical pro
perties of Compton scattering as it applies to posi
tron tomography and single-gamma em1ss1on 
tomography, design criteria for future tomographs, 
and image processing methods for the removal of 
backgrounds due to Compton scattering. 

Scattered photons that carry false information 
and make a large contribution to noise in emission 
tomography can constitute as much as 50% of the 
total events collected, depending on the construc
tion of the imaging instrument. This contribution is 
not uniform in most situations and will necessarily 
lead to erroneous interpretation of data when quan
titative results are sought. Although some simple 
computational schemes can remove most of the 
scatter background in positron emission tomographs 
for head imaging, these methods are neither appli
cable to the general problem of variable attenuation 
coefficients nor to recent tomographic designs that 

seek to mm1m1ze interplane shielding in order to 
collect a greater solid angle of coincidence data. 
Neither do existing methods compensate for off
plane sources such as spleen and liver activity, 
which can contribute serious data distortion in 
transverse section imaging of the thorax. 

This work attempts to resolve both problems by 
removing the scattering contribution and by optim
izing the design of single-gamma and positron
emission tomographic shielding and detector confi
gurations. Our methods rely on rigorous Monte 
Carlo simulations that use the Klein-Nishina colli
sion cross sections in a flexible computing architec
ture. In add ition, an essential tool was developed 
that allows for variable attentuation and tracks the 
trajectories of photons in three dimensions. Using 
these Monte Carlo methods the scatter background 
will be characterized for general cases of distributed 
sources and scattering media. 



As a step toward development of techniques to 
computationally correct for Compton scattering in 
em1ss1on computed tomography, we have 
developed computer programs to simulate data 
acquisition for both positron tomographs and 
single-gamma em1ss1on computed tomographs . 
These programs use Monte Carlo methods to simu
late not only the data acquisition process but also 
the physical processes of nuclear decay, positron 
range, angulation uncertainty, photoelectric absorp
tion, Compton scattering, and probability of 
detection for the particular energy threshold and 
tomographic geometry. Comparisons between the 
results of these programs and data acquired with 
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Fig. 1. High-level structure of scatter simulation package. 

the Donner 280-Crystal Positron Tomograph have 
been used to check the validity of the simulations. 

PREDICTION OF SCATTER USING MONTE CARLO 
METHODS 

The major tool for realizing our objectives is a 
recently developed computational package that 
describes as completely as known physics can indi
cate the actual data detected from arbitrary 
radionuclide distributions in arbitrary scattering 
media. The high-level structure of this photon 
scattering simulation package is shown in Fig. 1. 
The package can be adjusted, with minor modifica-

(XBL 8411-8081) 



tions, to simulate either positron emission or 
single-photon emission tomography. 

Each square in Fig. 1 represents one program, 
while each circle represents a set of intermediate or 
final results. The results most often exist physically 
as either a digital data set on a magnetic storage 
medium or as printed text. Other forms of output 
such as visual displays on color monitors and data 
plots are also available. The motivation for the dis
tributed structure of the package was the extraordi
nary amount of computing required to simulate, 
with Monte Carlo techniques, the scattering of mil
lions of individual photons that are transported in 
three dimensions through arbitrary geometries of 
varying attenuating materials. 

The procedure for a typical scattering computa
tion is described here. For simplicity, we take the 
source to be a point in the center of an infinitely 
long, water-filled cylinder with a radius of 10 em. 
In this example, 6.1 million raw events must be 
generated to get 20,000 unscattered events to the 
detectors. For the computer code described 
below, this demand corresponds roughly to 10 bil
lion floating-point operations. Such large computa
tions are quite expensive in both time and money. 
The scattering package was therefore designed to 
save intermediate results at several stages. Each 
program in the structure performs a fairly limited 
role and produces an output data set that can be 
conveniently processed by succeeding programs. 
Programs at the upper levels of the hierarchy, such 
as SMC (see below), are run on a large, scientific 
computer (e.g., a CDC 7600) so that tolerable exe
cution times an be obtained. Lower-level programs 
are run on small, more conveniently accessed 
machines. 

The first program in the simulation system, and 
the eventual source of data for all subsequent pro
cessing, is called SMC. It simulates the scattering 
of photons in an attenuating medium. Its principal 
output is a listmode tape of photon histories, with 
one entry for each photon that escapes the 
attenuator. Each entry contains information describ
ing the photon's final position, direction, and 
energy, as well as the number of Compton colli
sions that it has survived. When data are gen
erated in the positron mode, photon histories are 
written in pairs, and no entry is made unless both 
photons escape the attenuator. 

During event generation, SMC performs " real
time" event binning in multiple image planes. The 
result is a multiplane histogram that is written to 
tape when the program is concluded . SMC also 
produces directly useful results such as scatter his-
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tograms and separate scattering statistics for several 
classes of photons. 

The next two levels in the computing hierarchy 
are composed primarily of programs that either pro
duce other detection system histograms from the 
listmode output of SMC or reconstruct these histo
grams to produce an image. Examples in the first 
category are the program LINSRC, which performs a 
weighted transformation of point-source events into 
a line-source data set, and RING, which can simu
late a wide variety of positron ring system 
geometries. Reconstruction programs are Ll N REC, 
MCREC, and MCRECN. Their tasks are shown in 
Fig. 1. Output formatting, plotting, and interactive 
visual display programs complete the package. 

Figure 2 shows logarithmic plots from the simu
lation of a line source at the center, along the axis 
of a water-filled cylinder. These results are based 
on a tomographic geometry that is an idealized 
model of the Donner 280-Crystal Positron Tomo
graph. The inside diameter of the ring of bismuth 
germanate (BGO) crystals is 98 em, and the inside 
diameter of the lead shielding is 50 em . Annihila
tion photons are allowed to penetrate into the 
BGO crystals before detection, but any photon 
encountering the lead shielding is assumed to be 
absorbed . Figure 2 shows the variation of scatter 
background as a function of energy cutoff and 
effective slice thickness. Pulse-height selection 
affects the width of the scatter background, while 
the shielding gap affects the relative height. 
Figures 3(a) and 3(b) compare the scatter rejection 
of pulse-height selection and shielding gap in a dif
ferent way, where the intersections of the curves 
with the y-axis give the total scatter fractions for 
the various configurations. Figure 3(c) shows the 
effect of phantom size. 

IMPLEMENTATION OF A FASTER ALGORITHM 
FOR PREDICTION OF SCATTER 

Because calculation of the expected scatter dis
tribution for each source distribution and each dis
tribution of scattering medium encountered is not 
computationally efficient with Monte Carlo 
methods, a more computationally efficient algorithm 
is needed. This is being accomplished by studying 
each component of the scatter distribution: single 
scatters, double scatters, triple scatters, etc. The 
existence of a Monte Carlo simulation program 
lends itself to this type of analysis . It is expected 
that the individual components of the scatter distri 
bution will be more amenable to analysis than the 
distribution as a whole. 
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Fig. 1. Logarithmic plot of scatter background in projection as a function of energy cutoff and effective slice thick
ness. The source is a central line parallel to the axis of a 20-cm uniform attenuating cylinder. Each curve is the 
sum of all angles from a simulated ring detector. The bin width is 0.552 em. (XBL 84 7 7 -8058) 
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Fig. 3. Cumulative scatter fraction lying outside a central region in projection: (a) As a function of energy cutoff: 
250, 300, 350, 400, 450, and 500 keV for a half-gap of 7 em and a 20-cm attenuator; (b) as a function of effective 
slice thickness for an energy cutoff of 300 keV and a 20-cm attenuator; (c) as a function of attenuator diameter for 
an energy cutoff of 300 keV and a 7.0-cm half-gap. The source is an axial line at the center of a uniform attenuat
ing cylinder. The ordinate is the distance from the projection center to the edge of the region. (XBL 84 7 7 -8059A) 



For simple cases, such as scatter by only one of 
the annihilation photons, more efficient Monte 
Carlo simulations may be performed. Since one of 
the photons does not scatter, it needs on ly to be 
generated in a limited solid angle, and the cost of 
event generation will be reduced by more than an 
order of magnitude. Most events in the scatter 
background are of this type. 

After a computationally efficient algorithm is 
found, correction schemes may easily be tested for 
various configurations of source and scattering dis
tributions and various tomograph geometries and 
energy cutoffs . 

The Monte Carlo code described above will be 
used to validate the degree of accuracy attained by 
the approximations that will be needed in faster 
algorithms. Overall accuracy will also be checked 
by phantom experiments on the Donner 280-
Crystal Positron Tomograph and on the test table at 
Donner Laboratory. The test table will be able to 
simulate actual data acquisition in a multilayer con
figuration. 

CONCLUSION 

One of the most important problems in emis
sion imaging of radionuclide distributions is the 
background noise due to Compton scattered pho
tons. Depending on the instrument design, between 
1 0% and 50% of the detected events are actually 
unwanted scattered events . Three methods to con 
trol the amount of background from scattering are 
shielding or collimation, pulse-height selection, and 
image or projection data processing. 

The events collected by a positron tomograph 
are true (unscattered) coincident events, scattered 
coincident events, and accidental coincident events. 
Accidental coincidences in positron tomography are 
well understood, and several methods exist for 
accidental background subtraction. The scatter 
background in positron tomography is a more com
plicated problem and arises from both scatter in the 
object to be imaged and scatter in the tomograph . 
Scatter in the shielding is minimal, and scatter in 
the detectors can be rejected electronically, so that 
Compton scattering in the body is the remaining 
problem to be solved. 

By making the shielding very deep, a single
layer positron tomograph can be designed with suf
ficient shielding to virtually eliminate Compton-
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scattered photons from the data acquisition process. 
However, the sensitivity to unscattered, image
forming events would be very low. Therefore, a 
tradeoff must be made between acceptance of 
scatter-contaminated data and the sensitivity of the 
tomograph. The Donner 280-Crystal Positron 
Tomograph was designed with careful attention to 
these details, and as a result, scatter backgrounds in 
this system are 12% for a slice thickness of 
11 mm FWHM over the 50-cm patient port. 

For multilayer positron tomographs, the tradeoff 
between scatter and sensitivity is much more 
severe than that encountered with single-layer sys
tems. If cross-plane data (coincident events 
between different layers) are acquired, the in-plane 
shielding and scatter rejection must be less ade
quate than that for a corresponding single-layer 
tomograph . For this reason, the Compton scatter 
background is a dominant physical problem in 
design considerations for multilayer positron tomo
graphs. 

The events collected by a single-gamma emis
sion tomograph are true (unscattered events) and 
scattered events. Collimator design will not reduce 
the fraction of detected events scattered in the 
object to be imaged the way good shield design 
does in positron tomography. However, energy 
discrimination is more effective for the lower 
energy photons of commonly used single-gamma 
radionuclides than for 511-keV annihilation pho
tons. 

Scatter correction methods are important for 
quantitative positron tomographic studies because 
concentration measurements made from moment to 
moment or from region to region in a tomograph 
can be in error by as much as 50% unless 
appropriate compensation is made. There is no 
general method for scatter compensation which is 
applicable to the class of circular detector arrays 
employed in positron tomographs. Nor is there an 
acceptable method for scatter correction in single
photon tomography that is being developed at 
many institutions around the world for widespread 
clinical application. 

The results of this research will serve clinical as 
well as research work in emission tomography stu
dies and instrument design, as the results will be 
generally applicable to current or projected emis
sion tomographic instruments and data collection 
procedures. 
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REGIONS OF INTEREST AND STATISTICAL UNCERTAINTY IN COMPUTED TOMOGRAPHY 

Ronald H. Huesman 

Computed tomography has gained recogn1t1on 
in the last decade as a valuable tool for the nonin
vasive visualization of the interior of three
dimensional objects . Examples of its use in medi
cine include CAT (computer assisted tomography) 
scanning to image the distribution of x-ray linear 
attenuation coeffic ients, emission computed tomog
raphy to image radiotracer concentrations, and 
NMR (nuclear magnetic resonance) imaging of 
nuclear spin densities and relaxation times. 

Region-of-interest evaluation in computed 
tomography is a technique for quantitating the 
tomographic imaging process throughout a volume 
of particular significance to the investigator. It 
reduces statistical uncertainty and allows the inves
tigator to analyze the properties of the region of 
interest at different times and under different physi
cal cond itions. Conventional region-of-interest 
evaluation, however, is a time-consuming process. 
It requires a tomographic reconstruction and the 
summation of the contents of the picture elements 
(pixels) within the significant volume. 

We have developed a new algorithm that 
requires no reconstruction and evaluates the signifi
cant volume directly. The new algorithm also gives 
the statistical uncertainty of the result and the 
covariance matrix if more than one region is 
evaluated. 

CONVENTIONAL REGION-OF-INTEREST 
EVALUATION 

Region-of-interest evaluation of computed 
tomographic data is generally performed by recon
structing a transaxial image of the distribution of 
imaging agent. This consists of summing recon
structed pixel values over predetermined regions of 
the image. 

Of the many algorithms for reconstructing 
tomographic images, the most widely used is the 
convolution method .1 ' 2 In the convolution 
method, data from each projection angle are fil
tered (convolved with a particular kernel) and back
projected to form the image. The projection data 
can arise from either parallel-beam or one of 
several fan-beam geometries. 3 The algorithm is 
summarized in Eq. (1 ): 

Bii ~ Ftm ~ C{ Pem 
km f 

(1) 

where Pem are the projection data at angle m and 
bin t, C{ is the convolution kernel, qkm are the 
convolved data, Fi7m are the back-projection factors, 
and Bii are the reconstructed values for pixel (i ,j ). 
The sum over t is convolution in configuration 
space, and C{ corresponds to a ramp or modified 
ramp filter in Fourier space for parallel-beam 
geometry. The sum over k and m is back projec
tion, and Fhm corresponds to the projection of 
pixel (i ,j) into projection bin k at angle m . Linear 
interpolation is usually used, and Fhm is nonzero 
only at the two nearest bins, where the center of 
pixel (i ,j) projects at angle m. Fhm is a very sparse 
matrix and is calculated as needed rather than 
being recomputed and saved. 

The region-of-interest evaluation is summarized 
in Eq. (2) 

Ra = ~ Bii' 
ijw 

(2) 

where a refers to a set of (usually contiguous) pix
els within the reconstructed image. Ra is the sum 
of reconstructed pixel values, Bii, over the region 
specified by a. 

Statistical uncertainty for Ra is difficult to calcu
late in this formulation . While uncertainty for the 
individual pixel values, Bii , can be computed in a 
straightforward manner, 3 the correlation between 
neighboring pixel values is high. We have only 
approximate formulas for the statistical uncertainty 
of Ra.4 

NEW ALGORITHM FOR REGION-OF-INTEREST 
EVALUATION 

We have developed a new algorithm for the 
evaluation of regions of interest5 which obviates 
the need for reconstruction of the image and calcu
lates the final solution directly. The new formula
tion simplifies the problem, rendering the statistical 



uncertainty trivial to calculate. The correlations 
between different regions are also straightforward to 
compute. 

We begin by substituting Eq. (1) into Eq. (2) to 
get the full equation for the number of events in 
the region of interest: 

Ra = ~ ~ Fhm ~ C{ Pt m 
ij <a km t 

(3) 

Interchanging the order of summation and rearrang
ing leads to: 

Ra = ~ Pt m ~ C{ ~ Fhm 
tm k ijw 

= ~ Pt m ~ C{ g~m , 
tm k 

(4) 

where 

g~m = ~ Fhm . 
ij w 

(5) 

Notice that g~m is the sum of back-projection fac
tors of region a for projection bin k and angle m. 
The elements of ga are formed by the summation 
of pixels inside the region of interest along rays 
corresponding to each projection bin for each angle 
as shown in Fig. 1. In other words, g" corresponds 
to the projections of the region of interest contain
ing unit weight per pixel. 

Further simplification is obtained by defining 
the vector h" as: 

(6) 

so that 

{7) 

Since the convolution kernel, C{, is symmetric in k 
and f , h" is the convolution of g" as shown in 
Fig. 1. C{ is independent of the tomographic data, 
and g" depends only on the region of interest 
selected for analysis, so that h" can be precom
puted . This results in a significant computational 
saving because regions are usually evaluated for 
more than one data set. 

Knowledge of the boundaries of the region is 
all that is needed to perform the projection opera
tion. Therefore, the concept of a pixel can be dis
carded in the new formulation, since the descrip
tion of a region by a set of pixels is not necessary. 

20 

Projected 
region 

Convolved 

projected region 

Fig. 1. A region of interest is evaluated by projecting the uni
formly weighted region at each angle. The projected region is 
convolved, and a vector inner product is formed with the raw 
tomographic data set. (XBL 8411-8072) 

In what follows, however, we retain the pixel 
approach and notation in order to maintain 
correspondence with the conventional method of 
data analysis from regions of interest after recon
struction. 

COVARIANCE MATRIX FOR REGIONS OF 
INTEREST 

Because of the particularly simple form of 
Eq. {7), we can write the covariance matrix for 
regions of interest as follows : 

covar{Ra, Rp} = 

~ ~ h!'m' h f m" 
t'm' t"m" 

X covar{Pt'm',Pt"m"} . (8) 

Since the projection data are generally statistically 
independent, the covariance matrix of the data is 
diagonal, and Eq . (8) simplifies to: 

covar{Ra, Rp} 

~ h! m h/m var{Pt m} , 
t m (9) 



where var{Ptm } are the diagonal elements of the 
covariance matrix of the measured data, 
covar{Pt'm',Pt"m'} 

The diagonal elements of the covariance matrix 
of Eq. (9) are the variances of the evaluated regions 
and are given by: 

var{Ra} = 2:; [ h ~m ]2 var{Ptm }· 
fm (10) 

The calculation of the variance of an evaluated 
region or calculation of the entire covariance matrix 
is part icularly simple and contains relatively few 
operations. 

APPLICATION OF THE NEW ALGORITHM TO 
DYNAMIC DATA ANALYSIS 

Dynamic emission computed tomography is a 
good example of a field that utilizes region-of
interest evaluation. For analysis of dynamic 
emission-computed tomographic data, regions of 
interest are determined by inspection of a high
statistics em1ss1on image or a corresponding 
transmission image. Regions are drawn to include 
areas of physiological significance in order to deter
mine the uptake and clearance of radiotracer. If 
possible, regions are also drawn over vascular areas 
to determine the amount of radiotracer delivered or 
made available to the tissue. 

The time-course of the residue function 
(amount of radiotracer in the tissue) is evaluated by 
calculating the activity in the regions for multiple 
tomographic data sets acquired sequentially after 
the radiotracer is introduced . The input function 
(amount of radiotracer available to the tissue) is 
evaluated similarly, if possible, or is determined 
from serial blood samples. With measurements of 
the residue and input functions (both as functions 
of time) model parameters can be estimated. The 
model parameters characterize blood flow and/ or 
physiologic function of the tissue within the region 
of interest. 

The model parameters are most efficiently 
estimated if the statistical uncertainties and correla
tions of the residue and input functions are known. 
Knowledge of the statistical nature of these func
tions also allows us to calculate the covariance 
matrix for the model parameters, thus enabling us 
to quantify our confidence in the estimates of 
model parameters reflecting physiologic function of 
the tissue. 

To this end, a computationally efficient region
of-interest evaluation and uncertainty determination 
is necessary. The new algorithm presented here 
satisfies this need. After regions of interest have 
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been determined, the computations indicated by 
Eqs. (5) and (6) are performed, and h a for each 
region are stored for later use. Regions of interest 
and the covariance matrices are then evaluated for 
each time point as indicated by Eqs. (7) and (9), 
respectively. 

COMPUTATIONAL ADVANTAGE OF THE NEW 
ALGORITHM 

We shall delineate the number of floating-point 
operations (multiplication and addition) required for 
the new algorithm and compare it to the number of 
operations required for conventional region-of
interest evaluation. We shall assume that parallel
beam geometry and linear interpolation are used. 
We also assume that the projection data are statisti
cally uncorrelated. The results can easily be 
extended to fan-beam configurations. 

For dynamic data analysis, region-of-interest 
evaluation is performed for a number of tomo
graphic data sets using the same regions of interest. 
It is therefore interesting to evaluate the number of 
operations required to analyze all of these sequen
tial data sets. If the number of data sets (time 
points) is denoted by T, then the number of opera
tions required for the new algorithm to project and 
convolve the regions and to form the vector inner 
product of Eq. (7) is: 

a 

% ~ +2TK] I ( 11) 

where N a is the number of pixels in each region of 
interest, N is the number of pixels in the recon
struction region, M is the number of projection 
angles, and K is the number of projection bins for 
each angle. The number of operations required for 
the conventional method to reconstruct the image 
is : 

(12) 

As a representative example to compare the 
new algorithm to the conventional method we take 
10,000 pixels (1 00 X 1 00 array), 1 00 angles, 1 00 
bins per angle, and 100 pixels in each regions of 
interest. Table 1 compares Eqs. (11) and {12) for 
the combinations of T = 20, 40, and 60 time points 
and 1, 5, 10, and 20 regions of interest. 

There is a substantial computational saving with 
the new algorithm that increases with larger 



Table 1. Number of floating point operations (X loS) 

for region-of-interest evaluation! 

Number Convolved 
of projected 

regions regions 
Eg. (11) 

T=20 T=40 

7 11 
5 35 55 

10 70 110 
20 140 220 

• N = 10,000 pixels 

M = 1 00 angles 

K = 100 bins per angle 

Reconstructed 
image 

Eg. (12) 

T=60 T=20 T=40 T=60 

15 2600 5200 7800 
75 2600 5200 7800 

150 2600 5200 7800 
300 2600 5200 7800 

N" = 100 pixels in each region of interest 

numbers of tomographic data sets and fewer 
regions. The computational advantage for this 
example varies between 19 (for 20 regions and 20 
data sets) and 520 (for 1 region and 60 data sets). 
What is perhaps more important, the statistical 
uncertainties for the resulting region-of-interest 
evaluation can be calculated with 3 X 104 

floating-point operations for each time point and 
each region in this example. The remainder of the 
covariance matrix can also be calculated with 3 X 
1 04 operations per matrix element. 

CONCLUSIONS 

A new fast algorithm for the evaluation of 
regions of interest in computed tomography has 
been developed. The conventional technique of 
repeated image reconstruction has been replaced 
by convolution of the projected regions and multi
ple vector inner products with the raw tomographic 
data sets. Reconstruction of the tomographic 
images is unnecessary as is the concept of pixels, 
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since the projection operation can be performed 
once the boundaries of the region are known. The 
new algorithm will also find application in higher 
dimensional x-rays and NMR tomography, as similar 
computational efficiency will be found in the 
evaluation of three-dimensional regions of interest. 

The computational saving of the new algorithm 
is substantial. There is a 20-fold to 500-fold reduc
tion in the number of floating-point operations for 
typical applications encountered in medical science 
studies. The nature of the computations imbedded 
in the new algorithm make it readily amenable to 
hardwired implementation. Since the region-of
interest evaluation and the calculation of statistical 
uncertainty are both vector operations, implementa
tion of the new algorithm on an array processor is 
also a logical choice. 

The greatest benefit of the new algorithm (and 
the motivation for its development) is the computa
tion of statistical uncertainty for the region-of
interest quantitation. This results in more efficient 
estimation of model parameters in subsequent 
analysis of physiologic function from the dynamic 
data. 
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VERIFICATION OF RUBIDIUM-82 FOR HEART STUDIES 

Thomas F. Budinger, Yukio Yano, Julia A. Twitchell, and Kathleen M. Brennan 

Rubidium-82 (82Rb) is a positron emitter that 
can be used for studying blood flow in the human 
heart. Development work at Donner Laboratory 
commenced in 1968 and has led to the use of 82 Rb 
in lieu of cyclotrons to produce positron emitters 
for the study of human disease. Whereas 82 Rb has 
been shown to reflect heart blood-flow under nor
mal circumstances and has the great benefit of 
being available from a noncyclotron source, there 
remains a question with regard to the physiology of 
rubidium transport into the heart muscle. The frac
tion of the amount of the rubidium tracer that goes 
into the heart varies with flow, and, unfortunately, 
the amount that accumulates in the muscle will not 
therefore be proportional to flow. Over the past 
three years we have re-evaluated this question and 
determined that the uptake of rubidium in the 
myocardium follows a simple model of conservation 
of mass wherein the amount that is present is equal 
to the product of flow times extraction. Once we 
have determined the way in which extraction varies 
with flow, then it is possible to correct the 
observed data so that the intensity in an image is 
directly proportional to flow. The conclusion from 
over 600 sample analyses is shown in Fig. 1. These 
data fit the function : 

extraction = 1 - exp(- PS/f) 

where PS is the permeability surface product and f 
is flow. 
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Fig. 1. Rubidium-86 extraction versus flow values: 26 dogs 
(through September 72, 7984, November 20, 7984 update). 
Large circles = occluded tissues; small circles = all o thers. 

(XBL 8411-8068) 

NMR IMAGING AND SPECTROSCOPY OF THE MAMMALIAN CENTRAL NERVOUS SYSTEM 
AFTER HEAVY-ION RADIATION 

Todd Richards, Thomas F. Budinger, Rudi Nunlist, and Reese Jones 

NMR imaging, NMR spectroscopic, and histo
pathologic techniques were used to study the pro
ton relaxation time and related biochemical 
changes in the central nervous system after 
helium-beam in vivo irradiation of the rodent brain . 
Rats were irradiated with 3000 to 5000 rads after 
which the NMR measurements were made 4, 11, 
25, 81, and 210 days post-irradiation. To measure 
the NMR relaxation times, the following imaging 
techniques were used: spin-echo imaging with 
projection-reconstruction; two-dimensional Fourier 

transform spin-echo imaging; and saturation 
recovery with projection reconstruction (Fig. 1 ). 

The major findings from these three indepen
dent noninvasive measurement techniques on relax
ation and spin density are: 1) a decrease in spin 
density and T1 relaxation on the irradiated side 
(Fig. 2), 2) an increase in T2 on the irradiated side, 
and 3) an increase in T1 and spin density on the 
control side of irradiated brain relative to controls 
(4-14 days post-irradiation) . In the saturation 
recovery experiment with the surface coil , an 
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Fig. 1. Surface coil image (with saturation recovery pulse sequence and projection reconstruction) and anatomical 
diagram. The sensitive area includes about half of the cerebrum (dorsal half}, scalp, and muscle near the skull. 

480 

Tl = 852.0 msec 
AI= 305.0 

Delay Time in Saturation Recovery, msec 

(XBB 847-5629) 

Fig. 2. Intensity images from irradiated animal {5000 rads, 4 days after irradiation). Saturation-recovery imaging 
with the surface coil was used to measure changes in T7 relaxation time of the irradiated brain in vivo. Regions of 
interest were taken from both sides of the cerebral cortex, and T7 was calculated by fitting the averaged intensity 
of these regions to the relaxation curve (chart). Contrast between irradiated (right) side and control (left) side was 
most prominent in the 3-second image. A decrease in T7 was seen on the irradiated side early after irradiation 
{4 days), consistent with our earlier results using conventional imaging techniques. (XBB 847-5630) 



increase in T1 was measured on the irradiated side 
81 days post-irradiation. Figure 3 shows an exam
ple of an irradiated rat brain with an enlarged right 
ventrical that correlated with an increase in T1 
relaxation time on the right side of the brain. 

The rats imaged above were also measured 
with proton spectroscopy in order to understand 
some of the radiation-induced chemical changes 
that may be related to the proton relaxation param
eters of the CNS. The spectroscopic observations 
reported in this research were made possible by 
development of methods for measuring the NMR 
parameters of the rodent brain in vivo and in vitro. 
These technological developments were a major 
part of this work. The methods include: 1) depth
selective spectroscopy using an optimization of rf 
pulse energy based on a priori knowledge of N
acetyl aspartate and lipid spectra of the normal 
brain (Fig. 4); 2) phase-encoded proton spectros
copy of the living rodent using a surface coil 
(Fig. 5); and 3) a dual aqueous and organic tissue 
extraction technique for spectroscopy (Figs . 6 and 
7). Computer simulations were done to understand 
the relationship between pulse duration and signal 
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Fig. 4. Proton spectrum of the in vivo rat head as a function 
of rf pulse duration. The spin-echo spectrum from the short 
pulse duration has a large dominating lipid peak which ori
ginates from the scalp. As the pulse duration is increased, the 
lipid peak decreases while the N-acetyl aspartate peak increases. 
When the pulse duration is adjusted to give a large N-acetyl 
aspartate peak and a small lipid peak, the NMR signal originates 
primarily from the brain. (XBL 844-8412) 

Fig. 3. Coronal section of brain from irradiated rat (5000 rad, 87 days post-irradiation). The irradiated side is on 
viewer's right (hematoxylin and eosin stain, original magnification 70 X ). Staining techniques from Virginia Havens. 

(XBC 847-5435) 



amplitude. Figure 8 shows the result of the simula
tion for a theoretical phantom of three different 
chemically shifted solutions placed at varying dis
tances away from the surface coil. This simulation 
was important in developing techniques to maxim
ize the NMR signals from the brain and minimize 
the signals from the scalp. 

Radiation-induced increases were observed in 
lipid and p-choline peaks of the proton spectrum, 
in vivo. Proton NMR spectroscopy measurements 
on brain extracts (aqueous and organic solvents) 
were made to observe chemical changes that could 
not be seen in vivo. Radiation-induced changes 
were observed in lactate, GABA (gamma amino 
butyric acid), glutamate, and p-choline peak areas 
of the aqueous fraction spectra. In the organic 
fraction, decreases were observed in peak area 

Surface coil image of rat head 
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ratios (normalized to the methylene peak area) of 
the terminal-methyl peaks, in the N-methyl groups 
of choline, and at a peak at 2.84 ppm (phosphatidyl 
ethanolamine and phosphatidyl serine resonances) 
relative to TMS (tetramethyl silane) . 

The most likely explanation for the early 
decrease in T1 of irradiated brain is that radiation 
causes chemical-bond breakage and protein confor
mational changes that would expose a greater 
amount of water to relaxation centers of both pro
teins and lipids. The time-related changes in T1 
correlated with lipid changes measured in the 
organic fraction spectra at 4 and 81 days after irra
diation. The increase in T1 on the control side of 
irradiated brains may be related to ventricular 
enlargement known to occur from examination of 
the histological sections. 
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Fig. 5. Surface coil image and corresponding proton spectra. The image was reconstructed from 90 projections 
with the saturation recovery pulse sequence. Other NMR parameters were: spectral frequency = 780.0888 MHz; 
spectral width = ± 2000 Hz; 3-second delay time; and one average/projection. The gradient power supply was 
connected to the X and Y shim coils, and the slice thickness (- 7 em) was defined by the surface coil sensitivity in 
the Z direction. The phase-encoded proton spectroscopy was done with 32 phase-encoded gradients (spatial resolu 
tion of 2 mm) with the spin-echo pulse sequence. Other NMR parameters were spectral frequency = 

780.0888 MHz; spectral width = ± 2000Hz; 700 msec echo-delay time; 50 msec pulsed gradient time; delay time 
of 2 seconds; and 20 averages/gradient. (XBB 847-5628) 
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PPM 

Fig. 6. Proton spectrum of aqueous fraction of irradiated brain. The region of 10-5.5 ppm is shown on the top 
and 4.5-1.2 ppm on the bottom. (N-acetyl aspartate was set to 2.00 ppm for reference). This spectrum was 
recorded at 200 MHz with a 70" flip angle and 76K data points. (XBL 849-3678) 
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Fig. 7. Proton spectrum of organic fraction of irradiated brain. (Chloroform was set to 7.2 7 ppm for reference). 
(XBL 849-3679) 
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SECOND FOURIER TRANSFORM 
FID MATRIX FIRST FOURIER TRANSFORM 

Fig. 8. Computer simulation of pulse duration vs. acquisition time using the 81 field of a surface coil. An NMR 
experiment was simulated in which the free induction decays (F/Ds) were collected for several different pulse dura
tions. The program was written on the VAX (in FORTRAN) to perform the following: 1) calculate an FlO matrix 
{64 X 64) for a phantom of three solutions, described in the text, where each solution has its own 81 field and fre
quency offset (w); 2) Fourier-transform the matrix along the acquisition-time axis; 3) transpose the matrix; 
4) Fourier-transform the matrix along the pulse-duration axis; and 5) output all three matrices for three-dimensional 
display. (X8L 849-3682) 
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SECTION 2. DONNER PAVILION 

INTRODUCTION 

The Donner Pavilion continues to develop 
research applications of heavy-ion beams to the 
study of neurological disease. Basic and applied 
investigative programs now span cellular and clini
cal approaches to the study of neurological dys
function ranging from brain cell biology to stereo
tactic heavy-ion Bragg peak radiosurgery for intra
cranial vascular disorders. The patient program has 
expanded rapidly as guidelines for selection have 
become better defined; patients are treated with 
stereotactically directed narrow beams of heavy 
ions for life-threatening vascular disorders of the 
brain, including inoperable or inaccessible deep 

arteriovenous malformations (AVMs) and carotid 
artery-cavernous sinus fistulas. Methods have been 
developed for stereotactic neuroradiological imag
ing, including magnetic resonance and xenon com
puted tomography, for application to stereotactic 
radiosurgery in a clinical research protocol. 
Research continues into the cellular basis of 
radiation-induced damage in the central nervous 
system, tissue architecture in relation to structure 
and function, its hierarchical organization and glial 
cell kinetics, and the mammalian CNS response to 
cytotoxic insult following irradiation with narrow 
beams of charged particles. 

STEREOTACTIC HEAVY-ION BRAGG PEAK RADIOSURGERY 

Jacob I. Fabrikant, John T. Lyman, Kenneth A. Frankel, Edward L. Alpen, 
Yoshio Hosobuchi, * Michael N. Brant-Zawadzki, * Gerald D. Silverberg, t 
William H. Marshall,t Neela Manly, Myrtle L. Foster, Frederick W. Yeater,+ 
Carla Fulton, Ronald Harris, Paul G. Fisher, and Maureen H. Morford 

CLINICAL RESEARCH PROGRAM 

The clinical program is now extending to 
100 patients who have deep intracranial 
arteriovenous malformations and have been treated 
with heavy-ion beams; approximately one-third 
have had yearly cerebral angiographic follow-up, 
with complete obliteration of the AVM in 
1 0 patients and partial resolution in 18 patients. 
Clinical follow-up of at least one year is available in 
more than half of the patients; the majority have 
experienced clinical improvement, some have 
remained stable with no progression of their 
disease, while only a very few patients have had 
progression of their neurologic deficits . There is a 
direct correlation between angiographic findings 
and clinical response; all patients in whom angio-

*University of California San Francisco. 

tstanford University School of Medicine. 

tAccelerator and Fusion Division (Accelerator Operations), LBL. 

graphic improvement is demonstrated experience 
improvement in clinical symptoms (Figs . 1 and 2). 

Patients are currently treated with the helium
ion (230-MeV /n) beam line for stereotactic Bragg 
peak radiosurgery at the 184-lnch Synchrocyclotron. 
Initially, treatment was given in three or four daily 
fractions to a dose of 45 Gy equivalent, with larger 
treatment volumes receiving the higher number. 
We have decreased the number of fractions as our 
experience with patients has increased; we now 
generally use only one or two fractions depending 
on the size of the target volume and the normal 
CNS tissue the beam must traverse. The number of 
treatment ports used varies from one to six and is 
based, in large measure, on the location of the 
AVM and the need to minimize the risk to the 
adjacent normal tissues in the brain. The properties 
of the beams, the location of the high-dose 
volume, and the total dose are factors that affect 
the decision of the number of ports and the stereo
tactic direction. Acceptable treatment plans for all 
patients are obtained without requiring a range 
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Fig. 1. Stereotactic cerebral angiograms for stereotactic heavy-ion Bragg peak radiosurgery of a small right deep 
frontoparietal cerebral A VM in a 39-year-o/d woman. Upper: subtraction x-ray images of stereotactic cerebral 
angiogram demonstrating the location and size of the AVM as a tangled nest of small blood vessels deep within the 
brain. The patient is immobilized in the stereotactic head mask and frame. Lower: 7 year following stereotactic 
radiosurgery (45 C y equivalent, helium ions, 230 M eVj n); there has been complete obliteration of the AVM with 
return of normal cerebral blood flow. The patient is well. (XBB 848-648 7) 

greater than 145 mm in water. The smaller target 
volumes do not require any modulation of the 
Bragg peak and most of the others do not need 
more than 25-mm modulation. The beams are col
limated with either a circular or an elliptical brass 
aperture, and, occasionally, specially designed aper
tures are fabricated for irregularly shaped target 
volumes when required . The maximum dimension 
of the aperture is almost always less than 40 mm; 
the average is about 22 mm. In some instances, 
special shapes are required to reduce the dose to 
critical structures. These collimators are obtained 
with low-melting-temperature alloy modifications to 
the existing brass apertures. 

PHYSICS RESEARCH 

This helium-ion beam is being used successfully 
for stereotactic radiosurgery. Further improvements 
in the technique are possible with the use of a 
heavier charged-particle beam, such as carbon, 

neon, or silicon. The characteristics of currently 
available charged-particle beams that are used or 
could potentially be used for stereotactic radiosur
gery are being examined. Such beams have ranges 
between 140 mm and 100 mm, which is sufficient 
for the treatment of human intracranial targets . The 
desirable features of a charged-particle stereotactic 
radiosurgery beam for clinical application in the 
human central nervous system are a high peak
plateau ratio to minimize the dose to the normal 
CNS tissues that are traversed by the beam, a nar
row Bragg peak for the irradiation of very small tar
gets, a rapid dose falloff beyond the Bragg peak to 
spare normal CNS tissues immediately behind the 
target, and a negligible exit dose to spare the CNS 
tissues distal to the target. The distal falloffs of 
existing carbon, neon, and silicon beams are not 
considered to be clinically different, but a carbon
ion beam appears to have certain advantages. 

Several measures of the Bragg peak width are 
critical; the 90% width is useful as a measure of 
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Fig. 2. Stereotactic cerebral angiogram (subtraction x-ray images) for stereotactic helium-ion Bragg peak radiosur
gery of a moderate-sized right cerebral AVM lying deep within the frontal lobe of the brain in a 40-year-old man. 
Upper: The A VM is an oblong collection of aberrant vessels extending from deep within the cerebral cortex to the 
surface. The patient is immobilized in the stereotactic head mask and frame. Lower: 7 year following stereotactic 
radiosurgery (45 Cy equivalent, helium ions, 230 M eV j n); there has been complete obliteration of the frontal AVM 
with return of normal blood flow. The patient is in good health. (XBB 848-6482) 

how closely it may be necessary to stack beams of 
different ranges in order to achieve an appropriately 
uniform dose distribution. The 80% width is 
important as a measure of the minimum useful 
dimension of the high-dose volume; the 50% width 
is important because of its influence on the dose to 
the immediately adjacent brain tissues. The exit 
dose is determined at the level where the rapid 
falloff of dose from the primary ions stops and the 
remaining dose is delivered only by the secondary 
particles that result from beam fragmentation. How 
rapidly this exit dose is attenuated depends upon 
the nature of the secondary particles, e.g., it can be 
reduced to half within 20 mm for the silicon beam. 

We are developing techniques to understand 
the fragmentation distributions from relativistic 
heavy-ion collisions. Analysis of recent experiments 
at the Bevalac indicate that a better understanding 
of the reaction mechanism is needed in order to 

predict whether nuclei " flow" when they collide. 
We find that an abnormally large number of deu
terons, tritons, etc., are produced in these collisions 
and may be introducing systematic effects into the 
analysis of the flow experiments. Study of this phy
sical problem of beam characteristics will be useful 
in understanding the effects of radiation delivered 
by heavy ions to small targets, such as within the 
human brain . 

INTERACTIVE RADIOSURGICAL TREATMENT 
PLANNING 

We have made improved modifications in 
methods and equipment of stereotactic radiosur
gery. We have developed new form-cutting 
carbon-fiber support rods that currently eliminate 
movement and do not cause CT or NMR artifacts. 
All stereotactic neuroradiological and radiosurgical 



procedures are carried out in the improved stereo
tactic mask-frame system. The frame contains pre
cise, three-dimension reference markers to deter
mine the system geometry; angiographic films are 
digitized, and the data on lesion three-dimensional 
contour, size, shape, and position are transferred to 
the corresponding reconstructed CT images. The 
resulting composite image defines the lesion at the 
isocenter within the treatment plan, corrected for 
image transfer (e .g., parallax) and for x-ray localiza
tion for radiosurgery at the ISAH system. This per
mits determination of the number and location of 
the beam ports, thereby delivering minimal radia
tion to adjacent critical brain structures. Both 
monoplanar and coplaner treatment plans are 
developed to minimize the regions of high dose in 
normal brain tissue (Fig. 3). 

NMR IMAGING AND SPECTROSCOPY 

Our brain science research program has several 
areas we are currently studying with NMR imaging 
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and biochemical techniques. We are engaged in 
the determination and evaluation of brain tissue 
tolerance and the mechanism of radiation injury 
and repair, the examination of cerebral blood flow, 
and the determination of myelin damage and repair, 
in relation to dose, dose rate, charged particle, and 
temporal pattern of response . K.A. Frankel and his 
colleagues (M. Brant-Zawadski and associates in the 
Department of Radiology, University of California 
San Francisco) are conducting irradiation studies 
using helium-ion beams, and they plan to examine 
the response to carbon, neon, and silicon beams at 
the Bevalac. We wish to compare the relative bio
logical effectiveness of these heavy-ion beams to 
determine those that are optimal for stereotactic 
radiosurgery. Thus far, we have carried out 
sequential magnetic resonance imaging procedures 
on six patients with intracranial A VMs who had 
stereotactic radiosurgery with the helium-ion beam. 
Full development of NMR techniques, such as in 
vivo chemical shift imaging, will enable us to moni
tor changes in specific critical structures and thus, 

Fig. 3. Isodose contours, stereotactic helium-ion (230 MeV/ n) Bragg peak radiosurgery of an AVM in a 27-year
o/d woman. The beam is collimated by a narrow elliptical aperture. Treatment was carried out using three ports, 
in one day, to a volume of 2,900 mm3 within the brain. (XBB 840-8956} 



the target regions of the brain. With this informa
tion we would be able to determine the effective
ness of different narrow charged-particle beams in 
the CNS on a biochemical and on a pathological 
basis. This would be valuable in the study of radia
tion effects in the CNS and in stereotactic radiosur
gery treatment planning for intracranial disorders. 

Human NMR Studies 

We are carrying out magnetic resonance brain 
imaging (MRI) of AVM patients before and after 
stereotactic radiosurgery. We may be able to 
observe radiation-induced changes in the brain, if 
any, and changes in the size of the AVMs and in 
their blood flow patterns and, if they occur, edema, 
demyelination, and remyelination (Fig. 4) . Thus far, 
we see no changes due to radiation injury in the 
MRI images three days and one month after 
heavy-ion radiosurgery; one patient has demon
strated a decrease in size of the AVM five months 
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after treatment. We plan to continue our study of 
patients at frequent intervals post-irradiation to 
examine the temporal response of the brain to 
heavy-ion radiation. 

Animal NMR Studies 

We have irradiated the brains of rats in vivo 
with helium-ion beams (230 MeV / n), off-axis and 
midline exposures, with doses up to 45 Gy 
equivalent and beam widths of 4 mm and 
6.35 mm. We now have magnetic resonance 
images at intervals of one month over a one-year 
period (at the UCSF Radiological Imaging Labora
tory) and have observed temporal changes in the 
irradiated rat brain due to edema, and altered water 
and lipid content. The changes in images we 
observe are slight, and data are being analyzed in 
computed Tl and T2 measurements of the irradi
ated and normal brain tissues . Surface coil proton 
spectroscopy investigations using an NMR 

Fig. 4. Magnetic resonance CT images of the brain of a 9-year-old girl who has a large right thalamic A VM. The 
numerous changes in the vascular abnormality are readily seen in the left side of image A (arrow). Following 
stereotactic radiosurgery, there has been progressive change occurring and, at 5 months post-treatment, there is a 
reduction in the size of the abnormality (8). A general brightening of the surrounding CNS tissue may be due to 
radiation-induced brain edema. (XBB 840-8958A) 



spectrometer are being performed (in collaboration 
with the University of California Berkeley Chemistry 
Department). We have obtained spectra on rat 
brain irradiated with 45 Gy equivalent helium ions 
(230 MeV /n) and unirradiated controls. There are 
differences in the biochemical spectra, and we are 
presently determining their significance. We are 
attempting to obtain reproducible spectra at the 
same brain tissue depth with different rats in order 
to improve interpretation of the data. 

We are planning studies with a small NMR sys
tem to make in vivo spectroscopic and imaging 
measurements to examine the response of specific 
sites in brain tissues to obtain Tl and T2 measure
ments along with biochemical changes, such as 
changes in concentrations of lactate, aspartate, 
creatine, etc., in the selected CNS tissues. We will 
be able to study temporal patterns of radiation 
response and data on radiation damage and repair 
in critical CNS tissues. This information on radiation 
injury and recovery in living mammalian brain tissue 
will provide valuable models for studying human 
brain tissue response when human in vivo spectros
copy imaging becomes available. 

XENON COMPUTERIZED TOMOGRAPHY 

Arteriovenous malformations of the brain can 
cause neurological deficits by the vascular steal 
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phenomenon when there is decreased tissue perfu
sion in the adjacent brain. The obliteration of the 
AVM may be associated with dramatic decrease in 
deficits and recovery; however little is known about 
the pathophysiology and cerebral blood flow 
dynamics of AVMs and the effect of this altered 
brain tissue perfusion. We are presently investigat
ing cerebral blood flow in AVM patients (in a colla
borative program with the neuroradiological and 
neurosurgical groups at Stanford University Medical 
Center, W. H. Marshall, D. R. Enzmann, G. D. Sil
verberg, and colleagues) using stable xenon compu
terized tomography in an effort to examine the 
temporal pattern of tissue response and blood flow 
following heavy-ion radiosurgery. Figure 5 illustrates 
the detailed mapping for quantifying altered cere
bral blood flow in brain tissue adjacent to and 
remote from an AVM in the brain. Reduction of 
flow occurs in both cerebral hemispheres, is most 
severe when the AVM is large or has major intra
cranial arterial supply, and is most pronounced in 
brain tissue adjacent to the AVM. It has been 
demonstrated that following partial or complete 
vascular obliteration, AVM blood flow is decreased, 
whereas blood flow in adjacent and remote brain 
tissue increases. Neurologic improvement may 
occur as a result of reduction in the vascular steal 
phenomenon. 

Fig. 5. Xenon computerized tomogram of brain. Left: A VM is demonstrated in the left posterior parietal region in 
the brain on the x-ray CT scan as an increased density. Right: Mapping of altered cerebral blood flow in the brain 
tissue adjacent to the AVM illustrated as decreased density on the xenon CT scan. The patient is a 3 7 -year-old 
woman exhibiting the vascular steal phenomenon. (XBB 840-9095} 



BRAIN CELL PROLIFERATION KINETICS 

Cell cycle parameters have been established for 
proliferating cells in the subependymal plate in the 
rodent brain. We are presently examining proli
ferating glial cells and endothial cells outside this 
region. For the subependymal plate, where a large 
number of proliferating cells can be identified, cell 
data are based on a number of techniques of cell 
population kinetics. Thymidine labeling indices of 
15-30% are noted with cell cycle time values of 
about 20 hours with a growth fraction of about 
0.33, i.e., about one-third of all cells of the 
subependymal plate are in cycle and comprise the 
renewing population. The glial cells elsewhere in 
the brain are proliferating, albeit extremely slowly; 
less than 1% of the glial cells and endothelial cells 
are turning over, i.e., the glial and endothelial cell 
populations in the central nervous system are not 
static but show a gradual renewal, with possible 
exchange to and from the growth fraction. For the 
glial cell population, the evidence indicates that 
undifferentiated precursors are cycling; that is, the 
cells of the subependymal plate probably represent 
a large proliferating precursor compartment contain
ing a small and definable stem-cell population with 
a high proliferation rate limited specifically to the 
plate. 

The development of damage by radiation in 
mammalian cell renewal syst.ems is generally attri
buted to injury or death of mitotically active cells 
during or after cell division. It is expected that the 
temporal patterns of radiation-induced brain injury 
depend, in part, on the proliferative kinetics of the 
brain cell populations. The subependymal plate in 
the young adult rodent brain is the only region that 
is mitotically active, and the high rate of cell proli
feration is reflected by the rapid expression of 
radiation-induced damage: suppression of DNA 
synthesis and cell division, alteration of cell proli
feration kinetic parameters, and marked decrease in 
the growth fraction in the proliferating populations. 
Irradiation with narrow beams of 230-MeV /n 
helium ions promptly alters the cellularity of the 
subependymal plate (Fig. 6). One day following 
irradiation, th~ number of proliferating cells is 
markedly reduced in the irradiated -half of the brain; 
cell proliferation was also suppressed, but to a 
lesser extent in the unirradiated opposite half of the 
brain of the treated animal as compared with the 
unirradiated control animal. This is followed by a 
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Fig. 6. Repeated (thymidine) labeling index curves in irradi
ated (45 Cy equivalent, helium ions, 230 MeV jn) and unirradi
ated mouse brain. The brain cell populations in the subepen
dymal plate that are synthesizing DNA during the proliferative 
cycle are identified and the temporal patterns of change have 
been determined following irradiation. There is evidence of 

·radiation depression of the proliferative indices, reflecting 
reduced DNA synthesis and cell division, with substantial reduc
tion of growth fraction of renewing subependymal cells during 
the first week. However, recovery to normal levels occurs 
within 4 months. (XBL 8411-8066) 

rise, then a reduction, during the first week after 
exposure. Even after a dose of 45 Gy equivalent 
with narrow helium-ion beams, proliferative indices 
eventually reached control levels by four months, 
indicating recovery can occur and cell depletion 
need not be profound in the subependymal cell 
population. This does not appear to be the case 
for large-field x-irradiation. It would be important 
to determine whether the subependymal plate 
population of glial precursor cells is turning over 
more slowly, with different cell proliferation kinet
ics, than a rapidly proliferating stem-cell population 
in the plate, since this could explain, in part, 
whether the acute cellular effects observed in the 
irradiated brain are related to irreversible delayed 
damage. The dose-response relationship obtained 
for the kinetics of glial cell proliferation and deple
tion in the subependymal plate could suggest that 
such a relationship may exist, at least at the cellular 
level. The loss of a source of new glial cells, e.g., 
by permanent decrease in the size of the growth 
fraction and thereby a permanent loss of the source 
of new glial cells from the stem-cell pool, can be 
considered to be at least contributory to the 
development of delayed radiation-induced damage 
in brain, specifically, the early delayed effects of 
white-matter necrosis, and this may be expressed 
differently for radiations of differing LET. 
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SECTION 3. ENVIRONMENTAl PHYSIOLOGY 

INTRODUCTION 

Research programs within the Environmental 
Physiology Group include studies on the endocrine 
and hematologic systems, investigations of nonion
izing radiation bioeffects, and studies on the meta
bolism and deposition of transuranium elements. 
During the past year two new members have been 
added to the Group, Paul H. Silverman and Robert 
P. Liburdy. Silverman is well known for his funda
mental contributions in the field of parasitology, 
and in particular for his research on malarial infec
tion. He has previously held appointments as 
Chairman of the Department of Zoology at the 
University of Illinois and the Department of Biology 
at the University of New Mexico, Provost for 
Research and Graduate Studies of the State Univer
sity of New York, and President of the University of 
Maine. He is the first member of the Environmen
tal Physiology Group to be appointed as a Divi
sional Fellow. Liburdy is well known for his 
research on the effects of radio-frequency radiation 
on cell membrane properties and the immune sys
tem. He was formerly a Captain in the Biomedical 
Sciences Corps at Brooks Air Force Base in Texas, 
and most recently held an appointment as Assistant 
Professor of Environmental Medicine at the New 
York University Medical Center. 

One of the effects of the metal pollutant nickel 
chloride is the stimulation of a significantly elevated 
production of prolactin. The hyperprolactinemic 
state induced by injection of nickel chloride into 
rats is being used as a model to study the effects of 
this hormone on tissues other than the mammary 
gland. Studies by deManincor et al. are described 
in which prolactin receptors were quantitated by 
radioimmunoassay in several tissues under normal 
and NiCI2-induced hyperprolactinemic conditions. 
The osmoregulatory effects of prolactin are also 
being studied in hyperprolactinemic rats. 

It has been well established that the kidney is 
the major site of production of the hormone 
erythropoietin. However, extrarenal sites of 
erythropoietin production must exist since erythro
poiesis continues at a reduced level in nephrectom
ized animals. Clemons et al. describe the role of 
the submandibular gland in extrarenal erythro
poietin production. The elevation in the serum 
erythropoietin level that occurs in response to 
hypoxic stress was shown to be significantly 

reduced in rats from which the submandibular 
gland had been removed. 

Several hematology programs within the 
Environmental Physiology Group are centered 
about the use of an in vitro bone-marrow cell cul
ture technique first developed in 1976 by Dexter 
and Testa. Brecher describes studies on transfused 
hemopoietic stem cells which indicate that these 
cells experience either a delay in self-renewal or a 
block in their differentiation within the recipient 
host. The current direction of this investigation 
involves the use of cultured erythroid progenitor 
cells from bone marrow, which can be transfused 
into recipient mice as a method to study the kinet
ics of stem-cell differentiation. The distinction of 
erythroid cells from the donor and host mice is car
ried out by using alloenzyme markers which are 
electrophoretically distinguishable. 

The presence of adherent stromal cells is an 
essential factor for the establishment of long-term 
cultures of bone-marrow cells. Schooley describes 
a series of investigations designed to assess the 
influence of various medium constituents and oxy
gen tensions in the proliferation of fibroblast and 
adipocyte stromal cells in bone-marrow cultures. 
He has found that a low oxygen tension similar to 
that present within bone marrow in vivo is stimula
tory to the development of adherent stromal cells. 
It has also been demonstrated that hydrocortisone, 
prostaglandin PGE2, and vitamin E exert stimulatory 
effects on stromal cell proliferation. 

lnterleukin-3 (IL-3) is a small glycoprotein pro
duced by activated thymic lymphocytes that has 
been demonstrated to stimulate the growth within 
bone-marrow cultures of several classes of hemo
poietic cells, including cells of the erythroid series. 
Experiments by Goodman et al. have addressed the 
question of whether IL-3 plays a primary role in the 
production of differentiated erythrocytes in vitro, or 
whether it has only a "burst-promoting" activity 
that amplifies the stimulatory effect of the hormone 
erythropoietin. By using a completely serum-free 
methylcellulose culture system, it has been· clearly 
demonstrated for the first time that IL-3 is able to 
stimulate the development· of erythrocytes. in 
bone-marrow cultures that lack detectable amounts 
of erythropoietin. 



Nonionizing radiation research being conducted 
by members of the Environmental Physiology 
Group is concerned with the cellular and tissue 
effects of radio-frequency radiation and magnetic 
fields. These forms of nonionizing radiation are 
associated with a wide variety of industrial, military, 
research, and medical processes, as well as 
telecommunication and power distribution systems. 
Accordingly, it is important to gain a detailed 
understanding of .the potential effects of these fields 
on living matter. 

Research on the bioeffects of magnetic fields is 
described by Tenforde et al. Several areas of 
research that are discussed in this report include 
1) further studies of magnetically induced electrical 
potentials within the central circulatory system of 
large animal species, 2) magnetic field interactions 
with the visual system in mammalian and nonmam
malian experimental subjects, and 3) noninvasive 
measurements of physiological functions, behavior, 
and circadian regulation in animals exposed for pro
longed periods to high-intensity magnetic fields. 

Studies on the kinetics of deposition of plu
tonium in mice and the effectiveness of new 
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sequestering agents for removing injected plu
tonium in these animals are described by Durbin et 
al. The relative distribution of 238 Pu between the 
circulatory system, major organs, and skeleton has 
been studied at 10 time intervals ranging from 
1 minute to 24 hours following injection, and the 
retention of this element in major tissue compart
ments has been measured from 24 hours to 
14 days postinjection. These data have been used 
to develop an analytical model of the kinetics of 
clearance and deposition of 238Pu. The deposition 
kinetics of 238Pu in the mouse have been found to 
differ significantly from those in the rat, which indi
cates the need for additional studies with other 
laboratory animal species. Studies are also reported 
on the toxicity and the efficiency of 238 Pu removal 
by several newly synthesized sequestering agents 
that incorporate multiple catechoylamide and 
hydroxypyridinone functional groups. Two new 
compounds with low toxicity that were found to be 
highly effective in eliciting the excretion of injected 
23 Pu were synthesized by the linkage of either a 
carboxylated catechoylamide group or a hydroxypy
ridinone group to desferrioxamine B. 

EFFECT OF NICKEL CHLORIDE INJECTIONS ON PROLACTIN RECEPTOR BINDING 

Darlene ). deManincor and Gisela K. Clemons 

One of the preliminary steps in the initiation of 
action between a hormone and its target cells is the 
binding of that hormone to specific receptors 
located on the plasma membrane. These receptors 
have been shown to bind their ligands with a high 
degree of selectivity and with high affinity. This 
observation permits the analysis of physiologic 
responses in terms of altered specific binding of the 
hormone to its receptors in either a single tissue or 
a variety of target tissues. 

Prolactin is a hormone with a multiplicity of 
actions, some more clearly documented than oth
ers. Although specific prolactin binding has been 
reported in liver, kidney, adrenal gland, ovary, 
testis, prostate, seminal vesicles, and uterus, its 
physiologic function in many of these organs has 
not been clearly defined. A number of studies 
have implicated prolactin in the control of osmore
gulation by decreasing renal secretion of water, 
sodium, and potassium 1 and by increasing the 
glomerular filtration rate.2 A direct correlation 

between plasma prolactin levels and plasma osmo
lality has been shown by Renkin. 3 In other studies 
prolactin has been shown to stimulate the secretion 
of somatomedin and to increase the secretion of 
ornithine decarboxylase. Although, in mammals, 
the well-documented role of prolactin as a mam
motropic hormone has often overshadowed its 
other functions, the finding that receptor binding is 
frequently correlated with specific physiologic func
tions has provided a convenient model whereby 
the function of prolactin can be investigated in 
other systems. 

Toxic substances that induce changes in prolac
tin levels would provide one avenue for such inves
tigations. We have been working with nickel com
pounds that are considered to be an industrial 
health hazard. While the toxicity of nickel is less 
serious than its carcinogenicity, the occupational 
hazards are of serious concern. Nickel chloride is a 
metal pollutant that has been shown to interfere 
with glucose metabolism in rats, causing hypergly-



cemia, hyperglucogonemia, and hyperinsulinemia. 
All these disorders may be utilizing physiologic 
changes in the adrenal gland and the kidney. In 
addition, our laboratory has demonstrated that sub
cutaneous injections of nickel chloride (5, 10, 
20 mg/kg) in the male rat cause significant 
increases in serum prolactin one to two days after 
administration, which were mediated via the neu
roendocrine system.4 We are using this nickel 
chloride-induced increase of prolactin as a poten
tial model for examining the role of prolactin in tis
sues other than the mammary gland. 

Currently we are examining the role of hyper
prolactinemia in terms of altered tissue sensitivity 
and changing receptor specificity in those tissues 
that are important in the maintenance of electrolyte 
balance and that are prolactin-dependent. 

To demonstrate the presence of prolactin 
receptors in kidney, adrenal, liver, and Harderian 
glands the tissues were obtained from male and 
pregnant female Sprague-Dawley rats. Using previ
ously established techniques, microsomal prepara
tions (1 00,000 X g) were prepared from the crude 
membrane particulate fraction (27,000 X g). These 
microsomal fractions were analyzed for protein con
centration and diluted such that 0.1 ml contained 
200-900 ~g of protein. This diluted preparation 
was used as the assay preparation. · 

The assay was the standard prolactin receptor 
assay in which a set amount of tissue protein is 
incubated with 1251-prolactin in the presence or 
absence of unlabeled hormone. The total incuba
tion volume was 0.5 ml, and the incubations were 
carried out at room temperature for 24 hours. All 
determinations were carried out in triplicate or qua
druplicate. Free hormone was separated from 
bound hormone by centrifugation. 

Results summarized in Table 1 show that we· 
were able to demonstrate specific prolactin binding 
in the liver, kidney, adrenal gland, and Harderian 
gland, providing evidence that these tissues may be 
target organs for prolactin. 

Table 1. Summary of /-prolactin binding to various tissues. 
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Tissue TCA TB N5B SB Protein %Specific 
binding 

kidney 35504 6761 2303 3958 600 11.1 
kidney 35504 4291 2442 1849 300 5.2 
adrenal 493955 307639 282173 25466 560 5.2 
Harderian 100612 33767 30100 3667 700 3.6 
liver 69354 18949 4431 14518 200 20.9 

Note: TCA = total counts added; TB = total binding; 
NSB = nonspecific binding; SB = specific binding. 

Because of the limited amounts of tissue avail
able from the kidney, adrenal, and Harderian 
glands, the liver was used to determine the binding 
kinetics of prolactin, which are summarized in 
Fig. 1. Total binding was determined by counts in 
those tubes in which no unlabeled prolactin was 
present; nonspecific binding, representing prolactin 
bound to the tube and proteins other than the 
receptor; was determined by adding an excess of 
unlabeled prolactin (1 ~g). Specific binding was 
determined by subtracting the nonspecific binding 
from the total binding. Percent specific binding 
was determined by the percent of counts specifi
cally bound divided by total counts added. Our 
results are consistent with those reported by a 
number of other laboratories. Our dissociation con
stant (Kd) was determined at 6. 95 X 10 M - 10 com
pared with a Kd of 11 .1 X 1 0 ~ 10 M reported by 
Kelley et al.5 and a Kd of 2.2 X 10-10 M by Manni 
et al.6 

In order to examine the possible effect of NiCI2 
injection on prolactin, male Sprague-Dawley rats 
were injected subcutaneously with either 10 mg/kg 
or 20 mg/kg NiCI2 made up 10-20 mg/ml in saline 
solution. As controls one group of animals was not 
injected . and a second group was injected with 
saline (1 ml/kg). Forty-eight hours after injection 
the animals were killed and samples of blood, kid
ney, and adrenals were taken. The microsomal 
fractions were prepared and assayed for prolactin 
activity. 
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Early results are shown in Table 2 and indicate 
that NiCI2 influences prolactin receptor binding at 
the renal level. It is .interesting that we observed 
an increase in prolactin binding in the animals 
injected with 10 mg/kg and decreased binding in 
those animals injected with 20 mg/kg. Small 
changes in binding characteristics can be. further 
magnified by eluting. off all of the endogenous 

. bound prolactin with high concentrations of MgCI2. 
Although these are preliminary data, we hope 

to demonstrate these changes more dramatically 
with additional studies. Because of the small 
amount of tissue obtainable from the adrenal gland, 
we have only one analysis. However, this one 
determination shows even more clearly a change in 
binding capacity. In this experiment the adrenal 
membrane fractions from control and saline animals 
bound only 0.03-0.06 fmoles of prolactin while 
those NiCI2-injected animals bound 0.37 fmoles 
(1 0 mg/kg) and 0.46 fmoles (20 mg/kg), respec
tively. 

The demonstration that NiCI2 injection causes 
changes in prolactin binding in at least the adrenal 

Table 2. Summary of /-prolactin binding in kidney 
after NiC/2 injection. 

fmoles bound/500 ILg protein 

Control Saline 10 mg/kg 20 mg/kg 
NiCI2 NiCI2 

1.50 1.69 1.96 1.23 
1.53 1.66 1.93 1.61 
1.43 1.65 1.79 1.28 
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X±SE 1.49 ± 0.03 1.67 ± 0.01 1.89 ± 0.05 1.37 ± 0.12 

and kidney tissue will provide the basis for future 
experimentation. 

Currently we are investigating the kinetics of 
prolactin receptors in these tissues at various times 
after acute nickel chloride administration as well as 
in a chronic study in which a. low dose of salt 
(225 ppm) is given orally to male rats for up to 6 
months. These studies might establish whether the 
apparent osmoregulatory effect of nickel-induced 
hyperprolactemia can be attributed to a disturbance 
in the .ion balqnce (adrenal) or to a disturbance in 
fluid regulation at the renal level. 
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REDUCED ERYTHROPOIETIN PRODUCTION IN RATS FOLLOWING REMOVAL OF THE 
SUBMAXILLARY GLAND 

Gisela K. Clemons, Beverly G. McCalla, Sherry L. Fitzsimmons, and 
Darlene J. deManincor 

Tissue oxygen needs are usually met by 
hemoglobin-mediated oxygen delivery. This tran
sport system is subject to a variety of regulatory 
control mechanisms that adjust oxygen supply to 
the oxygen demand of tissues. One of these con
trol mechanisms in the normal steady state was 

found to be the regulation of erythropoiesis by the 
kidney hormone erythropoietin (Ep). Although the 
kidney is the most important source of Ep in the 
adult animal, neither Ep production nor erythro
poiesis ceases after nephrectomy but rather contin
ues at a 'reduced level. The liver, spleen, and 



perhaps also the submaxillary salivary gland have 
been proposed as the sites of extrarenal 
Ep production. 

Rat Ep cross-reacts in the human radioimmu
noassay (RIA) developed in this laboratory~ Even 
though the tracer is highly purified Ep of human 
origin and the antiserum was generated against 
human urinary . Ep extract, a bioassayed preparation 
of high-altitude rat serum yields a dose-response 
curve in the RIA similar to that obtained with the 
2nd International Reference Preparation of human 
Ep, with a sensitivity of approximately 4 mU/ml for 
rat Ep. No cross-reactivity was found with rat pitui
tary hormones, growth factors, renin, angiotensin, or 
other proteins of rat origin. The sensitivity of the 
RIA was used to measure Ep in serum and tissues 

· in response to high altitude. Tissue homogenates 
were prepared from liver, spleen, kidney, lung, 

. heart, brain, and the submaxillary glands of males 
Sprague-Dawley rats and assayed in the RIA. In the 
normal unstimulated rat we found low Ep levels in 
serum and all tissues, but surprisingly high levels. in 
the submaxillary gland homogenates. These high 
levels, as judged by their parallel dilution curves 
with respect to their standards, have also been con
firmed in the monkey, sheep, and mouse. 

Exposure of male rats to a hypoxic environment 
equivalent to 22,000 ft for 24 hours resulted in a 
significant increase in kidney· and serum concentra
tions and no apparent change in submaxillary gland 
content. Analysis of this time-hypoxic study, how
ever, revealed that these immunoreactive Ep levels 
in the submaxillary gland are not constant (Table 1 ). 
Within 1 hour of hypoxia the content decreased 

Table 1. Serum, kidney, and submaxillary gland Ep concentrations 
after a continuous exposure to high altitude 

(22,000 ft) from 1 hour to 5 days. 
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Serum HA/C Kidney HA/C Salivary HA/C 
(mU/ml (mU/g) (mU/g) 

Control 17.9 9.5 1471 

1 hour 25.1 1.5 51.5 5.4 712 0.48 
1.5 30.2 1.7 80.5 8.4 974 0.66 
2 hr 72.3 4.0 271 28.5 1642 1.12 
4 hr 368 20.6 815 85.7 2026 1.38 
6 hr 1085 60.6 1195 125.8 3698 2.51 
12 hr 3094 172.9 2899 305.1 2400 1.63 
18 hr 3074 171.9 2368 249.3 2336 1.59 
24 hr 1080 60.3 1165 122.6 1413 0.96 
2 days 475 26.5 635 66.8 1061 0.72 
3days 323 18.0 223 23.4 1496 1.02 
5 days 169 9.4 126 13.2 936 0.64 

HA/C = ratio of hypoxic to control concentrations. 

significantly (by 50%). Continued hypoxia 
. increased the concentration, reaching a peak at 

6 hours (2.5-fold above control). While the. order of 
magnitude of the increase is considerably less than 
that measured in the kidney and serum, it is of 
interest that the peak occurs prior to the one 
observed in the kidney, which in turn precedes the 
one observed in the serum. Kidney concentrations 
.also increase before significant increases ·can be 

· measured in the serum, which supports the con
cept that the kidney is the source of Ep. 

The nature of the material in the submaxillary 
gland, which appears to be immunoreactive Ep, is 
difficult to assess. _No correlation could be esta
blished between the· RIA values and the in vivo 
polycythemic mouse assay because the extract 
proved to be lethal to each mouse in the bioassay. 
However, preliminary results showed that an acidi
fied (pH 5.5), briefly boiled, and neutralized extract 
of gland homogenates from different species 
increased Fe incor·poration into red cells in the 
polycythemic mouse assay, although to a varying 
degree. Apparently differences also exist within 
species. Recent experiments showed that the 
immunoreactive Ep content in submaxillary glands 
derived from Wistar rats contained significantly less 
immunoreactive Ep (60 mU/g) than glands obtained 
from Sprague-Dawley rats (1,500 mU/g). 

The influence of the submaxillary gland on cir
culating Ep and kidney concentrations in response 
to hypoxia was further investigated. As can be 
seen in Fig. 1, removal of the gland immediately 
prior to hypoxia had profound effects on serum 
Ep levels. The animals still responded with signifi-
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Fig. 1. ImmunoreaCtive Ep serum levels in response to hypoxia 
in intact, sa/ivariedomized (5), nephrectomized (N), and 
nephrectomized, sa/ivariectomized (N + S) rats. (XBL 8410-8808) 



cant increases in Ep production (kidney data not 
:·:shown) and serum levels. In fact, during the first 
::4 hours there was no difference in response 

between the control and the operated groups. 
Thereafter, however, the serum and kidney concen
trations were significantly reduced as a result of 
ablation of the submaxillary gland-Lip to 1 0-fold 
less at 18 hours of hypoxia in both. Nephrectomy 
confirmed previous results reported by others that 
Ep production is reduced but not abolished. A 
threefold increase in serum levels was observed 
between 4-6 hours of hypoxia when compared to 
nephrectomized unexposed controls. That this 
increase originated from other extrarenal sources 
than the submaxillary gland can be seen from the 
group exposed to hypoxia after the removal of the 
gland as well as nephrectomy. No difference was 
found between these two groups. 

Long-term effects of the removal of the sub
maxillary gland on the . response to a constant 
hypoxic stimulus (24 hrs X 18,000 ft) can be seen 
in Fig. 2. During the first week after surgery there 
was a steady decline of the Ep response to 
hypoxia, both in Ep production and in serum levels. 
Circulating levels remained fairly constant from 
1-6 weeks after surgery, but were at all times signi
ficantly elevated compared with the unexposed 
identical control animals. The decline in kidney 
Ep concentration, however, continued for 3 weeks 
after surgery and then increased through the 
remainder of the experiment. Whether the serum 
levels were held constant during the prolonged 
renal decline by Ep from other extrarenal sources 
cannot be ascertained at present. 

Submaxillary glands in rodents produce several 
humoral factors, including renin. It is unlikely that 
the RIA measures renin because no immunological 
cross-reactivity with highly purified human, rat, or 
porcine renin was found. In addition, heat inactiva
tion (56°C X 30 min, which should inactivate 
renin) did not alleviate Ep activity as measured by 
RIA. Even though the submaxillary gland homogen
ate cannot be bioassayed directly and is highly 
toxic in the in vivo bioassay it remains essential to 
correlate the Ep immunoactivity with biological 
activity. For this purpose the homogenates will be 
subjected to Sephadex G-150 fractionation in the 
hope of eliminating the toxicity (0.05 M PO 4, 

0.15 M NaCI). Immunological and biologically 
active Ep appears at 1.6 times the void volume. 
The eluates will be monitored by both RIA and 
bioassay. If a bioassay is still not feasible with the 
eluted fractions we plan to absorb the immunoreac
tive Ep with the antiserum used in the RIA. The 
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Ep antiserum complex will be separated again on 
Sephadex G-150, and the Ep will be dissociated 
from the gamma globulin by acidification to pH 5.5 
and heating in a boiling-water bath for 5 min; it will 
then be assayed. 

Whether the high levels in the submaxillary 
glands and the changes observed during hypoxic 

. exposure lend credence to the erythrogenin 
hypothesis is doubtful at the present time. Even if 
the material were Ep or an immunoreactive precur
sor form of Ep - i.e., possibly asiolated Ep, which 
is measurable in the RIA - the concentration in 
the serum of immunoreactive Ep should then 
increase before any increase is measured in the kid
ney tissue. The role of the submaxillary gland in 
Ep homeostasis is subject to further investigation, 
especially since we have found that Ep levels are 
reduced following submaxillary gland removal. 
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Fig. 2. Circulating (a) and renal (b) Ep concentrations in 
response to a hypoxic stimulus (24 hrs X 18,000 ft), with time 
after salivariectomy. (a. XBL 8410-8807 b: XBL 8410-8810) 
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SELF-RENEWAL VS. DIFFERENTIATION OF TRANSFUSED HEMOPOIETIC STEM CELLS 

George Brecher 

In 1982 we reported that, contrary to long-held 
opinion, transfused marrow cells can be ma,de to 
seed and proliferate in normal· hosts. Following 
transfusion of 200 million marrow cells, represent
.ing two-thirds of the normal complement of . mar
row, 20-40% of host hemopoietic cells are of 
donor origin. This represents an average "take" of 
transfused stem cells of about 50%. The donor 
stem cells do not replace stem cells of the normal 
host. Rather, they represent an excess of stem cells, 
as measured quantitatively by the classical spleen 
nodule assay. Within about 2 months, the level of 
stem cells returns to normal, with donor and reci
pient stem cells being gradually reduced in propor
tion to their numbers. The proportions of donor to 
host cells · can be electrophoreticaJiy determined 
because the strain of mice used in our experiments 
is bred to carry either the A or B variant of phos
phoglycerate kinase. These two enzymes are indis
tinguishable except by their mobility in the electric 
field. By using A or B marrow for transfusion into 
hosts with the opposite alloenzyme, the donor or 
host origin of both marrow and peripheral blood 
cells can be established. 

Stem cells being known to be pluripotential and 
differentiating into red cells, white cells, and pla
telets, it was expected that all three cell lines 
would have the same proportion of cells of donor 
origin. The marrow did give percentages close to 
the red cell values once the red cell leveis had sta
bilized in the peripheral blood. The percentage of 
platelets of donor origin matched that of the red 
cells in some experiments, but was considerably 
lower in others. Of particular interest was that red 
cells reached their peak values as early as 4 weeks 
in some experiments, and as late as 14 weeks in 
others without any change in the protocol. 
Although emergence of red cells varied continu
ously between these two extremes,· as shown in 
Fig. 1, the large number of runs performed allowed 
us to pool 3 to 5 individual experiments to illustrate 
the extremes observed (Figs. 2 and 3). 

It appears, then, that in some experiments there 
is either a· delay in the self-renewal of the 
transfused donor cells· or a block in their differentia
tion. In order to distinguish between these alterna
tives, we have started to culture BFU-E and CFU-E, 
progenitors of the erythroid series that are obliga
tory steps iii the differentiation of stem cells. By 
assessing the presence of pluripotential stem cells, 
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the emergence of BFU-E and CFU-E of donor origin 
in the marrow, and the emergence of red cells of 
donor origin in the peripheral blood, we should 
acquit~ a detailed picture of the kinetics of stem 
cell differentiation into the erythroid series. We 
should also be able to answer the question whether 
differentiation of the transfused stem cell requires 
an initial period of self-replication before they can 
differentiate or whether self-renewal and differentia
tion take place simultaneously from the beginning. 
Some inconclusive but suggestive data in the litera
ture indicate that stem cells must self-renew until 
they reach a certain level before they can differen-

HEMATOPOIETIC CELL PROLIFERA liON 

John C. Schooley 

The cultivation of bone marrow cells in vitro, 
leading to proliferation of early hematopoietic pre
cursors and their differentiation into recognizable 
blood cells, has been attempted for many years 
with minimal success. In 1977 Dexter et al. 1 first 
described successful procedures for establishing 
long-term cultures of bone marrow and demon
strated that such cultures required the presence of 
adherent stromal cells. The stromal layer, according 
to various investigators, may consist of macro
phages, endothelial cells, reticular cells, fibroblast or 
fibroblast-like cells, and adipocytes. Identification of 
the cells depends upon the use of light and elec
tron microscopy and various cytochemical and 
immunological markers. 

Allen and Dexter2 found that successful cul
tures contain endothelial-like cells and adipocytes 
but very few recognizable fibroblasts. Initially, the 
Dexter system of bone-marrow culture was uni
formly successful only when a specific horse serum 
was used. Greenberger3 demonstrated that suc
cessful cultures were usually achieved when 
1 X 10- 7 M hydrocortisone (or a few other 
steroids) was added to medium containing horse, 
goat, or fetal calf serum, even though these sera 
alone would not support bone-marrow growth. 

The growth of cells in culture depends upon 
the availability and concentration of appropriate 
nutrients, growth factors, inorganic ions, and hor
mones, as well as physicochemical factors such as 
temperature, illumination, oxygen tension, and 
atmospheric pressure. Adjusting physicochemical 
parameters in vitro may not approximate the condi-
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tiate. If so, it is likely that the cause of the delay in 
the emergence of red cells of donor origin in the 
periphery is due to different rates of self-renewal of 
the stem cells in the initial period. The data will 
define the relationship of self-renewal to differentia
tion for the transfused stem cells in normal reci
pients. While the data may not be directly applica
ble to the undisturbed situation and the normal 
process of self-renewal and differentiation, we 
believe that those experiments in which there is 
relatively rapid appearance of red cells in the peri
phery may allow some extrapolation to the normal 
situation. 

tion in vivo, but adjusting oxygen tension toward 
the in vivo value, if known, might be beneficial. 
Since the in vivo partial pressure of oxygen in the 
bone marrow is 41 ± 6 mm Hg, the effects of an 
atmosphere of 5% 0 2 on the growth of hemato
poietic progenitor cells, especially adherent stromal 
cells, were investigated in our cultures. Cultivation 
of mammalian cell types at a low oxygen tension 
has increased their cloning efficiency, and Beckman 
et al.4 and Bradley et al.5 have reported, respec
tively, that the in vitro clonal growth of early pro
genitors of erythroid and granulocytic cells is 
improved when the cells are grown at low p02. 
The growth of fibroblasts, isolated from the whole 
fetal mouse, was also increased at low oxygen ten
sions. However, very few studies of the clonal 
growth of hematopoietic progenitors in vitro rou
tinely cultivate cells in an atmosphere with low 
p02. 

Our experiments indicate that the cultivation of 
bone-marrow cells with the generation of adherent 
stromal colonies that can readily be enumerated 
occurs within 2 weeks, when the cells are grown in 
the medium used by Dexter et al. 1 in an atmo
sphere of 5% 0 2, 5% C02, and 90% N2, 
although cells grown in the same medium in the 
more commonly used atmosphere of 5% C02 in 
air give rise to almost no colonies. The adherent 
colonies were stained with Oil Red 0 and hema
toxylin, counted using a dissecting microscope, and 
examined morphologically using an inverted light 
microscope. Bright red colonies of cells containing 
predominately lipid were termed CFU-fl; the other 



colonies of a fibroblastoid nature were termed 
- CFU-f. In Table 1 the number of CFU~fl, CFU-f, 
and total colonies generated by varying numbers of 
bone-marrow cells cultured in medium with hydro
cortisone and incubated 2 weeks in an atmosphe're 
of 5% C02 in air is compared with colonies grown 
in the same medium, but without hydrocortis-one in 
an atmosphere of 5% 0 2, 5% · C02, and 90% 
N2. Twice as many adherent colonies developed in 
the latter cultures at each bone-marrow concentra
tion tested than in cultures grown with hydrocor
tisone at higher oxygen tension. The proportion of 
total colonies containing adipocytes was somewhat 
higher (about 10% ) for each concentration of ino
culated bone-marrow cells in ·culture grown with 
hydrocortisone in an atmosphere of 5% C02 in air 
than in cultures without hydrocortisone grown at 
the lower p0

2
. . - · 

The addition of hydrocortisone to cultures of 
bone marrow grown in the lower p02 environment 
does not increase the number of stromal colonies 
compared to the same cultures, but the proportion 
of adipocyte-like colonies does increase. The pro
portion of adipocyte-like colonies in 5% C02 in 
air with hydrocortisone is also greater in cultures 
grown in 5% oxygen without hydrocortisone even 
though total colonies are -much less under the 
former conditions. The failure of insulin to modify 
the development of adipocyte-like colonies in cul
tures grown at the low oxygen tensions is con
sistent with Greenberger's findings that marrow 
preadipocytes, unlike the preadipocytes from other 
tissues, are resistantto insulin.2 
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Depending upon the cultural procedures used 
for detection, only about 15 to 40 cells per 
1 X 106 bone-marrow cells can attach to the sub
stratum,· proliferate, and/or differentiate into a 
stromal colony. The processes of attachment, proli
feration, and differentiation are modulat~d by the 
hematopoietic cells and/or their prbqutts in the 
non-adherent population of the cultur_e- as well as 
by various nutrients, inorganic ion~, .j~rowth factors, 
hormones, and prostaglandins initially- present in the 
medium and in the serum added to the medium. 
The effect of a lower oxygen tension on the growth 
of putative · stromal cells in the bone~marrow 

·suspension may result from direct action of the 
-lower oxygen concentration on the stromal cells 
themselves or from an action on any of the other 
cells in the culture. The lower oxygen tension may 
simply act by reversing the toxic action of the 
higher oxygen concentration, and this toxic action 
could be on the stromal cells themselves, the -other 
hematopoietic cells in the cultures, or on the vari
ous nutrients, hormones, etc. The lower oxygen 
concentration may act upon the cultures by the 
same or some completely different pathway as 
hydrocortisone in cultures at high oxygen concen
trations. 

In order to gain some insight into which of 
these possibilities might be involved in the growth 
of stromal cells, the non-adherent population was 
removed after varying days of growth, and the cell
free medium or fresh medium was added to the 
culture flask. In some cases, the cultures were 
placed in a low oxygen atmosphere (5% 0 2) after 

Table 7. Development of adherent stromal colonies in primary bone-marrow cultures after two weeks as a function of 
number of cells cultured and culture condition. 

Bone-marrow cells 
inoculated/flask (X 10-6) 0.5 1.0 1.5 2.0 2.5 3.0 

Culture conditions <:;olony _Type No. of Colonies per flask 

CFU-f 3.3 ± o.5• 7.3 ± 0.6 11 ± 2 18 ± 2 21 ± 2 21 ± 2 
5% C02 in air .and 

3.5 ± 0.3 with hydrocortisone CFU-fl 6.8 ± 1 6.7 ± 0.9 12 _± 3 12 ± 2 13 ± 2 
(1 X 10- 7M) 

Total 6.8 ± 0.5 14 ± 1 18 ± 2 30 ± 5 32 ± 3 34 ± 4 

CFU-f 19 ± 2 39 ± 2 52 ± 2 50 ± 1 61 ± 4 73 ± 5 
5% C02, 5% 0

2
, 90% N

2 
and without hydrocortisone CFU-fl 7.3 ± 2 14 ± 2 18 ± 2 22 ± 1 26 ± 3 20 ±.2 

Total 26 ± 2 53 ± 1 70 ± 2 71 ± 2 87 ± 6 93 ± 3 

3 Results expressed as the number of colonies per flask, mean ± standard error of six replicates. 



removal of the non-adherent cells, and in some 
cases, the cultures were maintained in a high oxy
gen atmosphere (20% 0 2). The data presented in 
Fig. 1 demonstrate that the growth of stromal 
colonies is considerably reduced if the non
adherent cells are removed during the first 4 days 
of culture even though the cultures are maintained 
in a low pO . In contrast, if the cultures are 
placed in a hig~ p0

2 
at the time of removal of the 

non-adherent cells, the development of stromal 
colonies is considerably reduced. Only after about 
10 days of culture does the growth of stromal 
colonies equal that found after 14 days in a low 
p02 with non-adherent cells. The development of 
adipocyte-like (CFU-fl) colonies is always greater in 
cultures grown at a low p02. 

The data presented in Fig. 2 indicate the effect 
of the addition of fresh medium or conditioned 
medium (cell-free medium from similar cultures of 
bone-marrow cells for 14 days at a low p02). The 
development of stromal colonies in the absence of 

140 
N 

~ 
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non-adherent cells is much more rapid when fresh 
or 14-day conditioned medium is added at the time 
when the non-adherent cells are removed. After 
only 4 days of growth in these conditions, the 
development is equal to that observed after 
14 days of growth with the non-adherent cells 
present, except that the development of CFU-fl is 
much less. Even after only 1 day, considerable 
development of stromal progenitors has occurred
compare Fig. 1 with Fig. 2 at this time. 

The data in Fig. 3 expand the data presented in 
Fig. 2 and clearly indicate that the development of 
stromal colonies requires that the cultures grow for 
at least 8-1 0 days at a low pO before an atmo
sphere with a high p02 inhibits their growth 
regardless of whether non-adherent cells are 
present. 

These results are consistent with the view that 
the non-adherent cells or a low p02 produce some 
factor modulating the proliferation of stromal cells. 
Since hydrocortisone is known to inhibit prostaglan-
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Fig. 1. Bone-marrow cells (2 X 1if' cells/flask) were cultured for varying periods of time in an atmosphere of 
5% C02' 5% 02' and 90% N1 (low p01), and the non-adherent cells were removed from the culture medium by 
centrifugation. The culture flasks were then either replaced in the low p01 environment (hatched bar) or placed in 
an atmosphere of 5% C01-air (high pO} The cultures were grown for a total of 74 days, and the percent of the 
stromal colonies observed in these cultures without non-adherent cells is compared to the stromal colonies 
observed in flasks cultured at a low p01 in the continuous presence of non-adherent cells. The adipocyte colonies 
that develop at each time interval as a percent of the total stromal colonies developed in the control cultures is also 
indicated. (XBL 846-8446) 
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Cultures in low p02 before and after non-adherent cell removal 
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Fig. 2. Bone-marrow cells (2 X 1rf' cells/flask) were cultured for varying periods of time in a low p01 atmo
sphere, and the non-adherent cells were removed from the culture medium by centrifugation. This cell-free 
medium or fresh medium was added to the flasks, and the flasks were replaced in a low p01. The cultures were 
grown for a total of 14 days, and the percent of stromal colonies is compared to the number of stromal colonies 
that developed in 14-day cultures at a low p01 in the continuous presence of non-adherent cells. The adipocyte 
colonies that develop at each time interval as a percent of the total stromal colonies developed in control cultures 
is also indicated. (XBL 846-8447} · 
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Fig. 3. Bone-marrow cells (2 X 1rf' cells/flask) were cultured for varying periods of time at a low pOl' and 
medium containing the non-adherent cells was removed. Cell-free medium (CM) from 14-day-o/d control cultures 
or CM containing non-adherent cells freshly removed .. was added to the culture flasks and incubation continued in a 
high p01 atmosphere. The total culture time in the low and high p01 was 14 days. The total number of stromal 
colonies as well as the total number of CFU-f and CFU-fl that develop at each time interval as a percent of total 
stromal colonies developed in control cultures (continuously in a low p01 without non-adherent cell removal) is 
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din synthesis by some cells and since certain pros
taglandins (PGE series) are known to stimulate 
hematopoietic cells as well as fibroblasts, it was of 
int~'{est to compare the effects of this steroid with 
indomethacin, another inhibitor of prostaglandin 
synthesis. In Table 2 the effects of indomethacin 
and hydrocortisone on the growth of stromal 
colonies in a high and low p02 atmosphere are 
compared. Clearly hydrocortisone is an effective 
growth stimulator at a low p02, but indomethacin 
is not; this suggests that prostaglandin synthesis is 
not involved in modulating stromal cell growth. 
Prostaglandin E2, however; at 1 and 0.1 1-LM con
centrations stimulates stromal colony formation in 
both a low and high p02, but not at a 10 1-LM con
centration. Prostaglandin F 2a is ineffective at all 
concentrations. Vitamin E, a known anti-oxidant, at 
a concentration of 50 1-LM significantly increases the 
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growth of stromal colonies. Because low oxygen 
tension, hydrocortisone, prostaglandin E2, and vita
min E each promote the development of bone
marrow stromal colonies with horse and fetal calf 
serum, but not the sera of rat, cat, or mouse, other, 
still-unknown factors are undoubtedly required fcir 
stromal colonies to adhere, proliferate, and differen
tiate. 

Our work in this area is just beginning, and 
although the modulating factors are complex they 
appear to be amenable to experimental analysis. 
As we have pointed out, these stromal cells play an 
important role in modulating hematopoietic growth 
in vivo as well' as in vitro. We know, for example, 
that their growth in vivo is altered after experimen
tal lead poisoning and after exposure to carbon 
monoxide. Future work will entail not only further 
biochemical studies of the factors influencing their 

Table 2. Stromal colonies developed in vitro after· cultivation of murine 

bone marrow for 2 weeks in 5% COz-air and 5% C02-5% 0 2 and 90% 

N 2 . Effect of prostaglandins, vitamin E, and two inhibitors of prostaglandin 

synthesis, indomethacin and hydrocortisone. 

5% C02-air 5% C02-5% 0 2-90% N2 

Control 21 ± 2. 170 ± 5 

Indomethacin lOp.M 24 ± 3 130 ± 5 

lp.M 19 ± 1 150 ± 4 

0.1 p.M 20 ± 2 130 ± 7 

Hydrocortisone 10-7 M 120 ± 2 150 ± 8 

Prostaglandin E2 10 p.M 24 ± 2 180 ± 4 

J p.M 54± 4 230 ± 10 
O.lp.M 53 ± 3 210 ± 4 

Prostaglandin F la 10 ~LM 28 ± 3 180 ± 5 

l~LM 22 ± 1 170 ± 6 

0.1 p.M 24 ± 1 160 ± 9 

Vitamin E 50 ~LM 51 ± 3 160 ± 6 

10 ~LM 33 ± 4 160 ± 4 

1 ~LM 31 ± 3 150 ± 6 

0.1 p.M 29 ± 3 160 ± 4 

• Standard error of mean, 2 X 106 bone-marrow cells inoculated/25cm2 

flask. 



growth but also the use of cytochemical arid 
immunochemical methods to characterize the 
stromal cells of various colonies. 
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STIMULA liON OF ERYTHROID BURSTS BY INTERLEUKIN-3 

Joan Wright Goodman, Elizabeth A. Hall, Kathleen L. Miller, and 
Sarah G. Shinpock · 

lnterleukin-3 (IL-3) is a factor produced by 
activated T lymphocytes and constitutively by the 
cell line WEHI-3. lhle purified and characterized 
this 28,000 molecular weight glycoprotein,1 and it 
has been found in several laboratories to stimulate 
in vitro growth of many kinds of hemopoietic cells, 
including erythroid. · It has been recognized for 
some time that early erythroid progenitors require a 
second factor, burst promoting activity (BPA), in 
addition to the hormone erythropoietin (Ep) for 
their full development in culture,2 and IL-3's ability 
to stimulate erythropoiesis has been attributed to its 
activity as a burst promotor (BPA) in the production 
of differentiated erythrocytes in vitro from the burst 
forming progenitor or BFU-E.3 Evaluation of the 
site and nature of action of both BPA and Ep have, 
until recently, been burdened by the lack of highly 
purified material and by the presence of unknown 
quantities of BPA and Ep in constituents of culture 
media. Some crude preparations of Ep have been 
found to contain BPA as a contaminant.4 

Now that IL-3 has been purified to homo
geneity5 and a completely serum-free system has 
been devised6 for the in vitro growth of erythroid 
bursts, which rules out the undetected introduction 
of Ep through a medium constituent, it is possible 
to seek experimental answers previously unattain
able. One question in need of an unambiguous 
answer is that of the requirement of BFU-E for Ep. 

To examine the effects of IL-3 and the require
ment for Ep in erythropoiesis, BFU-E were grown in 

the presence of several doses of Ep at each of 
several IL-3 concentrations. BFU-E numbers did 
not increase as Ep dose was increased in the agar 
system, containing fetal bovine serum (FBS) 
(Fig. 1 At FBS enriched methylcellulose cultures 
(data not shown), or under serum-free methylcellu
lose culture conditions (Fig. 1 B). The burst 
numbers did increase, however, in relation to 
increasing concentrations of IL-3. No BFU-E were 
seen in the presence of Ep alone in the three 
serum-free experiments shown in Fig. 1. IL-3 in 
the absence of Ep, on the other hand, did produce 
BFU-E in a dose-dependent fashion. This is 
demonstrated more clearly in Fig. 2, which makes 
use of some of the same data. A plateau is 
reached in BFU-E number at a final IL-3 dilution of 
approximately 1 :20,000 in all the cases shown here. 
Although the number of BFU-E developed in cul
ture appears to be tightly regulated by IL-3, the 
addition of high doses of Ep was found to produce 
an amplification (see Fig. 2). The two curves 
representing BFU-E scored in the presence of rela
tively high doses of Ep, 1.25 and 2.5 U/ml, essen
tially overlap, as do the curves depicting BFU-E 
grown in low doses, 0.625 ·or 0.01 U/ml, or in the 
absence of Ep. The largest number of BFU-E 
stimulated by IL-3 was scored in the five experi
ments using FBS (Fig. 1 A) when no Ep was present. 
On occasion BFU-E have been found by us in 
methylcellulose cultures lacking IL-3 with or 
without Ep but never in similarly stimulated agar 
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Fig. 1. Lack of dependence of BFU-E growth on Ep dose. (A) 
BFU-E grown ·under serum free conditions in methylcellulose. 
Data compiled were from three experiments. (8) BFU-E grown 
in the presence of 20% FBS in agar. Five experiments are 
represented. In all cases the error associated with independent 
BFU-E determinations was less than 10% of the mean of multi
ple well scores . . All IL-3 dilutions are shown as the final culture 
concentration of the purified factor. (XBL 849-8134) 

cultures. These data show that IL-3, not Ep, is the 
limiting ·factor in BFU-E growth. 

These data show clearly that IL-3 is able to 
stimulate· the growth and full development of 
erythrocytes in vitro in the absence of detectable 
Ep. Our findings go beyond other reports of "Ep
independeht" bursts7 in that not only is no erythro
poietin added to cultures, but serum-free medium 
samples taken before and after cell growth were 
found by RIA (data not shown) to contain no signi
ficant amounts of the hormone. The findings 
thereby also provide no evidence that Ep is being 
produced by macrophages or any other cell type in 
culture. We conclude that IL-3 is a sufficient 
stimulus in vitro for the production of BFU"E and 
suggest that requirements for Ep be reevaluated in 
the light of these findings. 
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BIOLOGICAL EFFECTS OF MAGNETIC FIELDS 

Thomas S. Tenforde, Cornelius T. Gaffey, Michael S. Raybourn, and Lynette Levy 

Several newly developing energy technologies, 
including fusion reactors and superconducting mag
net energy storage rings, use intense magnetic 
fields. High magnetic fields are also associated with 
many research and industrial operations, including 
accelerators, bubble chambers, superconducting 
spectrometers, chemical separation techniques, 
aluminum production, and electrosteel processes. 
In medicine, nuclear magnetic resonance provides a 
powerful new technique for imagfng and metabolic 
studies. 

The increasing number of applications of high 
magnetic fields has created a need to evaluate the 
potential health effects of this form of nonionizing 
radiation. A program .is therefore being carried out 
within the Biology and Medicine Division to evalu
ate the influence of magnetic fields on physiological 
functions in experimental animals and in selected 
organ and tissue systems. A major aspect of this 
research is the use of sensitive electrical recording 
techniques to detect functional alterations in the 
cardiovascular, neural, and visual systems during 
the application of high-intensity magnetic fields. 
These systems involve ionic conduction processes 
and are therefore potentially sensitive to electro
dynamic interactions with an applied magnetic field. 
The following paragraphs briefly summarize recent 
results in selected research areas within the mag
netic field bioeffects program. 

CARDIOVASCULAR SYSTEM 

A number of studies have been .carried out in 
our laboratory to characterize the electrical poten
tials that are induced in the central circulatory sys
tem of animals during exposure to large magnetic 
fields. These potentials originate through the 
Lorentz force interaction that occurs between an 
applied magnetic field and moving electrolytes in 
the circulation. The magnitude of the induced 
potential, 1/1 1 in a vessel of diameter d is given by 
the equation: 

y; = 1 v 1 B 1 d sin o (1) 

where I v I and I B I are the magnitudes of the 
blood flow velocity and magnetic flux density, 
respectively, and () is the angle between the vectors 
v and B. The magnetically induced flow potentials 
that arise in the circulatory system during magnetic 

field exposure can be detected in the externally 
recorded electrocardiogram (ECG), as demonstrated 
in Fig. 1 for a 5-kg female Papio baboon. The larg
est superimposed electrical potential occurs at the 
T-wave locus in the ECG, which corresponds tem
porally to the opening of the aortic valve during 
pulsatile ejection of blood from the left ventricular 
chamber of the heart. The augmentation of the T
wave signal that is observed during magnetic field 
exposure is completely reversed upon removal of 
the field. 

In large animal species such as baboons, mon
keys, and dogs, the aortic blood flow potential can 
be detected in the ECG at field levels above 
approximately 0.1 T (1 Tesla = 104 Gauss) and is a 
linear function of field strength up to 1.0 T, as 
shown for baboons in Fig. 2. At higher field levels, 

Pre-exposure baboon ECG 

QRS 

+ 

H 
40 ms 

Baboon ECG in 8=1.5 Tesla field 

H 
40 ms 

Fig. 1. Electrocardiograms for a female Papio baboon immedi
ately prior to and during exposure to a 1.5-T stationary mag
netic field. Vertical bars denote estimated times of. opening 
(subscript "o") and closing (subscript "c") of the mitral (M), tri
cuspid (T), pulmonary (P), and aortic (A) valves. (XBL 8410-7991) 
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Fig. 2. Percentage increase in signal amplitude at the T-wave 
locus of the ECG plotted as a function of magnetic field strength 
for rats and baboons. The mean T-wave amplitude ± S.E. 
observed immediately prior to the magnetic field exposure was 
75 ± 4 /J. V for the adult rats and 7 7 7 ± 30 /J. V for the juvenile 
baboons. (XBL 84 70-7990) 

the total electrical potential at the T-wave locus in 
the ECG increases more rapidly as a function of 
magnetic field strength, possibly as a result of the 
superposition of additional, weaker flow potentials 
that cannot be detected at field strengths below 
1.0 T. Based on the timing of valve displacements 
during the cardiac cycle (see Fig. 1 ), the magneti
cally induced flow potential associated with pulsa
tile ejection of blood into the pulmonary artery may 
also contribute to the total ECG signal at the locus 
of the T -wave during exposure to very large mag
netic fields. It is also evident from the ECG record
ings shown in Fig. 1 that other magnetically 
induced flow potentials can be detected during 
exposure to high magnetic fields. The temporal 
sequence of these flow potentials relative to cardiac 
valve displacements indicates that they may be 
associated with rapid movements of blood during 
the filling and emptying phases of the heart cycle. 

From Eq. (1) it is predicted that the magnitude 
of a magnetically induced blood flow potential 
varies as a linear function of the vessel diameter 
and should therefore be greater for larger animals. 
This expectation has been supported by ECG meas
urements on rats, baboons, monkeys, and dogs 
exposed to graded magnetic field intensities; Fig. 2 
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illustrates the relative augmentation of the T-wave 
signal in rats and baboons. In a 1.0-T field, the 
average increase in the T-wave signal amplitude 
resulting from a: superimposed aortic blood flow 
potential was found to be 75 ± 2 (S.E.) 1.LV for rats 
(N = 24) and 176 ± 19 1.LV for juvenile baboons 
(N = 3). 

The electrodynamic interaction between an 
applied magnetic field and a flowing electrolyte 
solution such as blood also creates a net volume 
force within the fluid. This force is equal· to 
J X 8, where J = -a(v X B) is the ionic conduc
tion current resulting from the induced electric field 
within the flowing solution, and a is the electrical 
conductivity. The hydrodynamic consequence of 
the electrical force produced in a flowing electro
lyte solution by a stationary magnetic field is a 
reduction in the axial flow velocity of the fluid. 
From elementary magnetohydrodynamic theory, it 
can be predicted that the magnitude of the frac
tional reduction of blood flow velocity in fields up 
to 2 T is given to a good approximation by the 
equation: 

v(B = 0) - v(B) _ 
v(B = 0) 

(2) 

In Eq. (2) R is the vessel radius and a and 11 are, 
respectively, the electrical conductivity and 
kinematic viscosity of blood. At field strengths up 
to 2 T, this equation predicts that the magnetohy
drodynamic interaction with an applied magnetic 
field should reduce the aortic blood flow rate by 
less than 1% in laboratory animals such as rodents, 
dogs, and nonhuman primates. This has been con
firmed experimentally from our initial measurements 
of aortic blood flow rates in 9 rats exposed to a 
1.5 T field. In addition, intraarterial blood pressure 
measurements in Macaca monkeys have shown that 
no measurable hemodynamic alteration occurs in a 
1.5 T field. 

VISUAL SYSTEM 

One of the most extensively studied magnetic 
effects in living systems is the induction of magne
tophosphenes, in which a flickering illumination 
within the visual field occurs in response to stimu
lation by pulsed or oscillating magnetic fields with 
frequencies less than 1 00 Hz. Although the 
psychophysical phenomenon of phosphenes has 
not been reported by human observers during 
exposure to stationary magnetic fields, there are 
two potential interaction mechanisms between 
these fields and elements of the retina that are 



involved in the visual response to photic stimula
tion. First, the photoreceptor outer segments are 
subject to orientation in a stationary magnetic field 
as the result of their large total diamagnetic aniso
tropy. Second, the initial photoisomerization event 
elicited by photon absorption in the retinal photo
pigments is followed by a series of ionic fluxes that 
lead to excitation of the retinal neurons and ulti
mately the visual cortex via a complex neural path
way. This second component of the 
phototransduction process could be influenced by 
stationary magnetic fields as the result of the 
Lorentz force exerted on ionic conduction currents. 

In an effort to elucidate whether stationary 
magnetic fields perturb the photically elicited 
electrical activity of the retina, the external elec
troretinogram (ERG) of isolated turtle retinas has 
been recorded during photic stimulation in the 
presence of stationary magnetic fields. When the 
in vitro retinal preparations from light-adapted or 
dark-adapted eyes were studied, no changes in the 
ERG occurred in fields up to 1.0 T. However, the 
amplitude of the ERG B-wave, which results from 
electrical activity of postsynaptic retinal cells, was 
consistently suppressed in retinas prepared during 
the light-to-dark transition phase of the diurnal 12-
hours-light/12-hours-dark cycle (light phase from 
06:00-18:00 hours). During this transition phase, 
which extends for approximately 2 hours after the 
onset of darkness (from 18:00-20:00 hours), the 
photoreceptor cells undergo rapid changes in both 
their physiological and metabolic activities. This 
magnetic field effect during the transition phase 
was observed with intensities as low as 2-3 mT and 
was rapidly reversible following termination of the 
field exposure. The effect was observed in both 
the cone-dominant retinas of Pseudemys scripta tur
tles and the mixed rod-cone retinas of Chelydra 
serpentina turtles, thus suggesting that it is indepen
dent of the photoreceptor cell type. The mechan
ism underlying the magnetic field sensitivity of tur
tle retinas during this brief phase of the diurnal 
light/dark cycle ·has not been determined. The 
magnetic field strengths that produce a B-wave 
response compression are below the levels that 
could exert orientational effects on photoreceptor 
disk membranes and would also not be expected to 
produce significant effects on ionic fluxes within 
the retina. 

Although the cellular locus of the magnetic 
field interaction with turtle retinas is still being 
investigated, the circadian nature of this 
phenomenon has been firmly established by ERG 
measurements on retinal preparations from animals 
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entrained on a phase-shifted light/dark cycle. In 
this regimen, turtles were entrained for 1 0-14 days 
on a 12-hours-light/12-hours~dark cycle that was 
phase-shifted by 6 hours relative to the original 
cycle (i.e., the light phase was shifted from 
06:00-18:00 to 00:00-12:00 hours on a daily 
illumination schedule). Following entrainment, reti
nal sensitivity to stationary magnetic fields was 
tested by ERG measurements during the new light
to-dark transition phase (12:00-14:00 hours). As 
illustrated by data presented in Fig. 3, retinas from 
the five phase-shifted animals tested to date have 
exhibited sensitivity to low-intensity magnetic fields 
during the new light-to-dark transition phase. The 
extent of B-wave response compression in these 
retinas was comparable to that previously observed 
with retinas from turtles maintained on the original 
light/dark cycle. The retinas from control animals 
that had not been phase-shifted did not exhibit 
sensitivity to magnetic fields during the same time 
period (i.e., from 12:00 to 14:00 hours during the 
middle of the light phase extending from 06:00 to 
18:00 hours). 

In another recent series of ERG measurements 
using mammalian subjects, ERG recordings were 
made from six cats (Felis domestica) and 
three monkeys (Macaca) exposed to stationary mag
netic fields with strengths up to 1.5 T. Oscillo
graphic ERG recordings were made of the negative 
A-wave (receptor field potential) and the larger 
positive B-wave (postsynaptic potential) following 
light flashes with relative intensities of 1, 4, 16, 48, 
and 80, where the highest intensity flash was 
approximately 240 lumen-secjm2. Acute exposures 
to magnetic fields up to 1.5 T had no effect on 
either the A-wave or B-wave amplitude in the ERG 
recordings from both cats and monkeys. These in 
vivo findings with experimental animal subjects are 
therefore consistent with the observation that sta
tionary magnetic fields exert no measurable influ
ence on the visual processes of humans. Further 
experiments will be required, however, to deter
mine whether mammalian retinas exhibit a circadian 
variation in magnetic field sensitivity similar to that 
observed for in vitro turtle retinas. 

ANIMAL PHYSIOLOGY 

General physiological functions and their cir
cadian oscillations are being studied in rodents sub
jected to prolonged exposures to a 1.5 T stationary 
magnetic field. By using noninvasive transducer 
techniques, it is possible to continuously monitor 
physiological and behavioral variables such as core 
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Fig. 3. Electroretinogram 8-wave amplitudes from Che/ydra 
turtle retinas plotted as a function of light stimulus intensity 
under control conditions and during exposure to stationary 
magnetic fields. Highest achromatic test flash intensity 
f-log 11 = O) was 5 X 1015 quantajcm2. Upper panel shows 8-
wave amplitude ·for an in vitro retinal preparation during the 
light phase of a 12-hours-/ight/12-hours-dark daily illumination 
schedule. Lower panel shows response of a retina to a 0.01 T 
magnetic field during the light-to-dark transition period 
(12:00-14:00 hours) in a 6-hour phase-shifted light/dark cycle 
(light from 00:00 to 12:00 hours, dark from 12:00 to 24:00 
hours daily). Retinal sensitivity to /ow-intensity magnetic fields 
was observed only during the light-to-dark transition phase, 
both in animals entrained on a normal light/dark cycle (light 
from 06:00 to 18:00 hours) and in those on the phase-shifted 
cycle. (X8L 8410-1992) 

body temperature, heart rate, respiration, body 
mass, nutrient consumption, and locomotor aCtivity. 
The circadian waveforms of these physiological and 
behavioral parameters provide a sensitive measure 
of the stress imposed by a variety of chemical and 
physical agents. Noninvasive techniques have been 
developed for the long-term monitoring of each 
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parameter, and representative results are illustrated 
here from measurements of the circadian waveform 
in core body temperature. 

The deep-body temperatures of mice have 
been recorded continuously for periods of 2-3 
months using FM radiotelemeters implanted in the 
abdominal cavity. The miniature radiotransmitters 
record the abdominal temperature by means of a 
thermistor, and this information is transmitted as a 
continuous stream of pulse-interval-modulated sig
nals in the FM band from 88 to 108 MHz. The FM 
signals are received by an antenna surrounding the 
rodent cage and relayed to a receiver-demodulator 
that decodes the data to produce an analog voltage 
output. This output is calibrated to have a linear 
one-to-one correspondence with body temperature 
over the range 34 o -40 o C. To permit their opera
tion within a high magnetic field environment, the 
radiotelemetry transmitters were fabricated entirely 
from nonmagnetic materials. 

The core body temperature of rodents exhibits 
a strong circadian oscillation with a peak-to-trough 
amplitude variation of 1.5°-2.0°C. To quantita
tively describe the circadian waveform, the tem
perature data are fit by computer to a single har
monic function of the form: 

T(t) = T0 + T cos(wt + ¢) (3) 

In Eq. (3), T0 and T are, respectively, the level and 
the amplitude of the circadian oscillation; w is the 
angular frequency, which is equal to 360° divided 
by the period of the oscillation; ¢ is the acrophase, 
which represents the phase angle at which the 
cosine function reaches a maximum value. The 
acrophase can be expressed in clock hours by mul
tiplying ¢ by (24 hours/360°). The values of T0 , T, 
and ¢ are fit by least-squares . analysis, and the 
period of the oscillation is obtained by an iterative 
technique that minimizes the sum of residuals 
between the experimental data and the best-fit cir
cadian waveform. 

Six telemetry experiments have been carried 
out to assess physiological regulation and circadian 
rhythms in rodents exposed to high-intensity mag
netic fields for prolonged periods. The computer 
analysis of these experiments has now been com
pleted, and illustrative data from the final two 
experiments (denoted as Experiments E and F) are 
shown in Figs. 4 and 5. In Experiment E, rodents 
entrained on a 12-hours-light/12-hours-dark cycle 
were subjected to a 1.5-T field continuously for 
5 days and intermittently in an 8-hours-on/16-
hours-off daily schedule for 10 consecutive days. 
The period of the circadian oscillation in core body 
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Fig. 4. Circadian paiameters in core body temperature meas
ured by FM radiotelemetry. During ·the five segments of a 70-
day experiment, adult female LAF- 7 mice were subjected to a 
7.5 T stationary field continuously for 5 days (segment 2) and 
subsequently to an 8-hours-on/76-hours-off cycle for 70 con
secutive days (segment 4); segments 7, 3 and 5 were field-free 
control periods. The plotted points and error bars are the mean 
values and standard errors· of the circadian· parameters deter
mined for the experimental subjects by the time-series analysis 
technique described in the text. The rodents were entrained on 
a 7 2-hours-light/7 2-hours-dark daily illumination · schedule 
throughout the experiment. (XBL · 847-28 7 7) 

temperature was 24 hours throughout the experi
ment, and the other circadian parameters were 
similarly unaffected by magnetic field exposure. In 
Experiment F, the rodents were placed in a free
running circadian state by maintenance in continu
ous dim illumination, under which condition the 
period of the circadian oscillation in core body 
temperature was 25.5 hours. With this period, the 
acrophase advances by approximately 7.5 hours in 
each consecutive 5-day interval, as shown in Fig. 
5. The nonentrained mice were subjected to a 
1.5-T field in an 8-hours-on/16-hours-off daily 
schedule for 10 consecutive days, but no significant 
field-associated change was observed in any of the 
parameters that describe the circadian waveform. 
During the final 20 days, the rodents were sub
jected to a 16-hours-on/8-hours-off daily light 
schedule as a positive ·test for entrainment. As 
sho'«n in Fig. 5, the daily illumination schedule 
served as an effective Zeitgeber (time cue) that 
entrained the circadian oscillation to a 24-hour 
perio9 within 10 days. 

55 

CIRCADIAN PARAMETERS: EXPERIMENT F 

CALENDAR DAYS 
1---Free Run--~-LID--1 
0 10 20 30 40 50 60 

261 I 
PERIOD ~ 6 9 
(Hours) 25 

24 

ACROPHASE ::: ~ ¢ 

0 

(Clock Hours) 9 
6 06:00 

. 00:00 

1.0r AMPLITUDE O S O 0 0 C> () o 0 ~ ~ ~ " 
(OC) • 

- 0 

MEAN VALUE 36 5 0 0 ¢ (> () 0 0 v 1/ V ¢ 
37.0r 

(oC) 36:0. 

0 Control Period No. 1 (20 days) l Free run with 
() B = 1.5 Tesla, 00:00.-08:00 daily (10 days) constant dim 
D Control Period No.2 (10 days) illumination 
V' Light/Dark Entrainment Period, 

Darkness from 00:00-08:00 daily (20 days) 

.Fig. 5. Circadian parameters in core body temperature meas
ured. by FM radiotelemetry plotted for 5-day serial segments of 
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a daily 8-hours-dark/7 6;hours-light cycle dufing the final 20 
days of the experiment. The subjects exhibited no significant 
changes in their circadian waveforms during the magnetic field 
exposure but were rapidly entrained by the light/dark cycle as 
indicated by a decrease in the average period from 25.5 to 24.0 
hours and the attainment of a stable acrophase during the final 
20 days. (XBL 847-2878) 

As indicated by the data described here, the 
results of the six telemetry experiments conducted 
to date show that circadian physiological variables 
such as deep body ~emperature are not significantly 
perturbed by exposure to high-intensity magnetic 
fields for prolonged time intervals. Extensive data 
have also been obtained in four additional experi
ments; in these, the potential influence of magnetic 
fields on circadian variations in several other phy
siological and behavioral parameters were studied 
by noninvasive measurement techniques. The data 
obtained iri these experiments indicate that the 
prolonged exposure of rodents to a 1.5 T stationary 
magnetic field exerts . no influence on circadian 
waveforms in respiratory rate, body mass, nutrient 
consumption, excreta, and locomotor activity. 
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KINETICS OF PLUTONIUM DEPOSITION IN THE MOUSE 

Patricia W. Durbin and Nylan Jeung 

The kinetics of deposition of intravenously 
(i.v.) injected 238Pu(IV) citrate were determined in 
the mouse to provide baseline information needed 
to assess the effectiveness of plutonium removal 
agents and to identify their mechanisms of action. 
The distribution of 238Pu in the major organs of 
mice at 3 min and 1 and 24 hr after i.v. injection 
was included as control data in previous reports.U 
Data reported here for ten post-injection intervals 
from 1 min to 24 hr after an i.v. injection were 
used to prepare a preliminary mathematical descrip
tion of the simultaneous deposition of 238Pu in liver 
and skeleton and its clearance from plasma and 
extracellular fluid (ECF), as inferred from the 238Pu 
content of soft tissues other than liver. For com
pleteness, retention of 238Pu in the major tissue 
compartments from 24 hr to 14 days after injection 
is included. 

These experiments have some features that 
make them especially useful for investigation of the 
kinetics of tissue uptake and retention: 1) they are 
complete metabolic balance studies in which 
separated excreta were collected; 2) the entire 
skeleton was analyzed; 3) the mice were dissected 
in the partially thawed state, so that the tissues still 
contained their in-life complements of blood; 4) the 
238Pu in the abdominal tissues (except liver and 
kidneys) was partitioned by calculation between tis
sue (inside the body) and Gl contents (excreted).2 

The 238Pu solution and the techniques for collect
in~ excreta, dissection of the mice, detection of the 
23 Pu in the samples, and reduction of the data 
have been described in detail. 1 ' 2 

The mice used in our tests of effectiveness of 
new plutonium removal agents range in age from 9 
to 23 weeks and in weight from 29 to 50 g (mean 
weight 35 g); they are received in shipments of 50 
to 100. From June 1982 to May 1984, mice from 
six shipments were assigned to kinetic groups until 
each represented the ranges of weight and age of 
the ex~erimental groups. The mice were injected 
with 2 8Pu i.v. at the same time tests of ligands 
were conducted. They were killed at a predeter
mined time, frozen, and then were dissected and 
analyzed for 238Pu when a group of five had been 
accumulated. 

The measured 238Pu content of liver, skeleton 
kidneys, residual soft tissue, and excretion in urine 
and feces (including calculated Gl contents) from 
1 min to 14 days after injection are shown in 

Table 1. The temporary binding of Pu(IV) to 
transferrin (Tf) that has been demonstrated in 
several other species3 can be inferred for the 
mouse from the slow clearance of 238Pu from the 
residual soft tissues, which except for the fractions 
trapped in liver and skeleton and kidneys contains 
all of the circulating fluids (plasma and ECF). The 
mice were killed by cervical dislocation, which 
causes emptying of the bladder; this urine was 
added to the collection, and no urine was included 
in the soft tissue samples. 

In order to analyze the kinetic data, it is neces
sary to estimate the total 238Pu circulating and to 
correct liver and skeleton for the 238 Pu in trapped 
plasma. The kinetics of Pu in plasma and ECF of 
the mouse have not been measured, and for this 
preliminary estimate total circulating 238Pu was 
assumed to be the sum of the measured 238 Pu in 
the residual soft tissues and kidneys plus the calcu
lated plasma 238Pu in liver and skeleton. 

The blood volume of the mouse is reported to 
be 5.3% of the body weight,4 and the whole-body 
hematocrit of the mouse was assumed to be 0.36, 
as it is for the rat. 5 For a 35-g mouse, the calcu
lated plasma volume is 1.2 mi. The liver and wet 
skeleton of the mouse are reported to be 6 and 
8.3%, respectively, of the body weight,4 and their 
mean weights are, therefore, about 2 and 3 g, 
respectively. The plasma contents of mouse liver 
and skeleton have not been measured, so rat data 
were used with modifications. The reported plasma 
contents of rat liver and long bones are 0.188 and 
0.035 ml plasma per g tissue, respectively.5 The 
value for rat long bones was used for the entire 
mouse skeleton; however, the plasma content of 
mouse liver was assumed to be only 0.1 ml/g tis
sue, because the volume of blood in the major 
vessels of the mouse liver is proportionately much 
smaller than for the rat. [Note that if the plasma 
content of rat liver were used, the calculated 238Pu 
content of the whole mouse at 1 to 10 min after 
injection would exceed the amount of 238Pu 
administered, and the calculated plasma 238Pu con
tent of the liver would exceed the measured value 
for that organ.] The volumes of plasma assumed to 
be trapped in mouse liver and skeleton were 0.2 
and 0.1 ml, respectively, and together they 
comprise about 25% of the total plasma volume, 
about the same as the measured fraction of total 
plasma in those tissues of the rat.5 
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Table 1. Uptake and retention of intravenously injected 238Pu (IV) in major tissue and 
excretory compartments of adult female Swiss- Webster mice. 

Percent of injected 238PU + S.D.• 

Tissues Excreta 

Residual 
Time after No. of soft Gl contentsb 

injection mice Liver Skeleton Kidneysc tissue Uri neb and fecesc 

1 min 15 18.5 ± .5.3 19.2 ± 6.3 4.4 58.1 ± 3.4 0 0 
3 mind 11 19.0 ± 3.5 19.8 ± 3.9 3.5 57.9 ± 7.1 0 0 

.10 min 15 17.4 ± 3.2 18.9 ± 3.7 3.3 59.5 ± 3.4 0 0 
30 min 5 25.4 ± 9.2 24.1 ± 3.2 3.1 44.9 ± 13.4 0 2.4 
1 hrd 18 30.5 ± 7.4 23.8 ± 4.4 2.7 37. ± 7.1 1.1 4.8 
2 hr 5 30.9 ± 3.3 22.4 ± 2.4 2.8 39.7 ± 4.5 0 4.1 
4 hr 5 38.4 ± 3.0- 24.3 ± 1.2 1.9 23.1 ± 2.9 7.9 4.9. 
8 hr 5 44.8 ± 4.4 31.1 ± 8.4 1.8 15. ± 4.0 3.4 3.7 
16 hr 5 55.1 ± 5.6 28.6 ± 7.9 1.9 5.5 ± 1.1 4.9 4.1 
24 hrd 94 49. ± 8.3 32. ± 7.9 2.0 7.7 ± 2.0 4.7 4.1 
2 days 5 41.7 ± 5.1 33.7 ± .5.0 0.5 6.1 ± 0.9 8.0 10.0 
4 days 5 34.7 ± 6.4 34.5 ± 7.5 0.4 5.4 ± 1.3 24.8 
7 days 10 28.2 ± 2.9 37.7 ± ·8.5 1.2 4.2 ± 1.2 6.6 25.2 
14 days 5 12.2 ± 4.3 27.7 ± 6.0 0.3 3.1 ± 0.6 17.2 39.8 

- • Mean and standard deviation, S.D.= [dev2/(n~l)j 1 12 . 
b All 238Pu in abdominal tissues (except liver and kidneys) of mice killed at 1, 3 or 10 min was 

assigned to tissues. At all other times, 238Pu was partitioned between tissue and Gl contents as 

described previously.2 

c Pooled samples. 

d Data reported previously. 1•2 

The residual soft tissues plus kidneys contain 
about 0.9 ml of elasma, and at time zero. the con
centration of 23 Pu would have. been 100% 1.2 
ml = 83.3%/ml. All of the 238 Pu in soft tissues 
(except liver) was assumed to be in the plasma, 
which is an overestimate, because some of -the 
238Pu(IV) citrate undoubtedly escaped immediately 
into ECF before it could be complexed by Tf.4'6 

The error in that assumption is not large, if the pro
portions of plasma and ECF in liver and skeleton 
are about the same as they are for the rest of the 
body. 

Using the 30-min data as an example, the cal
culations proceed as follows: Soft tissue remainder 
plus kidneys contain 48% of the injected 23~Pu, 
and the estimated concentration in plasma is 
48%/0.9 ml = 53.3%/ml. The 238 Pu fraction 
trapped . in plasma in · the . liver is . 0.2 ml X 
53.3%/ml = 10.7% of the injected 238Pu, and the 
238Pu that is considered to be deposited at 30 min 
is [25.4% - 1 0.7%] = 14.7%. Similarly, plasma in 
the skeleton is estimated to contain 0.1 ml X 
53.3%/ml = 5.3% of the injected 238Pu, and the 
deposited amount is estimated to be [24.1% -
5.3%] = 18.8% of the injected activity. The total 

- 238Pu estimated to be circulating is [48% + 
10.7% + 5.3%] = 64%. 

Clearance of 238Pu from the circulatin~ fluids 
(calculated as above) and deposition of 2 8Pu in 
liver and kidneys (corrected for trapped plasma) are 

. plotted in Fig. 1 for the first 48 hr after injection. 
Data for mice killed from 1 to 10 min after injec
tion have been combined. Graphic analysis of the 
circulatory clearance curve yielded the following 
expression: Circulating 238Pu(%) = 13e - 0·3461 

+ 21 e-0·051 + 58.5e-0·0021, where t is in minutes. 
About 8% .Qf the injected 238 Pu was excreted in 
48 hr. 

. Accumulation of 238Pu in liver and skeleton was 
analyzed using the relationship [T e - Tt]/T e / 
where Tt is the 238Pu content of a tis~ue at timeq t, 
and T eg is the equilibrium 238Pu content of the tis
sue. The equilibrium 238Pu contents of liver and 
skeleton ·were assumed to be 53.5% (at 16 hr) and 
30.5% (at 24 hr), respectively. The equations for 
accumulation of 238Pu in- mouse liver and skeleton 
were as follows: Liver 238Pu(%) = 12(1 - e - 0·051) 
+ 41 (1 .:__ e-0 -00281), Skeleton 238Pu(%) = 

1n1 _ e-0.3461) + 5(1 -e-o.o531) 

+ 15(1 - e-0·00261). The good agreements among 
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Fig. 1. Clearance of 238Pu(IV), injected intravenously as 
238Pu(IV) citrate, from circulating fluids (as inferred from soft 
tissue content) and accumulation in liver and skeleton of the 
mouse. Data from Table 1 recalculated as described in text. 

(XBL 8477-8083) 

1) the rates of clearance of 238Pu from the circulat
ing fluids and its accumulation in liver and skeleton 
and 2) the amounts of 238 Pu cleared and those 
accumulated in liver and skeleton at the same rates 
indicate that these estimates of total plasma volume 
and the plasma contents of liver and skeleton of 
the mouse are reasonable. 

A major criterion of the effectiveness of a Pu 
removal agent is its ability to react with Pu already 
deposited in target tissues. In our acute tests of 
ligand effectiveness, 1 •2 removal of bound Pu from a 
tissue is inferred, if the amount of Pu in the tissue 
at 24 hr is less than it was at 1 hr, when the ligand 
was administered. However, the fraction of tissue 
Pu that is still associated with plasma and ECF at 
that time must be taken into account, if the ability 
of the ligand to remove "deposited" Pu is to be 
assessed correctly. These experiments provide a 
more reliable estimate than was available previously 
of the "deposited" fractions of Pu in mouse liver 
and skeleton at 1 hr after a Pu injection, the usual 
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time of ligand administration. The original esti
mates, 20% of the Pu in both tissues associated 
with trapped plasma, have been refined by the 
present results to 30% of liver Pu and 18% of 
skeletal Pu in contained plasma and, therefore, not 
yet "deposited." The 1-hr interval between the 
injection of Pu and the administration of a test 
ligand was chosen, somewhat arbitrarily, to provide 
enough time before ligand administration to meas
ure the amount of 238Pu injected into each mouse 
by external counting. The clearance curve in Fig. 1 
indicates that the 1-hr Pu-ligand interval has some 
additional advantages: 1) The amount of Pu in cir
culating fluids is declining sufficiently slowly that 
small errors in timing the ligand injection introduce 
only minor variations in the ligand test results 
among individual mice. 2) At 1 hr, most of the Pu 
circulating is likely to be protein bound,3•6 so the 
main criterion of ligand effectiveness becomes its 
ability to compete with Tf for the Pu. 3) A frac
tion of the Pu present in the major target organs at 
1 hr is already bound by tissue constituents, provid
ing an additional and more severe test of ligand 
effectiveness. 

If it is assumed that the fraction of 238Pu with 
the slowest clearance from circulation, 
.A3= 0.0024 min - 1, is mainly bound to Tf and that 
the fraction cleared most rapidly, .A1= 0.346 min - 1

, 

is mainly still in the form of the injected citrate 
complex,4'6 the data suggest that the Pu-binding 
moieties in the mouse skeleton db not compete 
effectively for Pu bound to Tf and that Tf may 
actively deliver Pu to the mouse liver. The deposi
tion kinetics of Pu in the mouse are almost the 
reverse of what has been found for the liver and 
skeleton of the rat, where accumulation of Pu in 
liver reached a maximum, but rather low, fraction 
of the total Pu injected, by 8 hr, while the skeleton 
continued to accumulate Pu over the entire 4-hr 
period of observation.6 The apparently conflicting 
deposition kinetics of Pu in rat and mouse suggest 
that similar studies in a variety of small laboratory 
animals with differing Pu deposition ratios, 
liver/skeleton, would be useful in elucidating the 
mechanisms underlying deposition of Pu in these 
target tissues. 

The baseline description of plutonium deposi
tion and early retention in the mouse will be com
pleted by the following studies that are planned or 
in progress: 1) addition of another 14-day Pu
injected control group, 2) measurement of the 
plasma (1251-labeled albumin) and ECF (bromide 
space) volumes of the whole body and major tis
sues of the mouse, 3) preparation of a plasma 
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238Pu clearance curve for the mouse, and 4) deter- 3. Bulman, R.A. Some aspects of the bioinor
ganic chemistry of the actinides. Coord. 
Chern. Revs. 31~ 221-250 (1980). 

mination of the degree of 238Pu ·binding to protein 
in mouse plasma as a function of postinjection 
time. · 4. Durbin, P.W. Metabolism and biological 

effects of the transplutonium elements. In 
Uranium, Plutonium, Transplutonic Elements, 
Handbook of Experimental Pharmacology, 
Volume 36 (H.C. Hodge, J.N. Stannard and 
J.B. Hursh, Eds); pp. 739-896. · Springer
Verlag, Berlin (1973). 
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NEW SEQUESTERING AGENTS FOR THE ACTINIDES: ACUTE TOXICITY AND EFFECTIVENESS 
FOR REMOVAL OF Pu FROM MICE OF DERIVATIVES OF DESFERRIOXAMINE AND OF POLY 

. (HYDROXYPYRIDINONE) LIGANDS AND THEIR FERRIC AND ZINC COMPLEXES 

Patricia W. Durbin, Nylan Jeung, Steven J. Rodgers,* David L. White,* and 
Kenneth N. Raymond* 

The purpose of this program is to provide the 
biological data needed for development of safe 
effective chemical agents for decorporation of the 
actinides and other chemically similar ions such as 
Fe(lll). We report here the results of preliminary 
screening for potency and toxicity ·of several newly 
synthesized ligands that incorporate multiple 
catechoylamide and hydroxypyddinone functional 
groups. Macromolecules containing those func
tional groups were shown previously to form highly 
stable complexes with both Pu(IV) and Fe(lll) and 
to promote significant excretion of newly injected 
Pu(IV) in mice (references 1-5 and references 
therein). 

The test of ligand potency [effectiveness for 
promoting excretion of newly injected 238Pu(IV)] in 

, mice has been described in detail.1,2 Briefly, groups 
of five mice each receive an intravenous injection 

*Materials. and Molecular Research Diyisiori, LBL 

(i.v.) of 0.2 ml of 238Pu(IV) in citrate buffer, 9250 
Bq/kg. One hour later 30 J.Lmole/kg of ligand (120 
J.Lmole/kg of monomeric ligands) is injected intra
peritoneally (i.p.) in 0.5 ml of saline. The mice are 
killed 24 hr · after the Pu injection, frozen, and 
dissected after partial thawing. The 238Pu in skele
ton, tissues, and separated excreta is determined by 
counting the 234U L x rays. 

The test of acute toxicity was devised to pro
vide rapid information with expenditure of minimal 
amounts of the· test ligands, which are initially syn
thesized in 5 to 10 g quantities. Two mice are 
each given a single i.p. injection of 100, 500, or 
1000 J.Lmole/kg of ligand dissolved in 0.5 to 1.0 ml 
of saline at pH = 7.5. Sparingly soluble ligands, 
dispersed by sonication, are given as finely divided 
suspensions. After 7 days observation, the mice are 
killed, selected tissues are removed and fixed for 
histopathological examination, and unusual findings 
at autopsy are recorded. 



The synthetic methods for the 
poly(catechoylamide) ligands have been published 
(see bibliographies in references 1, 2). Reports of 
the syntheses of . the poly(hydroxypyridinone) 
(HOPOCAM) ligands (Figs. 1 and 2, ref. 4) and the 
derivatives of Desferrioxamine (DFOM, Fig. 3) are 
in preparation by D.L. White and S.j. Rodgers. 

Results of the initial tests of potency and toxi
city of the HOPOCAM ligands are collected in 
Table 1, which also includes data for the baseline 
ligand, CaNa3-DTPA and the Pu-injected controls 
killed at 1 hr or 24 hr after injection. The HOPO
CAM group is more acidic (ionized at pH 4) and 
more facile (only one hydroxyl group must be 
deprotonated in binding) than the catechoylate 
ligands. The effect of those. changes in chemical 
properties is demonstrated by the promotion of as 
much Pu excretion· by dimeric 3-HOPOCAM and 
trimeric 3,4-HOPOCAM as by tetrameric 3,4,3-
LICAM(S) (see Table 2). The three functional 
groups of HOPO-MECAM are. attached to the alter
nating C's of a benzene ring instead of to a linear 
chain, and like its structural analogue, MECAM(S),2 

a. 

HN-(CH2)3 N-X 
I I 

O

C-0 -.')No OC,.ON-ONa 

0 '~ 0. 

Abbreviation 

a. 3-HOPOCAM 

-(CH) -NH 
2 4 I 

60 

X 

H 

that trimer was less effective for promoting Pu 
excretion than the linear form, 3,4-HOPOCAM. 
Tetrameric 3,4,3-HOPOCAM removed significantly 
more Pu from all body compartments than an 
equimolar amount of DTPA and is the first ligand 
that removes as much as 80% of newly injected Pu 
from mice at thelow dosage of 30 JLmble/kg. 

Unfortunately,' all of the HOPOCAM ligands 
were acutely · toxic at either the' :500 or 1 000 
Jlmole/kg levels. The underlying tissue lesion has 
not yet been identified, but if removal of essential . 
metals is involved the only metals expected to form 
stable HOPOCAM complexes are Zn(ll) and Fe(lll). 
Removal of Pu from mice by some Zn(ll) and Fe(lll) 
complexes was investigated. The structures of 
Zn(ll) and Fe(lll) complexes of the structurally simi
lar sulfonated ·. catechoylamides, 3-LICAM(S), 3,4-
LICAM(S), and 3,4,3-LICAM(S) have been deter
mined,6 By analogy, the structures of the HOPO
CAM complexes were assumed to be as follows: 
Znl for 3- and 3,4-HOPOCAM, Zn2L for 3,4,3-
HOPOCAM, and Fe(III)L for 3,4,3-HOPOCAM, 
3,4,3-LICAM(S), and 3,4,3-LICAM(C). The metal 

b. 

OH 
I 

c. 

CH -N-CH 
3 I 3 

O

C=O -ONa 

0 
(i~ 

Molecular formula 
and (weight) 

C17H,4NPsN~ 

(392) 

3,4-HOPOCAM 6:0N• C25H25N609N~ 
(622) 

. c. HOPO-CONMe2 

Fig. 1. 

C6H4NO.jNa 

(177) 

(XBL 8411-8085) 
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HN----'-(CH2)3-N-(CH2)4-N-'-(CH2)3-NH 
I I · 1. I 
C=b C=O C=O C=O 
I I I I 
X X X X 

Molecular formula 
Abbreviation X: 

and (weight) 

I 
C=O 

'3,4,3-LICAM(S) Nao,s~:: C3BH3aNP24S4Na4 

(1155) 

I 
C=O 

OH 

3,4,3-LICAM(C) C42H3BN4020Na4 

OH (1011) 

C=O 
/ 

ON a 

I 
C=O 

3,4,3-HOPOCAM o~ON• C34H3P12NaNa4 

(839) 

Fig. 2. (XBL 8411-8084) 
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3 II I 2 5 II 2 2 II I 2 5 , II 2.2 .II 1 2 5 
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Abbreviation 

DFOM 

desferriCAM 

desferriCAM(C) 

desferriHOPOCAM 

Fig. 3. 
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Molecular formula 
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(657) 
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(697) 

C:JJH51 N60 1:iNa 
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(XBL 8212-4269A) 

,., 



62 

Table 1. Acute toxicity of poly (hydroxypyridinone) ligands and effect un distribution and 
excretion of 238Pu in mice. a 

Percent of injected 238Pu ± S.D. at 24 hrb,c 

Tissues Excreta 

Residual 
soft Body Feces and 

Test Ligands Liver Skeleton Kidneys tissue content Urine Gl contents 

3,4,3-HOPOCAM* 8.9 ± 1.7 7.5 ± 0.7 0.2 1.6 ± 0.6 19 24. 57 
3,4-HOPOCAM* 17. ± 4.6 9.5 ± 3.5 0.6 5.6 ± 1.2 36 7.5 56 
HOPO-MECAM** 18. ± 6.3 17. ± 2.5 1.8 10. ± 1.8 46 9.6 44 
3-HOPOCAM•,d 8.7 ± 1.2 17. ± 2.8 1.4 11. ± 0.8 38 8.7 53 
HOPO-C02H 52. ± 4.6 24. ± 5.1 1.2 6.3 ± 1.6 83 7.0 9.6 
HOPO-C0Me

2 56. ± 6.3 27. ± 5.5 1.4 5.9 ± 1.2 87 4.5 8.6 

Baseline Ligand 

CaNa
3
-DTPAd 16 ± 2.8 11 ± 1.2 0.4 3.8 ± 1.5 30 70 

238Pu-injected Controls 
1-hr Controlsd 30 ± 7.4 24 ± 4.4 2.7 37 ± 7.1 94 1.1 4.8 
24-hr Controlsd 49 ± 8.3 32 ± 7.9 2.0 7.7 ± 2.0 92 4.7 4.1 

a Single or double asterisks indicate acutely toxic (50% to 100% lethality) in 7 days after a single i.p. injection of 

1000 or 500 ,umole/kg, respectively. 

b S.D. = [~ dev2 /(n - 1 )]112• Where S.D. is not shown, samples were pooled for S-mouse group. Data were nor

malized to 100% material recovery; discrepancies are due to rounding. 

c Ligand was administered (30 ,umole/kg, i.p.) at 1 hr and mice were killed at 24 hr after injection (i.v.) of 238Pu(IV) 

citrate. Dosage of monomers, HOPO-C02H and HOPO-COMe
2

, was 120 ,umole/kg. 

d Reported earlier as follows: 3-HOPOCAM3; CaNA3DTPA, 10 mice 1; 1-hr controls, 13 mice2; 24-hr controls, 94 

mice. 2 

complexes were prepared from stoichiometric mix
tures of metal and ligand, so the presence of large 
excesses of either metal or ligand are unlikely. 

As shown in Table 2, Zn(ll) complexation did 
not interfere with Pu binding by the HOPOCAM 
ligands; however, all three Zn complexes were 
acutely toxic, perhaps more so than the native 
ligands. The Fe(lll) complex of 3,4,3-HOPOCAM 
was as effective or more effective than the native 
ligand for promoting Pu removal from all the body 
compartments, and in the initial test it was not 
acutely lethal even at a dosage of 1000 J,Lmole/kg. 
The lower toxicity of the Fe(lll) complex compared 
with native 3,4,3-HOPOCAM suggests that removal 
of essential ferric iron is involved in the toxicity of 
the native HOPOCAM ligands. 

For comparison with the Fe{lll) complex of 
3,4,3-HOPOCAM, similar Fe(lll) complexes of the 
tetrameric catechoylates, 3,4,3-LICAM(S) and 3,4,3-
LICAM{C), were prepared and tested for both Pu 
removal and acute toxicity, with surprising results 
(see Table 2). Removal of Pu by the Fe(lll) com-

plexes of the catechoylate ligands was less in the 
case of 3,4,3-LICAM{C), substantially less than by 
the native ligands. The ferric catechoylamide com
plexes were acutely toxic at 500 J.Lmole/kg. The 
"blueness" of the dead mice and the presence of 
collections of "rusty" red cells in sections ·of liver 
and kidneys imply that the cause of death was for
mation of lethal amounts of methehemoglobin. 

The data from the biological testing of all the 
derivatives of Desferrioxamine B (DFOM) that have 
been prepared in this laboratory are collected in 
Table 3. Mixed ligands were prepared in which a 
CAM, CAM{C), or HOPOCAM moiety was added 
through an amide linkage to one of the terminal 
N's of DFOM (Fig. 3). This class of ligands was 
synthesized to learn whether the presence of a 
fourth and more powerful metal-binding group 
would increase the rate at which DFO can remove 
i~on from ferritin and transferrin. DesferriCAM(C) 
removed Fe(lll) from Tf 60 to 100 times faster than 
native DFOM. 7 Sparingly soluble DesferriCAM pro
moted little excess Pu excretion. Addition of the 
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Table 2. Acute toxicity ofiron and zinc complexes of poly (hydroxypyridinone) .and poly (catechoylamide) ligands 
,.and effect on distribution and excretion of 238Pu in mice.• 

Percent of injected 238Pu ± S.D. at 24 hrb,c 

Tissues Excreta 

Residual 
soft Body Feces and 

Test Ligands Liver Skeleton Kidneys tissue content Urine Gl contents 

Iron Complexes 

3,4,3-HOPOCAM-Fe 5.1 ± 2.2 6.0 ± 0.5 0.1 2.3 ± 0.5 13 19 68 
3,4,3-LICAM(C)-Fe** 21. ± 3.3 10. ± 1.0 3.5 11. ± 0.8 46 47 7.2 
3,4,3-LICAM(S)-Fe** 20. ± 3.3 12. ± 1.4 2.4 6.6 ± 0.8 41 57 1.8 

Zinc Complexes 

3,4,3-HOPOCAM-Zn** 4.0 ± 0.8 9.6 ±·0.6 0.3 2.4 ± 0.6 16 21 63 
3,4-HOPOCAM-Zn** 13. ± 3.8 12. :± 2.2 3.1 5.1 ± 1.4 34 14 52 
3-HOPOCAM-Zn** 5.5 ± 0.8 16. ± 2.4 0.4 J2. ± 2.6 35 5.2 60 

Native Ligands 

3,4,3-HOPOCAM* 8.9 ± 1.7 7.5 ± 0.7 0.2 1.6 ± 0.6 19 24 57 
3,4,3-LICAM(C)d 11. ± 5.3 i 1. ± 2.8 2.4 4.6 ± 2.3 . 28 48 25 
3,4,3,-LICAM(S)d 25. ± 5.3 6.6 ± 1.0 0.9 3.1 ± 0.5 36 62 2.4 

a Single or double asterisks indicate acutely toxic {50% to 100% lethality) in 7 days after a single i.p. injection of· 

1000 or 500 limole/kg, respectively. 

b S.D = [2: dev2 /(n - 1)]112• Where S.D. is not shown, samples were pooled for S-mouse group. Data were nor

malized to 1 OO'Vo material recovery; discrepancies are due to rounding. 

c Ligand was administered {30 ~tmole/kg, i.p.) at 1 hr and mice were killed at 24 hr after injection (i.v.) of 238Pu(IV) 

citrate. 

d Previously published data for three or four replicate S-mouse groups 1. 

Table 3. Effect of derivatives of desferrioxamine (DFOM) on distribution and excretion of 238Pu in mice. 

Percent of injected 238Pu ± S.D. at 24 hr"·b 

Tissues Excreta 

Residual 
soft Body Feces and 

Test Ligands Liver Skeleton Kidneys tissue content Urine Gl contents 

DFO-HOPOCAM 4.6 ± 1.2 7.4 ± 0.8 0.3 1.7 ± 0.3 14 40 46. 
DFO-CAM(C)c ll. ± 2.0 13. ± 1.2 0.9 3.0 ± 0.4 27 28 45 
DFO-CAMc 43. ± 3.7 31. ± 2.3 3.1 8.6 ± 2.2 86 7.5 6.5 

Baseline ligand 

DFQMC 19 ± 13 20 ± 11 1.8 4.5 ± 1.4 46 40 15 

a S.D = [2: dev2 /(n 1)]112
. Where S.D. is not shown, samples were pooled for S-mouse group. Data were nor-

malized to 100% material recovery; discrepancies are due to rounding. 

b Ligand was administered (30 ~tmole/kg, i.p.) at 1 hr and mice were killed at 24 hr after injection (i.v.) of 238Pu(IV) 

citrate. Dosage of DFOM was 50 ~tmole/kg. 
c ·Previously published data3. 



solubilizing carboxyl group to the catechoyl moiety 
yielded a potent Pu removal agent, DesferriCAM(C), 
that elicited excretion of 73% of the injected Pu, 
significantly more than a slightly larger dosage of 
native DFOM. Substitution of the acidic HOPO
CAM group produced the most effective Pu remo
val agent of which .we are aware-86% of newly 
injected Pu excreted in 24 hr. None of the DFOM 
derivatives is acutely toxic at 1000 JLmole/kg, mak
ing them strong candidates for further investigation. 
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SECTION 4. RADIOBIOPHYSICS 

INTRODUCTION 

The investigative use of accelerated heavy-ion 
beams for cancer therapy seemed a distant objec
tive in 1967 when the scientific rationale was 
presented. As the first three reports by Castro, 
Saunders, and Chen show, heavy-ion therapy is 
very much a reality today, and about 150 patients 
with a variety of advanced cancers are receiving 
investigative therapy at the Bevalac in the current 
year. The beneficial effects observed during the last 
four years in the treatment of sarcomas adjacent to 
the spinal cord are of particular importance, 
because many of thes~ tumors cannot be surgically 
excised or successfully treated by conventional 
radiation. Excellent results have also been 
achieved in the particle treatment of melanomas of 
the choroid of the retina. 

The localization of treatment beams in some of 
these tumors is an exceedingly delicate task 
because the spinal cord must not be injured. In 
November 1984, Chatterjee et al. succeeded, for 
the first time, in using a special radioactive beam of 
,neon-19 particles in two patients to determine the 
exact depth of penetration of the therapy beam 
with a specially constructed gamma-ray camera 
(PEBA). The technology of the production and 
measurement of radioactive beams has been under 
study since 1971, when we first discovered how to 
produce such particles. It is likely that in the future 
radioactive beams will have unique roles, not only 
in therapy but also in diagnostic nuclear medicine. 

There is an intensive effort under way in our 
laboratory to study the properties of human and of 
other mammalian cells in culture by synchronizing 
their progress through various stages of cell divi
sion. There are two phases in which tumor cells are 
particularly resistant to x rays: in the S phase when 
new DNA is synthesized, and in the G1 or inter
phase. Eleanor Blakely has demonstrated that slow 
neon ions abolish the radioresistance in G1 phase. 
It appears that certain antioxidant enzymes are syn
thesized early in G1 and reduce the injury pro
duced by low-LET radiation; however, high-LET 
neon produces greater injury and the cells lack 
effectiveness to repair these injuries. 

We are also analyzing DNA repair during the 
period when it replicates in cells. Michael Yezzi, in 
research that is to form part of his Ph.D. thesis in 
biophysics, has shown that $-phase repair requires 

protein synthesis that is somehow coupled with 
DNA replication. When protein synthesis is 
impeded in temperature-sensitive mutants for a 
period of time, more than normal amounts of DNA 
are synthesized. A similar process seems to occur 
in certain human tumors; as these grow larger and 
more invasive, the cells have more and more DNA 
and extra chromosomal material. It is possible that 
the process is gene amplification, which has been 
shown earlier to occur in response to chemothera
peutic agents but not after ionizing radiation. 

There is a close relationship between the repair 
of radiolesions and the norrnal genetic recombina
tion process. This subject has been much studied 
in our laboratory by Robert Mortimer, who used 
one of the simplest known eukaryotes, the yeast 
Saccharomyces cerevisiae. Several recombination 
repair mutants have been isolated, and 'two of 
these, RAD52 and RAD54, have been cloned in 
bacterial and yeast plasmids. In mammalian cells, 
the genetics of repair is still in its infancy; we do 
not have stable haploid and diploid cells lines as in 
yeast, and we cannot accomplish the genetic cycle 
involving mating, vegetative proliferation, genetic 
recombination, meiosis, and analysis in the same 
manner as is possible with yeast. However, there is 
a belief that some of the most fundamental cellular 
processes, such as DNA transcription, protein syn
thesis, DNA replication, and recombination are per
formed by very similar molecular steps in all 
eukaryotes. Therefore, there should be an overlap 
in the structures of genes that regulates these 
processes in yeast and in man. We know, in fact, 
from very recent research that at least two of the 
human oncogenes (myc and ras) have similar cod
ing patterns to some of the yeast CDC genes. 
James Schmidt et al. used a labeled and cloned 
RAD54 gene and showed that the DNA of rat cells 
normally have complementary sequences to 
RAD54. It remains to be proven that the mam
malian counterpart of RAD54 also has a repair func
tion. 

Most of mammalian cell radiobiology was 
developed with cultured fibroblast cells. 
Tracy Yang gives an account of efforts to obtain de 
novo cultured epithelial cells from human beings 
and his initial studies of the responses of mammary 
carcinoma cells and normal cells to ionizing radia-



tion. It appears that in carcinoma cells, the enzy
matic repair apparatus has been somehow 
activated. 

An exciting collaboration is in progress between 
members of our laboratory and the staff of the Ger
man GSI Laboratories (Gesellschaft fUr 
Schwereionenforschung, Darmstadt). For the first 
time, the joint groups have obtained quantitative 
data on the effects of accelerated ions across the 
periodic table, including those effects due to 
accelerated uranium ions. There are some very 
marked effects due to the heaviest ions; in some 
cases, a single heavy particle is able to create a ver
itable shower of chromosome aberrations in a sin
gle cell. Yang has demonstrated that even the 
heaviest ions can transform normal cells to cancer 
cells. 

Under the direction of Edward Alpen, there is 
vigorous . research on the effects of heavy 
accelerated ions on normal mammalian tissues. 
This work is of particular importance to the therapy 
effort, because it has yielded data on the radiation 
tolerance of normal tissues. Most of the therapy is 
performed by administering a protracted dose 
schedule. The group has analyzed the recovery of 
jejunal crypt cells in a protracted schedule. 
Javed Afzal has traced the protective effects of an 
important compound, WR 2721, on the colony
forming units of mouse bone marrow. 

There are many technical difficulties associated 
with the assay of radiation effects in vivo. Rodri
guez et al. grow tumor cells in vitro into cell 
spheroids and analyze the behavior of the entire 
population with respect to radiation injury. Some 
of the cells in the interior of the spheroids are non
cycling. Since tumors in vivo also have noncycling 

·cells, we must understand the factors that control 
progression in the cell division cycle. 

Stanley Curtis and group are using a rhab
domyosarcoma tumor model system to analyze the 
kinetic effects of heavy-ion irradiation. They 
present a study of potential lethal 9amage repair in 
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vitro and in in vivo and demonstrate that neon ions 
reduce the capacity for such repair. Curtis has also 
developed a mathematical model, the LPL model 
(LPL = Lethal Potentially Lethal), that is suitable for 
the quantitative treatment of such data. 

There is much interest in the consequences of 
heavy-ion radiation at · the subcellular level. 
Heavy-ion radiation often produces chromosome 
deletions, and the deleted genetic material can 
form so-called micronuclei. Michael Nuesse, a visi
tor from the Johann Wolfgang Goethe University in 
West Germany, analyzed the quantity of micronu
clei in cells exposed previously to heavy ions and 
showed that the quantity of the micronuclei corre
late with other deleterious effects. There is much 
interest in the future adaptation of this type of 
approach for prospective assays of the therapeutic 
efficacy of heavy ions in individual patients. 

The Laboratory also generates information of 
interest to space science. It is of paramount 
interest to know whether or not the heavy-ion 
component of space radiation represents a hazard 
in long-term space flight. Tracy Yang demonstrates 
that heavy ions can cause petechial hemorrhages in 
the brain of the newborn. Further research is 
necessary to establish the relationship of these find
ings to the importance of vascular damage in the 
adult. 

Heavy-ion bioscience must be established at a 
quantitative level; there are four brief contributions 
that report on fragmentation, energy deposition, 
and scattering in the pathways of heavy ions. The 
increasing knowledge of the physics and chemistry 
of track structure has also allowed the development 
of a theoretical approach to the quantitation of 
DNA-strand breaks (Aloke Chatterjee and John 
Magee). 

This series of articles is completed by a contri
bution from Professor Howard Mel and his group 
on the biophysics of the membranes of red blood 
cells, particularly as it relates to the phenomenon of 
osmotic fragility. 
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HEAVY-CHARGED-PARTICLE IRRADIATION OF PHASE I AND II PATIENTS AT THE 
BEVALAC 

Joseph R. Castro, William M. Saunders, George T. Y. Chen, J. Michael Collier, 
Sandra R. Zink, Sam Pitluck, * Masahiro Endo, Kay H. Woodruff, Grant E. Gauger, 
Mary Austin-Seymour, Gunther Gademann, Theodore L. Phillips, 
Byron W. Brown,t John Hannigan,t Denise Capra-Young, Robert E. Walton,* and 
Jacquelyn J. ller 

We are now in our ninth year of continuing 
National Cancer Institute and Department of Energy 
support for the study of heavy-charged-particle 
radiotherapy in the treatment of human cancer. As 
of September 30, 1984, 720 patients have been 
treated with charged particles. 

Current heavy-charged-particle protocols are 
ongoing for the following tumor sites: 

Localized squamous LBL-NCOG 3E81 
carcinoma of the /RTOG 79-09 
esophagus, nonrandomized 
(helium and heavy ions) 

Phase 1-Phase II 
study of miscellaneous 
locally advanced 
tumor, nonrandomized 
(helium and heavy ions) 

LBL-NCOG OR81 
/RTOG 79-11 

In addition to the above, Phase Ill protocols are 
under development for locally advanced carcinoma 
of the lung and prostate and should be ready for 
patient accrual early in 1985. 

The majority of our patients are referred from 
members of the Northern California Oncology 
Group and the Radiation Therapy Oncology Group, 
who together provide the clinical trial support ser
vices for protocol design, patient accrual, statistical 
services, data collection, and analysis. 

PHASE 1-11 STUDIES, OTHER SITES 

Patients entered in this study are treated with 
helium, carbon, neon, and silicon heavy particles as 

*Engineering and Technical Services Division (Electronics R&D), 
LBL. 

tNorthern California Oncology Group, Palo Alto, California. 

tEngineering and Technical Services Division (Mechanical Tech" 
nology), LBL. 

part of Phase 1-11 trials of the following target sites: 
RBE studies (skin and subcutaneous metastases) 

Malignant glioma of the brain 
Locally advanced carcinoma of the 

pancreas, biliary tract, and stomach 
Selected, advanced head-and neck tumors 
Locally advanced soft tissue sarcomata 
Locally advanced carcinoma of the lung 
Locally advanced carcinoma of the prostate 

Most of the required Phase 1-11 studies for these 
sites have been completed for neon particles, 
although much remains to be accumulated for sili
con ions. Several significant changes in beam 
delivery techniques will also be in place shortly, 
including the use of the local injector rather than 
the Superhilac to provide beams ranging from 
helium to silicon and the introduction of magneti
cally spread beams to obtain larger fields with less 
fragmentation secondary to scattering foils. 

Some of the sites likely to proceed to Phase Ill 
trials with neon ions are summarized below: 

CARCINOMA OF THE LUNG 

A Phase I study of the use of heavy charged 
particles in the treatment of advanced uoresectable 
cancer of the lung has accrued 12 patients, of 
whom 9 have received doses greater than 55 
Gray-equivalents. Toxicity has been acceptable, 
with one patient developing significant radiation 
pneumonitis. Most patients have been treated 
within the last 15 months so that evaluation for sur
vival and response would be premature. Improved 
local and regional control could reduce the local 
failure rate with standard irradiation from 40-50% 
to 20% and lengthen the survival. If so, this would 
be a significant advance in a disease that kills 
100,000 Americans each year. 

ADVANCED HEAD AND NECK TUMORS 

Thirty-eight patients with locally advanced head 
and neck tumors including the upper aero-digestive 



tract, paranasal sinuses, salivary gland, thyroid, and 
neck have been irradiated, all or in part with neon, 
silicon, and carbon heavy charged particles. Fifteen 
of these patients have local control in the irradiated 
area although survival ranges from only 2 to 23 
months with a median of 7 months (see Table 1 ). 

Toxicity has been within acceptable limits with 
typical radiation skin and mucosal reactions. One 
patient who was treated with helium and neon ions 
for a pharyngeal wall carcinoma expired without 
tumor because of a persistent pharyngeal ulcera
tion. 

Our experience with head and neck tumors 
needs to be augmented by further Phase I studies 
with silicon ions because they may be. potentially 
more effective than neon or carbon ions. Heavy
ion treatment of head and neck tumors appears to 
be a potentially fruitful area, possibly augmented by 
combination with other modalities such as 
chemotherapy, hypoxic cell sensitizers, or local 
heat treatment. Preclinical studies of the effects of 
combined chemotherapy and heavY charged parti
cles are under consideration as this might be con
sidered for study in a future Phase Ill trial. 

GLIOMA OF BRAIN 

Thirty~three patients with malignant glioma of 
the brain have been irradiated through june 1, 
1983 with heavy particles (see Table 2). Seventeen 
patients had glioblastoma, while 16 had anaplastic 
astrocytoma (11 patients) or lciwer grade tumors (5 
patients). About half of these patients have 
received boost therapy with heavy charged particles 
after x-ray therapy to 4500-5000 rads. The other 
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Table 7. Heavy-charged-particle radiation therapy 
of head and neck tumors (minimum: 40 Gray-equivalent). 

Ions: 

Sites: 

Carbon 
Silicon 
Neon 

Oral cavity and 
oropharynx 

Nasopharynx 
Hypopharynx 
Paranasal sinuses 
Salivary glands 
Skin, neck, thyroid, 

or trachea 

Local control: 15/38 

Median survial: 7 months 

No. of 

patients 

4 
3 

31 

13 
4 
2 
7 
5 

7 

patients have received all of their treatment with 
neon ions. For those receiving all of their therapy 
with neon, the initial dose selected was intention
ally low for patient safety (48 GyE/16 fractions/28 
days). The dose has been escalated to 54 GyE in 
16 fractions and most recently to 60 GyE in 16 frac
tions. The median survival in the glioblastoma 
group is 13.9 months, while in the anaplastic astro
cytoma patients it is 7.6 months. Most patients 
have died with tumor persistence except for two 
(one treated with · helium, one with neon) who 
appeared to have no tumor at autopsy. Continued 

Table 2. Results of heavy-charged-particle treatment 
of malignant glioma of the brain. 

Histology 

Primary: 

Glioblastoma 

Anaplastic 
astrocytoma 

Lower-grade 
astrocytoma 

No. of 
patients 

17 

11 

5 

Status 

Alive: 2 at 14, 15 mo. 
Dead: 15 (2 tumor) 
(13 local failure) 

Alive: 2 at 39, 67 mo. 
Dead: 9 (all local failure) 

Alive: at 24, 34, 5 mo. 
Dead: 2 (both local failure) 

Median Survival 

13.9 mo. 

7.6 mo. 

24 mo. 
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patient accrual at the higher dose levels is planned 
with neon particles. Some thought should be given 
to combining particles with chemotherapy in the 
future and to trying silicon particles at a later date. ' 

CARCINOMA OF PANCREAS, BILIARY TRACT, 
STOMACH 

A Phase I trial of 27 patients with locally 
advanced carcinoma of the pancreas has combined 
neon particle irradiation with multidrug chemoth
erapy consisting of 5FU, Adriamycin + Mitomycin C 
(FAM). About half of these patients have received 
one cycle of FAM prior to beginning neon particle 
radiation therapy (xrt) and then continued with one 
or more cycles of FAM postradiotherapy. The oth
ers received 5FU with radiotherapy and FAM pos
tradiation. The doses and number of cycles have 
varied d~pending on patient tolerance and physi
ciim preference. Doses of heavy charged particles 
have ranged from 50-60 Gray-equivalent in 16-20 
fractions. Two patients with carcinoma of the 
biliary tract and seven patients with carcinoma of 
the stomach have received heavy-charged-particle 
radiation combined with FAM chemotherapy. 

Of these 36 patients, 9 have had serious Gl 
toxicity with gastritis, ulcer, or hemorrhage. One 
patient with gastric cancer and one with biliary tract 
cancer have had severe gastric injury resulting in or 
significantly contributing to the patients' demise. 
Thus the serious combined toxicity rate is 25%. In 
this Phase I study, the local control results and 
median follow up in the patients with carcinoma of 

the pancreas rece1vmg FAM plus neon heavy
charged-particle irradiation do not appear improved 
over patients treated earlier with helium, carbon, or 
neon particles alone or with 5FU chemotherapy. In 
the gastric cancer patients, those· receiving FAM 
had a median survival of 11 months with local con
trol in 3 of 7, while those not receiving FAM had a 
median survival of 6 months with local control in 3 
of 16. 

As the local control rate and median survival in 
the Phase I FAM/neon heavy-charged-particle pan
creas study does not appear improved from previ~ 
ous treatment groups, we plan a new approach in 
an attempt to improve chemotherapeutic treatment 
of occult metastases and perhaps to improve local 
control. This Phase I study will combine heavy
charged-particle irradiation and external pump
infused 5FU or 5FUDR, as discussed at the recent 
Northern California Oncology Group meeting. 

We have now treated over 150 patients with 
locally advanced carcinoma of the pancreas, reflect
ing the rising incidence of this disease and the diffi
culty in finding effective therapy for it. Our results 
are summarized in Table 3 and are commensurate 
with those reported for other therapies, which are 
often compared to some selected smaller tumors 
that can be resected surgically or treated with 
intraoperative irradiation or implantation of radioac
tive seeds. However, improved local control and 
control of metastases is needed before truly effec
tive therapy can be found. For all forms of surgery 
or irradiation there remains also about a 20% 

Table 3. Results in heavy~charged-ion irradiation of 717 patients 
with carcinoma of the pancreas (June 1, 7915 through June 1, 1983}. 

Minimum dose was 40 GyE; minimum follow up was one year. 

No. of Median 
Treatment patients follow up (yr) 

Helium only 71 7.7 
Helium + x ray 9 7.6 
Heavy ions (C,Ne) 31 8.0 

(Neon + FAM· 23) 9.0 

All treatments 111 7.7 

Local control 14 (12%) 
DM 73 (65%} 
Serious Gl complication 25 (22%) 
Fatal compli<;ation 4 ( 3%) 

(2 chemo/XRT) 
(2 XRT) 



incidence of severe complications, also noted in 
our treated patients. 

CARCINOMA OF THE ESOPHAGUS 

The accrual rate for this protocol has slowed 
considerably, and we are now considering closing 
it. Thirty-three patients have been accrued, 23 in 
the helium-ion group and 10 in the neon-treated 
group. In the helium-ion group, the local failure 
rate was 82% and the median survival was 9 
months. For the 1 0 patients who received some or 
all of their treatment with neon particles, the local 
failure rate is 60% with a median survival of 8 
months. There has not been any patient as yet 
who has survived for two years, although one 
patient treated for early disease has no evidence of 
disease at 21 months posttreatment. The success 
of combined neon treatment and chemotherapy in 
one patient with both local and metastatic disease 
suggests that a new Phase I study be considered 
consisting of combination chemotherapy or a radia
tion sensitizer plus heavy-charged-particle radioth
erapy. Heavy-charged-particle therapy alone is lim
ited by the radiation tolerance of the esophagus, 
which does not appear to permit the necessary 
dose that would control esophageal cancer. 
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RBE AND OTHER PHASE I STUDIES 

Silicon RBE studies for patients with advanced 
disease in skin, subcutaneous tissues, or lymph 
nodes have been started. In three patients such 
comparative studies have shown the RBE for early 
skin reactions (4-6 weeks post-xrt) to be about 2 
relative to megavoltage x rays. However two 
patients show what appears to be an enhanced 
reaction at three months posttreatment. The 
patients' skin receiving silicon xrt varied as to LET 
of the beam at the skin surface, confirming that 
very careful further studies of skin (and other tissue) 
response will be needed before a clinical trial can 
be appropriately designed for silicon irradiation. 
Further patients with skin, subcutaneous, or pul
monary metastases who are suitable will be irradi
ated with silicon for such studies. 

We also continue to pilot studies in patients 
with locally advanced carcinoma of the prostate, 
soft tissue, and bone sarcoma. Addition of heavy 
charged particles should offer improved local and 
regional control and has supporting data from neu
tron and proton studies to strengthen its rationale. 
Our limited patient accrual suggests the value of 
irradiating these sites and will be continued to 
develop the data needed to begin Phase Ill clinical 
trials in the future. 

PRECISION HIGH-DOSE RADIOTHERAPY WITH HELIUM-ION BEAMS: TREATMENT OF 
MALIGNANT TUMORS IN HUMANS 

William S. Saunders, Joseph R. Castro, Mary Austin-Seymour, George T. Y. Chen, 
]. Michael Collier, Sandra R. Zink, Denise Capra-Young, Samuel Pitluck,* 
Robert E. Walton, t Charles R. Pascale,* Leal L. Kanstein, :j: and 
Frederick W. Yeater+ 

Since the Lawrence Berkeley Laboratory/ 
University of California San Francisco cancer 
radiotherapy program began in 1975, 446 patients 
have had most or all of a course of radiotherapy 
given with the helium-ion beam at the LBL 184-
lnch Synchrocyclotron. To date, we have obtained 
the best results in tumors that otherwise could be 

*Engineering & Technical Services Div. (Electronic R&D), LBL. 

tEngineering & Technical Services Div. (Mechani~al Technology), 
LBL. 

*Accelerator & Fusion Research Div. (Accel. Operations), LBL. 

satisfactorily treated with conventional radiation 
therapy beams (e.g., gamma rays or x rays), except 
that they are located close to critical, radiation
sensitive organs such as the spinal cord. If a tumor 
requires a high radiation dose to give an acceptable 
cure rate, and it is near a critical structure that 
would be damaged at a much lower dose, it often 
is impossible to find a satisfactory treatment plan 
using conventional radiotherapy beams. By exploit
ing the Bragg peak and the sharp penumbra of the 
helium-iqn beam, we have been able to plan and 
deliver satisfactory treatments in many such cases. 
This requires very careful tumor localization, treat
ment planning, patient immobilization, and verifica
tion of treatment parameters. 



Perhaps the best example of this type of treat
ment is that for the treatment of malignant 
melanoma of the eye~ We have treated 181 such 
patients, 46 in the last 12 months. We continue to 
have very encouraging results in this gro.up. Only 
eight pati'ents have had a recurrence oftheir. tumor, 
and in all eight a second treatment, usually removal 
of the eye, has apparently cured the tumor. We 
have generally been able to ·preserve the pretreat
ment visual acuity as long as the edge of the tumor 
is at 1east 3-4 mm away·· from the optic disc or 
macula. · 

We have used four different tumor doses since 
this program was begun. The first 20 patients 
received 70 GyE (Gray-equivalent); the dose was 
then raised to 80 GyE for the next 69 patients. The 
group of patients treated with 80 GyE began to 
develop an unacceptable incidence of glaucoma in 
the treated eye (19 of 69 to date or 28%), so the 
dose was then decreased to 60 GyE. So far, 4 of 
61 patients (or 7%) in the 60-GyE group have 
developed glaucoma. We have now started treat
ing patients with a dose of 70 GyE, with a goal of 
having approximately equal numbers of patients 
treated at 60, 70, and 80 GyE by mid-1985. This 
will allow us to select a dose that will maximize the 
tumor control rate, while keeping complications at 
an acceptable level. Finally, a group of 19 patients 
with tumor directly involving the fovea have been 
treated with a dose of 50 GyE in an attempt to 
minimize visual deterioration secondary to radiation 
effects on the fovea and/or the optic disk. We 
have not followed this group long enough to assess 
whether vision is being spared at this dose. 
Table 1 summarizes our results to date for helium
ion radiotherapy of melanoma of the eye. 
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We have also had good results in treating 
tumors at critical locations other than the eye. We 
are particularly optimistic about a group of patients· . 
with tumors adjacent to the base of the brain, brain 
stem, or spinal cord. We have treated 19 patients 
to date with chordomas, chondrosarcomas, or men
ingiomas in those locations. The location of these 
tumors very close to critical radiation-sensitive cen-

Table 1. Helium ion radiotherapy of melanoma of the eye: 
summary of results to date. 

Dose No. of 
(GyE) patients Recurrences Glaucoma 

so 19 0 0 

60 61 2" 4 

70 32 3b 1b 

80 69 3 19 

• Both failures at 60 GyE have been reirradiated with an 

additional .60 GyE, and are doing well with less than 

six-months followup. 

b One patient failed after 70 GyE, was rei~radiated with 

another 70 GyE, and subsequently developed glaucoma. 

tral nervous system structures severly limits the 
radiation dose that could be given safely with con
ventional radiotherapy beams. By using techniques 
similar to those described for treating uveal melano
mas, we have been able to deliver doses ;ranging 
from 60-80 GyE to the tumors, while keeping the 
dose to the nearby critical tissues at acceptable low 
levels. Figures 1 and 2 show the treatment plan 
developed for one of these patients. The patient 
had a meningioma 1 cin in diameter that was very 
close to the brain stem. The treatments were 
delivered with opposed lateral and posterior
oblique fields. By exploiting the Bragg peak and 
sharp penumbra of the beam, we were able to 
deliver a dose of 74 GyE to the tumor volume, 
while keeping the nearby brainstem at a safe dose. 
The patient is alive and well two years after this 
treatment with no sign of recurrent tumor. These 
19 patients have been followed from 2 to 75 
months after their treatment at LBL, with ail aver
age follow-up of 22 months. To date, only four 
have had a recurrence of their tumors. There have 
been no major complications beyond those 
reported in our last annual report. 1 
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Fig. 1. Treatment plan for patient with meningioma 1 em in 
diameter ~ituated very close to _the brain stem. 

(XBL 849-3670) 

In summary;-" we have demonstrated a substan
tial cli'nical advantage for helium-ion radiotherapy 
over conventional radiotherapy . for· . caref~,~lly 
selected - patients wifh · tumors near critical 

. radiation-sensitive str~ctures. We are continuing to 
refine· our techniques · and anticipate· treating 
increasing numbers 6f such patients in the fUture.· 

. ' . 
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Fig. 2. Details of tteatment plan for same patient (Fig._ 1). The 
numbers refer to percentages of total 'dose deiivered. 

. . . . . . . (XBL B4!P611) 
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!he Radiotherapy Physics Group is. ir:wolved . iri .. 
research and development related to:'the technical 
aspects of charged particle radiotherapy, such as 
the development of treatment planning programs 

·and dosimetry techniques'- It also -provides clinical 
physics for patients undergoing heavy-ion radioth-

.. erapy. ·. In addition to the full time LBL staff 
members, 'we are pleased to have had Dr. Masahiro 
Endo from the National Institute of Radiological Sci~ 
ences join us for one year as a visiting scholar .. D.r. 
Endo has worked on a number of projects; includ
ing; compu_terization of aspects of dosimetry, gen
eration of 'digitally reconstructed radiographs from 

CT ·data, and · algori~hms. for no·ncoplanar treatment 
pianning. Highlights from · the group effort .are 
described in detail below. · 

COMPUTER GRAPHICS 

A clear understanding of the geometric relation
ships in three dimensions is of value in determining 
the appropriate beam entry angle to achieve ade
quate tumor cov.erage with minimal normal tissue 
irradiation. Computer graphics ~an be used to pro
vide the physician with visual cues to appreciate 
geometric ·relationships. 



We have adapted MOVIEBYU, a computer 
graphics package developed at Brigham Young 
University, to provide display capabilities useful for 
radiation therapy treatment planning. Contours 
defined on axial planes of CT or NMR data are 
displayed in wire frame format or shaded smoothed 
surface format. Figure 1 shows a pancreatic target 
volume with kidneys from a number of perspec
tives. The structures may be rotated interactively 
(which takes about one minute) and used to optim
ize beam entry angle. 

An additional application developed with 
MOVIEBYU tools is the transfer of anatomical struc
tures from one imaging study to another. This capa
bility is essential in the integration of magnetic 
resonance imaging (MRI) into treatment planning. 
The Research Medicine Group is installing a 0.5-
T superconducting magnetic resonance imager at 
the Laboratory, and this unit will be available for 
radiotherapy studies. MRI is particularly valuable in 
assessing CNS pathology. Its superior sensitivity 
provides discrimination of tumor relative to adja
cent normal brain. However, MRI numbers are 
unrelated to electron density, the parameter 
governing range penetration. We are developing a 
technique that combines both imaging modalities 

73 

for charged particle planning. For example, one 
may obtain a sagittal MRI study of a base-of-skull 
tumor but wish to see this volume on an axial x-ray 
CT study. The technique developed involves 1) 
defining the tumor on the initial MRI study, 2) gen
erating its surface through tiling, 3) determining the 
transformation from the first to the second study 
through the use of fiducial marks visible in both 
studies, 4) applying this transformation to the object 
of interest, 5) sectioning the object along the planes 
of the second study, and 6) reconstructing the con
tours in the axial planes of the latter study. Experi
ments with phantoms show that this transfer of 
structures may be performed to within about 2 mm. 
Figure 2 shows treatment plans based on CT data 
mapped back to an MRI study. 

TREATMENT PLANNING STUDIES 

Alternative treatment plans were investigated by 
calculating and analyzing three-dimensional dose 
distributions. Heavy-ion radiotherapy offers poten
tial advantages through superior dose localization 
capabilities and enhanced biological effects. This 
study compares a variety of treatment plans for car
cinoma of the esophagus using heavy ions and 18-

Fig. 1. (Left) Shaded surface representation of a pancreatic target volume and adjacent kidneys. (Right) Wire
frame format from AP, PA, right and left lateral beam's-eye view. (a)CBB 849-7790)(1eft) 

(b)CBB 849-77 97 )(right) 
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Fig. 2. (Left) Representative target volume defined on MRI study. (Right) Target is transferred to CT image, and 
dose distribution superimposed. (CBB 840-9176A} 

MV photons. The relative merit of these plans is 
determined by examining dose in three dimensions 
as a function of volume for each of the critical 
structures at risk: lung, heart, mediastinum, and 
spinal cord. 

Effective dose in Gray-equivalent units (GyE) for 
neon and helium was compared with 18-MV pho
ton dose distributions. A total dose of 45 GyE is 
delivered to a large target, followed by a cone
down field to a total tumor dose of approximately 
70 GyE. Spread Bragg peaks of 8 and 6 em were 
used to cover the large and cone-down field con
tours, respectively, for the charged particle calcula
tions . All ports were fully compensated to stop the 
beam at the distal edge of the target volume on 
each CT slice for that port. Apertures were 
designed from the maximum projection of the tar
gets for that port for all calculations. The photon 
calculations used the Milan and Bentley algorithm 
modified for pixel-by-pixel inhomogeneity correc
tions. lsocentric arrangements of multiple 18-MV 
photon beams were used . 

Four treatment plans were investigated using 
three-field and four-field ports. Two sets of weight
ings for each portal arrangement explored the 
relative distribution of dose to the mediastinum and 
lung. The " A" calculations tend to distribute dose 
equally between mediastinum and lung, while the 
" B" calculations reduce the total lung in the radia
tion field . The three-field plans included an ante
rior port (AP) with two posterior obliques (RPO and 
LPO) placed symmetrically on either side of the 

vertebral body 30 degrees posterior to opposed 
laterals. The number of treatments for each port 
was as follows : 

A calculations: 
Large field AP:LPO:RPO= 
Cone-down 

B calculations: 
Large field 
Cone-down 

8:6:6 
3:4:4 

11 :5:4 
0:5:6 

The four-field treatment plans employed an 
anterior /posterior (AP / PA) pair with opposed 
laterals (LL/RL). The number of treatments for each 
port was as follows: 

A calculations: 
Large field AP:LPO:RPO= 
Cone-down 

B calculations: 
Large field 
Cone-down 

5:5:5 :5 
3:2 :3:3 

8:7:3:2 
0:0:5:6 

Dose distributions for all three radiation modali
ties are illustrated in Fig. 3 for the three-field A and 
four-field B calculations for a centrall y located CT 
slice. The fragmentation tail characteristic of neon 
beams increases the exit dose when compared with 
helium. Integral dose volume histograms for the 
critical structures of lung, heart, mediastinum, and 
spinal cord for the four-field B calculations are 
shown in Fig. 4. These histograms show the 
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4-Field B: Helium 4-Field B: Neon 

4-Field B: 18-MV Photons 3-Field A: Helium 

3-Field A: Neon 3-Field A: 18-MV Photons 

Fig. 3. Dose distributions for esophagus treatment planning study including the 4-field 8 (A: helium; 8: neon; C: 
18-MV photons) calculation and the 3-field A (0: helium; E: neon; F: 18-MV photons). The two calculations 
represent different treatment plans. (X8L 840-9510) 

volume fraction rece1vrng a dose in excess of a 
specific level for a given structure. 

By tabulating in Table 1 the minimum dose at 
which 50% of the total volume of the organ is irra
diated, the results of the calculations can be corre
lated with complication probabilities . Generally 
accepted values 1 ' 2 for the tolerance of the organs 

are based on a 5% complication rate in 5 years. 
These tolerance values are: lung (30-40 Gy), heart 
(45-50 Gy), mediastinum (55 Gy), and spinal cord 
(45 Gy). Spinal-cord RBE factors for helium and 
neon are differentially greater than the RBE used for 
other structures and correspond to 4.5 for neon and 
1.8 for helium. 
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Fig. 4. Dose volume histograms for critical structures at risk in esophagus irradiation. 

As Table 1 illustrates, helium and neon treat
ments consistently deliver less dose to the critical 
structures in all plans. The four-field B plan 
delivers the least dose to the lungs, while remaining 
within the tolerance of the mediastinum, heart, and 
spinal cord . This plan uses the smaller cone-down 
ports for as much of the lung field as possible, con
sistent with the tolerance dose of the spinal cord. 
Irradiation with either helium or neon ions using 
this plan reduces the dose delivered to the heart 
and lungs by approximately 50%, when compared 
with that delivered by the 18-MV photon plan. 

(A. XBL 8411-6410) (C. XBL 8411-6419) 
(B. XBL 8411-6409) (D. XBL 8411-6420) 

PORTAL ALIGNMENT 

Target volumes are typically defined on axial 
CT scans. The ability to precisely transfer a target 
volume defined on CT to the alignment of the radi
ation field to the patient is a necessary technical 
capability. Studies have been carried out to test 
the prec1s1on achievable with different slice 
thicknesses of CT scan. These studies also seek to 
determine anatomical points which can be unambi
guously identified on both axial CT slices and a 
plane radiograph. 
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Table 7. Dose (GyE) received by 50% of volume of critical 
structure by radiation type. 

Lung: 

Helium 

Neon 
18-MV photons 

Heart: 

Helium 

Neon 

18-MV photons 

Mediastinum: 

Helium 

Neon 

18-MV photons 

Spinal cord 
(maximum dose to any part of organ): 

Helium 

Neon 

18-MV photons 

There are three methods currently in use to 
align ports to irradiate targets defined on axial CT 
slices. All of them begin with the contouring of 
organs and the landmarking of point-like structures 
as they are seen on the axial slices. Each method 
presents a different geometry and different view of 
basically the same data. Thus they serve as a 
check on each other. 

The first method involves the projection of the 
extremum points of the target contour on sagittal, 
coronal, or oblique reconstructions of the CT data. 
These may be in single pixel planes or integrated 
over a chosen thickness of the scan. The geometry 
is a plane parallel projection that corresponds to 
the geometry of the particle beam. A variation of 
this method is to generate a digitally reconstructed 
radiograph, through the entire cube of CT data. In 
this geometry, structures are projected through the 
body with a divergence appropriate for the x-ray 
focus to film distances. An example of a digitally 
reconstructed radiograph with superimposed target 
volumes is shown in Fig. 5. The second method 
projects contours onto the scanogram. The scano
gram geometry is unique in that there is divergence 
laterally but not longitudinally. However this pic-

3-field 3-field 4-field 4-fi eld 

A B A B 

14 14 14 7 

14 14 17 7 
21 21 24 14 

24 28 17 21 

21 28 21 24 

45 45 38 42 

28 28 21 21 

28 31 24 24 

52 52 45 49 

0 0 35 35 

14 17 38 38 

35 35 42 42 

ture has the closest appearance to a plane radio
graph and has good resolution along all three axes. 
In the third method, organ and target contours are 
projected onto a plane with same divergence and 
magnification as the port film taken each day 
before treatment. This image may be hardcopied 
with a magnification equal to the port film and may 
be placed directly over the port film for alignment 
purposes. 

To test the accuracy of each of these methods 
a skull and cervical-spine phantom was constructed. 
Wires were added for landmarks, and a nylon rod 
was placed at the position of the spinal cord . AP 
and lateral x rays were taken, and the phantom was 
CT-scanned at three slice thicknesses: 10, 5, and 3 
mm. The pixel size for each scan was 0.78 mm. 
Two lead markers were placed on the exterior of 
the skull. 

The interior skull , mandible, vertebral column, 
spinal cord lumen, odontoid, and nylon rod were 
contoured on the axial CT scans. In addition, land
marks were defined on the pituitary sella, clivus, 
wire, and lead shot. Because the latter two formed 
point structures in axial slices and were uniquely 
identifiable on CT and on plane radiograph, they 
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Fig. 5. Digitally reconstructed radiograph with superimposed target contours. Slice thickness of CT study was 
3 mm. (X88 840-97 78) 

served as the standard by which the alignment of 
the other contours and landmarks were judged. 
Representative output from this technique is shown 
in Fig. 6, where a transparency generated from con
touring and landmarking structures in axial CT scans 
is viewed from the left lateral beam's-eye view and 
superimposed on a diagnostic quality film. Agree
ment between the landmark positions and the x ray 
is good. 

For AP and PA ports, the interior skull, odon
toid, right and left ramus of the mandible, and ver
tebral column are excellent bony anatomy for the 
alignment of ports. For lateral ports the interior 
skull, vertebral column, and the landmarked pitui
tary sella all serve as alignment anatomy. The 

accuracy with which the landmarks and contours 
may be projected in the three methods outlined 
above depends on the slice thickness and pixel 
size. The lateral precision is somewhat reduced 
from its limit of one pixel size by partial volume 
averaging and by artifacts created by the recon
struction algorithm. An accuracy of ± 1 mm 
laterally is achievable by 3-mm slice thickness in a 
head scan. The vertical accuracy is at least as good 
as the slice thickness and can in some cir
cumstances be slightly better when objects that can 
be located to a particular slice on the scan are 
more precisely located on the port film. However 
in general this means that 3-mm precision is 
achieved in head and neck treatments . 
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Fig. 6. X ray of skull phantom with superimposed landmarks and contours. (XBB 840-9044) 
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IMAGING BY INJECTION OF ACCELERATED RADIOACTIVE PARTICLE BEAMS 

Jorge Llacer, * Aloke Chatterjee, Edward L. AI pen, William M. Saunders, 
Sypko Andreae,t and Horace G. Jackson* 

Heavy charged particles from helium to argon 
have become interesting candidates for radiation 
therapy of cancer. As they move through matter, 
heavy charged particles suffer energy losses by ioni
zation and undergo nuclear collisions that may 
result in the fragmentation of the original particle 
into a number of lighter ions and nucleons. One 
class of collisions of particular interest is that in 
which one neutron is lost from the parent ion, 
resulting in a radioactive particle that decays by 
positron emission. Thus, carbon-11 results from a 
beam of carbon-12, and nitrogen-13, carbon-15, 
fluorine-17, and neon-19 can result from their 
respective stable particles. 

A specific use of these radioactive beams has 
been under development at the Lawrence Berkeley 
Laboratory during the last few years. In the heavy
ion radiation therapy of tumors that are located 
near sensitive organs it is important to verify the 
correctness of the treatment planning calculations, 
which are based principally on x-ray CT scans, to 
avoid errors that might result in serious harm to a 
patient. In cases of tumors in the vicinity of the 
spinal cord, for example, errors of more than 2 mm 
in the stopping point of a therapy beam may be 
very damaging. 

With the availability of accelerated radioactive 
beams that decay by positron emission, the possi
bility exists of verifying a treatment plan by deliver
ing a beam of radioactive particles in a low-dose 
exposure to a patient and measuring the end-of
the-beam trajectory by imaging the annihilation 
gamma rays from the decay of the beam particles. 

The development of this technique requires a 
gamma-ray camera of very high sensitivity, since 
the radiation dose received by a patient has to be 
kept to a minimum. 

A one-dimensional camera for end-of-range 
localization using pencil beams was initially con
structed in 1979 with 48 Nai(TI) detectors in a 
geometric arrangement that resulted in a low condi
tion number (CN) of the blurring (or "system") 
matrix. Image reconstruction along one line was 

*Engineering and Technical Services Division (Instrument Science 
and Engineering Group), LBL. 

tEngineering and Technical Services Division (Electronics En
gineering Research and Development Group), LBL. 

achieved by back projection and filtering with the 
pseudo-inverse of the blurring matrix. 

Based on our experiences, and after a careful 
computer simulation, a new camera, PEBA II, has 
been constructed for two-dimensional imaging. We 
have now carried out preliminary measurements 
with PEBA II using simple pencil beams of carbon-
11 and neon-19, and the results of the measure
ments allow us to formulate a reasonably general 
theory of imaging with radioactive beam injection 
that is supported by the experimental results. 

The relationship between patient dose and 
activity injected at a selected spot by a pencil 
beam of radioactive particles can be calculated with 
reference to Fig. 1. By taking into consideration 
fragmentation of the radioactive particles in the 
water column W and in the patient's tissue P, and 
the decay of the injected activity during the injec
tion time, we find that the activity at the end of 
irradiation is obtained from 

(~-LCi) 

where D is dose (rads) measured by IC2, L is the 
characteristic absorption length for the radioactive 
primaries, A (cm2) is the area irradiated, ti is the 
beam injection time (min), T is the reciprocal of the 
decay constant of the radioactive beam particles, 
and dE/dx (MeV jcm) is the rate of energy loss of 
the same particles . 

We find that the amounts of activity that can 
be injected with a low dose to a subject are quite 
small, in the range of 100 nanocuries for neon-19. 
The ability of a camera to form a useful image will 
depend on the total number of counts acquired 
during the measurement time tm, which is given by 

where a(ti) is the injected activity and all the times 
are in minutes. 
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Fig. 1. Schematic diagram of a setup in a Bevalac treatment room for end-of-range localization of a radioactive 
beam. (XBL 839- 11347} 

Table 1 shows the total number of gamma pairs 
emitted by a bolus of activity that resulted from an 
entrance dose of 1 0 rads under typical irradiation 
conditions. 

Only a fraction of emitted counts from the 
injection site will be seen by the detector because 
of Compton and/or photoelectric interactions of 
the 511-keV gamma rays with the patient tissues. 
Camera solid angle and detector efficiency will 
further limit the number of counts available for 
image formation. The importance of those effects 
and the implication of the small number of counts 
available when short measurement times are 
required have been evaluated with the PEBA II 
camera. 

PEBA II consists of two 8 X 8 arrays of bismuth 
germanate scintillators, each crystal of dimensions 
1.25 X 1.25 X 3 em, with the long dimension in 
the direction of the incoming gamma rays. Center
to-center crystal spacing is 1.5 em. The instrument 
could be described as two multi-element Anger 

cameras, with each element having its own pho
tomultiplier tube, input wide-band amplifier, 
discriminator, and logic pulse generator. Each of 
the 64 tubes in one bank can have a coincident 
event with any of the tubes of the other bank since 
the point response function of the instrument does 
not have to be space invariant. With the two 
detector banks equidistant from the plane of 
injected activity, the blurring matrix that describes 
the system is stable, and eigenvector decomposition 
results in a pseudo-inverse that can be used for 
image restoration with a small noise propagation 
factor (NPF). Figure 2 shows the instrument in 
position in the treatment room of the biomedical 
facility of the Bevalac. The camera frame can 
move laterally to allow x-ray exposures of a subject 
in position for irradiation. The main frame can also 
be rotated 90° about the beam axis to use PEBA II 
with patients in the vertical position . 

We have calculated and verified with measure
ments the minimum activity that must be injected 

Table 7. Number of gamma ray pairs emitted by bolus of activity 
resulting from entrance dose to patient of 70 rads. 

Measurement 
time 

tm carbon-11 neon-13 oxygen- 15 fluorine-17 neon-19 

1 sec 3.69 X 102 4.10 X 102 1.77 X 103 2.48 X 103 5.19 X 103 

5 sec 1.85 X 103 2.05 X 103 8.75 X 103 1.21 X 103 2.41 X 104 

20 sec 7.35 X 103 8.14 X 103 3.36 X 104 4.50 X 104 7.50 X 104 

1 min 2.18 X 104 2.40 X 104 9.07 X 104 1.11 X 105 1.28 X 105 

5 min 1.02 X 105 1.08 X 105 2.60 X 105 2.26 X 105 

10 min 1.87 X 105 1.90 X 105 3. 10 X 105 

20 min 3.21 X 105 3.02 X 105 
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Fig. 2. Photograph of PEBA /1 in position at the Bevalac treatment room for an experiment with a live dog. A 
beam collimator appears at left, and an x-ray plate holder with cross-hairs for accurate positioning is also shown. 

(CBB 830-292) 

and the measurement time required in order to 
obtain an image of a certain quality for a specific 
application. For the purpose, we have defined the 
term " exposure," E, as the average activity of an 
injected source during a measurement time, multi
plied by the measurement time, i.e., 

E =a X tm = 

I; + lm 

J a{t)dt (!lCi · s) 
I; 

From experiments with sodium-22 sources in 
phantoms and beams of carbon-11 and neon-19 in 

phantoms and live dogs, we have determined that 
exposures of approximately 1.9 !lCi will result in 
± 1-mm accuracy with 95% confidence in the 
determination of end of range for a radioactive 
beam in a human head, and exposures of approxi
mately 5 !lCi will be required for human trunk 
measurements with the same expected accuracy. 

The needed activity at the end of irradiation 
a{t;) can be obtained readily from 

where T is the inverse of the decay constant of the 
isotope in minutes. 



For the two cases discussed (trunk and head), 
assuming a measurement time of 1 min for a low 
perfusion injection site using neon-19, we find the 
required a(ti) to be 0.206 and 0.078 f.lCi, respec
tively. The theory developed, confirmed by animal 
brain experiments, shows that the head measure
ment is quite feasible with .a dose less than 5 rads 
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for a collimated beam of 0.25. cm2. For measure- · 
ments in the trunk, it will be necessary to have a 
more intense beam than the one with N = 5 X 1 06 

particles per cm2 · min used for the calculations, so 
that little decay occurs during beam injection. 
Then, the needed activity can be injected with 10-
12 rads entrance dose. · 

Radiological Physics 

PHYSICAL CHARACTERIZATION OF HEAVY -ION BEAMS 

Walter Schimmerling, Mervyn Wong, Marwin Rapkin, Jerry Howard, and 
Don L. Murphy · 

The radiation field of relativistic heavy iohs is 
significantly altered by the inevitable presence of 
matter in the path of the particles. Heavy-ion 
beams stopping in tissue consist of primary particles 
and fragments due to nuclear interactions in the 
materials presented to the beam. These fragments 
are a significant component of the dose, especially 
near the Bragg peak and distal volume. · Conven
tional dosimetry does not identify the fluence, 
charge, and velocity of these components. Biologi
cal effects (e.g., relative biological effect and oxy
gen enhancement ratio) depend on these quantities 
rather than ori mean LET alone. The present 
research continues a comprehensive approach to 
the understanding of the physical interactions of 
high-energy heavy-ion beams to the extent neces
sary for predicting relevant characteristics of beams 
used in clinical and 'biophysical research at the 
Lawrence Berkeley Laboratory Bevalac. . 

We have continued our experimental program 
to measure physical charaCteristics of heavy-ion 
beams and their fragmehts. The experiments were 
performed in Cave II of the Bio-Medical Facility 
using the time-of-flight (TOF) particle-identification 
spectrometer described previously. 1 In particular, it 
was used to study energy loss, multiple scattering, 
and ·nuclear fragmentation of neon, silicon, argon, 
and iron beams in water at various energies. 

Our main experimental emphasis in the past 
year has . been to carry out a systematic study of 
670-MeV I A rieon-20 fragmentation at 18 positions 
along the unmodified Bragg curve, as shown· in 

Fig. 1 (over one half million events recorded). This 
set of measurements included: 
1) High statistics data at a residual range of 

1.87 em of water, in one of the standard 
reference configurations where considerable 
radiobiological data have been collected. 2 

2) High statistics data in· the "tail" portion of the 
Bragg curve, in the region where the primary 
particles have stopped .and the detected 
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Fig; 1. Unmodified Bragg curve for 670-MeV/A neon-20. 
Closed circles indicate points at which integral measurements of 
multiple Coulomb scattering and of beam range-energy relation 
were obtained. (XBL 845-7713) 



events correspond solely to nuclear interaction 
products. 

3) A high statistics sample with no water in the 
water column. This is an important check of 
our calibrations and of backgrounds present in 
the .initial portion of the Bragg curve. Figure 2 
is a semilogarithmic plot of the events 
observed with the empty water column as a 
function of energy loss in our detectors. The 
presence of events other than pure beam may 
be seen, at the 1% level. The peaks of lower 
energy deposition to the left of the prominent 
beam signal are due to fragments produced in 
the material that is inevitably present in the 
beam line, even at zero water (approximately 
2-3 glcm). These peaks are superimposed on 
a background due to interactions of the 
incident particles in the detector itself. 

4) In addition to fragmentation . data at lower 
statistics, integral measurements of multiple 
Coulomb scattering and of the beam range
energy relation were obtained at the other 15 
points shown in Fig. 1 over a wide dynamic 
region. Preliminary reports of these measure
ments were presented at the Radiation 
Research SoCiety Meeting in Florida in March, 
1984.3,4 

Figure 3 was obtained for 670-MeV I A neon 
and 30.31 em of water (corresponding to the posi
tion 1.87 em upstream of the Bragg peak). It is a 
two-dimensional scatter plot where each event has 
been plotted at coordinates corresponding to the 
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z 
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Fig. 2. Semilogarithmic plot of events observed with zero 
water column as a function of energy loss in our detectors for 
670-MeV/A neonc20. (XBL 845-7930) 
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velocity, v1, of each particle (in units of the speed 
of light) as measured in the upstream TOF tele
scope and L, the logarithm of the total energy 

'deposited in three thick silicon detectors. The 
latter is chosen rather than the total energy deposi
tion itself, because it results in regions of less cur
vature that can be separated by simpler functions. 
The intense .regions in this plot are labeled by ele
ments. The number of events has been chosen to 
highlight the regions shown. 

The velocity v1 varies between two limiting 
regions: the velocity of the primary beam, 
corresponding to fragments made at beam velocity 
at the exit of the last absorber upstream of the 
detector, and the velocity of fragments made at the 
entrance to the .absorber. This variation is modu
lated by the nuclear interactions of the fragments in 
the absorber, by the angular distribution of frag
mentation, and by multiple Coulomb scattering.-

A straightforward relativistic transformation 
yields plots similar to Fig. 3 with kinetic energy per 
nucleon, instead of the velocity, vs. L. Figure 4 is a 
plot of the projection onto the energy axis of each 
separate element, for the full statistics of this run. 
Two features of the scatter plot, Fig. 3, can be 
explained by reference to Fig. 4. The first feature 
is the peak at - lOO MeV I A that appears for all 
elements and that corresponds to the band at v 1 = 
0.4 in Fig. 3. This band corresponds to beam 

+ + 

+ 
+ 

3. 000 6. 000 7 0(1(1 8, I)(H 

n .E o >;!. E 0 

Fig. 3. Two-dimensional scatterplot for 670-MeV/A neon-20 
and 30.3 7 -em water column where each event has been plotted 
at coordinates corresponding to velocity, v, of each particle (in 
units of speed of light) and L, the logarithm of the total energy 
deposited in the three thick silicon detectors. (XBL 845-7 932) 
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Fig. 4. Plot of the projection. onto the energy axis for each separate element ih scatterplot of kinetic energy per 
nucleon vs. L. . . (XBL 845-2009) · 

particles interacting in the detectors and giving a 
.broad range of Plll~e heights. Rather than make a 
velocity (or energy) cut in Fig. 3, the continuation 
of the labeled bands ha$ been' incl~ded. in the pro
jection shown . in Fig. 4, to allow a more accurate 

extrapol'ation of the fragment spectrum into the 
detector-interaction background. · 

The second f~ature of Fig. 3 that deserves com
ment is that this type of plot is not ·a gray scale 
plot. As a consequence, the band of neon events 



at L = 7.3 pulse height units, which corresponds to 
the high-energy tail of the neon spectrum in Fig. 4, 
can be seen to correspond to very few events. 
These events are ascribed -. to accidental coin
cidences of more than one particle within the 
detector resolving time. 

Other properties of the particles are easily cal
culated once the charge, the velocity, and the flu
ence are known. Figure 5 is a plot, on a common 
scale, of the LET spectra calculated from the data 
shown in Fig. 4. Corrections of backgrounds, multi
ple scattering, and acceptance still have to be 
made to these data. Once they have been made, 
the corrected data of Fig. 5 will constitute a com
plete characterization of this point on the Bragg 
curve. The interpretation of radiobiological experi
ments at this point can then be made in terms of 
models of the biological action of radiation rather 
than in the more primitive terms of averaged quan
tities. 

Charge separation is most difficult in the region 
near the Bragg peak, where the wide range of parti
cle velocities results in similar signals from particles 
of different charge and velocity. Figure 3 illustrates 
both the range of velocities encountered and the 
charge separation possible with the detector. The 
two-dimensional representation of the data changes 
very ·rapidly near the Bragg peak. _ Figure 6, 
obtained with a water thickness of 32 em, illustrates 
this change as compared with Fig. 3, which was 
obtained with a water thickness of 30.31 em. 

The TOF detector signals are split to take 
advantage of the dE/dx information as well as the 
timing information. With this information the parti
cle charge can be estimated using the measured 
velocity and 

Z2 ~ (AE/ AX)obs I (dE/dx)p (1) 

where AE is the mean energy deposition observed 
in detectors T1 and T2 and (dE/dx) is the proton 
stopping power calculated at the measured velocity 
v1. Figure 7 is a plot of the charge squared (Z2) 

according to Eq. (1 ), corresponding to the fluorine
labeled region in Fig. 6. Although the statistics of 
this run are not very good, and the TOF detectors 
are not optimal for dE/dx measurements, a peak of 
full width at half maximum (FWHM) of approxi
mately 10% (corresponding to a charge resolution 
of 5%) can be distir,1guished. 

The dual TOF detector corresponds in principle 
to the simplest means of identifying particle masses 
by the relation 

A = AE/AE (2) 
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Fig. 5. Plot; on common scale, of the LET spectra calculated 
from data shown in Fig. 4. (XBL 845-2070) 

Here AE is the change in energy per nucleon as 
measured by the TOF telescope, and E is the total 
energy loss between the two telescopes. 

For water thicknesses of 30.31 em and above, 
the primary beam stops in t~e set of detectors 0 1-

03, but lighter fragments, e.g., F, continue at a low 
enough velocity that the resolution in the second 
TOF telescope begins to be adequate for mass 



resolution. Figure 8 is a scatter plot of charge 
squared vs. mass, as calculated using Eq: (2), for 
events selected as fluorine. The plot shows. events 
corresponding to a charge of 9 and masses around 
19 (the stable isotope of F). 
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Fig. 6. Two-dimensional scatterplot of velocity v in units of 
space light and L, total energy deposited in the three thick sili
con detectors for 610-MeV/A neon-20 and 32-cm water column. 
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A projection of this plot onto the mass axis is 
shown in Fig. 9 showing a peak centered at A 
18.5, with a standard deviation of ·1 A-unit, 
corresponding to a FWHM A-resolution of 13%. 
By comparison, at 30 em of water, a similar plot 
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Fig. 8. Scatterplot of charge .squared vs. mass defined by 
Eq. (2) for events selected as flourine. (XBL 845c 1931) 
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Fig • . 9. Projection of Fig. 9 onto mass axis, showing peak cen
tered at A = 18.5, with standard deviation of 1 A-unit 
corresponding to FWHM A resolution of 13%. · (XBL. 845-1925) 



yields an A-resolution of 20%. The mass resolu
tion, of course, can be easily improved by increas
ing the flight path or the number of detectors of 
the type D1-D3' and this will be explored. 

Figure 10 is a plot of the number of primary 
neon particles obtained in the same series of meas
urements, corrected for detector live time and mul
tiple scattering efficiency. The straight line has 
been fitted to the first six points by eye (the points 
beyond 30 em of water reflect the breakdown of 
the multiple scattering approximations). The slope 
of the line results in a mean free path of 14.5 em 
for 670-MeV I A neon in water, which is about 6% 
shorter than we calculate with the most recent set 
of available cross sections. 

The multiple scatte.ring correction was done by 
calculating the probability distribution of particle 
fluence in a plane perpendicular to the beam axis, 
using the formalism developed by Sternheimer5 in 
the small-angle approximation. This formalism was 
extended to include several multiple scatterers by 
computing the appropriate projected variance for 
each one and adding these in quadrature. The 
energy dependence of the projected angle is taken 
into account using an approximation due to 
Moliere6 or by· subdividing a thick absorber into 
thinner. slabs. .For more details of the calculation, 
the reader is referred to references 4 and 7. 

In addition, we have performed preliminary 
experiments on multiple scattering using solid-state 
position-sensitive detectors. The analysis of these 
experiments gives us confidence that · in a later 
phase of the work we can measure the multiple 
scattering of both primary and secondary heavy 
ions in a manner that lends itself to theoretical 
comparison. More detail is given in another contri
bution8 contained in this annual report. 
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Fig. 10. Calculated primaries, obtained by dividing the meas
ured neon fluences by geometrical acceptances, a function of 
water column thickness. (XBL 8843-7645) 

An experiment was performed in Beam 40 in 
collaboration with G. Kraft (of G. S. 1., Darmstadt, 
West Germany) to measure the Bragg curve for 
960~MeV I A uranium-238. · The resulting curve is 
shown in Fig. 11. The Bragg peak occurs at 6.7 em 
with a broad tail containing a second smaller and 
broader peak that results from the summed Bragg 
peaks. of the fission fragments originating from fis
sion occurring in flight.9 Figure 12 illustrates a typi
cal example of the kind of event that contributes to 
the second peak. This was the first experimental 
Bragg peak curve measured for a very high-Z heavy 
ion. 
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Fig. 71. Experimental Bragg Curve for 960-MeV/A uranium-238. (XBL 8477-8093} 
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960 MeV/nucleon 238 U 
Fig. 12. Photomicrograph of typical example of a collision leading to binary fission of the 960-MeV /A uranium 
projectile. (Used with permission of H. H. Heckman, Nuclear Science Division, LBL.) (XBL 829-11833} 
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MEASUREMENT OF ENERGY DEPOSITION NEAR HEAVY-ION TRACKS 

Noel F. Metting, * Les A. Braby,* Harold H. Rossi, t Paull. Kliauga; t Jerry Howard, 
Marwin Rapkin, Mervyn Wong, and Walter Schimmerling 

In November of 1982 work was begun in a col
laboration between Columbia University and 
Lawrence Berkeley Laboratory to use microdo
simetric methods for the measurement of energy 
deposition of heavy ions produced at the LBL 
Bevalac Biomedical Facility. Details of the experi
mental design have been given. 1 Last year we 
reported preliminary results indicating that secon-

*Battelle Pacific Northwest Laboratory, Richland, Washington. 

tcolumbia University, New York, New York. 

dary charged particle equilibrium was probably 
obtained using this experimental ·setup but that 
there seemed to be poor spatial resolution in the 
solid-state position-sensitive detector. 1 

Further analysis of the measurements taken in 
August 1983 show that because of this electronic 
noise in the position-sensitive detector only the 
56Fe data yielded useful microdosimetric spectra. 
Figure 1 shows the probability density of lineal 
energy for primary ions crossing the site. The fig
ure shows a distribution of lineal energy f(y) that 
closely simulates the track-length distribution 
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Fig. 1. The frequency distribution, or probability density, of 
lineal energy, y, deposited by primary ions crossing the cylindri
cal site. The data closely approximate the track-length distribu
tion inherent for the detector geometry and shown as a dashed 
line. (XBL.8410-4594) 

expected for a parallel ra.diation field crossing norc 
mal to a cylindrical detector volume.2 . The small 
number of everits with y above 262 keV I J.Lm is the 
result of energy loss straggling and proportional
counter resolution. 

When the energy depositions at all impact 
parameters are suitably combined, the microdo
simetric distributions in lineal energy for an infinite 
parallel beam can be constructed. · Figure 2 shows 
the curve yf(y) as a function of y on a logarithmic 
scale. When plotted this way, equal areas under 
the curve represent equal probabilities of those 
events occurring. Of interest is the fact that in irra
diated tissue, as Fig. 2 shows, there is a greater 
probability that a cell will be hit by a low-energy 
delta ray than by a primary ion event. ~ The fre
quency mean lineal energy, YF, for this distribution 
is 80.4 keV /J.Lm. 
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Fig. 2. The probability density of y for an infinite parallel 
field. When plotted this way, yf(y) versus log .y, equal areas 
under the curve represent equal probabilities .of those events 
occurring. (XBL 8410-4595) 

Figure 3 shows the probability density of 
absorbed· dose in y, multiplied bY y, and plotted 
against.y on a logarithmic scale. When plotted in 
this way, equal areas under the curve represent 
equal contributions to the absorbed dose. It is evi
dent from this figure that energy deposition from 
the primary ion accounts for most of the dose 
delivered. 

The results of these experiments were reported 
in the paper on "Microdosimetric Spectra of Heavy 
h;>n Beams," presented at the annual Radiation 
Research Society meeting held in Orlando, Florida, 

. March 1984.3 

Physical .refinements of the experimental design 
have been, and continue to be made in order that 
this measurement can be made with the lower-



91 

IRON 600 MeV/amu 

stopping-power ions. Changes in the design have 
already been made that allow a wider range of dis
tances between the detectors and the solid wall in 
order to determine the' precise relationship 'between 
primary-ion . velocity and secondary charged-p~rticle 

Yo =216.6 keV/J.Lm ~ 

\ 
0.1 1.0 10 100 

LINEAL ENERGY, y (keV/,um) · 

1000 

equilibrium. · 

. At absorber depths where· the contribution of 
peam fragments becomes significant, the energy 
deposition events produced by primaries and 
fragments cannot be distinguished. In order to 
overcome this limitation, we plan to combine the 
gas proportional counter measurement of energy 
deposition with the time~of-flight particle 
identification spectrometer so that energy 

Fig. 3. The probability density of absorbed dose in y, for an 
infinite parallel field. In this case, equal areas under the curve 
represent equal contributions to the dose delivered. 

deposition by deltacrays can be cO~relate<;J with the 
velocity, mass, and charge of the ionizing particle 
as weir' as with the distance between its track and 
the propOrtional· c6i.inter. Figure 4 is a schem~tic 
of the experimental layout. With· this configuration, 
we have observed clear electronic coincidence 
signals between the fast forward heavy ion and the 

. delta-ray energy deposition. 

Incident heavy 
. lon beam 

(XBL 847 0-4596) 

Proportional couAter 

Proportional 
counter tank 

c'oaxial · array of 
soiid state detectors 
for time of flight 
and. dE)dx measurement 

Fig. 4. Schematic of coincidence configuration to measure 
energy deposition of delta rays in ·association with the velocity, 

·mass, and charge of the ionizing particle as well as with the.dis
tante between its track and the proportional counter. . 

. ' (XBL.B45-7723) 
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THE PASSAGE OF HIGH-ENERGY HEAVY IONS THROUGH EXTENDED MATTER: 
TRANSPORT STUDIES 

Mervyn Wong, Walter Schimmerling, Jerry Howard, Marwin Rapkin, 
John W.Wilson,* Lawrence W. Townsend,* and Hari B. Bidasaria* 

The phenomenon of the energy loss and 
absorption of high-energy heavy ions in passing 
through matter and the accompanying production 
of nuclear fragments continues to be a major sub
ject of study by our group, in collaboration with 
scientists from NASA. The analysis of these tran
sport . phenomena has been in continual progress 
over the past few years, and results have been 
presented at several meetings. 1-4 

The development of a theory for the transport 
of heavy ions is important for a variety of reasons. 
Within the . context of radiobiological studies and 
medical applications at this laboratory, transport 
studies help us to obtain a physical understanding 
of how nuclear fragmentation processes affect the 
dose delivered to a biological sample or tumor.5 

They are also necessary for the calculation of spec
trometer resolution and . acceptance functions in 
fragment production experiments3 and useful for 
the optimal design of beam line configurations4 for 
the proposed new medical accelerator.6 A separate 
domain ,is within the context of the national space 
program. With the inevitable development of a 
permanent manned presence in space, it is 
expected that astronauts will spend appreciable 
periods of time in an environment where exposure 
to large fluences of high-energy heavy-ion particles 
will be the norm. Under such circumstances, tran~ 
sport calculations will play a key role in the design 
of spacecraft shielding structures. 

*NASA - Langley Research Center, Hampton, Virginia 

In order to calculate the radiation fields pro
duced by relativistic heavy nuclei incident upon a 
thick absorber, a systematic development of 
methods has been underway based upon an analyt
ical solution to the transport equation. In principle 
these methods allow for the calculation of absorbed 
dose due to fragments of any species in each 
interaction generation for an arbitrary sequence of 
absorber layers. The present theory makes several 
approximations: in particular, projectile fragmenta
tion parameters are obtained from the semi
empirical formulae of Silberberg and Tsao/ target 
fragmentation is neglected, the transport is con
sidered in the straight- ahead approximation, and 
the energy loss of charged particles is accounted for 
using the continuous-slowing-down approximation. 
The Boltzmann equation for high-energy heavy-ion 
transport is written as 

2; mik(E)o'k(E)¢k(x,E) 
k>j 

(1) 

This equation is solved by the method of charac
teristics using an iterative procedure. The resultant 
series can be used to evaluate, for each generation, 
the fluence, integral fluence, dose, LET, and integral 
LET. Each application requires knowledge of the 



appropriate transport coefficients Sj(E), a}E), and 
m.k(E).8 .. . 

1 T~e .heavy-~on stopping power Si(E) at high 
energ1es IS obtamed from the early work of Bethe9 

and at low energies from Lindhard et al. 10 The 
nuclear. absorption cross section a} E) is calculated 
from a quantum mechanical model of the heavy
ion ·reaction. 1 1 For the projectile fragmentation 
parameters m.k(E), the systematic compilation of Sil
berberg and 

1 
Tsao7 is used. There, the sparse 

experimental data are represented by semi
empirical formulae. The parameters are scaled 
from their hydrogen target values from carbon frag
mentation data at 1.05 GeV jamu measured by 
Lindstrom et al. 12 For the lightest fragments (mass 
less than 6He), the fragmentation parameters are 
taken from work on intranuclear cascades. 13 The 
overall accuracy of these compiled fragmentation 
parameters is estimated to be no better than 30%. 
This represents by far the largest source of uncer
tainty in the entire transport calculation. Our even
tual goal is to replace these semi-empirical formu
lae by measured cross sections augmented by accu
rate theoretical fragmentation models. · 

During the course of carrying out these tran
sport studies, a number of improvements have 
been included. For example, .in comparing calcu
lated depth-dose distributions with measured Bragg 
curves, it • was . found that better agreement is 
obtained if the relative target velocity rather than 
total kinetic energy is assumed to be the appropri
ate parameter for evaluation of the hydrogen frag-

Table 7. Neon-20 fragmentation parameters in water with kinetic 
energy scaling as a function of fragment charge (Z,J and 

incident energy. Also displayed is the total fragment charge 
(Z,J at each energy. 

E (MeV/amu) 

ZF 10 . 31.6 100 316 1000 

0 0.400 0.616 :2.473 1.292 3.809 
1 0.853 1.176 2.809 1.897 3.395 
2 0.242 0.304 0.454 0.413 0.462 
3 0.013 0.020 0.062 0.050 0.066 
4 0.013 0.021 0.059 0.046 0.063. 
5 0.011 0.020 0.054 0.040 0.054 
6 0.023 0.036 0.086 0.063 0:079 
7 0.025 0.035 0.069 0.056 0.058 
8 0.087 0.110 0.161 0.147 0.127 
9 0.080 0.108 0.120' 0.112 0.103 

. 10 0.021 0.054 0.050 0.056 0.042 
11 0.005 0.002 0.000 0.000 0.000 

ZF 3.48 4.90 6.78 8.27 8.28 
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mentation cross sections. Further, mass and charge 
renormalization has to be invoked. Tables 1 and 2 
show 20Ne fragmentation parameters in water at 
various energies. The average charge of the frag
ments produced by the interaction is also' shown. 
In order that charge be conserved in the beam, the 
total fragment charge should equal the projectile 
charge. Agreement to within 5% of the experimen
tal Bragg curve is obtained when the velocity-scaled 
renormalized parameters are used.2 

More recently our attention has turned to the 
study of differential kinetic energy distributions. 
The fluence spectra of all fragment species pro
duced in a 20-cm water absorber by a beam of 
670-MeV jamu neon ions have been calculated 
using the theory .. ··· As an example, the calculated 
energy spectra of the different isotopes of oxygen 
are shown in Fig. 1. The various oxygen fragments 
have a common lower limit of energy correspond
ing to production at the absorber exit, with frag
ment energy equal to that of the primary beam. 
The upper limit varies with fragment mass, 
corresponding to production at the absorber 
entrance. When these spectra are combined, after 
correction for· losses from absorber multiple scatterc 
ing4 and convolution with the experimental energy 
resolution of 12%, the resultant oxygen spec;trum of 
Fig. 2 is obtained. Shown also is the raw experi
mental spectrum, prior to background subtraction, 
measured with a 20-cm water column. 3 This prel
lmmary comparison of theory with experiment for 
differential fluence spectra is very encouraging. 

·.Table 2. Neon-20 fragmentation parameters in water for the 
velocity-scaled and renormalized calculation, as a function 

of fragment charge (Z,J and incident energy. 
Also displayed is the total fragment charge (Z,J at each energy. 

E (MeV/amu) 

ZF 10 31.6 100 316 1000 

0 1.313 0.968 0.962 1.289 2.160 
1 3.141 2.176 1.975 2.377 3.181 
2 0.971 0.71.3. 0.587 0.525 0.652 
3 0.035 0.023 0.031. 0.046 0.082 
4 0.042 0.026 0.037 0.050 0.079 
5 0.003 0.013 0.035 0.061 0.074 
6 0.005 0.026 0.080 0.121 0.111 
7 0.020 0.048 0.090 0.106 0.083 

'8 0.193 0.225 0.289 0.267 0.183 
9 0.303 0.268 0.217 0.195 0.158 

10 0.008 0.158 0.122 0.077 0.060 
11 0.043 0.009 0.002 0.000 0.000 

ZF 10.4 10.2 10;2 10.2 10.2 
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Fig. 1. Theoretical kinetic energy spectra of the different oxygen isotopes produced by a 10Ne beam of energy 
(670 MeV/amu) incident on 20 em of water. (XBL B45-1926(a)) 

Normalized comparisons await further, more 
detailed experimental studies on the observed 
background. 

In order to address the problem of tracing 
heavy~ion particles through a large number of beam 
elements and to facilitate the design of beam line 
configurations, a ·general purpose computer pro
gram, called PROPAGATE; was written to provide 
calculations of energy loss, residual range, and 
other particle properties. The program also calcu~ 
lates particle multiple scattering losses and esti~ 
mates the position ·of the Bragg peak as measured 
by t\YO ionization chambers. For example, Fig. 3 
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shows particle kinetic energy versus water thi~kness 
for a neon-20 beam emerging from a water column. 
Table 3 gives Bragg peak positions for several 
beams and energies. In both cases the calculations 
have been done . based on the extraction energy of 
the beam and a detailed accounting of all beam
line elements. The agreement between experiment 
and calculations is very good. 

Further transport studies. are planned with 
. emphasis on quantitative comparison between 

measured· differential spectra and those predicted 
by thetheory. 

OXYGEN MEASURED-

TRANSPORT CALCULATION ---

BACKGROUND -·-·-

} 

210 2ao 290 Joo l1o 320 33o Jio Jso 360 Jio Jao 390 400 410 420 430 ·••o 450 

FRAC:MENT KINETIC ENERGY (MeV/A) 

Fig. 2. Experimental kinetic energy spectrum for oxygen, prior to background subtraction. Shown also is the 
result of the transport calculation, corrected lor multiple scattering losses in the adso;ber and convoluted with the 
experimental energy resolution. The calculation includes all of the isotopes of oxygen. (XBL 845-1926(b)) 
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Fig. 3. Energy per nucleon calculated from the measured time 
of flight of a 670-MeV/A incident neon beam, as a. function of 
water thickness. The open circles are the experimental result, 
with error bars indicating the TOF resolution, and the solid 
curve is the PROPAGATE prediction. (XB{ 843-7643) 
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Table 3. Comparison of predicted and measured Bragg peak positions 
for several beams and energies. 

Beam 
particle 

20 
Ne 

10 

28 
Si 

14 

28 
Si 

14 

40 
Ar 

18 

40 
Ar 

18 

56 
Fe 

26 

238 
u 
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Beam 
energy 

(MeV/A) 

670.0 

330.0 

670.0 

330.0 

. 571.6 

600.0 

960.0 

Lead 
Scatterer 

(1/64-in.) 

3 

2 

2 

2 

2 

2 

Bragg peak pos: 
(physics bench) 

(em) 

exp. · calc. 

32.18 32.26 

4.46 4.39 

22.10 21.88 

3.24 3:27 

13.68 13.54 

8.87 8.95 

6.75 6.86 
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INTRODUCTION AND MOTIVATION 

When fast heavy ions pass through material, 
they undergo elastic collisions, known as multiple 
Coulomb scattering, that result in a change of the 
ions' trajectories. These ions can also undergo ine
lastic scattering with target nuclei, resulting in frag
mentation of the incident particles into ions of 
lower atomic charge and mass. The spreading of 
an initially collimated beam and the fragmentation 
into secondary ions have important consequences 
in biomedical uses of heavy-ion beams. Lateral 
dose distributions must account for the dose 
delivered by scattered primary ions and fragments, 
and depth dose calculations have to include the 

*Engineering and Technical Services Division (Instrument Science 
and Engineering Group), LBL. 

effects of a range of particle energies and LETs. 
We are working to measure the scattering of both 
the primary ions and the secondaries and to incor
porate the results into calculations of the transport 
of the beam in matter. 

THEORY 

Multiple Coulomb scattering of charged parti
cles has been theoretically characterized by Moliere 
(for a review, see Ref. 1 ). His theory predicts a 
multiple scattering distribution: 

F(O,x) = (~1r) 

+ (1 /B) X Flll (8/0M) + ... ] 



where: () = angle through which the ion is 
scattered 
x = thickness of target material 
()M = xcBv.,, the Moliere scattering angle 
Xc = the angle for which there exists unit pro
bability of a single scattering event at an angle 
() greater than Xc· It is a function of x and of 
ion properties. 
B = a function of. Xc and xa, the characteristic 
screening angle which describes scattering 
from the target atom. 
F(l), F(2l, ... = functions that become impor
tant at large angles. 

This theory has been shown to be accurate for the 
scattering of charged particles that do not undergo 
an appreciable number of inelastic collisions, such 
as pions and protons. 

When the incident ions fragment, the final dis
tribution of the primary ions will differ from the 
multiple scattering distribution. Fragmentation 
occurs at small collision impact parameters. The 
large angle tail of the multiple scattering distribution 
is the result of elastic collisions at small impact 
parameters. Therefore, the occurrence of fragmen
tation events will affect the number of primary ions 
that elastically scatter through large angles. The 
final secondary-ion distribution is a result of the 
angular distribution of production and subsequent 
multiple scattering. 

EXPERIMENT 

We have performed several preliminary experi
ments to test the feasibility of using existing equip
ment2 to measure the multiple scattering distribu
tions. More complete experiments are being 
planned. 

In Cave II of the Biomedical area at the Beva
tron, we have three sets of detectors: 1) two ·sets 
of solid-state, two-dimensional position-sensitive 
detectors (PSDs) that are used to measure particle 
position, 2) a time-of-flight (TOF) spectrometer to 
measure particle velocity, and 3) a set of thick, 
solid-state detectors to measure energy deposition. 
The TOF spectrometer and thick detectors provide 
the information for partiCle identification. The sig
nals from all of the detectors are obtained in coin
cidence and recorded by computer, so that event 
by event we can measure the type of particle, its_ 
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speed, and its position. For the final work, we will 
include two more sets of PSDs so that we can 
measure the ion trajectory before it enters the tar
get material and after it exits. 

RESULTS 

We present results from some of our prelim
inary work and show how it compares to theory. A 
beam of neon ions of extracted energy of 
670 MeV jamu was incident on a 6.7-cm-thick brass 
collimator with a 2-cm hole. After emerging, the 
beam passed through a set of X-Y PSDs, 2.5 em of 
lead, another set of X-Y · PSDs, the TOF 
spectrometer, and finally the thick detectors. 

We have plotted the displacements of the pri
mary ions (Ne) and the fragments (F,O) after 
scattering through the lead (see Fig. 1 ). The frag
ments are for the most part created in the collima
tor material, and the neons are primarily those that 
have passed through the collimator hole. Also 
shown as inserts are plots of the final velocity distri
bution of each ion species. The broad velocity dis
tributions for F and 0 reflect the fact that these 
ions are created throughout the length of the colli
mator. The neon velocity peak is displaced from its 
expected position due to misalignment of the colli
mator.· 

Using the Moliere theory and the measured 
velocity distributions, we have calculated the 
expected displacements and have plotted them on 
top of the measurements. The neon data agree 
quite well with the calculation. At large displace
ments, the two diverge, as expected, sirice only the 
first function of the scattering distribution was used 
for calculations, and fragmentation was not 
accounted for. The · fluorine and oxygen plots 
(Figs. 2 and 3) show acceptable agreement given 
the poor statistics available. The present analysis 
assumes that fragment identity has not changed 
during passage through the lead scatterer. Angular 
divergence of the fragments incident on the first set 
of PSDs contributes to the width of the measured 
distribution of displacements. 

We are encouraged· by these initial test meas
urements and plan to carry out a m·ore detailed 
experimental study of heavy-ion multiple scattering 
with an improved version of the present apparatus. 
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THEORY OF STRAND BREAKS IN DNA BY HEAVY CHARGED PARTICLES 

Aloke Chatterjee and John L. Magee 

To understand the mechanisms of radiation 
damage in mammalian cells we have undertaken 
theoretical and experimental studies to find a corre
lation between DNA strand breaks and different 
qualities of radiation. A systematic study with dif
ferent heavy charged ·particles is important because 
for the several biological parameters involved each 
quality of radiation provides different. and some
times unique information. 

·Heavy charged particles deposit energy along 
their trajectories; the geometrical pattern of such 
energy deposition is called the track structure. We 
are developing a theoretical framework based on 
track structure and the associated radiation chemis
try toward understanding the production of single-

strand and double-strand breaks by heavy particles 
in DNA molecules in aqueous solution .. The pro
gress made so far is briefly reported here. 

HEAVY PARTICLE TRACKS 

A cross-sectional view of a heavy particle track 
is representatively shown for a neon particle in 
Fig. 1. In the· central region (smaller circle) we 
have a physical core, and the energy d~posited in 
this small volume is slightly more than half of .the 
totalenergy per unit length of the track, called LET. 
Radially outward electron tracks (generated by the 
heavy. charged particle) are also schematically 
represented in this figure. Water molecules absorb 
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Fig. 1. A cross-sectional view of neon-particle track. The 
smaller circle represents the physical core of high energy den
sity and the next circle represents the chemical core. The 
outermost circle represents the boundary of the penumbra. 
From the center of the track ejected electron tracks are also 
shown. (XBL 843-1060) 

this energy, and radicals such as -H and -OH are 
produced. During the diffusion of these radicals, 
they react with each other and engulf more radicals 
from the electron tracks. These processes continue 
up. to a certain radius, Rch' called chemical core. 
After that, radical-radical interaction is small com
pared to the radical-DNA interaction. The region 
outside the core is called the penumbra, and the 
fraction of energy deposited in this region is slightly 
less than half of the total. 

EQUATIONS FOR STRAND BREAKS 

In the initial phase of our studies we have con
sidered ¢X-174 DNA, which has a super-coiled hel
ical structure. The elementary pro<;ess is the 
single-strand break; double-strand breaks occur 
through the unraveling of the double helix between 
single~strand breaks on opposite strands. Such 
breaks· must be within about 15 base pairs or so for 
unraveling to occur in solutions. 

In this system, the probability of depositing 
energy directly on a DNA molecule and thus 
causing a strand break ("direct" effect) is extremely 
small, and hence we have neglected consideration 
of it in comparison to the damage caused by an 
"indirect" · mechanism. This mechanism involves 
the formation of a DNA radical by the action of a 
water radical (probably -OH) removing an H atom 
from a sugar. It is known that such sugar radicals 
rearrange in manners that lead to strand breaks if 
there is no chemical restitution of the H atom (such 
as by a sulfhydryl). 
· The number of single-strand breaks, Y 5, created 
by a single particle track is given by 

100 

Y s = · N I PsdA , 

and that for double-strand breaks by 

Yo= N I PodA 

where N is the particle flux, dA is the differential 
area in which there is a particle trajectory, and p5 
and p0 are the respective. probabilities for single
strand breaks and double-strand breaks. 

The G-values (yields per 100 eV energy deposi
tion) for the two kinds of breaks are: 

Gs = 1.67 ~ 10-5 I PsdA 

and 

Go = 1.67 ~ 10-5 I PodA 

where X is the LET in eV I A, dA is in A2, and the 
constants of the formulae are specialized to ¢X-174 
only. 

and 

In terms of D37 doses (in rads), we also have 

Gs = 278,000 
D?7 

G _ 278,000 
0- DO 

37 

In terms of effective cross sections we have, 

and 

where the N37 values are the number of particles in 
the flux delivered correspo'nding to the D37 dose, 
and u5 and o-0 are respective cross-sectional values 
for single-strand breaks and double-strand break, 
respectively. Thus 

and 



In the DNA solutions, radicals can diffuse perhaps a 
hundred A to attack a DNA molecule to produce a 
radical leading to a break. We also know from our 
previous studies that radical recombination is fast in 
the chemical core, a fact suggesting that the 
penumbra may be more effective in producing radi
cals that attack DNA. We take as a first approxi
mation 

Gs = G~ (1 - Fchl 

and 

Go = G8 (1 - Fchl 
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Fig. 2. Calculated cross-sectional values of single-strand 
breaks are plotted against LET for different heavy particles. 

(XBL 843-7062). 
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where F ch is the fraction of energy contained within 
the chemical core. G~ and Gr3 are constant values 
and have been taken to 140 and 14, respectively. 
These have been obtained using experimental data 
of Roots and Kraft. 

In Figs. 2 and 3 we have plotted the results 
based on our present understanding. They have 
both the qualitative as well as quantitative agree
ment when compared with experimental data of 
Roots and Kraft obtained at Darmstadt, Germany. 

We hope to extend our present theory progres
sively toward understanding the mechanism of radi
ation damage in mammalian cells. 
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Tissue Ra~iobiology 

RECOVERY OF MOUSE JEJUNAL CRYPT CELLS AS A FUNCTION OF TIME AFTER 
IRRADIATION 

Edward L. Alpen, Patti Powers-Risius, Virginia C. Havens, Marilyn Yee, 
Linda D. Harrison, Hilda M. Alexander, and Randy J. De Guzman 

The gastrointestinal tract is a normal tissue with 
a· radiosensitivity that frequently limits treatment 
plar:1ning for abdominal tumors. Much of the rela
tive value of heavy ions for therapeutic application 
in this region of the body will depend upon the 

relative sensitivity of the gut to fractionated radia
tion exposure. The gut (gastrointestinal crypt cells) 
is known to ha\'e a rema~kably high potential for 
repair of sublethal damage after photon i'rradiation. 
To ensure that we fully understand increased risk to-



gastrointestinal crypt cells as the result of the use of 
high-LET charged particles, we must have a good 
understanding of the degree of suppression of 
repair in this system when high-LET radiations are 
used in therapy. 

To estimate repair rates for gastrointestinal crypt 
cells we have developed a model using the LAF 1 
mouse in which a conditioning dose is given to 
evaluate the recovery capacity to a subsequent 
challenge dose of x rays. The conditioning dose is 
the D200 dose derived from single-dose crypt-cell 
survival curves. 1 The D200 is the dose at the inter
cept of the exponential portion of the survival 
curve with the 200 crypt-cell ordinate. A single 
dose at this survival level does not significantly 
reduce the number of crypt cells. At various times 
after the conditioning dose of radiation (between 
12 and 120 hours), the mice are given a series of 
x-ray challenge doses; 3-1/2 days later the mice are 
killed, and the small intestines are prepared for his
tological examination. The crypt-cell survival curve 
is determined using the Withers assay.2 Figure 1 
shows the time sequence for these experiments. 
The unrecovered fraction of damage from the con
ditioning dose that is present at the time of the 
challenge dose is estimated in the following way, 
using the dose at the iso-effect survival level of 50 
crypts per circumference (D50): the D50 for the 
twice-irradiated mice is subtracted from the D50 of 
mice irradiated with a single dose of x rays. The 
conditioning dose is corrected to equivalent x-ray 
rads using a previously experimentally determined 
RBE. The fraction of the conditioning dose (C.D.) 
unrepaired at the time of the challenge dose is 
expressed in the relationship: 

(D50 X x ray only) - (D5o C.D. ion + x ray) 

(C.D.) (RBE ion) 

unrecovered fraction . 

1 g IRRADIATION = COND. DOSE 

I recovery interval: 

12h - 128h 

2 nQ IRRADIATION =GRADED DOSE OF TEST 

( 3.5- 4 days) j 
IRRADIATION 

SACRIFICE MICE 

Fig. 1. Time sequence for conditioning dose experiment. The 
second irradiation (challenge) dose is given 12, 24, 30, 48, 72, 
or 120 hours after the first (conditioning) dose. (XBL 8271-4232) 
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We have compared the recovery after low-LET 
(x rays and helium ions) and high-LET (neon ions) 
irradiations. Figure 2 shows the position in the 
Bragg curve at which the mice were irradiated. 

Figure 3 shows the crypt-cell survival curves for 
the mice irradiated with a conditioning dose of 
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Fig. 3. Clonogenic crypt-cell survival curves for 225-kVp 
x rays. The linear regression lines are shown for the various 
times between the conditioning and challenge doses. The data 
points are Poisson-corrected mean crypt-cell counts. 
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x rays and re-irradiated at 12, 24, 48, 72, or 120 
hours later with a series of x-ray doses. Figure 4 
shows the crypt-cell survival curves for mice given 
a conditioning dose of either plateau helium ions or 
mid-peak helium ions followed by a challenge dose 
of x rays. The survival curves for 670-MeV mid
Bragg peak neon conditioning doses are shown in 
Fig. 5. In one series of experiments, the mice were 
challenged with x irradiation (Panel A); in another 
set of experiments the challenge doses were the 
same as the conditioning dose, i.e., neon plateau. 
The purpose of this latter experiment was to show 
that the use of an x-ray challenge dose for measur
ing unrecovered fraction after a high-LET condition
ing dose did not introduce an extraneous variable. 
It is clear that the result is independent of the radi
ation modality used for the challenge dose. 
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Using the 50-crypts-per-circumference level, as 
expressed by these survival curves, we calculated 
the unrecovered fraction of the conditioning dose 
as a function of time between the conditioning and 
challenge doses. Comparison of these data is 
shown in Fig. 6. The recovery following helium 
plateau and mid-peak irradiations is essentially the 
same as for a conditioning dose of x rays (Panel A). 
For all of these irradiations 50% recovery has 
occurred by 19 to 31 hours after the conditioning 
dose. However, the 50% recovery level after a 
conditioning dose of mid-peak 670-MeV neon does 
not occur for 39 to 48 hours. For all of the irradia
tions, the recovery was complete in 5 days. 

These findings confirm that, with high-LET radi
ation, a threechour fractionation schedule is inade
quate to assess complete interfraction recovery as 
proposed by Goldstein et ai.3A 

HELIUM (MIQ-PEAK) +X RAY 

(B) 

4 
Dose (Gyl 

6 8 10 12 14 16 

Fig. 4. Mouse c/onogenic crypt-cell survival curves for helium ions: (a) A conditioning dose of helium plateau 
irradiation was followed by a challenge dose of x rays; the time interval was 12, 30, 48, 72, or 120 hours. Helium
plateau LET is 1.6 keV/IJ.m. (b) He/ium-mid-4-cm-extended Bragg peak irradiation was challenged by x rays. 12, 30, 
48, 72, or 120 hours later. Helium-mid-peak LET is 5 keV/IJ.m. (XBL 842-7566A) 
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Fig. 5. Mouse clonogeriic crypt-cell survival curves for 670-MeV proximal peak neon irradiation; .. LET is 
70 keV/IJ.m. (a) A neon conditioning dose was followed by an x-ray challenge dose given 12, 43, 73, or 720 hours 
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Fig. 6. Unrecovered fraction of conditioning dose as a func
tion of time between the conditioning and challenge doses. The 
calculations are based on the 50-crypt survival level. The 
x ray + x ray data are compared to each radiation scheme. (a) 
Helium plateau + x ray and helium mid-peak + x ray. (b) Neon 
proximal peak + x ray and neon proximal peak + neoil proximal 
peak. (XBL 8411-8050) 
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RADIOPROTECTION OF MOUSE COLONY FORMING UNITS-SPLEEN (CFU-S) AGAINST 
HEAVY CHARGED PARTICLE DAMAGE BY WR 2721 

S.M. Javed Afzal, E. John Ainsworth, Lynn J. Mahlmann, and John C. Prioleau 

Because of its radiotherapeutic applications, S-
2-{3-aminopropylamino)ethyl phosphorothioic acid 
(WR 2721) has been extensively studied and shown 
to protect a wide range of normal tissues against 
low-LET radiation damage. Studies with high-LET 
radiation and this class of radioprotectors have 
been very few, and the LET -dependence of the 
radioprotective effect is not known. Data accumu
lated over the past 15 years show that WR 2721 
protects the bone marrow against low-LET radiation 
damage to a greater extent than any other normal 

tissue. The purpose of our study is to use the mar
row CRU-S as a model system to determine the 
dependence of the radioprotective effect of WR 
2721 on LET and other physical characteristics of 
heavy charged particles. Protection studies may 
have implications in potential radiotherapeutic use 
of WR 2121 with high-LET radiations and may also 
contribute to an improved understanding of the 
mechanisms of radioprotection in terms of direct 
and indirect radiation damage at the molecular 
level. Reported here are the raaioprotective effects 



of WR 2721 on the CFU-5 exposed to heavy-ion 
beams with dose-averaged LET 

00 
values ranging 

from 26 to 260 keY /p.m. 
The radiation source for heavy charged particles 

was the Lawrence Berkeley Laboratory Bevalac, a 
unique facility that provides charged particles at 
preselected LETs of choice. The most suitable 
means for determining the LET dependence of pro
tection against heavy ions is through the use of ion
izations produced by high-energy particles in the 
plateau region of the Bragg curve, because· a nar
row range of LET value occurs here and the 
interpretation of results is relatively less compli
cated by primary-particle fragments and rapidly 
changing LETs that occur in unmodified or ridge
filter modified Bragg peaks. Unanesthetized hybrid 
Balb/c X C57 BL/6 (CB6F 1) donor mice from The 
Jackson Laboratory (Bar Harbor, ME) were given 
whole-body exposures of heavy charged particles in 
the plateau region of the Bragg curve 30 min after 
an i.p. dose of 400 mg/kg of WR 2721. Dose rates 
ranged from 0.4 to 2.0 Gy /min. Marrow collected 
30 to 90 min after irradiation was transplanted into 
supralethally irradiated syngeneic recipients, and the 
CFU-5 survival curves were computed. 
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Survival curves for 6°Co gamma rays and 20Ne, 
28Si, 40Ar, and 56Fe ions with and without WR 2721 
are presented in Figs. 1 and 2. The energies of the 
particles used, their dose-averaged LETs, the sur
vival curve parameters (D 

0 
and extrapolation 

number n), and the dose modifying factors (DMFs) 
measured in mice pretreated with WR 2721 are 
presented in Table 1. These data demonstrate the 
ability of WR 2721 to protect CFU-5 against a wide 
range of LETs deposited by the heavy charged par
ticles. The dose response curves exhibit not only 
quantitative but qualitative differences in the 
radioprotection afforded by WR 2721 against heavy 
charged particles varying in their mass, energy, and 
dose-averaged LET. The decrease in the magnitude 
of radioprotection with increase in the LET is 
accompanied by changes in the slope and the 
extrapolation numbers, which change the DMF 
values at various levels of survival. DMFs were cal
culated at 10% survival and also from the slope. 

The protection against 6°Co gamma irradiation 
was determined to compare the radioprotective 
efficacy of WR 2721 in CB6F1 mice to that reported 
for other strains and to serve as the low-LET control 
for studies with charged particles. Protection 
against gamma irradiation is characterized by a sig
nificant increase both in the D

0 
and n, and the 

DMF value obtained is consistent with those 
reported earlier for low-LET radiation (Fig. 1 ). The-

0 r.n .., 
r.n 

c: 
.2 
0 
~ .... 

> 
> 

1.0 

:; 0.1 
r.n 

60co Gemme 
LET:::: 0.8 keV/ p.m Do ( 95%C.Ll N (95%C.L.l 

o t:. Without WR2721 92 (87-98) 1,0 (0,89-1.2) 
WR2721 220(208-238)1.8 (1.5-2.1) 

DMF10 3.0 

• 

cGy 

Fig. 1. Survival curves for CFU-5 from CB
6
F1 mice irradiated 

in vivo with 6°Co gamma rays with or without WR 2721 pre
treatment. (XBL 843-7633) 

magnitude of protection afforded by WR 2721 is 
significant at 26, 51, and even 135 keY/ p.m LET 
values, although it decreases with increase in the 
LET from 51 to 135 keY/ p.m (Fig. 2). The largest 
component of protection is the slope change, 
where at LET values of 26 and 51 keY jp.m the 
DMFs of 2.1 and 2.3, respectively, are very close to 
the gamma value of 2.4 (Table 1 ). 

The CFU-5 survival and acute radiation lethality 
studies in mice irradiated with heavy charged parti
cles show that the RBE 10 for the CFU-5 lacks a 
sharp peak. The RBE is 1.5-1.7 over the LET range 
of 30-150 keY/ p.m, and declines to 1.0 at 260 
keY/ p.m, where the data were collected with 56 Fe 
particles. However, the data presented here show 
that even over the broad range of peak RBE 10 
values, the response of CFU-5 to WR 2721 protec
tion against heavy particles with varying LETs is 
very different. Whereas the magnitude of protec
tion remains essentially the same in the LET 

00 
range 

of 26-51 keYjp.m; there is a dramatic drop in its 
magnitude following irradiation with 135-keY I p.m 
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Fig; 2. Survival curves for CFU-5 from CB6F1 mice irradiated in vivo with 20Ne, 28Si, 40Ar, and 56Fe ions in the 
plateau region of the Bragg curve with or without WR 2727 pretreatment. (XBL 849-7926A) 

40 Ar particles. Emphasis has recently been placed 
to evaluate heavy-charged-particle killing in terms 
of fluence or the number of particles that traverse a 
cell nucleus, rather than the dose. In terms of the 
particle fluence to produce 10% survival, 56 Fe. par~ 
tides are at least as effective as 40 Ar particles, and 
more effective than 28Si or 20Ne particles, for pro- . 
duction of lethal events in the CFU-S irradiated in 
situ. Analysis of CFU-S protection data in terms of 

particle fluence shows a better correlation dian the 
RBE10. . · : 

The degree to which CFU-S can accumulate 
and/or repair radiation damage is negligible. The 
resulting survival curves obtained for control 
animals following both low- and high~LET radiations 
can be described by a single-hit single-target sur
vival model, i.e., the survival curves can be ade-

. quately described by an exponential function. 
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Table 7. Bone marrow D 
0 

and n values and dose modifying factors. 

Alone +WR 2721 DMF 

Energy LET Do n Do n 10% 
Radiation (MeY/amu) (kY/,um) (95% C.L.) (95% C.L.) (95% C.L.) (95% C.L.) Slope survival 

6°Co 0.8 92 1.0 220 1.8 2.4 3.0 
(87-98) (0.89-1.20) (208-238) (1.5-2.1) 

20Ne 670 26 61 1.0 ·126 1.5 2.1 2.4 
(58-65) (0.89-1.1 0) (119-136) (1.3-1.8) 

2ssi 670 51 55 1.1 128 0.95 2.3 2.2 
(52-58) (0.96-1.20) (120-137) (0.84-1.1 0) 

40Ar 330 135 67 
(62-72) 

56 Fe 450 260 85 
(81-91) 

However, an interesting observation is the increase 
in the extrapolation number or the apparent 
appearance of a shoulder on the survival curves of 
WR 2721 pretreated animals irradiated with 60co 
gamma rays (Dq=127) and 20Ne particles (D =50). 
The significant increase in the extrapolation n~mber 
following WR 2721 administration does not occur at 
LET values of 51 or 135 keV /.um. A similar 
increase in the extrapolation number following 
administration of prostaglandins before gamma irra
diation was also observed in our collaborative stu
dies with Dr. W.R. Hanson. The appearance of the 
shoulder therefore suggests that WR 2721 can 
induce some repair following irradiation with low
and with high-LET radiations up to at least 26 
keV / J.Lm. Split-dose experiments and experiments 
with marrow already transplanted into the recipient 
animals (recipient technique) are planned to further 
elucidate the change in extrapolation number 
induced by WR 2721. 

Following irradiation with very high-LET (260-
keV/J.Lm) 56Fe particles, although WR 2721 pretreat
ment did not change the slope of the survival 
curve, the number of nodules that occurred in the 
spleen increased at any given radiation dose, i.e., 

0.87 79 0.88 1.2 1.2 
(0.75-1.0) (75-83) (0.76-1.0) 

0.91 89 1.2 1.0 1.2 
(0.82-1.0) (81-97) (1.0-1.4) 

the survival curve was displaced slightly to a higher 
dose range. These data indicate that WR 2721 is 
not as effective a radioprotector against 56Fe ions as 
against gamma irradiation, even though the D

0 

values for CFU-S survival in the untreated animals 
following irradiation with both modalities are the 
same and the RBE10 for 56Fe ions is unity. This 
observation suggests that WR 2721 is not protective 
against CFU-S killing by high-LET 56Fe particles, and 
therefore the mechanism of killing and/or the 
mechanism of WR 2721 protection against low- and 
high-LET radiation modalities are basically different. 
While the mechanisms underlying these differences 
remain to be resolved, it is evident that protection 
against heavy charged particles is complicated due 
to the highly complex interactions in the core and 
the penumbra of their tracks. 

Finally the efficacy of WR 2721 to protect over 
a broad range of high"LET radiation in the plateau 
ionization region to which normal tissues are 
exposed is of considerable significance. The dif
ferential uptake of WR 2721 by normal and tumor 
tissues, in combination with the dose deposition 
characteristics of heavy ions, could prove to be 
clinically useful in a combined treatment regimen 
using WR 2721 and heavy-particle radiation. 
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TUMOR RADIOBIOLOGY STUDIES WITH HEAVY-CHARGED-PARTICLE BEAMS 

Stanley B. Curtis, Thomas S. Tenforde, S.M. Javed Afzal, Victor Montoya, 
Shannon Parr, and Betsy Carr 

The response of a rat rhabdomyosarcoma tumor 
system to irradiation with heavy charged particles is 
being evaluated from experiments conducted both 
in vivo and in vitro. The radiobiological end points 
studied include tumor volume response, cellular 
survival after tumor irradiation in situ, and cell
kinetic parameters measured by fluorocytometry. 
The primary emphasis of our research during the 
past year has been in the following areas: 1) repair 
of potentially lethal damage, 2) tumor repopulation 
kinetics following high- and low-LET radiation, and 
3) measurements of interaction between high- and 
low-LET radiation damage. The results obtained in 
each of these areas are described below. 

REPAIR OF POTENTIALLY LETHAL DAMAGE 

Potentially lethal damage (PLD) repair was 
measured for 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. Tumors 
implanted subcutaneously in syngeneic WAG/Rij 
rats were irradiated with a dose that reduces the 
surviving fraction of cells to 0.025 (20 Gy of x rays 
or 7 Gy of extended-peak neon ions). Delaying the 
excision of tumors for 3, 6, 12, or 24 hr prior to the 
measurement of clonogenic cell survival led to no 
increase in cell survival. This result was con
sistently observed in four x-ray experiments and 
two experiments with accelerated neon ions, indi
cating that no repair of potentially lethal damage 
can be measured in vivo in the rhabdomyosarcoma 
tumor system. 

Several studies were carried out to measure the 
extent of PLD repair in stationary-phase and 
exponentially growing cells exposed in vitro to 
x rays and peak neon ions. The results of these 
experiments are shown in Fig. 1 and Table 1, which 
also contains a summary of data obtained for in 
vivo tumors. In contrast to in vivo tumor cells, the 
in vitro cultures exhibit a significant level of PLD 
repair, which is greatest for unfed stationary-phase 
cultures exposed to 225-kVp x rays (recovery factor 
= ·3.4 following a 9-Gy dose). PLD repair capacity 
following x rays was observed to be greater for 
unfed stationary-phase cultures than for exponential 
cultures or for stationary-phase cells maintained in 
fresh medium by feeding. The unfed stationary
phase cells also exhibited some PLD repair 

UNFED STATIONARY PHASE R2C5 CELLS 

PLD REPAIR FOLLOWING 

. 9 GY OF 225-kVp . 

X RAYS (0) 

3.5 GY OF 557 MeV/u 

20-Ne (I) 

~ (d?-;m peak) Si-

~ r-¥!--, !-
C!l 0.1 ][ 
z 
;: I 
;: r 
§"' } . ); RECOVERY FACTORS: 

X RAYS - 3.7 

20-Ne - 1.7 

O.O 1 ·0~----:!3,------'-6-_l_9 --1L2__l 

DELAY BETWEEN IRRADIATION 

AND PLATING (HOURS) 

Fig. 1. The repair of PLD is shown as a function of time for 
stationary-phase monolayer cultures exposed to doses of 225-
kVp x rays and peak neon ions that reduce initial cell survival to 
a level of 6-8%. (XBL 8410-4193) 

following irradiation with 3.5 Gy of peak neon ions 
(recovery factor = 1.6), but the extent of recovery 
was greatly reduced relative to that occurring after 
9 Gy of x rays, a dose which reduced cell survival 
to approximately the same level of 6 to 8% (see 
Fig. 1 ). 

These results clearly indicate that significant 
differences can occur in the expression of PLD 
recovery by cells grown as monolayer cultures in 
comparison with solid 'tumors. Such ·discrepancies 
between patterns of PLD repair in. vitro and in vivo 
have also been reported for the Rl F-1 tumor sys
tem; These observations prompted us to extend. 
our studies on PLD repair in vivo using the repair 
inhibitor 9-!3-D-arabinofuranosyladenine (!3-Ara-A). 
Our specific objective in these studies was to test 
the hypothesis that PLD repair is actually occurring 
in solid rhabdomyosarcoma tumors but is not being 
detected when the tumor excision assay technique 
is used for the measurement of cell survival follow
ing irradiation. As opposed to the plating tech-
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Table 1. PLD recovery factors for rat rhabdomyosarcoma tumor cells 
. exposed in vitro and in vivo to x rays or peak neon ions. 

Radiation 
modality• 

225-kVp 
x rays 

Experimental sampleb 
(number of experiments) 

Unfed stationary-phase cells 
in vitro (2) 

Fed stationary-phase cells 
in vitro (3) 

Maximum recovery 
Radiation dose fact ore 

(Gy) (range of values) 

9 3.4 (2.9-3.7) 

9 1.6 (1.5-1 .. 6) 

Unfed exponentially growing cells 

Peak neon 
ions 

in vitro (2) 

In vivo tumor cells (4) 

Unfed stationary-phase cells 
in vitro (2) 

7.5 1.6 (1.6-1.7) 

20 1.0 

3.5 1.6 (1.4-1]) 

Unfed exponentially growing cells 
in vitro (1) 3 1.1 

In vivo tumor cells (2) 7 1.0 

a The neon-ion irradiation for both in vitro cultures and in vivo tumors was admin

istered in the distal 4-cm peak region of a beam with an initial energy of 557 MeV /u. 

The doses .of x rays and peak neon ions reduced cell survival to 68% for the in vitro 

cells in various growth conditions and to 2.5-3.5% for the in vivo tumors. 

b The medium on the "fed" cultures was exchanged for fresh medium on the two days 

preceding irradiation. 

c For in .vitro cells exposed to either x rays or peak neon ions, the maximum recovery 

was observed by 6 hr following irradiation and no further increase occurred between 

6 and 24 hr post-irradiation. The maximum recovery factor is given as the average 

value for experimental conditions in which more than one experiment was per

formed, along with the range of values obtained in the different experiments .. No 

recovery was observed for in vivo tumors irradiated with either x rays or peak neon 

ions and subsequently assayed for cell survival by the in vivo to in vitro procedure at 

0, 3, 6, 12, and 24 hr post-irradiation. 

nique used for in vitro experiments (in which cells 
are trypsinized, counted electronically, and replated 
in fresh medium within 15 min following irradia
tion), the in vivo experiments involve a lengthy 
procedure in which irradiated tumors are excised, 
minced with scissors, dissociated enzymatically with 
dispase for 1 hr, counted in a hemocytometer (to 
permit the disti.nction of intact vs. damaged cells), 
diluted with medium, and plated in culture flasks 
for colony development. The total time interval 
between tumor excision and final plating of the dis
sociated cells is about 2 hr, and a substantial 
amount of PLD repair_ could occur during this 
period. In contrast, significantly less repair would 
be expected to occur· during the brief cell dissocia
tion and plating procedure used for in vitro cul
tures. 

Two sets' of PLD repair experiments were car
ried out using {3-Ara-A and rhabdomyosarcoma 
tumors irradiated with 20 Gy of 225-kVp x rays. 
The results are summarized in Table 2. In the first 
set of experiments, a: noncytotoxic 50-J.Lm concen- · 
tration of fl~Ara-A was added to the dispase dissoci
ation medium in which the tumors were placed 
immediately following irradiation and excision from 
the host animals. The tumor cell preparation was 
maintained in medium containing 50 ~-tM {3-Ara-A 
for an additional 3 hr at 3rC before plating into 
fresh medium without {3-Ara-A for the clonogenicity 
assay. Fifty ~-tM {3-Ara-A was also added to aliquots 
of the tumor cell suspension after 1, 2, or 3 hr of 
maintenance at 3rC in medium lacking {3-Ara-A. 
In a second set of experiments, the tumor ex~ision 
was delayed for 3, 6, 12, or 24 hr after irradiation, 
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Table 2. PLD repair in x-irradiated rhabdomyosarcoma tumors in · 
the presence and absence of {J-Ara-N·b. 

Tumor treatment following 20 Gy 
of 225-kVp x rays 

Surviving fraction PLD repair 
of cells inhibition factor< 

Immediate excision and no {l-Ara-A 0.028 

Immediate excision plus immediate 
addition of 50-!LM {l-Ara-A for 
4 hr at 37•c 

Immediate excision plus addition of 
{l-Ara-A after 1 hr 

Immediate excision plus addition of 
{l-Ara-A after 2 hr 

Immediate excision plus addition of 
{l-Ara-A after 3 hr 

Excision 3 hr post-irradiation: 
(i) no added {l-Ara-A 
(ii) immediate addition of 50 !LM 

{l-Ara-A for 4 hr at 37•c 

Excision 6 hr post-irradiation: 
(i) no added {l-Ara-A 
(ii) immediate addition of {l-Ara-A 

Excision 9 hr post-irradiation: 
(i) no added {l-Ara-A 
(ii) immediate addition of {l-Ara-A 

Excision ·12 hr post-irradiation: 
(i) no added {l-Ara-A 
(ii) immediate addition of {l-Ara-A 

a Preliminary data. 

0.0053 

0.011 

0.013 

0.016 

0.033 

0.036 

0.029 
0.032 

0.027 
0.032 

0.025 
0.028 

5.3 

2.5 

2.2 

1.7 

0.92 

0.91 

0.84 

0.89 

b The 50-!LM concentration of {l-Ara-A used in these experiments was not . 

directly cytotoxic during the maximum incubation period of 4 hr at 

37°C. 

c The PLD repair inhibition factor is defined as the ratio of cell survival in 

the absence ··vs. the presence .of added {l-Ara-A. 

and· ·so J.t,M {3-Ara-A was added to the medium 
immediately after tumor excision. The tumor cell 
preparation was then maintained in 37"C medium 
containing {3-Ara-A for a period of 3 hr before plat
ing in fresh medium lacking the inhibitor: 

As shown in Table 2, the addition of a noncyto
toxic concentration of {3-Ara-A to the tumors 
immediately after x irradiation and excision reduced 
the ultimate cell survival from 0.028 to 0.0054 (PLD 
repair inhibition factor = 5.3). This result was con
firmed in a second experiment in which an inhibi
tion factor of 6.0 was obtained. The delayed expo-

. sure of tumor cells to {3-Ara-A after 1, 2, or 3 hr of 
incubation in medium lacking the inhibitor resulted 
in a progressive decrease of the inhibition factor to 
values of 2.5, 2.2, and 1.7, respectively. This result 
clearly demonstrates the occurrence of PLD repair 
during the interval between irradiation and plating 
in tissue culture flasks in the tumor excision assay 

technique. When tumors were excised at 3, 6; 12, 
or 24 hr post-irradiation and immediately exposed 
to {3-Ara-A for 4 hr at 37°C, no effect of the inhibi
-tor on the ultimate cell survival was observed (see 
Table 2). In addition, the survival levels were simi" 
Jar to each other and to that. obtained with no 
delay between irradiation and excision. These 
results are consistent .with the idea that maximum 
PLD repair had occurred in vivo within 3 hr follow
ing irradiation. 

We interpret these initial results as indicating 
that rhabdomyosarcoma tumors do repair a consid
erable amount of PLD in vivo within · 3 hr after 
x irradiation; however,· with the. tumor· excision 
assay procedure, this repair cannot be detected in 
the absence of {3-Ara-A because it is already com
plete by the time the tumors are dissociated and 
plated into tissue culture medium for the assay of 
colony-forming ability. Similar PLD repair experi-



, ·ri{ents with {3-Ara-A are currently in progress using 
tumors exposed to neon-ion irradiation in the distal 
4-cm peak ionization region. 

TUMOR REPOPULATION KINETICS FOLLOWING 
HIGH- AND LOW-LET RADIATION 

To study the repopulation kinetics of rhab
domyosarcoma tumors (the R2C5 subline), a series 
of tumors was irradiated in situ with either 225-kVp 
x rays (two experiments) or with 557-MeV /u neon 
ions in the distal position of a 4-cm extended peak 
(two experiments). Twenty Gy of 225-kVp x rays 
and 7 Gy of peak neon ions were given to reduce 
the initial surviving fraction to 0.025. Cell survival 
following irradiation with x rays or neon ions was 
measured by the tumor excision assay technique 
used in previous experiments. Following irradiation 
with each of the modalities, groups of 5 to 6 
tumors were excised and assayed for colony

. forming ability at 15 time points spanning the 
three-week ·period post-irradiation. The timing of 
these measurements permitted us to characterize 
the lag phase that preceded the onset of rapid prol
iferation. The composite results for each radiation 
modality are shown in Fig. 2. The most significant 
new finding of these experiments is that with both 
radiation modalities, a significant decrease in the 
fraction of the clonogenic cell population of R2C5 
tumors was observed on the third to sixth day after 
irradiation. This decrease was consistently observed 
following both x and neon-ion irradiation. Follow
ing x irradiation, the fraction of clonogenic cells in 
the tumors did not reach that of unirradiated 
tumors having approximately the same volume until 
20 days after irradiation. However, in tumors irradi
ated with neon-ion beams, this fraction was 
reached by 18 days post-irradiation. The rate of 
cell repopulation is consistent with the post
irradiation volume regression and regrowth pattern 
observed for both radiation modalities. Radiation
induced growth delay, calculated as the difference 
in average time for irradiated and control tumors to 
reach a volume twice that at irradiation, was 13.1 
days for x-irradiated tumors and 9.8 days for neon
ion irradiation. The results indicate that following 
neon-ion irradiation, cellular repopulation of the 
tumors began approximately three days sooner than 
with x rays, which is also reflected in the repopula
tion kinetics. As can be seen from Fig. 2, the x-ray 
repopulation curve is displaced roughly three days 
from the neon repopulation curve. 
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Fig; 2. Changes in the fraction of clonogenic cells in the 
tumors as a function of time after irradiation, relative to the 
number of cells present in the tumor at the time of assay. 
Tumors were irradiated with 20 Gy of 225-kVp x rays (circles, 
two experiments) or 1 Gy of. peak neon ions (triangles, two 
experiments). Error bius represent the standard error of the 
mean of tumor data pooled. from two separate experiments. 
Groups of three to six tumors were assayed at each time point 
for each experiment. (XBL 842-1585) 

MIXED HIGH- AND LOW-LET MODALITIES 

Previous results obtained with in vitro cellular 
systems have indicated that sequential doses of 
high- and low-LET radiation administered within a 
short time interval produce a greater response than 
if the two types of radiation acted independently. 
We have therefore carried out this study with in 
vivo R-1 tumors to determine whether a similar 
interaction occurs in response to the admixture of 
low- and high-LET radiations. 



Groups of six tumors were administered a prim
ing dose of 7 Gy from a high-LET heon-ion beam in 
the distal region of a 4-cm extended Bragg peak; 
followed at intervals of 0.5, 4.0, and 24.0 h by 7.5, 
15, and 24 Gy doses of 225-kVp x rays. An 
identical procedure was followed using split doses 
of x rays, except that the priming x-ray dose was 
20 Gy. The 7-Gy dose of extended-peak neon ions 
and 20 Gy of x rays produced nearly identical 
radiation-induced growth delays of 9.95 ± 0.85 (SE) 
and 1 0.03 ± 0.88 days, respectively. The influence 
of administering a second dose of x rays on the 
overall tumor growth delay is shown in Fig. 3. 

Three conclusions can be drawn from these 
data: 1) The R-1 tumors exhibit substantial 
recovery between fractions in a split-dose x-ray 
schedule. For example, at the 20-day growth delay 
level, the recovered dose is 8 Gy for the two-
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fraction schedule relative to a single-dose sched\.].le. 
2) The extent of recovery between split x~ray doses 
is not significantly different when the time between 
doses is 0.5, 4.0, or 24.0 hr. This observation is 
consistent with a very rapid recovery from sublethal 
x-ray damage. 3) The growth delay increr,nents pro
duced by administering top-off doses of x rays fol
lowing a 7-Gy priming dose of extended-peak neon 
ions is similar to that resulting from split doses of 
x rays in which the priming x-ray dose is .20 Gy 
(Table 3). The x-ray top-off doses required to pro
duce growth delay increments of 10, 20, or 30 days 
were not significantly different when the priming 
dose was 7 Gy of extended-peak neon ions or 20 
Gy of x rays. This result indicates that an admix
hire of high- and low-LET radiation modalities pro
duced an in vivo tumor response that is identical to 
the response . obtained with RBE-matched split 
doses of x rays alone. 

'\l- 20 Ne 4-cm extended-peak single dose 

o- 225-kVp X-ray single dose 
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Fig. 3. Radiation-induced growth delay is plotted as a function of tot~/ absorbed dose for R-1 ,tumors administered 
single doses of extended-peak neon ions (1 Gy) or 225-kVp x rays (20 Gy), folloiYed at 0.5, 4.0, and 24.0 hr by 
second doses of x rays at dose levels of 1.5, 75, and 25 Gy, For comparison, the growth delay induced by 20-, 30-; 
and 40-Gy single doses of x rays is plotted as a solid line. (XBL 842-1580) 
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Table 3. Mixed neon-ion and x-ray irradiation of rat rhabdomyosarcoma tumors" 

Growth ·delay increment relative Dose increment ratiob 

[ x ray: + x ray: J Growth delay to single doses of x rays or 
20Ne + xray 

end point neon ions (days) 

20 10 1.10 

30 20 1.03 

40c 30 1.00 

a The neon-ion irradiation was administered in the distal 4-cm peak of a beam 

'with an initial energy of 557 MeV /u. 

b The dose increment 'ratio ·is formed by dividing the (x ray + x ray) top-off dose 

by the (neon-ion + x ray) top-off dose required to produce a specified incre

ment in growth delay. (either 10, 20, or 30 days of additional growth delay). 

Within the statistical variation of the data, the dose increment ratios are not 

significantly different from unity and the effects of peak neon ions and x rays 

are therefore additive. 

c Data at the 40-day growth delay end point are extrapolated . values obtained 

from the curves shown in Fig. 3. 

A TEST FOR MICRONUCLEI INDUCliON IN RAT RHABDOMYOSARCOMA TUMORS AFTER 
IRRADIATION WITH X RAYS AND HEAVY CHARGED PARTICLES 

Michael Nuesse and Stanley B. Curtis 

Micronuclei found in interphase cells after irra
diation represent genetic material that is lost from 
the genome of the cells during mitosis. Cells with 
miCronuclei have therefore suffered damage to their 
reproductive integrity. Micronuclei can mainly be 
ascribed to acentric chromosome or chromatid frag" 
ments that lack centromeres and are therefore not 
moved to the poles of a dividing cell. . They are 
frequently left behind to become micronuclei in the 
cytoplasm. Micronuclei can possibly also arise from 
whole lagging chromosomes or dicentrics. The for
mation of micronuclei occurs only after cells go 
through one or more cell divisions. A micronucleus 
test measures the relative frequency of micronu
cleated cells in a proliferating cell population. Usu
ally this test is performed by staining the DNA of 
the cells and counting the fraction of micronu
cleated cells in a microscope. 

A micronucleus test was applied to· study the 
response of a tetraploid rat rhabdomyosarcoma cell 

system clone R2C5 to irradiation with x rays and 
heavy charged particles, in this case with neon (557 
MeV /u) and silicon (670 MeV/u) particles provided 
by the Bevalat. The experiments were performed 
with exponentially growing in vitro cells, and some 
experiments that will not be reported here were 
done with rat tumors growing in vivo. The cells 
were irradiated in 60-mm plastic dishes with x rays 
(225 keV, 0.35-mm Cu filtration) and neon or sili
con particles in the plateau or the extended-peak 
region of the Bragg curve. Twenty-four hours after 
irradiation the cells were trypsinized and stained 
with propidium iodide in a buffer solution contain
ing 0.3 ml/1 Nonidet P40. The fraction of cells 
containing micronl!clei, Nmn/N, was measured in a 
fluorescence microscope. It could be shown that 
20 to 30 hours after irradiation Nmn/N reached a 
plateau. After about 20 to 24 hours most of the 
irradiated cells (more than 95%) have divided (cell 
doubling time td = 16 to 20 hours in unirradiated 



cells). Figure 1 shows Nmn/N as a function of 
dose, measured ~at 20 tb 30 hours post-irradiation. 
lhe fraction of ·micronucleated cells increases 
linearly with dose in all experiments iri the dose 
interval between D = 0 to· 3 Gy fat x rays and D = 
0 to 1.5 Gy for neon or silicon particles in the 
extended peak region. At higher doses, the slopes 
of the curve decrease due to cells that have not yet 
divided after 24 hours because of interphase death 
or radiatioh-induced G2-block. The·se cells do not 
show micronuclei .. 

'From the curves in Fig. 1, RBE values can be 
calculated and compared with RBE values measured 
ih the same cell system with other end points. 
Table 1 shows the results of RBE values measured 
with the micronucleus test, from ·experiments 
measuring survival in tumor cells irradiated in vivo, 
from tumor growth delay, and from the survival of 
cells irradiated in vitro. Included are results from 
one experiment with helium ions from the cyclo
tron that are not shown in Fig. 1. The results 
presented in Table 1 show very good agreement 
between the RBE values measured . with the 
micronucleus test and those measured with the 
other three end points. The advantage of the 
micronucleus test is that it can be performed easily 
and more rapidly because the samples can be 
analyzed within 24 hours after irradiation. Another 

00~------~0~.5--------~,~------~1.5~~ 
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Fig. 1. Fraction of micronucleated cells Nm,/N as a function of. 
dose after irradiation with x rays, neon (mean values from two 
experiments), and silicon (one experiment) particles in the .pla
teau or extended-peak region of the Bragg curve. These e~peri
ments were with exponent(ally growing rhabdomyosarcoma 
·cells. · 

Table 1. Comparison of RBE values based on different end points. 

Heavy ion RBEa RBEb 

Neon, peak 2.8 ± 0.1 2.7 

Neon, plateau 1.35 ± 0.1 

Silicon, peak 2.4 ± 0.1 2.2 

Silicon, plateau· 1.7 ± 0.1 

Helium, peak 2.0 ± 0.1 

Helium, pl~teau 1.3 ± 0.1 

• RBE based on micronuclei formation. 
b RBE based on tumor cell survival in viv~. 
c RBE based on tumor growth delay. 

d RBE based on tumor cell survival in vitro. 

RBEC RBEd 

2.9 ± 0.7 2.9 

1.7 ± 0.4 1.6 

1.5 ± 0.3 . 

1.5 ± 0.3 

1.1 ± 0.2 

advantage is the sensitivity of the test in the low
dose region. A statistically significant effect can be 
seen after doses as low as 0.2 Gy of x rays or 0.1 

Gy of heavy-particle radiation in the extended-peak 
region. On the other hand, the test is not useful in 
the high-dose region, i.e., for doses higher than 3 
Gy of x rays or 1.5 Gy of heavy-particle radiation in 
the plateau of 1 Gy in the peak region, because 
after these doses other effects such as fragmenta
tion of the cell nucleus or polyploidization begin to 
occur. , 

When counting the fraction of rriicronucleated 
cells in the microscope, an additional useful. piece 
of information can be obtained: the fraction of 
micron~cleated cells containing k · = 1, 2, 3 or more 
micronuclei per cell, Nmn k/Nmn· Figure 2, for 
example, shows Nmn k/Nm 'as a function of dose 
for x rays and silicon 'particres in the extended-peak 
region. With increasing dose, · the fraction of 
micronucleated cells containing k = 1 micronucleus 
per cell is decreasing, whereas the fraction of cells 
cohtaining k = 2 or more micronuclei per cell is 
increasing. It is interesting to compare the effects 
of x rays and silicon particles at the same level of 
N n/N (Fig. 1 ). For example, at Nmn/N = 0.25, 
which is produced by a dose of 0.4 Gy for silicon 
particles and 1.1 Gy for x rays, the results in Fig. 2 

demonstrate that at these doses more cells contain 
two • or more micronuclei per cell after· irradiation 
with silicon particles than after irradiation with 
x rays (in the dose interval between 0.1 and 1 Gy 
for silicon particles). Irradiation of these cells· with 
heavy particles thus induces .more micronuclei per 
cell compared to irradiation with x rays. This is a 
consequence of the different spatial distribution of 
dose in the cell nucleus by these two types of radi
ation. 



Figure 3 shows a possible correlation between 
the survival data and the micronucleus test. The 
fraction of nonsurviving cells (1-S) is plotted as a 
function of the fraction of micronucleated cells 
Nmn/N. The points for cells irradiated with peak 
neon particles and with x rays are on the same line, 
demonstrating the same RBE for survival and 
micronucleus induction. In contrast to the results 
with this tetraploid tumor cell line, experiments 
with a diploid synchronized population of Ehrlich 
ascites tumor cells irradiated in various phases of 
the cell cycle show a different dependency. At the 
same survival level about twice as many micronu-

• X rays 
• Si peak 

0.6 

il E o.4 zZ 

0.2 

0.5 1.5 2 2:5 3 3.5 

Dose (Gy) 

Fig. 2. Fraction of cells containing k = 1, 2, or 3 micronuclei 
per cell N mn J!'N mn as a function of dose after irradiation with 
silicon particles in the extended-peak region. (XBL 8410-8000) 
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clei can be found after the first division in the tetra
ploid cell line compared to the diploid mouse 
tumor cells. This demonstrates the different 
radiosensitivity of these cell strains. The loss of 
some chromatid material in the form of micronu
clei, which arise mainly from acentric chromosome 
fragments, is not· as fatal for the tetraploid tumor 
cells as for the diploid tumor cells. 

In conclusion, it has been shown that the 
micronucleus test can be a useful method to study 
chromosomal damage in irradiated cells; It can be 
performed . very easily and rapidly. The dose
response curves are linear, and effects of very low 
doses can be studied. It has also been shown that 
RBE values for heavy charged particles measured 
with the micronucleus test agree with RBE values 
measured by a number of other end points. 

1-S 

0.4 

.0.2 

EAT-cells: 
6 G1 
o G1/S 
• mid S 
• S/G2 

C5-cells 
oX rays 

• peak-neon 
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0 0.1 0.2 0.3 0.4 0.5 0.6 0 7 

Nmn 
N 

Fig 3. Fraction .of dead Cf~lls 1-5 measured by colony-forming 
ability as function of Nm,/N measured after first division for 
exponentially growing tetraploid R2C5-cells and diploid Ehrlich 
ascites tumor cells irradiated in G1, G1/5, mid-5, and .5/Gl
phase. . (XBL 8410-7998A) 

EFFECTS OF HEAVY-ION RADIATION ON THE BRAIN VASCULAR SYSTEM 

Tracy C. Yang, Laurie M. Ctaise, and Cornelius A. Tobias 

In our laboratory, we have been studying the 
effects of heavy-ion radiation on the vascular sys
tem, using neonatal rats as a mod~l system. We 
investigated the response of the brain vascular sys
tem to ionizing radiation and found that distinct 

petechial hemorrhages developed in the cerebral 
cortex within a few hours after irradiation, reached 
a maximum after about 13 · to 24 hours, and then 
decreased exponentially . with time. No brain 
hemorrhage was found in neonatal rats 12 days 



after irradiation. Our experimental results indicate 
that a dose of a few hundred rad of x rays can 
induce a significant number of hemorrhages in the 
brain and that the number of lesions increases 
exponentially with dose. Heavy ions induce more 
hemorrhages than x rays for a given dose, and the 
RBE for 670-MeV lu neon particles ranges from 
about 2.0 for low doses to about 1.4 for high 
doses. A histological study on the hemorrhages 
indicates that a large number of red blood cells 
leak from the blood vessels. The radiation-induced 
hemorrhages may be a result of capillary membrane 
damage or reproductive death of blood vessel 
epithelial cells. The fast onset of hemorrhage after 
irradiation suggests that some membrane damage 
may be involved. 

The development of late somatic lesions in 
most normal tissues of irradiated mammals has 
been suggested as a result of vascular damage, 
although the true importance of vascular versus 
parenchymal cell changes has still to be fully 
evaluated. 1 Early studies on the responses of the 
circulatory system to ionizing radiation indicate that 
the heart is the most radioresistant organ; a single 
dose of 10,000 R is required to produce anatomical 
lesions in rats. In contrast to the heart, the capil
laries have been found to be very sensitive to radi
ation. Studies have shown an increased capillary 
permeability in man after local irradiation of the 
skin, 2 where a dose of 100 R was found to be the 
threshold, and in animals after total body irradia
tion.3 

The majority of observations on the effect of 
ionizing radiation on blood vessels has been made 
on skin, and only limited studies have been done 
on the brain. Some prominent changes in the 
blood vessels of the brain have been described by 
Alpers and Pancoast.4 Focal vessel-wall lesions 
have been reported in irradiated rat brain that were 
associated with minimal parenchymal destruction. 5 

Recently, the blood vessels in the brain of neonatal 
rats have been found to be highly sensitive to radi
ation. A dose of 500 rad can produce a significant 
number of petechial hemorrhages in the cerebral 
cortex, with these lesions being developed within 
24 hours after irradiation. 6 

For brain hemorrhage studies, we irradiated 
inbred neonatal rats (Fiescher 344), which were 
about one day old, in the head region with x rays 
or heavy ions. A total of 5 to 6 doses, ranging 
from 50 to 800 rad, were chosen to determine the 
dose-response curve. For each radiation dose, five 
neonatal rats were used, and twice that number of 
rats were used for the control. To evaluate the 
vascular damage, the animals were decapitated and 
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the petechial hemorrhages over the cerebral hemi
spheres were exposed by removing the bones of 
the skull at the dorsal surface. The brains were 
than kept in neutral buffered formal consisting of 
100 ml stock solution of formaldehyde (37%), 
900 ml distilled water, 4 g NaHP04 monohydrate, 
and 6.5 g Na2P04 anhydrate. The number of 
hemorrhages developed after irradiation in the brain 
was counted under a low-power dissecting micro
scope. 

One-day-old neonatal rats exposed to ionizing 
radiation showed distinct petechial hemorrhages in 
the cerebral cortex about 1 day after irradiation. 
Some brain hemorrhages appeared as early as 
3 hours after irradiation (Fig.1 ). The yield of 
petechial hemorrhages increased exponentially with 
dose, and the slope of the dose-response curve 
was greater for rats sacrificed 1 day after irradiation 
than it was for those rats sacrificed 3 hours after 
irradiation (Fig. 2). 

Our histological studies on irradiated brains 
indicated that most of the hemorrhages located 
near the surface of the cerebral cortex were the 
result of a large number of red blood cells leaking 
from the blood vessels. The radiation-induced 
petechial hemorrhages can be the result of either 
capillary membrane damage or the reproductive 
death of blood vessel epithelial cells. Although 
some hemorrhages can be seen on the cerebral 
cortex a few hours after irradiation, which suggests 
that some membrane damage may be involved in 
the hemorrhage formation, the exact mechanisms 
are unknown and need further investigation. 

Heavy-ion radiation can be highly effective in 
producing microvascular damage in the rat brain. 
We studied the effect of monoenergetic neon- and 
iron-beam radiations on the brain vascular system, 
and Figs. 3 and 4 show the experimental results. 
The RBE for 670-MeV ju neon ions (LET = 32 
keV I J.Lm) varies from about 1.4 for relatively high 
doses to about 2.0 for very low doses (Fig. 3). 
Energetic iron particles (600 MeV /u) with an LET of 
about 190 keV I JLm showed an RBE of about 2.1, as 
shown . in Fig. 4. Compared to negative pions, 
high-LET heavy ions appear to be more effective in 
inducing petechial hemorrhages. The effects of 
negative pions in the microvasculature of neonatal 
rat brain have been studied by Landolt et al./ and 
RBEs of about 0.6 and 1.1 for plateau and peak 
pions, respectively, were found. 

At present our results are limited, and more 
detailed studies are needed to determine the pre
cise relationship between RBE and LET. Because 
the radiation-induced hemorrhage may involve 
membrane lesions, the RBE and LET relationship for 
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Fig. 1. Induction of petechial hemorrhages in the brains of newborn rats by 670-MeV/u neon ions. The animals 
were sacrificed at either 3 hours or 24 hours after irradiation. (CBB 809-70304) 
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Fig. 2. The dose-response curves of brain hemorrhages 
induced in 7-day-o/d rats by 670-MeV/u neon ions. Com
parison of rats sacrificed at 3 hours and at 7 day aft~r irradia-

Fig. i A comparison between energetic neon ions and x rays 
in producing · hemorrhages . in the neonatal rilt brain. The 
animals were sacrificed 1 day after irradiation. (XBL 842-809) tion. (XBL 846-2452) 
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microvascular damage may not be the same as for 
other biological effects that involve DNA as the pri
mary target, e.g., mutation. 

The number of hemorrhages found in a brain 
for a given dose varies with time. We observed 
that the petechial hemorrhages appeared within 
3 hours after irradiation, increased with time, 
reached a maximum at about 12 hours, ·and then 
decreased exponentially. Two-day-old neonatal rats 
irradiated with 700 rad, for example, showed a sig
nificant number of hemorrhages one day after irra
diation, but no observable ones 12 days later, as 
·shown in Fig. 5. The microvascular damage, there
fore, can only be detected within a relatively short 
time after irradiation. This disappearance of 
petechial hemorrhages with time after irradiation 
may be caused by some biological processes that 
seal the broken blood vessels and remove the red 
blood cells. The actual processes and mechanisms, 
however, are unknown. Because the integrity of 
the brain vascular system is important for maintain
ing the normal functions of neurons, radiation
induced hemorrhages may cause irreversible dam
age to neurons and thus to the brain. How many 

119 

z 
<i 
a:: 
CD 

a:: 
lJJ 
0.. 

(J') 

z 
0 
u:; 
w 
__J 

w 
(!) 
<I 
J: 
a: 
a:: 
0 
:::;: 
w 
J: 

LL 
0 

0 z 

I 
I 
I 

' I 
I 

NEONATAL RATS (FISCHER 344) 

BORN ON 10-14-BO 
IRRADIATED ON 10-16-80 

)C 700 RADS X-RAYS (225 kVp) 

0 0 RADS 

'l ...... ,,, 
-----, 

2 4 6. 8 10 12 14 
TIME AFTER IR'RADIATION ·(DAYS) 

Fig. 5. Repair of X'ray lesions in the brains of neonatal rats: 
number of petechial hemorrhage lesions per brain as a function 
of time after irradiation. Neonatal rats were x-irradiated at 
2 days of age and sacrificed at various times after ,irradiation. 

. . (XBL 846-2441) 

neurons will be damaged for each hemorrhage 
. formed and what possible late effects these hemor
rhages may have are important questions that have 
not yet been studied. 
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POST SPHEROID CELL KINETIC BEHAVIOR AND RADIATION RESPONSE 

Adrian Rodriquez, Edward L. Alpen, Randy ). DeGuzman, Kristina S. Kavanau, and 
Marc S. Mendonca 

Tumors consist of a heterogeneous population 
of cells with respect to cell age and nutritional 
state. Cells that are close to the tumor blood 
vessels are well oxygenated and supplied with 
nutrients for growth. Cells that are located farther 
away from the blood supply become depleted of 
nutrients and oxygen and, consequently, enter a 
quiescent or noncycling state. The noncycling 
compartment of cells in tumors is of interest 
because of questions that concern their reentry into 
the cycling population and also because of their 
clonogenicity. There is little known about the biolo
gic characteristics of these cells and their responses 
to cytotoxic agents and radiation. The various 
modes of treating cancer or tumor cells are aimed 
at selectively killing or sterilizing cells that are 
actively ·cycling. In the interior of a tumor, the non-

. cycling cells may not be affected by the various 
treatment modalities as are cycling cells. The rea
sons for this are varied and range from the physical 
characteristics of a tumor to the biological proper
ties of the heterogeneous cell populations. 

When a tumor is subjected to a treatment 
modality, some of the cells are killed and are 
rapidly removed by host mechanisms. The remain
ing cells may be stimulated to enter a cycling state 
due to increased availability of nutrients and oxy
gen and the elimination of toxic metabolites. 
Knowledge of the surviving fraction of cells and the 
kinetics of noncycling cells entering the cycling 
population would be valuable in the planning of 
subsequent treatment. 

Initial studies by Durand and Sutherland1- 3 

established that multicell tumor spheroids consisted 
of a heterogeneous population of cells with respect 
to cell age. It was determined that a significant 
proportion of cells in large spheroids (> 300 J.Lm 
diameter) was noncycling in G1 phase of the cell 

cycle. The noncycling cells are found in the poorly 
oxygenated and nutritionally depleted innermost 
regions of spheroids, and cycling cells occur in the 
periphery. Multicell tumor spheroids can be con
sidered as a model for the study of tumor cell 
kinetics and cell heterogeneity. The spheroids cap 
be grown and manipulated easily under controlled 
laboratory conditions. 

The kinetics of reentry into the cycling phase of 
cells that are dispersed from spheroids may be 
analogous to the kinetics of tumor cells that survive 
cytotoxic agents or radiation. 

PRELIMINARY STUDIES 

We have completed preliminary studies on 
repair of potentially lethal damage (PLD) and on 
kinetics of nonirradiated cells from spheroids and 
monolayers. Cell growth curves were obtained for 
dispersed spheroid cells and compared to the 
growth curve of cells from exponential and con
fluent monolayers. The lag period for both 
exponential and confluent monolayers is estimated 
to be 14.8 hours, and for cells from 800-J.Lm 
spheroids it is 29.7 hours. In Fig. 1 are the cell 
kinetic data that were obtained by graphic analysis 
of DNA histograms. It can be seen that monolayer 
cells remain stationary up to 6 hours, at which time 
they begin to move from G1 into S. After 
12 hours, the cells begin moving into G2+M. The 
kinetics of spheroid cells are more complex than 
for monolayers. There appears to be a gradual 
movement into G1 initially, and at 15 hours there is 
a rapid movement out. of G1 and a subsequent 
increase in S. After 21 hours there is an increase 
in G2+M. The spheroid cell changes may be due 
to the presence of cycling cells and to cells that are 
entering the cell cycle gradually and at varying 
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Fig. 1. The cell-cycle kinetics of cells incubated in fresh media after dispersal from confluent monolayer (open 
symbols and crosses) and from spheroids (closed symbols and x's). Triangles are %G 1; circles are %5; crosses and 
x's are %G2+M in the populations as a function of time. (XBL 847-7748) 

times. The cell-growth and kinetic parameters 
appear to be about twice as long for sph~roid cells 
as for monolayer cells and sugge-st the presence of 
noncycling or slowly cycling cells. _ . _ 

Our experiments on. repair of PLD in spheroids 
and monolayers suggest that there may be a corre
lation with the presence of noncycling cells~ Sur
vival of spheroid cells appears to be a result of PLD 
repair. The repair of PLD in monolayers produces 
a survival curve similar to the spheroid cell survival 
curve. The enhanced survival (contact effect) of 
spheroid cells is lost if the cells are dispersed and 
incubated in fresh media for 24 hours before radia
tion exposure (Fig. 2). The loss of radioresistance 
or contact effect for spheroid cells· may be· due to 
noncycling cells entering into the · cycling state 
(Fig. 1 ). Similar observations have been made for 
V-79 Chinese hamster_ cell spheroids. 
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CELL CYCLE DEPENDENT REPAIR OF POTENTIALLY LETHAL HEAVY-ION DAMAGE 

Eleanor A. Blakely, Polly Y. Chang, Leora Lommel, Edwin H. Goodwin, 
Frederick E. Abrams, and Cornelius A. Tobias 

The response of cells ~o irradiation may be 
modified by various post-treatment conditions that 
interfere with processes that normally result in 
either repair or the expression of radiation damage. 
The damage that may become lethal to the cell if 
the time and posttreatment conditions are not suit
able for repair is termed potentially lethal damage 
(PLD). The increase in survival that may be 
observed after irradiated cells are held in conditions 
that are suboptimal for growth is operationally 
defined as potentially lethal damage repair (PLDR). 
It occurs in vivo and in vitro, in dividing and non
dividing mammalian cells, and in oxic and hypoxic 
cells. 1·'I 

The question of whether or not cells can repair 
PLD caused by high-LET radiations has not been 
clearly answered yet, since many factors contribute 
to the complexity involved in identifying the poten
tially lethal lesion and in determining what modifies 
its repair. There are several neutron or alpha
particle in vitro experiments with Chinese hamster 
cells3- 5 and one study with tumors (irradiated in 
vivo and held in situ before evaluation in vitro6) 

that have indicated that no PLDR occurs after 
high-LET radiation. The absence of PLDR in tumors 
irradiated with high-LET damage could have signifi
cant implications in radiotherapy. 

Following 21.5-MeV (d+ - Be) neutron irradia
tions, investigations with the EMT-6IUW tumor 
line7 demonstrated that PLDR was measurable in 
unfed plateau cultures when subculture was 
delayed and in exponentially growing cells exposed 
to depleted culture medium immediately after irra
diation. No PLDR was observed in fed EMT-6IUW 
plateau cultures or in tumors in vivo if excision for 
preparation of a cell suspension was delayed. In a 
separate report, EMT -6 tumor cells growing in vitro 

are shown to repair PLD equally well after 6°Co 
gamma rays or helium ions of 1 0 keV I ~m. 8 

In addition to the neutron and alpha-particle 
work, PLDR has been evaluated in vitro following 
heavy-ion irradiation of three different tumor sys
tems.9-11 The results of all three in situ tumor stu
dies indicate that there is repair of PLD from radia
tions with LET values even up to approximately 
100 keV I ~m. This is in agreement with the heavy
ion PLD studies in vitro; 12• 13 however, it is in con
trast to the severely reduced repair of sublethal 
damage (SLD) produced at this LET in cells in vivo 
or in vitro using extended Bragg peaks. 14 Conse
quently, there appears to be a difference between 
the LtT dependence of heavy-ion effects on the 
repair of PLD and SLD. Repair of PLD damage may 
be diminished only at high-LET values as shown by 
the work of Sakamoto et al.11 who irradiated in the 
distai peak of the extended Bragg curve and, there
fore, of the three tumor PLD studies, they were 
using Bragg peak ions of the highest LET. How
ever, differences in the biological systems cannot 
be ignored as an explanation for the different 
degrees of repair. It is of interest to further explore 
the possible differences in various cellular targets 
for PLD and SLD using particle beams. 

We have been using synchronized human T-
1 cells to examine the cell-cycle dependence of 
repair of potentially lethal lesions produced in G1-
phase cells. We have demonstrated that there are 
significant qualitative and quantitative differences 
between the age response of early G -phase cells 
to low- or high-LET radiation. This is illustrated in a 
typical experiment shown in Panel A of Fig. 1 
where survival for cells plated immediately after 
7 Gray of x rays is compared to survival after 
3 Gray of Bragg peak neon ions (LET = 183 
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Fig. 1. Age response studies with synchronized G 1-phase human T-1 cells. (A) Survival of immediate plating of 
cells irradiated at each age indicated with 7-Gy x rays or with 3 Gy of 425-MeV/u neon Bragg peak (0.2-cm resi
dual range). Note qualitative and quantitative differences. (B) Survival of cells irradiated with 7-Gy x rays at each 
time point indicated and plated immediately; survival of cells irradiated with 7-Gy x rays and incubated for 6 hours 
at3rC in PBS before plating; survival of cells irradiated with 7-Gy x rays and incubated for 6 hours at 37"C in PBS 
containing 60c~tM {1-araA before plating. (C)·Surviva/ of cells irradiated with 3-Gy Bragg peak neon ions at each 
time point indicated andp/ated immediately; survival of cells irradiated with 3-Gy Bragg peak neon ions and incu- -
bated for 6 hours at 3rC in PBS before plating; survival of cells irradiated with 3-Gy Bragg peak neon ions and · 
incubated for 6 hours at 3rC in PBS containing 60-~tM {1-araA before plating. · (XBL 8417c8407) 

keV / ~m). Due to the high relative biological effec
tiveness of neon ions, a lower dose of neon ions 
than x rays was used to produce approximately 
comparable survival levels in the interval up to 
6 hours after mitotic selection. $-phase begins at 
5 hours after synchronization. In addition to the 
quantitative differences in dose needed to yield the 
same effect, certain qualitative differences are 
noted in the two responses. The cells are relatively 
resistant to neon ions early and then become 
increasingly more sensitive as the cells prog·~ss to 
$-phase; whereas the cells are sensitive to x rays 
early in the cycle and near the G 1 /S border, but a 
resistant peak is measured in between. 

PLDR was measured as the increase in survival 
observed for cells irradiated at ages between 1.5 
and 6.0 hours after mitotic selection and then held 
at 3rC in phosphate-buffered saline· (PBS) for 6 
hours before plating. Significant increases in sur
vival were noted (see Panel B of Fig. 1) at all ages 
studied that were irradiated with 7"Gy x rays, com
pared to cells from the same population that were 
plated immediately after irradiation. Earlier pulse
label eH-TdR) experiments and subsequent autora
diography have shown that G1 cells treated with 
6 hours of PBS are delayed fo'r 6 hours in their pro
gression through the cell cycle. The. degree of 

PLDR measured for x-ray damage .was not uniform 
at all ages. · 

When a .similar experiment was performed with 
Bragg peak neon ions, the data clearly demonstrate 
a reduced capacity for PLDR at each age compared 

· to that seen for x rays. At very early times in the 
cell cycle, delayed plating after neon ions appears 
to even result in additional killing. 

In this series of experiments each population of 
cells was split three ways after synchronization. 
The first set was plated immediately after irradia
tion, the second set was irradiated, held for 6 hours 
at 3rC in PBS, then plated, and the third popula
tion was irradiated, held for 6 hours at 37oC in PBS · 
containing 60 ~M ·of ,8-arabinofuranosyladenine (,8-
araA), and then plat~d. ,8-araA inhibits DNA syn
thesis via DNA polymerases and has been shown to 
inhibit PLDR in exponentially growing Ehrlich 
ascites tumor (EAT) cells. 15 There has also been a 
report that PLDR causes the variations in cell sur
vival after x irradiation of EAT cells.16 

{3-araA (60 ~M) in PBS for 6 hours at 37°( is 
hot toxic to asynchronous human T-1 cells or to 
synchronized populations which have progressed 
more than 3 hours after mitosis. However, there is 
a slight toxicity (plating efficiency drops from 70% 
to 50%) in synchronized. populations at very early 



G1-phase. All survival data presented here have 
therefore been normalized to the control survival 
measurement of cells which have received drug 
treatment without irradiation. The (3-araA results 
show that in fact 60 J.LM can almost completely 
eliminate the PLDR after x rays, reducing the sur
vival to that measured in the data set plated 
immediately after irradiation. At very early cell 
ages, the (3-araA treatment caused enhanced cell 
killing. In the neon experiment, 60-J.LM (3-araA 
caused enhanced cell killing at all cell ages, com
pletely eliminating even the reduced PLDR 
observed. 

The results were confirmed in a separate set of 
experiments depicted in Fig. 2. Instead of measur
ing the response of all cell ages to a single dose 
level, whole dose-survival response curves were 
measured for cells 3 hours post-M irradiated with x 
rays or Bragg peak neon ions. The curves confirm 
the age response experiments and demonstrate 
PLDR for x-ray damage and not for neon damage 
when synchronized human T -1 cells are irradiated 
3 hours into G -phase. Complete dose-response 
curves measured at 4.5 hours into G1 (not shown 
here) indicate a small amount of PLDR which can 
be eliminated with 60-J.LM (3-araA. We plan to con
tinue this work with other types of repair inhibitors. 

In summary, we have demonstrated a qualita
tive and quantitative difference in the response of 
synchronized human G 1-phase cell populations to 
single doses of low- or high-LET radiation. Further 
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work may uncover differences in fundamental 
molecular processes operative on lesions caused by 
radiations of different quality. We also have evi
dence that G1-cell populations that can repair x
ray-induced PLD are unable to effectively repair 
heavy-ion-induced PLD at early times in G1-phase 
but are capable of some repair in the late G1-

phase. Treatment with an inhibitor of DNA polym
erases ((3-araA) can eliminate the PLDR observed 
after exposure to a single dose of either radiation 
quality. 

This work could have clinical significance for 
radiotherapy in cases where local tumor failures 
may be due to PLDR in tumor cells. In addition to 
other physical and biological factors, the reduced 
repair of heavy-ion-induced PLD, if confirmed in 
tumor models, could be an advantage for particle 
radiotherapy. 
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INHIBITION OF PROTEIN SYNTHESIS AND ITS EFFECT ON CELL PROGRESSION AND 
REPAIR OF SUBLETHAL RADIATION DAMAGE 

Michael J. Yezzi, Cornelius A. Tobias, Eleanor A. Blakely, Polly Y. Chang, and 
Leora Lommel 

We are using a temperature-sensitive mam
malian mutant cell line that stops synthesizing pro
tein when it is transferred from its normal growth 
temperature of 35 oc up to 40°C. 1 We have been 
studying the effects of this inhibition of protein syn
thesis on the ability of G1- and S-phase cells to 
repair sublethal x-ray damage. We observed 
reduced split-dose survival repair in the exponen
tially growing mutant population if the cells were 
held at 40oC for 2-hours before a first dose, and 
during a 2-hr interval between doses.2 A greater 
inhibition of repair capability was seen when the 
same experiment was performed with synchronized 
S-phase cells (1 0 hours postmitosis) compared to 
the repair capability of either asynchronous popula
tions, or to cells synchronized in G1-phase (2 hours 
postmitosis). This is demonstrated in Fig. 1. 

To study this further, experiments were com
pleted to determine the effects of protein inhibi
tion, either with or without exposure to x rays, on 
the cell progression of synchronized S-phase cells. 
As shown in Figs. 2 and 3, treatment of mid-S
phase cells with several hours of 40°C can cause a 
delay in the subsequent appearance of mitotic cells, 

as evidenced by the delayed mm1mum in the per
centage of cells labeled with a pulse of tritiated 
thymidine. When the temperature was shifted 
back to the normal growth temperature of 35 oc, 
there was an immediate rise in the percentage of 
cells synthesizing DNA. This pattern suggests that 
DNA synthesis was continuing for a longer-than
normal time following the inhibition of protein syn
thesis. 

A similar phenomenon was also observed when 
an x-ray dose of 5.5 Gy was given after a 2-hr or 
between two consecutive 2-hr temperature' treat
ment intervals. However, the later increase in the 
percentage of labeled cells was not as great as the 
effect observed with 40oC treatment alone. The 
radiation also adds further delay in the subsequent 
appearance of mitotic cells. Since the normal DNA 
synthetic period is nearly completed by the time 
the temperature treatment is ended, the rise in the 
percentage of labeled cells at the termination of the 
40oC treatment indicates additional DNA synthesis 
is occurring. The nature of this extra DNA syn
thesis, however, is not clear. It could represent 
either repair synthesis, normal DNA synthesis that 
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Fig. 1. The results of a split-dose experiment on a G 1 population and 5 population of the temperature-sensitive 
.mutant of a Chinese hamster eel/line. The dashed line represents. the survival of each population to single doses of 
radiation. Solid circles show the effect on each population when protein synthesis is inhibited only before the first 
dose; solid triangles show the effect on each population when protein synthesis is inhibited before the first dose 
and in the interval between the dose fractions. The insert shows the progression of the unirradiated, control cells 
used for each population. (XBL 843-7642) 
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Fig. 3. Cell progression of an 5 population of the temperature-sensitive mutant Chinese hamster cell line 
(TO hours after mitotic selection) treated with a 4-hr interval of protein synthesis inhibition (solid circles) or a 2-hr 
interval of protein synthesis inhibition + x-irradiation + another 2-hr interval of protein synthesis inhibition (open 
circles). The dashed curve represents the progression of the unirradiated cells held at 3SOC. (XBL 843-7641 D) 

was not finished during the' hyperthermic treatment 
' interval, normal resynthesis of DNA that was 
degraded during the treatment interval, or redupli
cation of DNA already: s'ynthesize-d: Preliminary 
data also ·indicate that the rate of synthesis in the 
cells that do take up thymidine is greater than nor
mal. The extra DNA synthesis occurring after inhi
bition of protein synthesis is slowed down and 
reduced after exposure to ionizing radiation. 

We are .investigating how . this observation 
correlates with the loss of split-dose repair capabil
ity, which is pronounced in S-phase cells where 

protein synthesis has been inhibited. We plan to 
examine the extent of mitotic delay and to quanti
tate the· DNA content of the irradiated cell popula
tions with flow cytometrit techniques. 
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DETECTION OF REPAIR ENZY¥Es AND RApiATION-INDUCE.D LESIONS AT THE 
MOLECULAR LEVEL 

Ruth J. Roots, Gianfranco Grossi, James Schmidt, and Cornelius A. Trlbias 

'. 

. A number-. of genes associated \-\lith repair of 
D~A from· raqiation-induced .. 9amage are. well 
characterized in yeast cells; for example, the --rad52 
and rad54 mtHant strains ar.e very sens_itive to ioniz-

. ing radiation. Because these two. g~nes. _are impl.i~ 

cated in repair of DNA and have also been cloned 
into a variety of plasmid vect_ors by Dr. R. K. Morti
mer and_ associates, we have begun .investigations 
to find their analogs in higher eukaryotes. _Prelim
inary results obtained by J. Schmidt (Ph.D. thesis 



research) show that homologies exist between the 
RAD54 yeast gene and rat DNA. Our aim is to 
study the mammalian RAD homologue(s) more 
fully, preferentially using a human diploid cell type, 
and to establish the degree of ,homology .. Once 
the existence of RA054 and/or RAD52 related 
mammalian DNA ha·s been demonstrated, we 
intend to find out if the gene is transcribed in the 
mammalian cell. In further work we hope to be 
able to clone the mammalian RAD counterpart and 
to test for its function. 

· It is also o( interest to study radiation-induced 
changes in specific genes. Through :the· use of gene 
identification by hybridization techniques, gene 
cloning, and gene sequence analysis, it has now 
become possible to study alterations or damage in 
DNA in a. detailed fashion not previously possible. 
In addition, alterations in a certain group of genes, 
the proto-oncogenes, are . known to be connected 
with · cell transformation and carcinogenes(s. We 
have chosen the c-myc proto-oncogene in which to 
study the effects of radiation-induced aberrations. 
In human chromosomes this gene, "';hich functions 
in the regulation of DNA synthesis, .is located on 
chromosome number 8, and translocations and 
rearrangements of the gene are associated with cer
tain forms of leukemia. 

We are presently studying c-myc aberrations in 
male Indian muntjac cells which have a total chro
mosome number of seven. Figure 1 is a Southern 
transfer of niuntjac DNA digested with two different 
restriction endonucleases, fcoRl and BamHl. The 

· hybridization of 32P-Iabeled v-inyc DNA to the 
mammalian genomic. DNA shows severaL c-myc 
DNA bands in the BamHl digest, but only ·two in 
the fcoRl digest. Future work will include identifi
cation of the c-myc chromosomal site in muntjac 
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Fig. 1. The hybridization of j2P-labelf~d·v;~~c DNA to the 
mamrnalian genomic DNA shows several c-m}lcDNA bands in 
·the BiuTiHl digest, but only two in the fcoRl digest. · · · 

(XBB 847-5318) · 

cells · and tadiation.:.induced change_s and their -
consequences in this gene. · 

SUPER HEAVY IONS: URANIUM RADIOBIOLOGY AND PHYSICS 

. Gerhard H. Kraft, Eleanor A. Blakely, Wilma Kraft-Weyrather, Polly Y. Chang, 
Leora Lommel, Ruth J. ·Roots, Tracy C. H.'· Yang~ Laurie M~ Craise, Mantolig 'Mei,· 
Mervyn Wong, Marvin Rapkin, Walter Schimmerling, Jerry Howard, Michael J. 
Yezzi, James Schmidt, and Cornelius A. Tobias · 

rhe heaviest ions accelerated at the Bevalac are 
uranium. These are of radiobiological interest 
because of their massive track structure and 
relevance to any basic theory of the mechanisms. of 
cell injury caused by charged particles, and because 
of the still as yet unexplained biological results 

.. 
·· ... 

obtained .. : at very high-LET v~lues (:::> 10,000-
keV I ~ni) With low~energy · ( <8-J\t1eV/u) · i.Jraniurn 
ions at. the ·unilac accelerator i·n·. Darmstadt, West 
Germariy. · · ·· · ,. · · . 

-During the past year,· as a part of. our continu
ing collabo~ation with the blo'p_hysicists "at the. 

,. ·.-



Gesellschaft fUr Schwerionenforschung (GSI), 
uranium Bevalac experi111ents were completed at 
three high initial energy levels of extraction (960, 
430, and 170 MeV /u). Beams of uranium at these 
energies, which are available only at the Bevalac, 
permit us to study the biological response to ions 
in the plateau of the Bragg curve at the heretofore 
unstudied intermediate-LET range between 1900 
and 3500 keY/ ~m. · 

PHYSICS AND DOSIMETRY 

With the considerab.le assistance of the 
Accelerator and Nuclear Science Divisions (due 
notably to F. Lothrop and· H. Crawford) and also 
the scheduling assistance of E. j. Ainsworth, 
uranium beams of relatively high fluence were 
deflected .into Cave 40 for biomedical study. 
Several physical techniques were used to ensure 
good beam uniformity across the field and to con
firm dose measurements. In addition to scintillation 
paddles and Polaroid films, one and, in some cases, 
two types of passive particle detectors were 
exposed with each biological sample. Later 
development of these detectors by G. Kraft permit
ted an actual enumeration of particle fluence as an 
independent check on each sample dose measured 
by the scintillation counter. 

Parallel-plate ion chambers were used by 
W. Schimmerling, M. Wong, M. Rapkin, and 
J. Howard to measure the Bragg ionization curve 
for the 960-MeV/u beam. The data are presented 
in Fig. 1 and show the range of the primary parti
cles to be approximately 7 em in water-equivalent 
material. Beyond the Bragg peak of stopping 
uranium ions, there is a noticeable bulge .of ioniza-
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Fig. 1. Bragg curve of a 960-MeV/u uranium beam in water. 
(XBL 84 7 7 -6406) 
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tion which is thought to be due to fission frag
ments. The 'large number of nuclear fragments is 
clearly visible in. the Bragg curve as a long tail of 
ionization extending far beyond the range of the 
primary uranium ions. 

.. 
INACTIVATION OF MAMMALIAN CELL LINES 

Although not fully stripped of electrons, 
uranium i~ns at relativistic energies have a nuclear 
charge without screening of the electrons that 
interacts strongly with the electrons of the bom
barded stopping material. Because of the high 
speed of the relativistic ions, a great fraction of the 
liberated Cl-electrons is created with high kinetic 
energy and is spread over a large area around the 
particle track. Therefore the action of the relativis
tic uranium particles consists of both a very high
LET component (in the intense particle core of ioni
zation) and a considerable low-LET component 
(due to th~ 'diffusing Cl-electrons). 

One question of interest relates to how the 
inactivation of mammalian cells changes from that 
observed for uranium ions of low initial energy and 
very high LET, to that measured for uranium beams 
of higher initial extraction energy and therefore of a 
somewhat lower (or intermediate) LET. Figure 2 
compares the survival of Chinese hamster V-
79 cells irradiated with uranium ions of three ener
gies. As shown, the characteristics of the nominal 
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Fig. 2. Particle-fluence survival curves of Chinese hamster V-
79 cells irradiated with uranium beams of three initial energies. 

(XBL 843-76 74) 



400 MeV lu uranium particle track structure are 
definitely more effective than either the 2-
MeV lu or 5-MeV lu uranium beams: 

·Differences in radiosensitivities between cell 
lines are reduced at very high-LET values. This is 
indicated in Fig. 3 by the smaller difference in cell 
killing between human T-1 cells and Chinese ham
ster V-79 cells at 2600 keVIttm with uranium ions 
of 400 MeV lu (compared to their respective x-ray 
responses). It is also shown more dramatically in 
Fig. 4, which is a plot of the dose-survival response 
of four mammalian cell lines to 960-MeV lu 
uranium ions. The human ataxia telangiectasia cell· 
is the most x-ray· sensitive human cell line known 
in vitro. At 1900 keY I #Lm, although there is scatter 
in the data, the response of the' ataxia cell is quite 
similar not only to the relatively x-ray resistant 
human T-1 cell line but also to two rodent cell 
lines. . . . . 

lhe LET dependence of this increasing similarity 
to cellular responses at high LET is iUustrated in 
Fig. 5 for human ataxia and T-l c.ells. At the 
highest LET · studied (uranium ions at 
15,700 keY I #Lm) the two cell .lines have yirtually 
identical survival curves. The relative changes in 
radiosensitivity (compared to x rays) are given in 
Fig. 6, where the aerobic RBE values at 10% sur
vival are plotted over the LET range .studied. 
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Fig. 5. Comparison of the response of human A T-2SF and T- 7 cells to x rays and to selected heavy-ion beams. 
The large· difference in sensitivity observed for x rays decreases with increasing LET. (XBL 843-17 80) 

The inactivation cross sections of the Chinese 
hamster V-79 cell have been calculated for the 
high-energy-uranium experiments and are presented 
on a composite plot ih Fig. 7 of inactivation cross 
sections for cells irradiated . with low-energy 
uranium and other various super heavy ions up to 
LET values near 20,000 keV I J.Lm. 

The observed increase of the biological effec
tiveness may be mainly caused by the action of the 
highly energetic ll-electrons, which cover a much 
larger area than the track core. Although the inner 
part of the particle track may be more efficient than 
the ll-electrons, the probability of hitting critical 
structures :in cells with the track core is much lower 
than the interaction with the far-diffusing ll
electrons .. This assumption is .als.o. supported by a 
preliminary oxygen enhancement ratio of 1 A-1.5, 
which has been measured in preliminary experi
ments with Chinese hamster V-79 cells (see Fig. 8) 
at 960 MeV lu and an LET of 1900 keV I J.Lm. The 
reappearance of a substantial OER at very high LET 
has also been demonstrated with yeast.1 
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The results from these first measurements, using 
relativistic uranium ions together with previous 
measurements using low-energetic uranium ions, 
show that the current theories of the biological 
effectiveness of energy deposition of particle radia
tion have to be revised.2- 3 

CHROMOSOMAL ABERRATIONS 

In chromosome studies with Chinese hamster 
V-79 cells, the induction of aberrations has been 
measured as a function of dose using low-energy 
uranium ions at the Unilac. As indicated in Fig. 9, 
at low doses we observe a steep increase in the 
aberration induction as a function of dose that lev
els off for higher doses similar to the inactivation 
measurements. The number of cells having chro
mosomal damage appears to be correlated more to 
track structure than to LET alone. The effectiveness 
of abe.rration production in a single cell increases, 
however, with increasing atomic number of the 
projectile. 

10
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Fig. 6. Plo,t ,of the LET dependence of the aerobic RBE-7 0 values (relative to x rays) for human A T-2SF and T-1 
cells. The RBE for T~ 7 cells is greater than 3,0 between 100 and 200 keV/J.Lm, while it is only 1.8 for A-T cells. 

(XBL 843-7181) 
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Chromosome aberration studies using Chinese 
hamster V-79 cells have been completed with the 
nominal 400-MeV/u uranium beam at the Bevalac. 
The preliminary analysis indicates that the efficiency 
per uranium particle is not drastically different from 
the low-energy data~ 

The distribution of aberrations scored after 
5 Gray of 400-MeV ju uranium is. quite different, 
hoWever, from that observed after 3 Gray of x rays. 
Histograms presented in Fig. 10 indicate that more 
aberrations observed immediately after x rays are 
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Fig. 8. Survival of V-79 Chinese hamster cells irradiated under 
aerobic or hypoxic conditions as a function of particle f/uente 
of a 960-MeV/u uranium beam. (XBL 843-7623) 
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Fig. 9. Plot of chromosomal aberration induction in Chinese 
hamster V-79 cells as a function of particle fluence of 
uranium (U), krypton (Kr), or argon (Ar) particles of various 
initial energies. . (XBL 843-7679) 

isofragments, dicentics, exchanges, or rings. In con
trast, immediately after an exposure to uranium ions 
at 2600 keY j ,.tm, aberrations included fragments, 
breaks, isofragments, and a significant percentage of 
disintegrated chromosomes. The distribution of 
aberrations changes with time after exposure, and, 
as shown in Fig. 11, for two dose levels the percen
tage of V-79 cells having aberrations is greatest 
between 5 to 10 hours after exposure, decreasing 
thereafter. Our results indicate that one high-LET 
particle can cause multiple chromosome breaks if 
the particle hits condensed chromosomes. 

THE FORMATION OF DNA BREAKS WITH 
RESPECT TO LET 

The yields -of DNA -breaks, both single-strand 
(SSBs) and double-strand breaks (DSBs); induced by 
ionizing radiation vary significantly with radiation 
quality; i.e., the effect is highly dependent on the 
ionization density and characteristics of the ioniza
tion pathway. · In addition, the yields of various 
types of damage to DNA following ionizing radia
tion are very dependent on the physico-chemical 
conditions of the DNA. · 
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Fig. 10. Distribution of chromosomal aberrations in Chinese hamster V-79 cells scored immediately after 3 Gray 
of X rays (Panel A) or 5 Gray of 400-MeV/u uranium ions (Panel B). (XBL 8417-6405} 

The formation · of DNA breaks following 
charged-particle irradiation has been studied by us 
and other investigators. under three basic condi
tions, namely: 1) under conditions where lesions 
are caused almost exclusively by the products of 
water radiolysis, · such as irradiations of DNA in 
dilute aqueous solutions (damage largely due to the 
indirect effect); 2) under conditions where both 
indirect and direct effects are important such as 
cellular DNA damage; and 3) under conditions 
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Fig. 11. Plot of the number of Chinese hamster V-79 cells hav
ing chromosomal aberrations after 5 Gray (0) or 7.6 Gray (D.) of 
400-MeV/u uranium ions as a function of time after exposure: 

(XBL 8471-6404) 

where. the mechanisms of the direct effects 
predominate, such as the case of irradiations of 
DNA in a highly protective solution where the pro
ducts of. water radiolysis are scavenged by the 
protector(s). 

Figure 12 contains graphs of the ratios of DSBs 
to SSBs under the three different conditions. These 
ratios are based on the initial yields of DSBs and 
SSBs. In the top . panel we have presented data 
obtained by us after irradiations of viral DNA in 
dilute aqueous solution irradiated with various 
Bevalac ions (open syrnbols) and with low-energy 
heavy ions from the Heidelberg or Darmstadt 
accelerators (closed symbols). In a similar fashion, 
we have constructed the middle panel, which dep
.icts the. DSB/SSB ratio after irradiations of mam
malian. cells with accelerated a-particl~s and low
energy carbon ions, from the data published by 
Kampf and Eichhorn.5 In the lower panel, the 
DSB/SSB ratios vs. LET were calculated from the 

DSB and SSB yields obtained by Christensen et al. 
for irradiations of bacteriophage DNA in protective 
broth with a variety of low-energy HILAC ions.4 All 
three panels show the same trend of a substantial 
increase in the number of DSBs per SSB as the LET 
increases, followed by a decrease as the LET 
increases further (although the effect is small for 
Bevalac ions). However, the LET value that yields 
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Fig. 12. Ratios of the initial yields of D5Bs to 55Bs with 
respect to ionization density (keV /JJ.m) plotted for DNA 
molecules in dilute aqueous buffer, cellular DNA (calculations 
based on data published by Kampf and Eichhorn 19835), and a 
solution of DNA molecules protected by a sulfhydryl compound 
(Christensen et a/.,4 1972) in the top, middle, and lower panels, 
respectively. DNA breaks were assayed under neutral condi· 
tions in the top and bottom panels. The yields of strand breaks 
portrayed in the middle panel, by Kampf and Eichhorn, were 
measured by neutral and alkaline sucrose sedimentation tech
niques, and the 558 values were reduced by 30% to subtract 
the contribution of radiation-induced alkali-labile breaks in 
order to obtain the graph shown in the middle panel. 5 

(XBL 8411-8075) 

the maximum ratio of DSBs to SSBs is different for 
each graph. The actual numbers of DNA strand 
breaks per rad per unit molecular weight are also 
different under the three different conditions. In 
particular, there is a large difference in the DSB to 
SSB ratios shown in the upper panel between the 
results from the low-energy (Unilac) and the high
energy (Bevalac) charged-particle beams. The 
yields of SSBs and DSBs are not shown; only their 
ratios have been plotted in the figure. 

In general terms, the yield of SSBs diminishes as 
the LET increases, but much less so for irradiations 
with high-energy than with low-energy heavy ions. 
At very high Z values, the SSB yield may rise again. 
In the case of the formation of DSBs, an increase 
and subsequent decrease with increasing LET was 
found for the irradiations of cellular DNA (middle 
panel) and for DNA molecules in protective broth 

. (lower panel), 1 whereas for irradiations of DNA 
molecules in aqueous solution (top panel), the DSB 
yields decrease with increasing LETs for both the 
high- and low-energy particle beams. At very high 
Z values, the DBS yield may rise again. 

These data illustrate the complexities of high
LET radiation in terms of biological effectiveness 
and the dependence of the effect on the physico
chemical conditions of the biological target. The 
absolute values of DNA breaks per unit dose per 
unit DNA molecular weight vary not just in terms 
of LET and the DNA milieu as demonstrated here, 
but variations also are noted in the different assay 
methods used by different researchers. It is impor
tant to- have some knowledge of the formation of 
DNA strand breaks in cellular DNA, and, in a 
separate publication, we have investigated the 
yields of DNA DSBs and SSBs in intracellular viral 
chromatin after low-LET radiation.6 The ratio of 
DSBs to SSBs was found to be close to 1 /10. For 
the data shown in Fig. 12, the DSB /SSB ratios at 1-
2 keV / ~m are 1/26, 1/36, and 1/26 for the top, ' 
middle, and bottom panels, respectively. 

NEOPLASTIC CELL TRANSFORMATION BY 
ENERGETIC URANIUM AND OTHER HEAVY IONS 

For many years we have been interested in 
understanding the potential carcinogenic effects of 
cosmic rays. We have studied these effects with 
accelerator-produced heavy-particle radiation and 
with a cultured mammalian cell system of 
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C3H1 OT1 12 cells. .Our quantitative data obtained 
with carbon, neon, silicon, and iron particles 
showed that RBE is LET dependent for neoplastic 
cell transformation .. The RBE increases with LET up 
to about 200 keV I ~m and decreases at higher LET. 
Our recent studies with super-heavy, high-energy 
particles, e.g., 960-MeV lu uranium ions (LET = 
1900 keV I ~m), indicate that these ions with a .high 
inactivation cross section can cause neoplastic cell 
transformation. 

The induction of neoplasms is one of the major 
deleterious late effects of ionizing radiation. If 
space stations and space laboratories orbit earth for 
prolonged periods of time, astronauts may be 
exposed to significant radiation doses in space, and 
the potential late effects of ionizing radiation 
become truly important to accurately assess . risk. 
Energetic; heavy particles are present in cosmic rays 
in space and can produce various types of impor
tant biological damage, including cell killing, muta
tion, and neoplastic cell transformation. During the 
past several· years, we have systematically investi
gated the induction of neoplastic cell transformation 
by heavy ions. Some of our recent high-energy 
uranium experimental results are presented here. 
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The inactivation cross section for mammalian 
cells has been found to be close to the geometric 
size of the nucleus at an LET value of about 1700 
keV I ~m.? An interesting and irriportant question is, 
therefore, can heavy ions with very high LET cause 
neoplastic cell transformation? Results of the 
uranium ion experiments are shown in Figs. 4, 13, 
and 14. As indicated earlier in this ·report of 
uranium data, the survival curve for 1 OT1 12 cells · 
irradiated with uranium particles ap.pears to be 
close to exponential with an RBE value less than 1 
at 10% survival level. Well-transformed cells were 
observed in cells irradiated with the 400- and 960.
MeV lu uranium beams (LET 2500 and 
1900 keV I ~m), as shown in Fig. 13. The dose
response curve for cell transformation approached 
linearity, and the uranium beam was 'less effective 
in inducing ·neoplastic . celf transformation as 
compared to x rays (Fig. 14). 

Figure 15 is a plot of RBE as a function of LET, 
which represents a summary of data collected in 
our laboratory. ·The · RBE is determined at the 
transformation frequency per survival induced by 
x-ray dose that kills 50% of the cells. Clearly there 
is an increase of RBE with ·LET up to about 
200 keV l~m and a decrease of RBE at very high 
LET. Because high-LET heavy ions produce less
repairable lesions, the RBE for cells plated one day 
after irradiation is higher than that for. cells plated 

C3HIOT{ (CIS/II) CELLS (G1) 

0 RAD 695 RAD 

(1.55xl0b PARTICLES/CM
2
1 

Fig. 13. A comparison between a control dish containing 
evenly spread monolayer CJH10T7/2 cells with no transformed 
colonies and a dish showing discrete and dense neoplastic 
transformed foci in cells irradiated with 695 ·rad (1 X 1o' 
particles fir?) 400-MeV /u uranium particles. (CBB 841-648) 

right after irradiation. In the LET range between 
100 to 200 keV I ~m, the difference in RBE between 
immediately plated and delayed plated cells can be 
as much ·as a factor of 2. 

Because of practical limi.tations our studies 
focused on the carcinogenic effect of heavy ions in 
moderate dose 'range, from 50 to several hundred 
rad. In general, the exposur.e dose of space trav
elers will be small, usually less than 10 rad. · An 
extrapolation. of our data shows that at low dose, 
e.g., 1 rad, the RBE may reach as high as about 30 
for high-LET argon ions (Fig. 16). A comparison of 
RBE between various heavy ions and fission neu
trons is also shown in the same figure. ·It appears 
that some high-LET heavy particles can be· more 
effective than fission neutrons in producing neo
plastic cell transformation. Because it is important 
to know the RBE as precisely as possible at low 
doses, we plan to conduct experiments with heavy 
ions at low doses in the near future. 

The effect of radiation on cell transformation 
has been found to be dose-rate dependent. The 
frequency of neoplastic transformation for a given 
dose decreases with a decrease of dose rate of 
6°Co gamma rays, and ·at low doses the 
transformation frequency per survivor increases 
linearly with the radiation dose.8 In contrast to 
gamma rays, a significant enhancement of cell 
transformation by neutrons was reported.9 At 
present we do not have any infomiation' on the low 
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Fig. 16. A comparison of RBE between heavy ions and-fission 
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dose-rate effect of high-LET heavy ions. For risk 
assessment,_ it is extremely important to have 
studies on the low dose-rate effect of heavy ions. 
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INDUCTION OF GENE EXPRESSION IN MAMMALIAN CELLS BY HEAVY IONS 

Man-tong Mei, Laurie M. Craise, and Tracy C. Yang 

In recent years, extensive studies have shown 
that ionizing radiation can cause somatic cell muta
tion as well as neoplastfc cell transformation. For a 
better understanding of the radiation biological 
effects, especially carcinogenesis, we need quantita
tive information for different types of mutation 
induced by radiation to compare with the experi" 
mental data from cell transformation. Recently, 
some work in point mutation, deletion mutation, 
and sister chromatid exchange has been done with 
x rays and various heavy particles in this labora-
tory.1'2 · 

This year we initiated study on another type of 
mutation, which had been investigated during the 
1960s and '70s in mammalian cells in vitro. This 
type of mutation, a nutritional mutation that 
includes forward and reversed directions of nutri
tional deficiency, uses a specific kind of amino acid 
requirement as the genetic marker and provides an 
easy way to investigate the mutagens' effect on 
gene expression in mammalian cells. Most of the 
work reported in the literature was done with 
chemicals, although some researchers used x rays 
or uv to induce specific auxotrophies in mammalian 
cells.3 However, there is still no information on 
the induction of this type of mutation by heavy 
ions. 

Using an established mammalian cell line, 
Chinese Hamster Ovary cells (CHO-K1), we have 
observed the mutagenic effects of various heavy 
ions. Cell line CHO-K1 requires proline for normal 
growth in medium with low serum concentration. 
X rays and three types of heavy particles (600-
MeV /u iron, 670-MeV /u neon, and 300-MeV /u silic 
con ions) were used to induce mutation that 
reversed cells to proline independence. After irra
diation the exponentially growing cells were inOcu
lated into medium with proline. The treated cells 

were incubated in this medium for 3 to 4 days for 
recovery and then transferred to medium minus 
proline for 7 days for expression of the prototrophic 
reversion. After that, azetidine-2-carboxylic acid 
(A2C), a proline analogue, was added to the 
medium for further selection of proline indepen
dent mutants for another week. ·Cells that could 
produce colonies under these conditions were 
identified as mutants. In this study, the spontane
ous reversion was about 10-7 per survivor. 

The physical data of various ionizing particles 
used in this investigation are given in Table 1. The 
results of cell survival after irradiation showed that 
high-LET iron particles were more effective in cell 
killing than low-LET radiation (Fig. 1). In this inves
tigation, the LET value ranged from 2.6 to 190 
keV / ~m, and we found higher cell killing when 
higher LET particles were used. The RBE values at 
10% survival level for these three types of ener
getic heavy particles are about 1.1,. 1.45, and 2.7 
for neon, silicon, and iron particles, respectively. 
The results on induction of proline-independent 
mutants are given in Fig. 2. The mutation fre
quency per viable cell appears to be dose depen
dent for these four types of radiation, and the 
dose-response curves are curvilinear. Our results 
also indicate that the effectiveness of high-LET par
ticles, for example 56Fe, in inducing proline proto
trophs is much stronger than that of low-LET radia
tion, for example x rays and 20Ne. By using muta
tion frequency induced by an x-ray dose of 
640 rad, which produced 1 0% survival, as the 
reference point, we calculated the RBE value for 
mutation (Table 1 ). A comparison between RBEs 
for mutation and for cell killing showed that ener
getic heavy ions could produce more nutritional
reversible mutation per lethal injury than x rays. 
However, a similar response pattern was found for 
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Table 1. Pl:wsica/ parameters of heavy ions and RBE values for cell illing 
and nutritional mutation of Chinese hamster ovary cells (CHO-K1). 

'·}" 

LET Residual range RBE 

Radiation Energy (keV/~tm) in water (em) Cell Killin~ Mutationb 

x rays 225 kVp 2.6 1.0 1.0 

20Ne 670 MeV/u 24.0 30.8 1.1 1.23 

28Si 320 MeV/u 86.0 3.94 1.45 2.06 

56 Fe 600 MeV/u 190.0 8.39 2.67 3.56 

• RBE determined at 10% survival level. 0 10 of x rays = 640 rad. 

b RBE determined at the mutation frequency induced by 0
10 

of x rays. 

cell killing and mutation, i.e., the higher the LET, 
the higher the RBE. · · 

Several investigators have isolated similar types 
of mutants, such as .reversion glutamine indepen
dence 'in V-79 cells induced by mutagenic chemi
cals. They suggested that the change in gene 
expression, such as DNA demethy.lation at sites 

... 
A 

I 

i 
i 
6. 

I 
i 
\ 
\ 
\ 
i 
\ 

CHO-KI (PROLINE DEPENDENT) 

tl--T,g X-RAY (225 kVp) 

0--7'0 Ne 20 (670MeV/u) 

0------0 Si 28 (320MeV/u) 

bJ.-·-·-bJ. Fe 88 (600MeVIu) 

Fig. 1. Dose-response survival curves of CHO-K1 cells irradi
ated with x rays and heavy ions. (XBL 8410-4100) 

regulating the inducibilit}.i. of specific. amino acid · 
synthesis,. might be the cause of this type of muta
tion.4 The mechanism of mutation induced by. 
radiation, however, may be more complex. Proline 
synthesis in mammalian cells has two pathways. that 
relate to several enzymes.5'6 In view of the work 
by Hooper et al/ on the selection of A2C resistant 
variants of Chinese hamster cells, it is possible that 
the proline mutation may be caused by some DNA 
damage in specific site(s), which suppressed the 
inhibition gl:me ·for proline synthesis. As a result, 
the enzyme system for the proline synthesis would 
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· Fig. 2. . Dose~response curve for x rays and heavy particles in 
inducing proline-independent mutation .of CHO-K1 cells. 

(XBL 8410-4099) 



be activated. There is, nevertheless, another possi
bility that radiation might destroy the gen_e(s) for 
DNA methylation and, thus, permit the induction of 
proline synthesis to occur. 

We are now performing some experiments on 
the proline synthesis pathway of mutants, hoping to 
learn more about the nature of mutation. It is of 
great interest that the relationships between LET 
and RBE are similar for this type of mutation and 
for cell transformation. Further studies to deter
mine whether there is any interrelation between 
these effects can help us understand the nature of 
radiation carcinogenesis. In the coming year we 
will continue this study, comparing the effective
ness of various types of radiation in inducing gene 
expression and exploring the molecular nature of 
mutation. 

REFERENCES 

1. Yang, T.C-H., Ngo, F.G.H., Howard, j., and 
Tobias, C.A. Cell transformation and 
mutagenesis. Biology and Medicine Division 
Annual Report 1979-80, Lawrence Berkeley 

139 

laboratory report LBL-11700, pp. 88-89 
(1981 ). 

2. Yang, T.C-H., and Tobias, C.A. Mechanism of 
radiation induced neoplastic cell transforma
tion. Lawrence Berkeley Laboratory report 
LBL-16793 (1984). 

3. Kao, F-T. and Puck, T.T. Genetics of somatic 
mammalian cells IX. Quantitation of 
mutagenesis by physical and chemical agents. 
}. Cell. Physiol. 74, 245-258 (1969). 

4. Harris, M. Variants inducible for glutamine 
synthetase in V79-56 cells. Somatic Cell and 
Molecular Genetics, in press, (1984). 

5. Kao, F-T. and Puck, T.T. Genetics of somatic 
· mammalian cells IV. Properties of Chinese 

hamster cell mutants with re~pect to the 
requirement for ·proline. Genetics 55, 
513-524 (1967). 

6. Baich, A. Alteration pathways for proline syn
thesis in mammalian cells. Somatic Cell 
Genetics 3, 529-538 (1977). 

7. Hooper, M.L., Carritt, B., Goldfarb, P.S.G., and 
Slack, C. Variant Chinese hamster cells resis
tant to the proline analog L-azetidine 2-
carboxylic acid. Somatic Cell Genetics 3, 
313-322 (1977). 

Biophysical Studies 

RED BLOOD CELL BIOPHYSICS: OSMOTIC FRAGILITY AND RELATED MEMBRANE 
PHENOMENA 

Howard C. Mel, Gary V. Richieri, Hugo Massaldi, and Robert Bridwell 

The red cell membrane has become perhaps 
the prime system of study of the multifaceted struc
tural features and control processes characteristic of 
mammalian cell ·membranes in general. To the 
more traditional arsenal of studies, such as chemis
try of lipid and protein interactions and ultrastruc
tural and kinetic features of transport systems, has 
recently been added a host of new experimental 
and theoretical approaches focusing on mechanical, 
electrical, and rheological responses of the cell
membrane system. ·Many of these can be linked to 
each other and to higher-order physiological factors 

·(e.g., factors mediated through the blood circula
tion) in both normal and pathological conditions. 

A coordinated approach involving approxi
mately a dozen biophysical properties (including 
several entirely new ones, enabled by virtue of 
methodological advances in resistive pulse spectros
copy or RPS) was, outlined previously. 1 We report 
here on advances in this area, with special 
emphasis on whole~cell and membrane phenomena 
involved in the process of osmotic stress leading to 
abrupt membrane failure-that is, (osmotic) hemo
lysis. Much of the work has been motivated by an 
unexpected ·observation that, contrary to previous 
belief, under certain conditions the erythrocyte 
membrane can undergo an astonishing degree df 
stretch. This stretch is transient if the ihtact cell is 



able to resist hemolysis, permanent if the cell is not 
and is therefore transformed into a "ghost." Some 
new theoretical studies have been added to com
plement the experimental program, and the appli
cation of the fundamental work to the important 
erythropathological condition of sickle cell anemia 
has been significantly advanced. 

TEMPERATURE EFFECT ON FRAGILITY 

We previously reported initial results on a study 
of temperature effects on red-cell fragility. 1 Higher 
temperature is known to inhibit red-cell hemolysis. 
Two major potential explanations for this 
phenomenon are: 1) a decrease in volume occur
ring at higher temperature and 2) an increase in 
surface area at higher temperature. As reported last 
year, we did find such a high-temperature reduc
tion in red-cell volume. Since that time, we have 
also learned that the surface area does not increase 
with temperature for intact cells but that it does 
increase for ghosts. This is seen in Fig. 1, which 
shows the volume of spherical cells and ghosts at 
several different temperatures. The intact cells all 
display the same cell volume; thus they must all 
also have the same surface area. 

By examining red-cell size over a wide range of 
osmolalities, we find that higher temperature allows 
the cells to postpone hemolysis till osmolalities 
lower than expected have been reached. In Fig. 2 
we also note that at higher temperature and low 
osmolalities a plateau region is found, during which, 
by conventional wisdom, hemolysis should be 
occurring (since the cells have already become 
spherical and are being further stressed). This is 
not primarily what is happening, however. The 
underlying reason for this can be found by looking 
at the volume kinetics of cells that swell to spheres 
but do not hemolyze (Fig. 3). Here we see that at 
ooc, cell volume increases rapidly to the spherical 
volume (140 ~m3 ) then levels off. By contrast, at 
40°C, cells swell well beyond 140 ~m3 to 170 ~m3 

and then quickly shrink back to 140 ~m3 . This 
shows that cells (at higher temperatures) are able to 
greatly expand their surface area for a short period 
of time in order to prevent hemblysis. We believe 
that during this transient expansion, calcium enters 
the cell .leading to the rapid release of potassium 
and associated water (Gardos effect),2' 3 causing the 
cell to shrink back to its unstrained size. If the 
stress is great enough hemolysis will occur. For 
reasons that are not yet clear, the restoring forces 
for resealed ghost membranes are much less than 
for the intact cells, and ghost volumes remain in a 
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Fig. 1. The steady-state volume of ghosts (O's) and spherical
intact red blood cells (0 's) as functions of temperature, The 
osmolalities used at each temperature were determined such 
that there were less than 10% ghosts in the intact cell suspen
sions and greater than 95% ghosts in the ghost suspensions, 
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permanently enlarged size configuration, the exact 
values of which depend on temperature (Fig. 1 ). 

MEMBRANE STRETCH AND REVERSIBILITY 

To explore the new phenomenon of membrane 
stretch reversibility experiments were designed that 
entailed creating ghosts at the specific temperatures 
and osmolalities appropriate to producing a popula
tion of hemolyzed cells. After steady states were 
achieved the ghosts were moved to different tem
peratures (lower or higher as the case may be). 
New volume measurements were made after a suit
able waiting time, and the cells were then returned 
to their original temperatures and measured once 
again. The results, shown in Fig. 4, indicate that for 
the enlarged membranes formed at high tempera
ture, the stretch is permanent and nearly reversible. 
On the other hand, ghost membranes resulting 
from hemolysis at low temperature are unable to 
stretch when placed at high temperature, and 
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Fig. 2. The steady-state volume of red blood cells (i.e., mix
tures of intact cells and, if sufficiently hypotonic, also ghosts) as 
a function of the inverse osmolality for solutions at o· (O's) and 
40"C (D's). (XBL 8470-8004) 
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furthermore the low-temperature configuration · is 
neither permanent nor is it recovered, following the 
reversibility experiment. 

A new question has arisen from this. experi
ment: has the osmolality at hemolysis had an effect 
on the measured volume independent of the tem
perature effect? New experiments have been 
design.ed to clarify this point. 

SICKLE CELLS 

During this past year we initiated a systematic 
study of red cells from patients suffering from 
sickle-cell anemia, analyzing them with respect to 
modal and mean volume; volume distribution, two 
kinds of. deformability, osmotic fragility, ;1nd cyto
plasmic resistivity. 

In Fig. 5 are given the '!volume" spectra from 
· normal and sickle cells (SS) at slow-flow and fast
flow rates. The most obvious difference .is the 
greater size heterogeneity, i.e., the width of the 
curve, especially as seen at slow flow, quantitated 
as a coE;?fficient of variation (C.V.). For the sickle 
cells it is about twice that of normal. The other 
values shown are· modal size, mean size (at slow 
flow), and bimodality index (B.I.) at fast flow. The 
bimodality index serves as. one measure of defor
mability. A second such measure is the form shift · 
index (F,S.), which is based on the apparent size 
shift between slow and fast flow. 

These measures plus others are tabulated· in 
Fig. 6 as averages and standard deviations for blood 
of 11 SS pati~nts and 13 normals. Both the modal 
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"Size" in Channels 

Fig. 5. Typical slow- and fast-flow spectra for control (solid line) and sickle (dashed line) red blood cells. The 
values of the modal volumes and mean volumes (in channel numbers) plus coefficients of variation and bimodality 
indexes are as indicated on the curves. The integral under all four spectra is equal to about 75,000 cells. 

and mean volumes are somewhat smaller for sickle 
cells (these are expressed as relative volumes, with 
normal modal volume taken equal to 1.0), though 
the two populations are not completely distinct. 
The sickle .cells have a somewhat reduced deforma
bility most accurately reflected in the F.S. index 
(the B.l. is strongly influenced by the size heter<)
geneity). In terms of fragility, the· sickle cells are 
seen to be extraordinarily resistant to ·osmotic 
hemolysis, requ1rmg osmolalities · as low as 
95 mOsm to cause 50% hemolysis. The "slope" is 
the slope of the fragility curve between 60% and 
40% hemolysis, and no doubt its smaller value 
reflects at least in part the heterogeneity of SS 
volume. The relative cytoplasmic resistivity, a new 
measure, allows us to • "look" inside the cell and 
measure the electricai conductivity of the cell inte
rior. Higher values can be con·sidered indicative· of 
denser cells that contain higher-concentration, 
higher-viscosity hemoglobin. 

The last measure is a multiparameter index, 'a 
dimensionless quantity formed as a product ratio 
function · 'of the above parameters. The large 
separation between the SS and normal for this 
integrated quantity most likely is a reflection of cer
tain· underlying interrelationships between 'the· indi
vidual parameters, as suggested previously.1 

' 

A MODEL FOR RED-CELL OSMOTIC FRAGILITY 

A population of normal red. blo'od cells can be 
represented by a size distribution curve, percent 

(XBL 849-7971) 

frequency vs. cell volume, that can readily be 
obtained by resistive pulse spectroscopy.4 From 
this size distribution curve, and an extension of 
Ponder's classical equation5 relating red-cell volume 
to medium tonicity, we have developed a model 
for the fragility distribution of a cell population. 
The model is based on both this size distribution 
and on experimentally supported assumptions con
cerning the relevant parameters. (As indicated pre
viously, osmotic fragility curves can be readily 
obtained by RPS determinations.3) The model is 
being tested for ability to fit and interpret osmotic 
fragility data currently being obtained in our labora
tory. 

To achieve this fit, certain parameters are 
varied. These include the swelling parameter, 
which is the size of the swollen spherical red cell 
divided by the normal red-cell size, and the density 
parameter, which is the amount of "solid" (or 
nonosmotically active) matter in the cell. From 
matching the model to the data, both of these 
parameters can be found. From preliminary results, 
the values of these parameters also closely match 
experimental values determined by others. 

In sum, this model offers promise for serving as 
a successful generalization of a well-known classical 
equation. It should also allow a better understand
ing and characterization of red-cell population 
behavior on the basis of simple, yet biophysically 
meaningful, parameters. Work is in progress to 
apply the model to abnormal red-cell populations 
as well. 
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PARAMETERS OF FACILITATED GLUCOSE TRANSPORT ACROSS THE BLOOD-BRAIN 
BARRIER IN SUBJECTS STUDIED WITH POSITRON EMISSION TOMOGRAPHY 

Hugo A. Massaldi 

This contribution was undertaken as part of the 
interdi~c-iplinary training for the author in this 
Laboratory, with the aim of providing an application 
of current concepts of membrane transport to a 
practical problem. It was intended to present a 
specific, mechanistic view of the physiology of glu
cose uptake in the brain on the basis of in vivo 
determinations of 18F-deoxyglucose (FOG) distribu
tion by positron emission tomography (PET). 

The analysis assumes that Fig. 1 represents the 
normal situation for glucose uptake by the brain. 
In this case, it can .be shown that the conventional 
lumped model of Sokoloff1 is adequate to describe 
FOG uptake kinetics if the blood-brain barrier (BBB) 
is the rate-limiting step of the process, as suggested 
by the large concentration drop in Fig. 1 . 

On this basis, it is possible to interpret the 
kinetic constants obtained from Sokoloff's model in 
terms of the parameters of facilitated glucose tran
sport across the BBB. The affinity constant and 
effective brain glucose concentration have been 
calculated from reported values of the kinetic con
stants of different PET studies with humans, for 
both gray and white matter. 

THE FACILITATED TRANSPORT MODEL 

The equation for facilitated transport of glucose 
has been classically proposed2 as: 

J = T [ Cv . 
Kr + Cv 

Cc ]· 
Kr + Cc 

(l) 

where T is the membrane transport capacity, Cv is 
the vascular concentration of glucose, Cc is its cell 
or tissue concentration, and Kr is its transport affin
ity constant. This equation can be theoretically 
supported and interpreted according to current 
views of membrane transport function. 3 In this 
case, the membrane transport capacity T is: . 

(2) 

and the affinity constant Kr is: 

(3) 

where Pd is the glucose permeability, Aerr is the 
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Fig. 1. Qualitative concentration profiles proposed for the 
steady-state uptake of native glucose in the brain. Metabolic 
reaction takes place inside the cell only, where enzymatic 
activity is assumed to be present in the whole volume, as indi
cated by the shaded area. Cv, CECF' and Cc are the vascular 
(capillary), extracellular, and intracellular concentrations of 
native glucose. Q is blood flow per capillary. (XBL 8410-8076) 

effective transfer area of the BBB, and a 1, a2 are 
adsorption (binding) constants. 

Application of Eq. (1) to Sokoloff's model indi
cates that the ratio of kinetic constants for FOG 
uptake is: 

k 1 Kr + Cc 

Cv 
= kl-2 < 

k2 Kr + (4) 

since Cc is about one-third Cv.4 

THE PARAMETERS OF GLUCOSE TRANSPORT 

Table 1 shows values of the k 1- 2 ratio, calcu
lated for various brain regions from values of the 
kinetic constants reported in different PET studies 
with· humans. In accordance with Eq. (4 ), the same 
pattern is observed in all cases, i.e., k 1- 2< 7, 
although a clear variation is apparent between 
regions and types of tissue. Also listed in Table 1 
are values of the tissue concentration of native glu
cose, Cc, estimated from the steady-state mass bal
ance, 

(S) 

assuming, as a first approximation, the same kinetic 
constants as those for the glucose analogue in each 
study. 



Table 7. Ratio of kinetic constants, k 1_ 2 = 
k,! k 2, tissue glucose concentration; Cc 

(mM}, and transport affinity constant of glucos~, Kr 
(mM), for localized regions of huma~ brain, as calculated 

from various PET studies. 

Pathological tissues 

Gray matter 0.372 1.638 ' 0.679 

White matter 0.356 1.520 0.708 

Contralateral regions 

Gray matter 0.607 2.476 2.272 

White matter 0.511 2.158 1.387 

Ipsilateral hemispher~ 

Cortex 0.503 2.113 1.365 

White matter 0.406 1.722 0.894 

Whole brain6 

Gray matter 0.785 2.938 6.530 

White matter 0.495 1.939 1.600 

Entire corte>! 0.582 2.181 2.454 

The transport affinity constant, Kr, also listed in 
Table 1 for the various regions, was calculated from 
Eq. (4) with the corresponding values of k 1_ 2 and 
Cc there indicated. Although the ratio of the con
stants can be expected to be less dependent on 
the experimental method used by different groups 
than the absolute values, proper comparison should 
be made between results from the same labora:tory. 

Table 2 lists a synthesis of results processed in 
this way from values of kinetic cbnstants recently 
reported8 for gray and white matter in various braih 
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regions of healthy subjects.· The difference in Cc 
and Kr between gray and white matter is highly· 
significant (p < 0.001 ), indicating that a lower tis
sue concentration and transport affinity constant of 
glucose are characteristic of white matter. 

Also listed in Tabl~ 2. ·is the ratio of the tran
spQrt capacities of white ,and gray ;matter; T wl T c I 

. es.timated frqm Eq. (1) and the steady-state mass 
balance.· The result indicates that a m\Jch lower 
value corresponds to white matt~r {-50%), in 
accordance with the known lower glljcose utiliza
tion of this type of tissue compared to gray matter. 

In terms of 'the physicochemical .membrane 
transport interpretation, these findings are 
consistent with a reduced availability of binding 
sites for glucose transport, i.e., a higher a 2 constant 
in Eqs. (3) and (4). Applicability of this approach to 
glucose metabolic diseases of the brain is presently 
under consideration. 
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SECTION 5. STRUCTURAL BIOPHYSICS 

INTRODUCTION 

The past year has brought about a major 
change in this group due to the formation of a new 
group in Cell and Molecular Biology. With the 
creation of this group, Structural Biophysics has lost 
some of its previous contributors to this section. 
The present Structural Biophysics group consists of 
highly productive and outstanding investigators 
whose interests are primarily in the areas of cell 
ultrastructure and function, organization and func
tion of macromolecules associated with cell mem
branes, and lipoprotein structure and metabolism. 

In the area of cell ultrastructure and function, 
Susan Klein, a graduate student of Thomas Hayes, 
has just completed her thesis on sulfur concentra
tions in developing sea urchin eggs. This study 
employed froZen hydrated scanning electron 
microscopy (SEM) techniques in conjunction with 
x-ray microanalysis to trap, localize, and quantitate 
sulfur during the developmental processes of the 
early stages of cell division. She has shown that 
sulfur concentrations are highest in cells that are 
undergoing the greatest . morphological change; 
hence, sulfur may play a functional role in organiza
tion of cells during embryogenesis. Gregory Finch 
has also concluded his thesis study with 
Thomas Hayes and has contributed a section on 
correlative microscopy of alveolar macrophages 
using light microscopy in conjunction with SEM, 
transmission electron microscopy (TEM), and high 
voltage electron microscopy (HVEM). He has 
developed a sophisticated system of identifying and 
studying the same cell by all four modes of micros
copy. This new approach shows promise for study
ing cytotoxic effects with great precision on single 
cells. 

Robert Glaeser spent the past year on sabbati
cal leave at Cambridge University, England. During 
this time he conducted new and very informative 
studies on bacteriorhodopsin, a light-driven proton 
pump in bacteria membranes. In his reports he 
describes some of the molecular changes in the 
protein that are associated with its function. 
Activated bacteriorhodopsin was trapped in the 
"M" state by rapid freezing and examined by high
resolution electron diffraction. This high-resolution 
approach revealed that activation involved a 
change in the position of three to four amino acid 
side chains. The technique he developed is clearly 
exquisitely sensitive for detecting small changes in 

protein structure. In addition to these investiga
tions, he also carried out additional studies on the 
nature of interaction between the bacteriorhodop
sin trimers in membranes. These studies con
clusively showed that protein-lipid interactions are 
required for stability of the trimers. In yet another 
approach to unravel the structural-functional rela
tionship of bacteriorhodopsin, Bing jap and his 
associates used the hydrophobic membrane probe, 
DCCD, to locate the reactive site of the protein 
pump. The molecular approach revealed that the 
reactive site is associated with a major protein frag
ment containing amino acid residues 69-117. 

Sophisticated crystallographic image processing 
was applied to E. coli pore-forming protein (Omp 
C) by Chung Fu Chang and colleagues. In these 
studies, purified membrane protein was reconsti
tuted with membrane lipid, and highly organized 
membrane regions were analyzed by electron dif
fraction, which revealed the presence of two dif
ferent structural conformations: one for "open" 
pores and the other for "closed" pores. 
David Foster and associates were able to purify the 
membrane protein responsible for asparate chemo
taxis. The monomeric protein unit is approximately 
60,000 daltons, but it normally forms tetramers 
estimated at 248,000 daltons. This highly purified 
protein will be used in the future for electron crys
tallographic studies. 

Ashot Petrossian concluded his thesis work 
under the supervision of john Owicki. His thesis 
study examined some of the biophysical parameters 
involved in the immune recognition response of 
membranes. A very simple model was developed 
(and described in this report) that should prove of 
great value for more complex studies on 
membrane-membrane interactions. jochen Braun 
and associates developed a hypothesis to explain 
the lateral movement in intrinsic membrane pro
teins such as gap junction protein dyads. They 
reduced this system to a very simple molecular 
fluid model that falls into the domain of statistical 
mechanics and determines that gap junction patch
ing occurs because this configuration minimizes the 
energy required for overcoming the natural repul
sion of membrane macromolecules. A new biophy
sics method has been developed by 
Marcos Maestre and his colleagues that should 
prove to be a powerful tool for analyzing macro-



molecular changes in whole cells as well as in 
membrane preparations. His new invention, the 
circular differential microscope, and its theory are 
described in this report. 

Studi~~ in the area of lipoprotein structure and 
function·'~re very diversified._ In recognition of his 
substantial contributions to the field of lipoprotein 
quantitation by analytic ultracentrifugation, 
Frank Lindgren presented the keynote lecture at the 
1984 Gordon Conference on Lipids and Lipopro
teins. His 30-year interest in this approach to 
lipoprotein analysis is still very viable, as is readily 
apparent in his summary of accomplishments in this 
annual report. Refinements in analytic ultracentrifu
gation quantitation were recently achieved by 
Talwinder Kahlon together with Frank Lindgren 
and associates. Alex Nichols and colleagues have 
developed very sophisticated lipoprotein models 
with which to test hypotheses on the origin of 
specific HDL subclasses. Model HDL precursors 
formed by reconstituting purified apolipoprotein 
(apo) AI with lipid are described in his report. He 
has shown that specific plasma enzymes can 
dramatically alter the physical and chemical proper
ties of the precursor complex so that they have 
characteristics similar to native plasma HDL. Deter
mining the origin of HDL subpopulations is impor
tant because certain HDL subclasses may have a 
protective role in development of coronary artery 
disease. To help explain the development of HDL 
subclasses in adults, Orsyla Genzel and_ associates 
have been evaluating HDL subclass distribution in 
umbilical cord blood of human newborns. Distribu-
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tion of HDL subclasses in infants with elevated 
cholesterol and with elevated triglyceride is remark
ably different from that of normal neonates. In 
addition to unusual HDL subclass distribution, even 
in normal neonates, cord blood also contains 
elevated concentrates of a specific apolipoprotein 
known as apo E. Trudy Forte and a·ssociates ir)ves
tigated the possibility that this apoprotein may have 
a functional role· in regulating immune function. 
Apo E was found· to be associated mainly with 
cord blood HDL and had a great capacity -for 
suppressing activated lymphocyte function. Apo E 
may play a role in suppressing immune function in 
the fetus so that it can establish "self." 
Ronald Krauss and associates showed for the first 
time that moderate alcohol consumption has a real 
impact on HDL subclass distribution. The finding 
that moderate alcohol intake elevates HDL3 was 
unexpected. The use of monoclonal antibodies to 
identify specific apo B epitopes in low density 
lipoprotein (LDL) subclasses is described by 
Ron Krauss and his associates in a separate report. 
One of the monoclonal antibodies may turn out to 
be a valuable diagnostic tool for hypertriglyceri
demic patients. In another series of experiments, 
Ron Krauss and Thomas Musliner describe two 
intermediate density lipoprotein (I DL) subclasses; 
this is the first time that two IDL subclasses ·have 
been recognized. Their metabolism in vitro and in 
vivo are described in the present report. -Of poten
tially great significance is the finding - by Ron · 
Krauss and associates that IDL concentrations in 
hypercholesteremic men are directly related to 
coronary artery disease. 
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Cell Ultrastructure and Function 

ELEMENTAL MICROANALYSIS OF FROZEN HYDRATED EMBRYONIC TISSUE 

Susan B. Klein and Thomas L. Hayes 

Previous studies of differentiating tissue have 
suffered from two serious limitations. First, conven
tional methods require large numbers of cells, gen
erally of heterogeneous origin and nonuniform loca
tion, to supply sufficient quantities of chemicals to 
be analyzed. Second, the processing of these cells 
leaves them in a state far from their native compo
sition . These disadvantages become particularly 
serious in the study of embryonic tissue . This tissue 
rapidly differentiates, apparently triggered some
times by the cell location rather than by the stage 
of development or other internal signals. Thus it is 
not sufficient to study isolated cells or cells which 
may have leaked the essential ionic trigger during 
processing. 

A solution is elemental microanalysis, which 
allows individual cells to be examined in situ, thus 
maintaining native topography. An electron probe 
excites the atoms of a chosen volume, some of 
which will emit characteristic x rays. These emitted 
x rays are analyzed and sorted according to their 
energies, producing a characteristic spectrum. 
Since the height of an elemental peak reflects the 
concentration of the element in the microvolume 
analyzed, it becomes possible to compare similar 
cell types in divergent locations, and to compare 
intra- and extracellular locations. The size of the 
microvolume is limited by the thickness of the tis
sue and the accelerating voltage of the probe. 1 

Because tissue must be dehydrated prior to 
examination in an electron microscope, conven
tional methods of preparation preclude the asser
tion that small molecules and ions have maintained 
their in vivo location. However, an alternative 
preparation technique maintains the tissue at a suf
ficiently low temperature to be examined in the 
fully hydrated state . The technique rapidly freezes 
the specimen to fix the ions and small molecules at 
their current location. This procedure prevents the 
translocation of elements under consideration and 
allows examination of the tissue in a state very 
close to the native one. 

Embryos of the sea urchin Strongelocentrotus 
purpuratus were cultured and harvested at four 
stages: premesenchyme blastula, mesenchyme 

blastula prior to primary mesenchyme cell 
migration, late mesenchyme blastula, and early gas
trula. The embryos are suspended in a 
carbon/sea-water matrix. A cryoprotectant, hydrox
yethyl starch, is added to reduce the size of the ice 
crystals formed. Small beads of the suspended 
embryos are frozen and fractured to expose the 
interior of the blastocoels (for a more complete 
description of the preparation, see Ref. 2) . 
Embryos are selected for appropriate fracture-plane 
orientation and their suitability for x-ray collection . 
They are photographed by secondary imaging mode 
at 500 X and 2000 X magnificat ion. Microvo
lumes are excited using a reduced raster at 
2000 X, such that the interaction volume is no 
larger than 6 llm at its largest dimension . The loca
tion of each raster on the specimen surface is 
marked on the corresponding photograph, and both 
the spectrum and its computer-processed analysis 
are coded (Fig. 1 ). The samples are then freeze
dried and rephotographed to verify the beam loca
tion and identify the cell type . Elemental concen
trations can then be correlated with cell type, stage 
and location. By switching the imaging mode on 
the microscope so that the cathode ray tube is 
activated by x rays of a particular energy rather 
than by secondary electrons, x-ray maps can be 
formed (Fig. 2) . These maps illustrate the location 
or exclusion of the element under consideration. If 
the change in concentration is sufficient, gradients 
can be identified, although x-ray mapping is only a 
qualitative procedure and relatively insensitive. 

Once the spectra have been collected, th e 
information can be converted into percent wet 
weight by the method of Echlin et aL 3 Briefly, this 
involves making standard solutions from known 
concentrations of salts and processing them simi
larly to the samples. Because the background 
directly beneath the peak experiences similar 
absorption and fluorescent effects, and because the 
average elemental weight is low and relatively con
stant, the peak-to-background ratio can be directly 
converted to concentration by a conversion factor 
unique to each element. The conversion factor can 
be applied to any sample peak-to-background 
ratios. 
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0.0009 
0. 0091 

c 

Fig. 1. (a) Frozen hydrated and (b) freeze-dried specimen with raster locations marked and coded, and (c) the 
corresponding computer printout for the raster location marked " 18. " Original magnification 2000 X. 

[(a),(b): XBB 84 70-7876; [(c): XBL 84 70-4339] 

Fig. 2. X-ray maps of chlorine and potassium. Notice that the Cl is excluded from the cells, and the K is 
sequestered inside. The blastocoel is also particularly rich in K. (XBB 841 0-7875) 



Figure 3 and Table 1 contain the results of prel
iminary investigations of the su lfur concentrations in 
premesenchyme and mesenchyme blastulas. The 
presumptive primary mesenchyme (PM) cells clearly 
contain the largest concentrat ion of sulfur, with the 
vegetal II cel ls also appearing higher than other 
types. These two cell types are in the process of 
experiencing shape changes. Notice that the con
centration in the vegetal II ce ll s decreases after the 
shape change has been completed, at the mesen
chyme blastula stage. Conversely, the animal I cells 
have a sulfur concentration so low that it cannot be 
detected within the limits of system sensit ivity. 
This concentration increases during the transition to 
the mesenchyme blastula stage, when the cells are 
elongating. It may also be significant that the blas
tocoelular side of the animal hemisphere has an 
extremely high sulfur content in the premesen
chyme blastula stage, as does the extracellular 
matrix. Preliminary measurements around the extra
cellular matrix of the blastular epithelium indicate a 
steady and gradual decrease in sulfu r up to the 
presumptive primary mesenchyme cells, which are 
being shed into the blastocoel. The higher 
apparent concentration may be correlated to the 
shedding process but is more likely an artifact of 
the high internal concentration seen in Table 1. 

The results obtai ned thus far are consistent w ith 
information derived from conventional studies. The 
potassium is within the cell of the epithelium and 
the chlorine is excluded. The sulfur has been 

o-f-J.&-- Animal I 

Animal II 

Macromere 
descendents 

Primary 

BLASTULA mesenchyme 

Survey of the ECM surrounding various 
cell types at the blastula stage. 

Cell Type 

Animal I 
Animal II 
Vegetal I 
Vegetal II 
Presumptive PM 

P/B Ratio 

0.0775 
0.0754 
0.0698 
0.0496 
0.0571 

%Wet Weight 

0.12 
0 .11 
0.10 
0.07 
0.09 

Fig. 3. A sampling of extracellular sulfur concentrations 
encountered as sampling moves down the blastula from the 
animal pole to the vegetal pole. (XBL 848-3325) 
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Table 7. Sulfur concentrations in premesenchymeand mesenchyme 
blastulas, comparing [5] intracellular, extracellular toward 

the exterior of the blastula, extracellular toward the blastocoel, 
and intercellular. The [5] for the intercellular spaces 

of the differentiating An I and Veg II cells are also noted. 

Type P/8 Ratio %Wet Weight 

Presumptive Primary Mesenchyme: 
Cellu lar 0 .0951 0.14% 

Blastocoel 0.0555 0.08% 

ECM 0.0571 0.09% 

Animal/: 

Cellular 0.0294 0.04%3 

Blastocoel 0.1025 0 .1 5% 

ECM 0.0775 0.11% 

Sea Water 0 0 

Animal/: 

Blastula 0.0294 0.04%3 

Mesenchyme B. 0.0570 0.08% 

Vegetal//: 

Blastu la 0.0768 0.11% 

Mesenchyme B. 0.05 14 0.08% 

a Fa lse conce ntration below the detection limits of the system. 

quantitatively shown to increase within the extra
cellular matrix toward the animal pole and to have 
its highest concentration within the presumptive 
primary mesenchyme ce lls, in agreement with ear
lier experiments. This supports the assumption that 
results for other elements are also reliable. The 
final correlations to be investigated wil l look for 
previously undiscovered re lationships between cell 
type, stage, location, and elemental composition. 

REFERENCES 

1. Echlin, P.E., Lai, C.E. and Hayes, T.L. Low
temperature x-ray microanalysis of the dif
ferentiating vascular tissue in root tips of 
Lemna Minor L. }. Micros. 7 26, 285-306 
{1982). 

2. Klein, S.B., Hayes, T.L. and Wi lt, F.H. X-ray 
microanalysis of differentiating primary mesen
chyme cells within the sea urchin embryo 
Lytechinus pictus, in Biology and Medicine 
Division Annual Report, FY 1980-81, LBL-
13501, p. 128-130. 

3. Echlin, P.E., Hayes, T.L. and McKoon, M. 
Analytical procedures for bulk frozen-hydrated 
biological tissues. Microbeam Analysis, 
243-246 {1982) . 



152 

A TECHNIQUE PERMITTING CORRELATIVE MICROSCOPY OF CULTURED ALVEOLAR 
MACROPHAGE CELLS 

Gregory Finch, Karen McNeill,* Charles Democko,* Clifford Lai, Jacob Bastacky, 
Thomas Hayes, and Gerald Fisher* 

Increased understanding of biological structure 
results from the use of correlative microscopic 
techniques-the application of different micros
copies to the same specimen. Our group is 
interested in characterizing interactions between 
particles and alveolar macrophage cells (AM), which 
are important in pulmonary defense. In this report 
we describe an integrated system permitting cell 
culturing, particle exposure, characterization of AM 
viability using light microscopy (LM), and subse
quent scanning, transmission, and high voltage elec
tron microscopy (SEM, TEM, and HVEM). 

Alveolar macrophages are obtained by lavage 
from intact bovine lung lobes 1 and cultured on 
formvar-coated finder grids. Cells are seeded into 
culture tubes in a serum-contammg medium, 
allowed to attach for 1 hour, then exposed to test 
particles at 3rC for varying periods. Test particles 
used are nickel subsulfide (Ni 3S2), titanium dioxide 
(Ti02 ), and glass beads. After exposure, cultures 
are inverted into room-temperature trypan blue dye 
in a concave culture slide. Grids are located and 
photographed at about 130 X magnification, using 
a light microscope with a photographic head 
attached [Fig. 1 (a)]. The dye stains dead cell nuclei, 
which are then identified on the photograph with a 
pinprick. Cultures are left in the stain for at most 
10 minutes, rinsed in saline, then plunged into a 
room-temperature fixative consisting of 2.3% glu
taraldehyde in a cacodylate buffer at pH 7.4. 
Coverslips are fixed at least overnight, then placed 
into a wire mesh basket, rinsed twice with fresh 
saline, postfixed for 3 minutes in 1% Os04 in a 
cacodylate buffer, dehydrated through a graded 
ethanol series, transferred to a critical-point dryer in 
100% ethanol, then rinsed and dried through C02. 

After drying, grids are removed from the coverslips 
and carbon coated by evaporation. Samples are 
viewed at 10 to 30 keV in a SEM with an energy
dispersive x-ray spectrometer. A low-magnification 
SEM micrograph [Fig. 1 (b)] allows previously identi
fied AM to be located and examined at higher 
magnification [Fig. 1 (c)] for cell morphology and 
particle content as revealed by x-ray microanalysis 
and/or mapping. Selected cells are then examined 

*Toxicology and Health Sciences Section, Battelle Memorial La
boratory, Columbus, OH. 

by conventional TEM at 80 to 100 keV and/or by 
HVEM at 1.2 to 1.5 MeV [Fig. 1 (d)]. Steropair 
micrographs are routinely employed to interpret 
complex three-dimensional structures. 

These techniques permit the examination of 
interactions between particles and individual AM 
cells using vital dye staining LM, SEM, TEM, and 
HVEM. The morphological characteristics of AM 
populations appear to be independent of glass vs. 
Formvar attachment, and no differences are evident 
between trypan dye-exposed vs. unexposed cul
tures. We have successfully employed these tech
niques to correlate individual cell viability, particle 
content, and morphological alterations dependent 
upon particle exposure. Such alterations include 
bleb formation and sloughing, cell rounding and the 
loss of normal surface architecture, degeneration of 
the external cell membrane, and complete cellular 
degranulation. Quantitative examinations demon
strate that Ni 3S2 and Ti02, but not glass-bead, par
ticle content correlates with AM degenerative 
alterations. Furthermore, Ni3S2 and Ti02 internali
zation correlates with AM death, while glass beads 
appear inert and nontoxic. In the case of Ti0

2
, 

particle content (either internal or external) is not 
significantly associated with cell death; however, 
the association between Ti02 internalization and 
cell death is statistically significant. Our findings 
demonstrate that analytic techniques for individual 
cells coupled with correlative microscopy are 
invaluable in characterizing and quantifying indica
tors of AM damage, by providing increased 
amounts of information about individual cells. 

NOTE: The earlier phase of this work was sup
ported by a grant from the Electric Power Research 
Institute. The authors also thank The National 
Center for Electron Microscopy for HVEM usage. 
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Fig. 1. Correlative microscopic images of alveolar macrophage (AM) cells exposed to Ni352 particles. {a) Light 
microscopic image of Formvar-attached AM cells stained with Trypan dye to determine individual cell viability. 
Original magnification = 730 X; bar= 700 Jl.m. (b) Same area as in (a), as seen by scanning electron microscopy; 
circle identifies an AM cell alive at time of fixation. Original magnification = 7 20 X; bar = 7 00 Jl.m. (c) Individual 
AM with particles evident (arrow). Original magnification = 4000 X; bar = 5 Jl.m. (d) Transmission electron 
microscopic image of same cell with particles (arrow) and nucleus (N) evident. Original magnification = 4000 X; 
bar = 5 Jl.m. [(a) XBB 840-7904, (b) XBB 840-7905, (c) XBB 840-7906, {d) XBB 840-7907] 
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STRUCTURAL COMPARISON OF NATIVE AND LIPID-DEPLETED PURPLE MEMBRANE 

Robert M. Glaeser* 

The purple membrane fraction of the cell mem
brane of Halobacterium halobium consists of a sin
gle protein, bacteriorhodopsin, together with a 
variety of lipids, in a three-to-one mass ratio. 
Much has been learned about the structure of the 
protein by x-ray diffraction, 1 ' 2 neutron diffraction, 3 

and electron microscopy and electron diffraction~, s 
These diffraction methods have considerable power 
in studying the molecular structure of the purple 
membrane because it is a two-dimensional crystal 
(space group p 3) containing trimers of the protein. 
Relatively little has been learned about the struc
tural arrangement of lipid molecules within this cry
stal, however. The most likely positions for lipid 
molecules can, of course, be inferred from the pro
jected structural map of the protein,6 but precise 
positions of individual molecules are not known. It 
is not even known whether the lipids are ordered 
or disordered in the crystal. Neither is it known 
whether the packing of protein trimers involves 
only protein-lipid-protein contacts, or whether the 
packing is determined largely by only protein
protein contacts between adjacent trimers. 

It has been reported by Hwang and Stoeck
enius7 that 80% of the lipid phosphorus is removed 
from purple membrane by extraction with sodium 
deoxycholate (DOC). In view of the potential that 
the lipid-depleted form of purple membrane might 
have for understanding the structural role of the 
lipids, we obtained a two-dimensional Fourier map 
of deoxycholate-treated membrane by electron 
microscopy and electron diffraction. The map 
shows that there is no observable modification of 
the molecular bonding between monomers within 
the bR trimers. Furthermore, there is no apparent 
rotation of trimers within the plane of the mem
brane. The lattice parameter is reduced by about 5 
A and this reduction appears to be accounted for 
entirely by the removal of a "boundary layer" of 
lipid molecules that completely surrounds the pro
tein trimers in the native membrane. The two
dimensional map of the lipid-depleted membrane 
therefore provides a more accurate molecular 
boundary for the protein, which in turn provides a 
clear outline of the lipid positions within the native 
membrane. The map also clearly shows possible 

This report represents work carried out in col laboration w ith 
Richard Henderson and janet Jubb at the Medical Research 
Council Laboratory of Molecular Biology, Cambridge, England . 

NATIVE 

Fig. 1. Comparison of the projected density maps of native 
and DOC-extracted purple membrane obtained by direct imag
ing in the electron microscope. (XBL 84 17 -8069) 

positions for four moles of lipid per mole of bR. 
The Fourier map of DOC-extracted purple 

membrane is shown in the top right-hand half of 
Fig. 1. Superimposed on this map is an estimate of 
the molecular boundary obtained by drawing a 
"perimeter" 5 A from the center of the points of 
maximum density in the Fourier map. The 
equivalent Fourier map of native purple membrane 
is shown for comparison in the bottom left-hand 
half of Fig. 1. Structure factors for this ma~ were 
obtained from work published previously.(4, ) The 
quaternary structure of the bR trimer is identical in 
the two cases. As mentioned, there is no rotation 
of the trimer within the plane of the membrane. 
The distance of nearest contact between trimers, 
measured as the nearest distance between the 
centers of maximum density on the outer rims of 
adjacent trimers, is reduced from 16.5 A in the 
native membrane to 11 .5 A in DOC-extracted 
membrane. Enough space probably remains for 
three pairs of lipid molecules at one of the three
fold axes between trimers in the DOC-treated 
membrane, and in both membranes there is a 
space of similar size and shape at the center of the 
protein trimer. 

It is quite evident from the two maps shown in 
Fig. 1 that the crystallographic packing of trimers in 
the native purple membrane involves only protein
lipid-protein contacts, and that there are no direct 
protein-protein contacts between trimers. At the 
same time, it is known that the bacteriorhodopsin 



trimers are packed with extremely good long-range 
and short-range order, since sharp electron diffrac
tion spots can be observed to a resolution of 2.6 A 
or better. 8 It is unlikely that such good crystallo
graphic order of the trimers could be achieved if all 
of the lipid molecules lying between the trimers 
were crystallographically disordered. Thus we con
clude that some of the lipid molecules must be 
crystallographically ordered between protein tri
mers. 

The general arrangement of the lipids within 
the native unit cell can now be deduced; Fig. 2 · 
shows the resulting schematic model. The two 
adjacent dihydrophytoyl chains of the lipid 
molecules are modeled as an oval with a minor axis 
of 5.0 A and a major axis of 10 A. These ovals are 
then fitted into the space available to the lipids in 
the native membrane, based upon the molecular 
envelope of bR seen in the DOC-extracted mem
brane. The precise positions and orientations of 
lipid molecules and whether lipid molecules on 
opposite sides of the membrane "bilayer" are in 
register or are offset from each other cannot be 

Fig. 2. Schematic model of the distribution of lipid molecules 
in native purple membrane. The molecular envelope shown in 
Fig. 7 has been redrawn on the projected density map of native 
purple membrane, thereby defining the spaces available to lipid 
molecules. The lipid molecules are assumed to contain parallel 
dihydrophytoyl chains, modeled here as ovals with a minor axis 
of 5 A and a major axis of 7 0 A. (XBL 8417 -8070) 
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determined from the existing data, of course. 
However, the kind of model building illustrated by 
Fig. 2 suggests that there are three pairs of lipid 
molecules at each of the crystallographic threefold 
axes of the native membrane, and that there are 
two pairs of lipid molecules at each quasi-twofold 
position, between adjacent pairs of protein trimers. 
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STRUCTURAL CHANGES IN BACTERIORHODOPSIN DURING THE "M" STATE OF THE 
PHOTOCYCLE* 

Robert M. Glaeser 

Bacteriorhodopsin is a retinal-binding protein 
which is found as a two-dimensional crystalline 
array, and the sole protein, in the purple membrane 
fraction of Halobacterium ha/obium. Bacteriorho
dopsin (bR) undergoes a cyclic photoreaction that 
results in the establishment of a pH difference 
across the cell membrane; bR is therefore referred 
to as a light-driven "proton pump," even though it 
is not known whether H+, OH-, or H30+ is the 
chemical species transported across the membrane. 
Several structural intermediates in the bR photocy
cle have been identified on the basis of their 
characteristic absorption spectra in the visible 
wavelength band. 

The best characterized of these intermediates is 
the "M" intermediate. Decay out of the M state is 
the rate-limiting step of the photocycle. As a 
result, it is possible to prepare specimens that are 
nearly 100% in the M state by slow cooling under 
continuous illumination. Structural changes in the 
retinal moiety (isomerization about the 13-14 dou
ble bond; deprotonation of the Schiff's base) have 
been well characterized by resonance Raman spec
troscopy. However, little direct information has 
been obtained concerning the extent of structural 
change in the protein itself. Some models of the 
mechanism of proton pumping require no structural 
changes other than the known isomerization of the 
retinal moiety, while others suggest that the protein 
undergoes a sufficiently large change in conforma
tion in the M state to cause either partial or com
plete disorder of the crystalline lattice. 

We have now recorded and analyzed high
resolution electron diffraction patterns of purple 
membranes in which bR has been trapped in the M 
state at low temperature. The data obtained indi
cate that there are only small structural changes in 

*This report represents work carried out in collaboration with 
Richard Henderson and joyce Baldwin at the Medical Research 
Council Laboratory of Molecular Biology, Cambridge, England . 

the protein and that these changes are confined to 
high-resolution structural features. The magnitude 
of the observed differences in diffraction intensities 
between "resting" bR and the M intermediate 
could be explained by the movement of 11 atoms 
(3 or 4 amino acid sidechains) by distances up to 
sA. 

The electron diffraction data also show that 
structural models of "proton transport" in which 
there is no conformational change of the protein do 
not give a complete picture, although it is clear that 
the amount of structural change occurring in the M 
state is qui.te limited and does not result in any 
measurable degree of disorder of the native, crystal
line lattice. The true picture of light-driven ion 
phototransport in bR must involve repositioning of 
3 to 4 amino acid sidechains, in addition to the 
already known structural changes in the retinal 
moiety, as part of a specific molecular mechanism 
by which light energy is converted into the 
mechanical transport of "protons" against an elec
trochemical potential. 

The crystallographic determination of the 
mechanism of proton pumping by bR requires that 
high-resolution phases be obtained so that the 
already known amino acid sequence can be fitted 
to a three-dimensional density map. A difference 
Fourier synthesis can then be used to identify 
specific amino acid sidechains that adopt new posi
tions in the M state. The current results are 
encouraging in that they demonstrate that: 1) real 
changes in protein conformation do occur during 
the photocycle, and 2) a 3-D difference Fourier 
map should be highly informative in working out 
the molecular mechanism of active transport in the 
system. 
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ACTIVE SITE OF PROTQN TRANSPORT IN PURPLE MEMBRANE 

Bing K. Jap, Peter Scherrer, and Robert M. Glaeser 

Purple membrane from Halobacterium halo
bium contains a single protein bacteriorhodopsin 
(bR). The purple color is due to the interaction of 
charged residues of the protein with the retinal 
chromophore covalently attached to lysine 216 by a 
Schiff's base linkage. The beta-ionone ring of the 
retinal is believed to be located adjacent to a car
boxyl group of the protein. Little is known about 
how protons are transported across the membrane, 
and the molecular mechanism of light-induced pro
ton transport in bR is currently under intensive 
study. 

The three-dimensional structure of bacteriorho
dopsin has been determined to a resolution of 
about 7 A in the planar projection and 14 A normal 
to the membrane plane. High-resolution images in 
planar projection to a resolution of about 4 A have 
also been obtained. Attempts to obtain high
resolution images at high tilt angles have been hin
dered by the "specimen flatness" problem, which 
is probably due both to the flatness of the support 
film and to movement of the membrane induced 
by the electron beam. 

Extensive effort has been made by several 
investigators to assign specific segments of the pri
mary sequence to the 3-D electron density map. 
Such assignment assumes that hydrophobic seg
ments either 20 or 1 0 residues long span across the 
membrane respectively as alpha helices or beta 
sheet structures and that proteolytic sites are 
located outside the lipid region. However, all rea
sonable models proposed to date have at least a 
number of charged residues buried in the lipid 
bilayer. Chemical modification of these buried resi
dues would certainly provide a way to test the 
models. 

DCCD (dicyclohedylcarbodiimide), a small, 
highly hydrophobic organic molecule, is well 
known to inhibit the proton and ion transport of a 
variety of membrane proteins. Because of its 
hydrophobic nature, DCCD reaction is limited to 
carboxyl residues embedded in the lipid bilayer. 
We have reported previously that DCCD inhibits 
light-induced proton pumping in bR and that this 
inhibition is accompanied by a change in the 
absorption spectrum of its chromophore. Here we 
describe the preliminary results of our efforts to 
locate the reaction site or sites of DCCD. The 
location of the reaction site(s) will provide 

information about the active site of proton pumping 
and give constraints for the packing of the primary 
sequence in the lipid bilayer, thereby providing a 
means to test the existing models. 

We analyzed the product of a large-scale 
DCCD reaction of bR with radioactively labeled 
[C]-DCCD in an attempt to determine its binding 
site. Bacteriorhodopsin reconstituted into vesicles 
was reacted with radioactively labeled DCCD fol
lowed by an extraction of the unreacted DCCD and 
the lipid. The delipidated bR was then cleaved with 
cyanogen bromide (CNBr) at methionine residues. 
Isolation of the radioactively labeled CNBr peptide 
fragments has been performed using a Sephadex 
LH-60 column. · The peak for the radioactivity is 
located at the peptide fraction as observed by its 
280-nm absorbance. Amino acid analysis of this 
fraction for the first four cycles shows that there is 
a major fragment (residues 60-117) and a few 
minor other CNBr fragments. 

Purification of the radioactively labeled frag
ment has also been done using high performance 
liquid chromatography (HPLC). Figure 1 shows the 
HPLC elution patterns of CNBr fragments of the 
control bR and of the DCCD-reacted bR. DCCD 
alters the HPLC elution pattern of the CNBr frag
ments of the reacted bR. The pattern of CNBr frag
ments for the DCCD-reacted bR shows a new peak 
that coincides with the position of the peak of high 
radioactivity. Amino acid sequencing of the first 
four residues of the radioactive peak shows four 
different CNBr fragments. Further sequencing for 
an additional 14 cycles shows that no significant 
radioactivity was released in each cycle, thereby 
indicating that the DCCD binding site is not at the 
first 18 residues. Sequencing these 18 residues has 
also excluded one of the four possible fragments as 
the DCCD-reacted fragment. 

The two methods of isolation of the radioac
tively labeled fragments, together with amino acid 
sequencing, indicate that the fragment of residue 
69-11 7 is the most likely candidate for the DCCD 
reaction site(s). Asp-96, Asp-1 02, Asp-1 04, and 
Asp-115 (Fig. 2) are therefore the only possible 
DCCD binding sites. To differentiate these aspar
tate residues as the DCCD reaction site by amino 
acid sequencing would require a large amount of 
sample because some of the sample is lost in each 
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Fig. 1. High performance liquid chromatography pattern of CN8r fragments of (a) the control bR and {b) the 
DCCD-reacted bR ori a 8ondapack C-18 column. Eluent: Solvent A contains 5% formic acid in water, and solvent 
8 is composed of 5% formic acid in solution containing 80% ethanol and 20% 2-propanol. Radioactivity of [q
OCCO was measured using a scintillation counter. Elution pattern of CN8r fragments for the DCCD-reacted bR 
shows a new peak that coincides with the radioactivity maxima. This. peak elutes at high concentration of solvent 8, 
indicating that the DCCD-reacted fragment has very high hydrophobicity. CN8r fragments of the DCCD-reacted bR 
have another peak that is absent in those of the control bR; it is located at the beginning of the elution, showing 
the more hydrophilic nature of these fragments. This peak, however, has no significant radioactivity. Its composi
tion is currently being investigated. (X8L 8410-8014) 
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Fig. 2. Our proposed model of bR structure. The polypeptide is believed to traverse the membrane nine times in 
the form of five helices and four strands of beta sheet structure. The assignment of transmembrane segments was 
based on minimizing the number of buried charged groups in the lipid, on the assumption that the proteolytic sites 
are exposed to the aqueous region, and on the secondary structure of bR determined by spectroscopic techniques, 1 

together with the high-resolution projected electron density map at about 4 A. The CN8r fragment of the DCCD 
binding is shaded, and the possible carboxyl residues where DCCD may react are indicated by asterisks. 
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sequencing cycle. In our most recent experiment, 
however, we successfully used a specific proteolytic 
digestion to reduce the length of the radioactively 
labeled fragment for subsequent amino acid 
sequencing. Sequence analysis of this new material 
is now in progress. 
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PROJECTED STRUCTURE OF OmpC, AN OUTER MEMBRANE PROTEIN OF E.Coli, IN THE 
UNSTAINED, FROZEN-HYDRA TED STATE 

Chung-Fu Chang, Shoji Mizushima,* and Robert M. Glaeser 

The outer membrane of Escherichia coli, like 
that of other gram-negative bacteria, contains a 
small variety of pore-forming proteins, which can 
occur in quite large quantities. Two of these outer 
membrane proteins (mol wt 36,500), referred to as 
OmpC and OmpF, respectively, are known to serve 
as trans·membrane channels of rather large pore 
diameter, 1,2 permitting the nonspecific, passive dif
fusion of small (mol wt < 660), water-soluble 
solute into and out of the periplasmic space.3 In 
normal laboratory culture, OmpF is the predom
inant pore-forming protein in the outer membrane,4 

but in cells grown under conditions of high osmotic 
stress OmpF is replaced by OmpC.5'6 OmpF and 
OmpC can be solubilized as protein trimers, which 
can be reconstituted in a functional form either in 
lipid vesicles7 or in black lipid films. 8 In the latter 
case electrical measurements have demonstrated 
that OmpF pores exist in an "open" and a 
"closed" state and that the opening and closing of 
individual pores within a trimer is a highly coopera
tive event. 

The characterization of OmpF structure has 
included spectroscopy, 9,10 electron microscopy, 4,11 

and x-ray diffraction studies, 12 as well as the com
plete determination of its primary amino acid 
sequence13 and corresponding . nucleotide 
sequence. 14 The spectroscopic data reveal a high 
percentage of ,B-sheet secondary structure with no 
detectable amount of a-helix. The trimeric struc
ture of aqueous channels is clearly depicted in 
electron micrographs of negatively stained sam
ples.4' 11 Three-dimensional image reconstruction of 
negatively stained OmpF trimers, reconstituted in 
phospholipid, reveals the unexpected merging of 

*Laboratory of Microbiology, Faculty of Agriculture, Nagoya 
University, Chikusa, Nagoya 464, Japan. 

three distinct channels from one side of the mem
brane into a single channel on the other side. 15 

Electron microscopy of negatively stained samples 
gives little indication, however, of the distribution 
of protein within the uni't cell. 

In this work we present results of a structure 
analysis in projection, by electron microscopy, of 
specimens of OmpC which have been prepared by 
reconstitution with lipid A, the core portion of 
outer-membrane lipopolysaccharide. Yamada and 
Mizushima 16 have shown that such OmpC 
specimens are in a two-dimensional crystalline 
form. Examination of negatively stained samples 
verifies, as expected, that the trir:neric appearance 
of pores in the OmpC sal!lples is very similar to 
that observed in OmpF. Electron microscopy of 
unstained, frozen-hydrated specimens also reveals 
the trimeric pore in OmpC specimens,· and with 
equal clarity; in addition, the overall molecular 
envelope is easily discerned, and a major lipid
containing domain capable of accommodating two 
moles of lipid A per mole of OmpC can be seen. 
· Two distinctly different crystal polymorphs have 
been observed in the frozen-hydrated samples, and 
projection structures of both forms have been 
obtained to a resolution of 13.5 A. Because of the 
small coherent patch size, mosaic disorder, and 
unpredictable polymorphism of the presently avail
able specimens, three~dimensional reconstruction of 
OmpC in the frozen~hydrated state will be difficult 
and must await methods for producing larger and 
better-ordered crystals. 

The trimeric structure of aqueous channels is 
seen with equal clarity in the images of negatively 
stained specimens and frozen-hydrated specimens, 
but only the images of frozen-hydrated specimens 
yield a substantial amount of fnformation about the 
molecular envelope of the protein and about . the 
location of lipids within the unit cell. Figure 1 



compares images of a negatively stained sample 
and the two crystal polymorphs observed in 
frozen-hydrated specimens. In all three cases crys
tallographic image processing is necessary to display 
the structural information recorded in the original 
electron micrographs. The resolution attainable 
with the negatively stained specimen extends only 
to 25 A. To make a valid comparison between 
images, the data for the frozen-hydrated specimens 
have been artificially truncated at 25 A resolution. 

The two crystal types observed in frozen
hydrated specimens show noticeable differences in 
the detailed shape of the protein and in the shape 
of the major lipid-containing domain. These differ
ences are already noticeable at 25 A resolution 
(Fig. 1) but become even more pronounced when 
images are compared at the highest resolution 
currently attainable (Fig. 2). Some apparently signi
ficant changes in the conformation of the aqueous 
pore become evident at the higher resolution. It is 
still too early to speculate, however, whether the 
two structural states observed in frozen-hydrated 
specimens correspond to the open and closed 
structural states observed in the electrical conduc
tivity measurements of Schindler and Rosenbusch.8 

Substantial improvements will have to be made 
in the size of individual, coherent crystalline areas 
of membrane before it will be possible to extend 
the image resolution below 10 A. In addition data 
collection for a three-dimensional reconstruction of 
frozen-hydrated specimens will be quite difficult 
with the present type of specimen, not only 
because of the small coherent patch size, but also 
because of the presence of more than one crystal 
polymorph. While the two crystal forms observed 
in this work are readily distinguishable from one 
another in the equatorial plane, this could be less 
true for tilted specimens, a possibility that would 
seriously complicate the task of merging three
dimensional data. 

The factors that limit the size of coherently 
ordered crystalline domains are not known at 
present, but at least three are possible. Traces of 
bound lipopolysaccharide are thought to interfere 
with the formation of crystalline arrays; different lat
tice packing of trimers (reflected in different lattice 
constants and even different plane-group symmetry) 
can occur, depending upon the local lipid-to
protein ratio, 16 and the possible fluctuation of indi
vidual trimers between open and closed conforma
tional states may result in "illegitimate" lattice 
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Fig. 1. Computer-filtered images of (a) negatively stained 
OmpC specimen, (b) type I frozen-hydrated OmpC specimen, 
and (c) type II frozen-hydrated OmpC specimen. Positive con
tours represent the protein domain in all three images, and 
negative contours represent (a) the stain-occupied region, (b) 
and (c) aqueous channels and the lipid domain, respectively. 
Fourier coefficients incorporated in these filtered images 
correspond to a resolution of 25.5 A. (XBL 8417-8076} 

bonding between adjacent unit cells, which would 
interfere with the formation of large coherent 
arrays. All these potential difficulties, and quite 
possibly others as well, will have to be overcome 
before a significant degree of further progress can 
be made on the structure of this pore-forming pro
tein. 



Fig. 2. Computer-filtered, high-resolution images of frozen
hydrated OmpC specimens. Fourier coefficients incorporated in 
these images correspond to a resolution of 13.5 A. (a) Type I 
image; (b) type II image. · (XBL 8411-8077) 
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PURIFICAtiON AND CHARACTERIZATION OF THE ASPARTATE CHEMOTAXIS RECEPTOR 

David l. Foster, Sherry Mowbray,* Bing K. Jap, Daniel E. Koshland, Jr.,* and 
Robert M. Glaeser 

The movement of bacteria toward food sources, 
a process known as chemataxis, depends on the 
ability of the. organism to sense nutrient molecules 
in its environment. 1 This task is carried out by 
several membrane-bound chemoreceptors that bind 
their respective effectors and transmit signals to the 
mechanism responsible for controlling the motion 
of the cell. The cell adapts to such stimuli by 
covalently modifying the appropriate receptors, a 
process that apparently modulates the signal they 
transmit. 

The aspartate chemoreceptor in Salmonella 
typhimurium is an especially useful system in which 
to study the process of sensory transduction. This 
protein is known to be reversibly methylated during 
adaptation2- 5 at four sites6 by two cytoplasmic 
enzymes, a transferase7 and esterase, 8 both of 
which are encoded for by chemotaxis genes. The 
structural gene for the aspartate receptor has been 
identified and cloned,9- 11 allowing elucidation of 
it.s sequehce as well as amplification of the receptor 
protein. 12 Clearly, the next step in advancing the 
biophysical . and crystallographic analysis of the 
aspartate receptor is the development of a method 

to purify the protein to homogeneity in sufficient 
quantity. 

PURIFICATION OF THE ASPARTATE 
CHEMORECEPTOR 

The chemoreceptor for aspartate in Salmonella 
typhimurium was purified from an Escherichia coli 
strain containing a plasmid bearing the receptor's 
structural gene (tar). The membranes of such cells 
typically contained 15 to 30 times more aspartate 
receptor than wild-type cells (E.A. Wang, unpub
lished data). Membranes were prepared by the 
rapid ultrasonic disruption of cells at low tempera
ture in the presence of a variety of protease inhibi
tors. In the absence of inhibitors; particularly 
phenanthroline and glycerol, the aspartate receptor 
was rapidly degraded. Membrane collected by cen
trifugation was washed twice with buffer containing 
2 M KCI to remove per'ipheral membrane
associated proteins. 13 The aspartate receptor was 
then very efficientlY solubilized (>95%) by 1.25% 
ottylglucoside (Table 1 ). 

Table 1. Purification of aspartate chemoreceptor from E.coli membrane._ 

Protein _ Recovery of Yield 
in .fraction receptor relative of individual 

Fraction indicated to original membrane• step 
(mg)- (%) (%) 

Membrane 170 100 
OG extract 39 99 99 
DEAE pool 23 82 83 
conc.pool 19 82 99 
S-300 9.4 62 76 
HA-agarose 5.7 39 63 

a Calculated from recovery of [3Hj-methylated tar protein tracer. 

Note: See text for description of procedure. 

Abbreviations: 

OG = octylglucoside 

DEAE = diethylaminoethyl 

HA = hydroxyapatite 

*Department Biochemistry, U C Berkeley 



Following solubilization, the octylglucoside 
extract was quickly applied to a column of diethy
laminoethyl (DEAE)-Trisacryl M (LKB), which .was 
subsequently developed with a linear gradient of 
0-200 mM NaCI in the presence of 1.2% octylglu
coside. The receptor eluted in fractions containing 
approximately 100-150 mM NaCI and was fully 
separated from the endogenous proteolytic activity 
that was particularly troublesome prior to this step. 
Fractions containing t~e aspartate receptor were 
combined, concentrated by ultrafiltration, and then 
chromatographed on a Sephacryl S-300 column 
(Pharmacia) in · the presence of · octylglucoside. 
Fractions comprising the major peak of protein from 
the molecular sieve column contained a single 
predominant protein with an apparent molecular 
weight of 60,000, as determined by SDS gel elec
trophoresis [Fig. 1 (A)]. However, the receptor 
elutes from the S-300 column as if its molecular 
weight was 248,000 (Fig. 2), suggesting ·that . the 
solubilized protein is organized as a tetrameric 
complex. The peak fractions also contained a small 
amount of three additional polypeptides [Fig. 1 (A)]; 
two of these were demonstrated to be proteolytic 
fragments of the receptor by peptide mapping. 
These proteolytic fragmen,s, PF-1 and P.F-2, have 
apparent molecular weights of 27,000 and 38,000 
as measured by SDS gels [Fig. 1 (A)]. These frag
ments typically comprise ~10% of the total protein 
following the Sephacryl S-300 step (estimated by a 
densiometric scan of a Coomassie blue-stained gel 
of this material). These _fragments, as well as the 
remaining major contaminant, can be removed from 
the preparation by chromatography on a column of 
hydroxyapatite agarose. Following this step the 
preparation contains a single major polypeptide 
with one _or two very minor bands migrating just 
slightly faster than the main band on SDS gels 
[Fig. 1 (B)]. It seems likely that these are receptor 
mol~cules trimmed of a few residues by proteolytic 
action at a terminus or receptor modified in some 
other manner. No other polypeptides were 
apparent upon two-dimensional gel electrophoresis, 
indicating that the preparation was quite homo
geneous.· 

The amino acid composition of the purified 
receptor closely matches the composition inferred 
from the DNA sequence of its structural gene (data 
not shown). Although this similarity in composition 
makes the possibility of any substantial processing 
of the receptor molecule following translation 
unlikely, some minor processing cannot be 
excluded by the available data. · The observed 
composition certainly rules out the possibility of a 
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Fig. 1. 5D5 gel electrophoresis of the aspartate receptor. (A) 
Peak receptor fractions following 5ephacryl 5-300 chromatogra
phy. Major contaminants include two primary proteolytic frag
ments of the receptor, PF-1 and PF-2. Their apparent l!Jolecular 
weights were estimated as 27,000 and 38,000, respectively. (B) 
Peak receptor fractions following hydroxyapatite chromatogra
phy of the .fractions shown in (A). The mass of ihe .r~ceptor 
was estimated as 60,000. (C) Purified PF-2. (D) Purified PF-1. 

(XBL B410-8009) 
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Fig. 2. Molecular weight .determination of the solubilized 
aspartate receptor by molecular sieve chromatography. Partially 
purified aspartate receptor (o) and several proteins of known 
molecular weight (•) were chromatographed on a 1.6 X 95 em 
column of 5ephacryl 5-300 (Pharmacia) in the presence of 1.2% 
octylglucoside. The molecular-weight standards· were, in ·order 
of decreasing mass: monomer of bovine thyroid thyroglobulin, 
334,500; dimer of bovine liver catalase, 116,000; bovine serum 
albumin, 67,000; monomer of bovine liver catalase, 58,000; 
bovine pancreas chymotrypsinogen A, 25,000; and bovine pan
creas ribonuclease, 13,700. The void volume was determined 
with Blue Dextran 2000 (Pharmacia). Peak fractions of each 
protein were. determined by . 5D5 polyacrylamide gel electro
phoresis. The mass of the receptor was estimated as 248,000: 

(XBL 8410-8070) 



tr~.r:'slational start site very distant from the one ten
tatiVely identified by Russo and Koshland. 12 

_, 'rhe purified aspartate receptor bound approxi
mately 1 mole of aspartate per mole of receptor. 
In a soluble methylation system, the receptor took 
up 0.3-0.5 moles of methyl groups per mole of 
protein (Bogonez and Koshland, manuscript in 
preparation). 

CHARACTERIZATION OF THE TWO MAJOR 
PROTEOLYTIC FRAGMENTS . 

The inclusion of glycerol and 1,10-
phenanthroline in all buffers used prior to ion 
exchange chromatography was crucial in order to 
prevent scission of the receptor by endogenous 
proteolytic activity. In the absence of these inhibi
tors, two major proteolytic fragments were gen
erated. These fragments (PF-1 and PF-2) were puri
fied by .ion exchange and molecular-sieve chroma
tography. Peptide mapping analysis, N-terminal 
and C-terminal residue determination, and amino 

· acid analysis of the purified fragments indicate that 
they result from a single cut by an endogenous pro
tease after amino acid residue 259 in the sequence 
of the intact receptor (Fig. 3). The fragment 

50 
N-
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corresponding to the N-terminal half of the recep
tor, PF-1, retains the aspartate-binding function of 
the intact receptor. PF-2 contains the methylation 
sites of the receptor and also likely contains the 
domain involved in signaling._ These fragments may 
thus represent structural, and possibly functional, 
domains of the receptor. 

In order to probe the secondary structure con
formation of the aspartate receptor, the circular 
dichroic spectra of the protein and its proteolytic 
fragments were measured from 240 to 190 nm (Fig. 
4). These measurements indicate that the receptor 
and both of its proteolylic fragments contain sub
stantial amounts of alpha-helical structure. 

The strong .ellipticity extremum observed at 
222 nm for the intact prote-in [Fig. 4(A)] shows that 
the protein has a high content of helical structure. 
Least-square fitting of the spectra with basis func
tions derived from the study of proteins of known 
structure14 yields values of 78% a-helix and 22% 
random structure. 

Least-square fitting of the experimental data 
obtained for PF-1 with basis functions derived from . 
the study of proteins of known structure [Fig. 4(B)] 
yields values of 95% a-helix and 5% random struc
ture.14 Such a high a-helical content is readily 
apparent from the very high extremum observed at 
222 nm. Similar treatment o( the data for PF-2-

100 150 
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Fig. 3. Peptide mapping of proteolytic fragments PF-1 and PF-2. -. The solid line is a linear representation of the 
receptor polypeptide as inferred from the• sequence of the tar gene. 12 The blocks beneath this line corresponc/ to 
peptides identified following cleavage of purified PF-1 and PF-2 by- trypsin and cyanogen bromide. The arrow indi
cates the cleavage site of the endogenous protease which yields PF-1 and PF-2. The zig-zag portions of the 
polypeptide correspond to very hydrophobic stretches that likely span the lipid bilayer. 12 (XBL 8410-80 11) 
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Fig. 4. Circular dichroic spectra of the purified aspartate 
chemoreceptor and its two major proteolytic fragments. Condi
tions are described in the text. Experimental data were 
corrected for a control sample lacking protein and are 
expressed as the mean residue ellipticity. The observed data 
were fitted by a linear combination of three basis functions 
corresponding to alpha-helix, beta-sheet, and random-coil struc
ture. 14 (A) Circular dichroic spectra of purified aspartate 
chemoreceptor solubilized with octylglucoside. The best fit 
corresponds to the protein containing 78% alpha-helix and 22% 
random-coil structure. (B) Circular dichroic spectra of the 
purified proteolytic fragments PF-1 and PF-2 in the presence of 
octylglucoside. The best-fitted curve for PF-7 corresponds to 
95% alpha-helix and 5% random-coil structure, and the best fit 
for PF-2 corresponds to 53% alpha-helix and 47% random coil. 

(XBL 8410-80 72) 

yields values of 53% a-helix and 47% random 
structure [Fig. 4(B)]. 

Values for a-helical content obtained from the 
curve-fitting of circular dichroic spectra are gen
erally quite accurate provided that the average 
number of residues involved in each helical seg
ment of the sample protein is comparable with 
those in the proteins used to derive the basis func
tions. 14 The basis set used here was derived from 
proteins with an average of ten residues in each 
helix. Analysis of the hydropathic nature of the pri
mary structure of the aspartate receptor suggests 
that the external domain corresponding to most of 
PF-1 likely contains two transmembrane a-helical 
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segments that span at least 23 residues in length.12 

Furthermore, analysis of the protein by several 
secondary structure prediction algorithms suggests 
the presence of several long a-helical segments. 
One segment in PF-1 is predicted to exceed 50 
residues in length. If this is true, the actual helical 
content of the PF-1 fragment, as well as the intact 
receptor, may be somewhat less than the values 
calculated from the circular dichroic data. 

The latter data clearly indicate that the aspar
tate receptor contains a very high content of helical 
structure. Furthermore, the protein contains a sin
gle site that is extremely susceptible to scission by 
an endogenous protease as well as by trypsin. 
Although the aspartate receptor is a very large pro
tein composed of more than 500 amino acids, it 
does not contain a single cysteine residue. Since it 
is well known that disulfide bonds contribute to the 
rigidity of most proteins, the lack of such bonds in 
the receptor suggests that it may be able to assume 
a variety of significantly different conformations. 
This flexibility may be required for the receptor to 
signal binding of aspartate to its external domain 
and/or to respond to the methylation or demethy
lation of its internal domain during adaptation. This 
flexibility may also serve to identify the receptor as 
a substrate for the proteolytic enzyme(s) that 
proved so troublesome during its isolation. The 
protective effect that glycerol provides against pro
teolysis (glycerol also protects purified receptor 
from the action of added trypsin) suggests that the 
conformation of the receptor may be significantly 
influenced by changes in its environment. The pro
teolytic site near the center of the receptor 
polypeptide may be conformationally altered or 
rendered inacessible to proteases in the presence 
of glycerol. Methylation of the purified receptor in 
vitro requires the presence of 20% to 40% gly
cerol. 

Taken together, the available data lead us to 
propose a tetrameric model for the aspartate recep
tor, as shown in Fig. 5. In this model four identical 
subunits of 60,000 molecular weight form a com
plex. Binding of aspartate to the highly helical 
outer domain induces a conformational event in the 
internal domain that both triggers transmission of 
the binding event and renders certain sites in this 
domain susceptible to methylation. 

In summary, aspartate receptor was extracted 
from salt-washed membranes with the nonionic 
detergent octyi-B-0-glucopyranoside and purified 
by a combination of ion exchange, molecular sieve, 
and hydroxyapatite-agarose chromatography. A sin
gle polypeptide with an apparent molecular weight 



aspartate 

Fig. 5. Proposed model for the aspartate chemoreceptor. The 
receptor is likely organized as a tetramer containing four identi
cal 60,000-dalton subunits. Each subunit spans the membrane 
with the polypeptide chain crossing the bilayer twice with 
hydrophobic helical segments. 12 Binding of aspartate to the 
external domain presumably induces a conformational change in 
the internal domain leading to both signal transmission and 
adaptive methylation events. 

(XBL 8470-8013) 

of 60,000 (estimated by dodecyl sulfate 
polyacrylamide electrophoresis) was obtained. The 
solubilized receptor was estimated to have a 
molecular weight of 248,000 from its behavior on 
Sephacryl S-300, suggesting that the receptor may 
be organized as a multimer containing 4 ± 1 ident
ical subunits. Circular dichroic measurements of 
the purified protein indicate that 78% of its resi
dues are arranged in helical secondary structures. 
In the absence of protease inhibitors, the receptor 
is split in half by the action of an endogenous pro
teolytic activity. The N-terminal half of the recep
tor retains the ability to bind aspartate and has an 
extraordinarily high content of helical structure. 
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The availability of substantial quantities of 
aspartate receptor should aid our attempts to find 
conditions for forming ordered, two-dimensional 
arrays of the protein suitable for electron crystallo
graphic analysis. 
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Organization and Function of Macromolecules 
Associated with Cell Membranes 

IMMUNE RECOGNITION OF MEMBRANES 

Ashot Petrossian, Aaron B. Kantor, Susan S. Stanton, and John C. Owicki 

For the past few years one of the central 
interests of our laboratory has been the molecular 
mechanisms of interactions involving biological sur
faces. We are especially interested in cases involv
ing specific ligand-receptor interactions, as when 

antibodies bind to antigen-bearing membranes and 
thus mark them for destruction by other com
ponents of the immune system. More specifically, 
we are studying how the specificity and strength of 
such recognition phenomena depend on the physi-



cal and chemical states of the system of. interacting 
molecules. · 

The complexity of native biological systems 
often hinders investigations, particularly at the 
molecular level. Such difficulties are severe in 
immunology. One solution is to study a simplified 
model system, thus permitting investigation of many 
of the salient features in relative isolation. This 
report gives a brief description of the model system 
with which we have been working, followed by a 
discussion of some of the results of the past year's 
research. 

We have constructed a liposomal (lipid bilayer 
vesicle) model system for studying immune recogni
tion of membranes. Monoclonal antibodies bind to 
a hapten-derivatized lipid that is incorporated into 
liposomes. The hapten is fluorescein, who.se brilli
ant fluorescence is quenched by the binding; this 
permits the analysis of binding kinetics (and· equili
brium) in real time in the curvette of a spectra
fluorometer down to subnanomolar hapten concen
trations. The antibodies were provided by courtesy 
of Professor E. W. Voss, Jr., of the University of Illi
nois. 

Prior to this past year, we had qualitatively 
established two important results. First, the availa
bility of hapten for antibody binding depends 
strongly on the overall lipid composition of the 
liposome. This is probably due to the existence of 
a composition-dependent· equilibrium between hap
ten that is extended away from the vesicle, avail
able for binding, .and hapten that is sequestered at 
or in the liposome surface [Fig. 1 (a)]. Second, 'since 
lgG binds to the liposomes much more tightly than 
monovalent Fab fragments, some bivalent bin'ding 
of lgG must occur [Fig. 1 (b,c)]. 

During the past year, we have progressed in 
several areas, as describe.d below. 

SYNTHESIS 

Because the synthetic scheme for our hapten
derivatized lipid contains some points of general 
interest-combinations of lipid and peptide 
methods-we have improved the synthesis and 
written a paper on it. 1 

EXPERIMENTS ON ANTIBODY /LIPOSOME SYSTEM 

Fluorescence polarization spectra (Fig. 2) give 
strong evidence for our extended-sequestered hap
ten hypothesis·. There are two populations of hap
tens: those that are mobile on the nanosecond 
time scale and whose spectra show little red shift 
(extended) and . those that are immobile and red-
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c1 

Fig. 1. A schematic description of the model system. a: Hap
tens linked to the surface of a liposome are in one of two con
formations, (aT) extended out into solutiqn or (a2) sequestered 
at the membrane surface. b: Monovalent Fab fragments of lgG 
bind to the extended hapten. c: lgG binds to the haptens 
either monovalently (cl) or bivalently (c2). (XBL 8410-8008) 

shifted (sequestered). Availability for antibody 
binding correlates well with the amount of the 
mobile component. Such antigen crypticity is bio
logically important and is widespread (though previ
ously poorly characterized) in liposomal systems. 

In other experiments we found that (mono
valent) Fab binding is insensitive to hapten lateral 
density, while lgG binding correlates positively with 
it. We have analyzed the kinetics of antibody dis
sociation from liposomes by flooding the · equili
brated complex with excess nonfluorescent hapten 
analog and observing the recovery of hapten 
fluorescence. The dissociation rate of lgG is not
ably slow, demonstrating that the increased avidity 
of lgG for the liposomes (compared with Fab) 
results more from slow dissociation than faster 
binding kinetics. 

QUANTITATIVE MODELING OF ANTIBODY
LIPOSOME INTERACTIONS 

A deeper insight into these processes can be 
obtained by deriving thermodynamic and kinetic 
parameters from the experimental data. This 
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Fig. 2. Excitation polarization spectra of the fluorescein hapten 
in different preparations. High polarization indicates low mobil
ity on the nanosecond time scale. The extremes of high mobil
ity and immobility are shown by the spectra in ethanol and gly
cerol, respectively. Intermediate behavior is shown when the 
hapten is incorporated as a minor component of vesicles made 
of-diphytanoyl-phosphatidylcholine.- ?QRhRC),.--dipalmitoyl
phosphatidy/choline (DPPC), or a mixture of DPPC:Cholesterol 
(2: 1 ). Under similar conditions, the extent of antibody binding 
correlates inversely with the polarization of the preparation. 
The vesicle spectra suggest the presence of a red-shifted immo
bile species and a relatively blue-shifted mobile species, the 
latter accessible to antibody. Experimental conditions were 
T = 2s•c (except for glycerol), hapten concentration 14 nM, 
0. 1 mole% in vesicles; emission wavelength, 560 nm. 

(XBL 8411-8044) 

requires: 1) constructing mass-action equilibrium 
and kinetic models; 2) solving the resulting non
linear algebraic and differential equations; and 3) 
optimizing the. parameters of the models to obtain 
the best fit to the experimental data. The compu
tational problems are complex, but we have 
obtained some very useful results. 

For example, we have determined the relative 
affinity constants for the attachment of the first and 
second hapten-binding sites of lgG to the hapten
bearing liposomes. The second process is weaker 
than the first, but still important in our syst~m. We 
are able to estimate the amount of monovalently 
and bivalently bound lgG under both equilibrium 
and kinetic conditions, as well as the amounts of 
extended and sequestered hapten. 

Figure 3 shows the amount of monovalently 
and bivalently bound lgG as a function of the total 
lgG concentration. The most significant feature is 
that there is an optimum lgG concentration for 
bivalent binding. Competition for hapten at high 
lgG concentration favors the monovalently bound 
species. This observation is significant, because 
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Fig. 3. Monovalent (lgC-H) and bivalent (lgC-H2) binding of 
lgC to haptens on DPPC vesicles, as a function of the total con
centration of lgC binding sites. These results were obtained by 
fitting experimental binding data to a mass-action scheme such 
as in Fig. 1(c). Experimental conditions were similar to those in 
Fig. 2. (XBL 8411-8046) 

there is evidence that bivalently bound lgG is the 
more biologically active form. 

These experimental and modeling results have 
yielded a series of three papers. 2- 4 

FUTURE DIRECTIONS 

Having now· characterized the basic antibody
membrane interactions in. our system, we are begin
ning to apply our knowledge to problems that are 
increasingly more biologically realistic. One such 
problem is the molecular mechanism of 
membrane-membrane aggregation, either by soluble 
antibody or by complementary antibodies and 
antigens on different membranes. Our system puts 
us in a unique position to obtain fundamental infor
mation about these phenomena, which heretofore 
have been studied only very phenomenologically. 

A second problem is the mechanism of activa
tion of an enzyme cascade in blood known as 
"complement"; this cascade leads to the lysis of 
cells that have been recognized by circulating anti
bodies. We will be collaborating with Professor 
Voss to answer some basic questions about the role 
of multivalency in the triggering of complement by 
lgM antibodies. 
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FORCES BETWEEN INTRINSIC MEMBRANE PROTEINS: GAP JUNCTIONS 

Jochen Braun, James R. Abney, and John C. Owicki 

It is by now apparent that biological mem
branes are far from homogeneous mixtures of their 
protein and lipid components. Large-scale speciali
zation has long been known, e.g., in the 
apicaljbasolateral differentiation of epithelia. On a 
somewhat smaller scale, electron microscopy has 
revealed the differentiated nature of specialized 
regions of intercellular contact, such as synapses 
between neurons, neuromuscular junctions, and 
gap junctions. 

On a still smaller scale, the focus is on the 
interactions of small numbers of individual protein 
molecules in cell membranes. Here again, special
ized interactions have functional significance; they 
range from chemical reactions along metabolic 
pathways to a wide variety of information
processing phenomena in the immune system. 

What are the the molecular sources of the 
specific interactions observed in all these systems? 
Clearly there is no single explanation. In some 
cases attachment of membrane proteins to the 
cytoskeleton or extracellular matrix occurs. In oth
ers the membrane proteins are free to arrange 
themselves laterally in response to forces that act 
directly between them within the membrane. In 
that case it should be possible to discover and 
understand these forces if the lateral distribution is 
known. This idea is a consequence of the fluid
mosaic model of biological membranes. 

Relationships between molecular distributions 
and intermolecular forces are the domain of statisti
cal mechanics. This physical discipline has been 
notably successful in elucidating the behavior of 
molecular liquids, and this is the way we propose 
to treat membranes. We will describe both the 
analytical method, as far as we have developed it 
to date, and the initial results that we have just 
obtained on gap junctions. 

The raw experimental data on which we rely 
are the coordinates of the centers of individual pro
teins, as seen in freeze-fracture electron micro
graphs such as Fig. 1. In that picture, each particle 
represents the position of a single dyad of gap
junction proteins (connexons) that bridges the 
extracellular gap between two closely apposed cells 
in mouse liver. 

Once the coordinates have been digitized and 
entered into a computer, two statistical distribution 
functions are calculated. The first is the pair 

Fig. 1. Freeze-fracture electron micrograph of part of a gap 
junction from mouse liver, in the open conducting state. The 
gap-junction proteins are seen to be aggregated into a plaque 
(arrow), at a density of 9330 particles/JJ.m2 and an average 
separation of about 70 nm. Particles of similar size in the 
neighboring membrane are much more disperse. The inset 
shows the polar coordinate system used in the analysis of triplet 
molecular distributions. Micrograph courtesy E. Ravia/a, Har
vard University. (XBB 84 7 2-94 7 0) 



distribution function, g(r), which is a measure of 
the frequency of finding a molecule at a point that 
is a distance r away from another molecule. The 
g(r) calculated for Fig. 1 is shown in Fig. 2. The 
second is a triplet distribution function, p(s,O;r), 
which measures the frequency of encountering a 
molecule at polar coordinates (s,B) with respect to a 
given pair of molecules that are separated by r. 
See the insert in Fig. 1 for the coordinate system. 

The relationship between the pair and triplet 
functions and the effective force between pairs of 
particles, f(r), is given by the Born~Green-Yvon 
(BGY) equation: 

kT d{ln[g(r)]} f (r) 
dr 

00 2ir 

+ I I f (s )c~s(B)p(s ,8;r) sd Bds 
0 0 

The left side of the BGY equation may be seen to 
represent the statistical mean force, F(r), acting on a 
particle when there is a second particle at a dis
tance r away by relating g(r) to a potential, W(r), 
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Fig. 2. Pair distribution function, g(r), for dyads inside the 
plaque in Fig. 7. The uncertainties in digitizing the positions of 
the centers of the dyads are 0.5-7.0 nm. The dotted error 
envelope represents the standard deviations obtained by per
forming the analysis separately on two parts of the plaque, con
taining a total of 43 7 9 dyads. Information obtained in g(r) 
includes the effective diameter of the dyads [the range where 
g(r) is close to OJ, the predominant first-neighbor separation (the 
position of the first peak), and the radial decay of order in suc
cessive shells of neighbors about each dyad [the damped oscilla
tory behavior of g(r)]. (XBL 8477-8047) 
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according to the Boltzmann distribution; 
g(r) = exp( _,.. W(i')/kn; then 

F(r) = _ d[W(r)] 
dr 

kT d{ln[g(r)]} 
dr 

The BGY equation states that this total force arises 
from two sources: the direct force between the 
two particles [f(r)] and the forces from all other par
ticles (the integral). The integrand weights the 
component along r of the force exerted on the first 
particle from these other particles, f(s)cos(B), by 
their average number at (s,B), p(s,B;r). 

The force calculated between the gap-junction 
dyads in Fig. 1 is shown in Fig. 3. It is entirely 
repulsive (positive) and is consistent with electros
tatic repulsions due to a net charge of about 
10 per dyad. This is physically reasonable and 
rules out the existence of net attractions or specific 
binding between pairs of dyads, at least in the con
ducting state in mouse liver. 

Since net attractions and specific binding have 
been excluded, the reason that mutually repelling 
dyads aggregate into plaques such as that in Fig. 1 
must be sought elsewhere. We have proposed a 
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Fig. 3. Effective pair force, f(r), between dyads in the plaque 
in Fig. 7, computed using the BGY. equation (see text). The 
force was divided by the thermal Boltzmann energy, kT, where 
T was -3 7 0 K. Error bars were obtained as in Fig. 2. In the 
range 25 to 50 nm, not shown, the force is small. The extremes 
are -0.27 and +0.77nm- 1, with error bars -0.7nm- 1• Con
sidering the statistical fluctuations in the data and the accuracy 
of the numerical methods,. there is little evidence. that the true 
force differs significantly from zero in the extended range. The 
dotted iine is the effective pair .potential, u(r), obtained by 
integrating the pair force over r. · This is the pair energy 
required to compress two dyads from a reference separation of 
25 nm in the plaque. · (XBL 8417-8048) 



mechanism that is based on the minimization of the 
repulsive energy between the two apposed cell 
membranes, 1 as illustrated in Fig. 4. 

a 

b 

Fig. 4. Hypothetical mechanism of dyad cohesion (schematic). 
The escape of a dyad from an aggregate (a-+b) increases the 
area of enwgetical/y unfavorable close apposition between the 
membranes; this provides the driving force for the cohesion. 
For dyads within the aggregate, however, the force largely van~ 
ishes. (XBL 847 0'8007) 

CIRCULAR DIFFERENTIAL MICROSCOPY 
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When a dyad is formed by linking gap-junction 
proteins in two apposed membranes, surrounding 
areas of membranes are drawn to within 2 nm of 
each other. In the process, the mutual repulsion of 
the membranes, which is partly electrostatic, must 
be overcome. The total energy expended in over
coming this repulsion is minimized when the area 
of close apposition . is minimized, i.e., when the 

·dyads aggregate. 
The total. area of closely apposed membrane 

would, however, be largely independent of the 
positions of the individual dyads ·in the junction. 
Accordingly, dyads in the bulk of the junction 
would not experience this attraction. Isolated pairs 
of dyads would experience it,· as would dyads 
crossing the boundary of the junction. 
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Marcos F. Maestre, David Keller,* Carlos Bustamante,* and Ignacio Tinoco, Jr.t 

In this report we briefly describe the develop
ment of the theory of differential imaging and the 
invention of the circular. differential imaging micro
scope. · The technique is a logical extension of 
research on the interaction of circularly polarized 
light with structures whose dimensions are arbitrary 
with respect to the wavelength of light.1 ' 2' 3 We 
refer to the final technique as circular 
dichroism/ circular intensity differential scattering 
(CD/CIDS). 

In the CD/CIDS microscope, the objective lens 
in the instrument only serves to collect the 
transmitted light through the microsce>pic object 
plus some fraction of the scattered light, depending 
on the aperture of the lens. The collected light is 
not used to form an image; instead, it is measured 
by the standard photomultiplier detector of the CD 
instrument to give spectral curves.4 . 

*Department of Chemistry, University of New Mexico, Albu
querque. 

tchemical Biodynamics Division, LBL. 

In the imaging. microscope, however, the col
lected light is used to produce two images. The 
image produced by left circularly polarized illumina
tion will be different from the image produced 
when the illumination is right circularly polarized. 
The difference between these two images can be 
called a circular differential image. With the proper 
detection system and associated electronics, we can 
use the imaging properties of the microscope to 
form a differentiill image, with a spatial distribution 
of information along the image. The information in 
this computed image is now a point-by-point meas
urement of the CD, in the case of transmitted light 
measurement, or the differential scattering contribu
tion to the image cross section, in the case of 
dark-field illumination.5 The spatial resolution of 
the measurement is limited by the lens resolving 
power, pixel geometry in the detector, and avail
able light intensity. 

The information contained in the circular dif
ferential image will not be the same as that in the 
image produced using · unpolarized light. lri the 
latter case the optical contrast that distihguishes 



one feature of the sample from another is provided 
by differences in the absorption and the index of 
refraction of the various parts of the sample. In a 
Circular differential image the contrast is provided 
by differences in the interaction of different parts of 
the sample with left and right circularly polarized 
light. 

It has been shown · that circular differential 
scattering is especially sensitive to the dimensions 
of the structure vs. the wavelength of the incident 
light, and the application of CIDS theory to images 
has extended these results. Particularly instructive 
is the behavior of the images as a function of 
wavelength of the illuminating circularly polarized 
light. Figure 1 shows two ·helices, the smaller being 
one-tenth the diameter and pitch of the larger. 
The helices will be illuminated by circularly polar
ized light of varying wavelength, and a differential 
image produced by the scattered light (dark-field 
illumination) will be computed by subtracting from 
the image produced by right circularly polarized 
light that produced by left circularly polarized light. 
Figure 2 shows the computed image produced by 
light of wavelength comparable to the dimensions 
of the large helix. Figure 3 shows the correspond-

a--a 
I 

0 --.........0 

Fig .. 1. Scattering particle arrays in the shape of two helices, 
the .smaller having one-tenth the pitch and diameter of the 
larger. These helices will produce the differenti;i/ images 
displayed in Figs. 2 and 3 for dark-field illumination of varying 
wavelength. (XBL 845-1891) 
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ing image when the wavelength is on the order of 
the small helix. The differences in these images 
point to a characteristic property of the technique: 
namely, that it gives a zero differential image for 
those objects that are not chiral in structure. These 
nonchiral structures will not be seen by the instru
ment. Furthermore, by varying the wavelength 
chiral structures of different sizes would be 
emphasized, and the sense of chirality of the object 
can be determined by the signs (positive or nega
tive magnitudes) associated with the image. 

A differential microscope has been constructed 
at Berkeley following the design shown in Fig. 4 
(Mickols, Embury, Maestre, and Tinoco, manuscript 
submitted). Preliminary studies using this instru
ment on the polymer formation of hemoglobin S in 
the sickling of intact red blood cells have shown 
that the technique works. Information on the spa
tial distribution and concentration of the polymer 
has been obtained, on both sickled and irreversibly 
sickled cells in situ. The technique shows promise 
as a new way for measuring the spatial distribution 

. of chirality inside microscopic biological materials. 
This information can then be used to construct pos
sible models of the biological organization. 

Fig. 2. Computed differential image (right-left) for the helices 
in Fig. 1 illuminated by light whose wavelength is on the order 
of the pitch and diameter of the large helix. (XBL 845-1892) 
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Fig. 3. Corresponding differential image when the wavelength 
is of the dimensions of the smaller helix. (XBL 845-1893) 
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Fig. 4. Schematic of a Circular differential imaging microscope. The intensity at each point in the image plane is 
measured when left and right circularly polarized light is incident ·on the sample. Only chiral objects will be evi
dent in the image. (XBL 845-1890} 

Lipoprotein Structure and Function 

HDL SUBCLASS DISTRIBUTION IN HUMAN NEONATES 

Orsolya Genzel, Trudy M. ·Forte, and Melissa A. Austin 

Most cholesterol in neonatal plasma is carried 
by high-density lipoproteins (HDL) in marked con
trast to adult plasma, HDL as a subclass of lipopro
teins is of special interest because of the protective 
role HDL plays in coronary artery disease later in 
life. 

Neonatal blood is collected from the umbilical 
cord vein of the placenta, and the plasma is 
separated by low-speed ultracentrifugation. · The 
levels of total choles'terol· (TC) and total triglyceride 

(TG) are determined, and appropriate samples are 
selected. 

The levels of TC: <3,nd :rG for neonatal plasma 
are much lower than those of adults. The TC and 
TG values for all the. cord-blood (CB) plasma sam
ples (N=880) were 68.2 · ± 17.5 mg/dl and 41.5 ± 
15.5 mg/dl, respectively, compared with average 
adult levels of 197mg/diTC and 121 mg/diTG. 
The range was large in both cases: for cholesterol, 
25 t,o . 150 ml/dl and for triglyceride, 11 to 



192 mg/ dl. Of the total number of cord- blood 
samples, 5% had TC values above 100 mg/dl while 
1% had TG values above 100 mgj dl. Only 0.5% 
of the samples had both elevated cholesterol and 
triglyceride. These cholesterol and triglyceride dis
tributions are similar to those previously reported. 

One hundred and fifty-two CB samples with a 
minimum volume of 2 ml were selected for high
density lipoprotein cholesterol (HDL-C) measure
ments and for gradient gel electrophoresis (gge). 
The samples can be grouped into three categories 
with the mean TG, TC, and HDL-C values shown in 
Table 1. 

The gge results for the 152 CS samples exhi
bited three very different and distinct patterns. The 
first pattern (Fig. 1) has three major peaks, two of 
them in the (HDL2ake region and one in the 
(HDL3b)g e region. ::,noulders are seen in the 
(HDL2b gand Jc) e regions. The shoulder in 
(HDL3c) e can oYfen be subdivided into two small 
peaks. ~nee 55 (89%) infants of group I (our con
trol group) exhibited this pattern, it was called 

174 

"normal" pattern (gge) for newborns. The second 
pattern (see Fig. 2) has a major peak in the 
(HDL

2
b) region rather than a shoulder. The third 

pattern gge(Fig. 3) has little HDL in the 
(HDL2b a d 2a) e regions but has a very prominent 
peak in the (~L3b) e region and also often has a 
prominent peak in ~DL3c)gge· These patterns are 
labeled pattern 2b(gge) and pattern 3b(gge), respec
tively: 

In the control group only 5 babies (8%) have 
pattern 2b (gge) and 2 babies (3%) pattern 
3b (gge), while 55 (89%) had the normal pattern 
(Table 2). The same three patterns could also be 
observed in the other two groups of infants, but 
with a different frequency. 

In both groups less than 50% of the infants 
showed the normal pattern (gge); 33% (group II) 
and 44% (group Ill) showed pattern 2b (gge), and 
19% (group II) and 8% (group Ill) pattern 3b (gge) 
(Table 2). The difference in pattern distribution 
between control group and the two other groups is 
statistically significant (chi square test with p=0.05). 

Table 1. Three cord-blood populations and their mean lipoprotein values. 

Group No. TG (mg/dl) TC (mg/dl) HDL-C (mg/dl) HDL% 

62 36.3 65.2 35.4 

II 56 50.9 82.4 39.1 

Ill 34 35.4 90.2 40.8 

Group 1: Healthy full-term babies with good Apgar scores (;;;.8) 
and TC, TG levels <100 mg/dl. 

Group II: Full-term babies with pre- and perinatal problems 
and/or TC, TG levels >100 mg/dl. 

Group Ill: Premature babies with gestation age < 37 weeks. 

4 . 6 

' ~ ·----

' ' 

53 

47 

46 

28 2A 3A :38 3C 

Fig. 1. Densitometric sea~ of HDL electrophoresed in 4%-30% polyacrylamide gels and stained for protein. 
Pattern 1 (N 1 ): normal term infant. (XBL 8410-80 71) 



175 

b. 

' ···1---!···-~: -~:--

: 2A J3A !38 l 3C : •• 
_;_:~---:----'------~; -- 2 t :-i --r----_,_----ll-

: 2B : 2A :3A :38 ! 3C 

Fig. 2. Densitometric .scans of HDL electrophoresed in 4%-30% polyacrylamide gels and stained for protein. 
Pattern 2 (28): (a) full-term infant, difficult delivery; (b) premature infant, gestation age 29 weeks. 

(X8L 8470"8078) 

a. b. 

3 .• 

-!---;;--+--------+---· ·-~-· -+-' -+-' --+--
2B [ 2A ! 3A ]38 [ 3C 

Fig. 3. Densitometric scans of HDL electrophoresed in 4%-30% polyacrylamide gels ·and stained for protein. 
Pattern 3 (38): (a) full-term infant, decreased amniotic fluid; (b)ptemature infant, gestation age 25 weeks. 

Table 2. Sample distribution between the different GGE 
patterns in the three population groups. 

No. of SamQles (%) 

Pattern II Ill 

1. Normal 55 (89%) 26 (46%} 14 (41%} 
2. 2b (gge) 5 (8%} 20 (36%} 17 (SO%) 
3. 3b (gge) 2 (3%) 10 (18%) 3 (9%) 

62 56 34 

Group 1: Healthy term babies; TG, TC < 100 

Group II: Full-term babies with problems and/or 
TG, TC > 100 

Group Ill: Premature babies 

. (X8L 8470-8019) 

The mean . TG and TC of the babies with the 
"normal" gge pattern were very similar to the 
entire control group Crable 3). The infants with 
pattern 2b (gge) have elevated TC and HDL~C but 
normal TG · levels, whereas the babies with pattern 
3b (gge) had normal TC but elevated TG levels. 
The differences are statistically significant (p'=O.OS) 
for the two~way analysis of variance· for TG, TC, 
and HDL-C. Even ifwe compared only the mean 
TG and TC levels of infants with lipid levels below 
100 mg/dl, to take into account the fact that ·the 
control group was defined· that way,· the level of 
significance did not change. . 

So far we have found that healthy full-term 
infants with normal lipid values have a very distinct 
and similar HDL size distribution by gge. In con
trast to that, premature babies and lnfarits with pre-



natal complications or elevated lipoprotein values 
have a tendency to different HDL size distributions. 
Of special interest is the fact that babies with rela
tively high TG levels seem to miss HDL particles in 
the 2b size group. · 
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These studies of lipoproteins in umbilical cord 
blood should further our understanding of lipopro
tein metabolism in general and also might help to 
explain how the fetus reacts to certain fetal
maternal complications. 

Table 3. Lipoprotein levels per HDL-pattern in the different 
population groups. Differences in TC and TG levels are statistically 

significant at a p-value < 0.07 for TC (2b pattern) and 
at a p-value <0.005 for TG (3b pattern). 

TC (mg/dl): 

Pattern 

1. Normal 64.4 
2. 2b (gge) 84.2 
3. 3b (gge) 72.5 

TG (mg/dl): 

Pattern 

i. Normal 34.2 
2. 2b (gge) . 28.0 
3. 3b (gge) 87.0 

HDL-C (mg/dl): 

Pattern 

1. Normal 
2. 2b (gge) 
3. 3b (gge) 

35.4 
51.5. 
29.8 

II Ill 

78.6 79.8 
101.6 97.3 

55.9 75.3 

II Ill 

44.3 28.9 
38.9 31.8 
90.9 78:3 

II Ill 

38.9 36.1 
51.0 48.0 
18.7 22.8 

IMMU.NOSUPPRESSIVE ACTIVITY OF HUMAN CORD-BLOOD LIPOPROTEINS 

Trudy M. Forte, Paul A. Davis,* and Linda i<.. Curtiss t 

It is now known that the role of plasma 
lipoproteins is multifunctional. They circulate vita
mins, supply. energy to cells in the form of fatty 
acid; provide sterols for steroid hormone synthesis 
(and membr.ane repair), C;lnd play a major role in 
cellular cholesterol metabolism. More recently it 

. has been shown that lipoproteins may regulate 
immune responses as well. Low-density lipopro
teins .carrying apolipoprotein B (apoB) are known to 
suppress phytohemagglutinin (PHA) activated .lym
phocytes 1 by inhibiting DNA synthesis. The apoB 
binds to a·. specific immunoreceptor on the cell 
m'embrane, triggering the inhibitory response. More 

*Department of Internal Medicine, UC Davis 

tResearch Institute of Scripps Clinic, La Jolla, CA 

recently, Hui et al.2 described an immunoregulatory 
role for another apolipoprotein, apoE, which is 
found in low quantities in normal plasma. On a 
molar basis, apoE is 3 to 5 times more efficient 
than apoB in inhibiting DNA synthesis in activated 
lymphocytes .. 

In our studies with human umbilical-cord blood 
we were intrigued by two factors: the low level of 
LDL and hence apoB, and the elevated quantity of 
apoE. We have previously reported the apoE in 
cord blood is two times higher than that of adult 
plasma, although cholesterol and triglyceride con
centrations are one-third lower in cord bloods. In 
adults elevated apoE levels parallel elevated plasma 
triglyceride and/or cholesterol levels. Elevated 
plasma apoE levels in the newborn in the face of 
low plasma cholesterol levels lead us to pose the 



question: What physiological role could elevated 
apoE have in the human fetus? Since apoB, which 
normally would be the major apoprotein regulating 

· immune response; is extremely low in the fetus at 
term, we hypothesized that apoE may take on a 
major role in regulating lymphocyte function. 

To test our hypothesis we carried out a series 
of experiments on isolated fractions of lipoproteins 
from full-term, normal neonates. Two lipoprotein 
classes, the low-density (LDL) and high-density 
(HDL) lipoproteins in cord blood are known from 
our previous work to contain apoE. These lipopro
tein classes were compared with sim.ilar fractions 
from normolipidemic adults for their ability to inhi
bit mitogen-stimulated lymphocyte activity. Adult 
peripheral-blood mononuclear (PBM) cells were 
used as the test system. Biological activity of the 
lipoproteins was measured by their ability to inhibit 
PHA-induced [3H]-thymidine uptake by the PBM. 

Figure 1 (A) shows suppression of PHA ,stimula
tion by cord blood and adult LDL and HDL based 
on total protein added to the culture. It is readily 
apparent that cord-blood LDL and HDL are far 
more efficient than the adult fractions at inhibiting 
3H-thymidine uptake. As shown in Fig. l(B), the 
major biological activity in cord-blood and adult 
LDL as well as cord-blood HDL can be attributed 
to apoE. Adult HDL have very little apoE and 
hence have little inhibitory effect. Heparin
sepharose affinity chromatography removes apoE 
containing particles from HDL. When cord-blood 
HDL were subjected to heparin-sepharose chroma
tography they lost their ability to inhibit eHJ
thymidine uptake (Fig. 2) and were very similar in 
behavior to adult HDL. This is confirmation that 
apoE in HDL is indeed responsible for suppression 
of lymhocyte activity. Hepp.rin-sepharose affinity 
chromatography could riot be applied to LDL 
because it would remove both apoB- and apoE
containing particles. Radioirnmu,noassays .revealed 
that cord-blood HDL and LDL hav~ ·approximately 
equivalent quantities of apoE (16.2g/1 OOg protein 
vs. 15.5g/1 OOg protein, respectively); although not 
demonstrated, a large part of the inhibitory activity 
of cord-blood LDL may reside in the apoE moiety. 
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Fig. 1. Suppression of .phytohemagglutinin (PHA) stimulation 
by cord-blood (cb) and adult (a) LDL and HOL. Human 
peripheral-blood mononuclear cell (PBM) cultures containing 
2 X toS cells in 0.275 ml of medium were incubated with 
increasing concentrations of lipoproteins for 24 hours at Jrc 
The cultures received PHA at 24 hours and were labeled with 
3H-thymidine for 18 h~urs at 72 hours of·culture. 3H-thymidine 
uptake . was calculated as the mean cpm of triplicate cultures. 
(A) percent inhibition plotted vs. total lipoprotein protein 
added; (B) percent inhibitio~ plotted vs. apoE protein added. 

. (XBL 8410-7996) 

These results suggest that cord-blood apoE
containing . particles are capable of suppressing 
mitogen-stimulated PBM proliferation .. The elevated 

·levels of particles containing apoE may have a func
tional role in the expression of the immunologic 
respon~e in the neonate. It is tempting to specu
late that in the fetus a poE may inhibit proliferation 
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Fig. 2. Effect of heparin adsorption on the biologic activity of 
cord-blood and adult HDL. Adult and cord-blood HDL were 
adsorbed with uncoupled e or heparin-coupled Sepharose 48 0 
and added to PBM cultures for 24 hours at 37"C. The cultures 
received PHA at 24 hours and were labeled with 3H-thymidine 
for 78 hours at 72 hours of culture. (XBL 8470-7997) 
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or differentiation of selected lymphocyte subpopu
lations and hence provide a means by which the 
developing fetus can· establish "self." ApoE may 
also be a mechanism by which the fetus maintains · 
itself in utero, for the fetus is in fact an allograft to 
the mother. 
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EXTRAMURAL COLLABORA liONS BY THE ANALYTIC ULTRACENTRIFUGE CORE OF THE 
LIPOPROTEIN PROGRAM PROJECT 

Frank T. Lindgren 

During this past year there have been several 
collaborations with research projects at outside 
laboratories involving analytic ultracentrifugation 
(AnUC). . 

A collaboration with Doctors Joe Witztum and 
Andrew Goldberg et al. (Lipid Research Clinic, St. 
Louis) studied the therapeutic aspects of chronic 
administration of the bile acid-binding resin coles
tipol. The effects noted were increased levels of 
H DL2a+b and their relationship to increased turn-

_ over of triglyceride (and VLDL), increased lipopro
tein lipase activity, and reduction in hepatic lipase 
activity. The subjects were 20 patients with pri
mary (type II-A) hyperlipoproteinemia. Colestipol, 
given orally in doses of 10-15 g twice daily, raised 
HDL2a+b concentrations when analyzed by prepara
tive, zonal, and analytical ultracentifugation. The 
subjects for AnUC consisted of a subpopulation of 
two females and six males. The results in both 
males and females indicate that the increased 
HDL2a+b during colestipol therapy occurs because 
of increased synthesis of these HDL. This results 
from an apparent increased VLDL-TG turnover and 

lipoprotein lipase~related VLDL clearance. Also, 
colestipol appears to. decrease HDL2 +b catabolism 
by reducing hepatic lipase activity. These changes, 
along with reduction in total LDL, suggest that 
colestipol affects several aspects of lipoprotein 
metabolism in ways· that may reduce the very high 
coronary heart disease risk found in type 11-a hyper
lipoproteinemic patients. 

In a collaborative plasma HDL subfraction 
AnUC study between Doctors Ronald Krauss (LBL) 
and Peter Wood et al. (Stanford Heart Disease 
Prevention Program), a cross-seCtional comparison 
was made between 12 male long-distance runners 
and 64 sedentary men. The runners had signifi
cantly more HDL mass of flotation rates F,'_20 2-9 
(predominantly HDL2a+b) and less HDL mass of 
F,'.20 0.0-1.5 (predominantly HDL3 ). Runners also 
had significantly less low-density fipoprotein mass 
of flotation rates S/0-7 and less VLDL mass of 
S/20-400 than did sedentary men. Postheparin 
lipoprotein lipase activity was higher and hepatic 
lipase activity was lower in the runners than in a 
randomly selected group of 16 sedentary men. 



These differences in both LDL and HDL subfrac
tions between runners and controls could not be 
attributed to greater leanness or to self-selection in 
runners. The similarities between lipoprotein pro
files of male runners and sedentary women suggest 
that runners may experience reduced CHD risk to 
the extent that both the LDL and HDL subclass dis
tribution found in women is protective. 

AnUC collaborations with Dr. E. J. Schaefer et 
al. [Molecular Disease Branch, National Heart, Lung 
and Blood Institute (NHLBI), National Institutes of 
Health (NIH), Bethesda, MD] include one on 
lipoprotein abnormalities in primary biliary cirrhosis 
(PBC). This is a chronic cholestatic liver disease 
associated with significant lipid abnormalities. 
Extensive lipoprotein and apolipoprotein analyses 
were carried out on plasma obtained from nine 
stage 2 and stage 3 (early PBC disease) patients 
(group 1) and two stage 4 patients (group 2, 
advanced disease). 

Two distinct lipoprotein patterns were 
observed. The first pattern, noted in group 1 
patients, was characterized by a normal ratio of 
free:total cholesterol, moderate elevations of low
density lipoprotein (LDL) constituents, and marked 
increases in high-density lipoprotein (HDL) consti
tuents. These HDL increases were due to eleva
tions in H DL2b. Electron microscopy ·and nuclear 
magnetic resonance studies on these HDL2b frac
tions demonstrated the presence of spherical 
micelles of varying sizes but failed to demonstrate 
bilayered discoidal particles. Analysis of LDL and 
HDL4b protein composition by SDS polyacrylamide 
gel electrophoresis (PAGE) revealed an enrichment 
in apolipoprotein (apo) E. Plasma apolipoproteins 
A-1, A-11, B, and C-11 levels were significantly 
increased in these group 1 PBC patients. 

The second pattern, noted in group 2 patients, 
was characterized by a markedly increased ratio of 
free:total cholesterol in plasma, elevations of LDL 
with the presence of lipoprotein-X, and marked 
decreases in HDL constituents. HDL3 was the 
major HDL species detected. These subjects had 
marked deficiency of lecithin:cholesterol acyl
transferase (LCAT) activity and mass and had severe 
long-standing PBC. Electron microscopy studies 
revealed bilayered discoidal particles in both LDL 
and HDL, and SDS PAGE demonstrated apoE 
enrichment in those fractions. Plasma apolipopro
tein B and C-11 levels were markedly increased in 
these latter PBC patients, but apoA-1 concentrations 
were significantly lower than normal. Mean posthe
parin hepatic lipase (HL) activity in the plasma of 
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both PBC patient groups (13.0 ± 2.4 nmol FFA · 
min- 1 ml- 1) was decreased compared with normal 
controls (23.0 ± 1.6). The decreased HDL activity 
resulted from the presence of an inhibitor in PBC 
plasma. LPL activity in PBC patients (20.7 ± 2.9) 
was similar to normal (21.1 ± 2.0). These data 
indicate that hepatic lipase inhibition as well as 
altered cholesterol esterification plays an important 
role in the pathogenesis of lipoprotein abnormalities 
observed in PBC. The elevated HDL observed in 
early PBC may protect these patients from the 
accelerated atherosclerosis often observed in 
severely hypercholesterolemic patients. In addition, 
HDL cholesterol reduction may serve as a useful 
biochemical marker of PBC disease progression. 

Another collaboration with Dr. Schaefer et al. 
evaluated the biochemical, clinical, and genetic 
features in the proband (homozygote) and hetero
zygotes (n = 17) affected with familial apolipopro
tein A-1 and C-111 deficiency (previously described 
as apolipoprotein A-1 absence). The proband was a 
45-year-old white female with mild corneal opacifi
cation and significant three-vessel coronary heart 
disease (CHD), who died shortly after bypass sur
gery. Autopsy findings included significant atheros
clerosis in the coronary and pulmonary arteries and 
the abdominal aorta as well as extracellular stromal 
lipid deposition in the cornea. No reticulo
endothelial lipid deposits in the liver, bone marrow, 
or spleen were noted (unlike Tangier disease). 
Laboratory features included marked high-density 
lipoprotein (H DL) deficiency and undetectable 
plasma apolipoproteins A-1 and C-111. The percen
tage of plasma cholesterol in the unesterified form 
was normal at 30%. The activity and mass of LCA T 
were 42% and 36% of normal, respectively, and 
the cholesterol esterification rate was 43% of nor
mal. Deficiencies of plasma vitamin E and essential 
fatty acid (linoleic, C18:2) were also noted. The 
inheritance pattern in this kindred was autosomal 
codominant. ApoA-1 isolated from a heterozygote 
had an isoelectric focusing pattern and amino acid 
composition similar to normaL In DNA isolated 
from two obligate heterozygotes, no abnormalities 
in the apoA-1 or apoC-111 genes were detected by 
Southern blot analysis utilizing apoA-1 gene probes. 
The data indicate: 1) that familial apolipoprotein A-1 
and C-111 deficiency is a distinct disease entity; 2) 
that a genetic linkage exists between apoA-1 and 
apoC-111; 3) that apoA-1 is not essential for plasma 
LCAT activation; 4) that apolipoproteins A-1 and C-
111 . may be important for vitamin E and essential 
fatty-acid absorption; and 5) that decreased HDL 
may be a risk factor for premature CHD. 



~= . An AnUC collaboration with Dr. H. Bryan 
'Bt~wer et al. (Molecular Disease Branch, NHLBI, 
'NiH, Bethesda) characterized the fasting plasma 
lipid, lipoproteins, and apolipoproteins in five sub
jects lacking the plasma· protein {j2-glycoprotein I 
(apolipoprotein H). Family studies confirmed an 
autosomal codominant inheritance pattern for the 
concentrations of apoH. The total lack of this pro
tein is rare, and less than 0.3% of clinic patients 
demonstrate levels detectable by radial
immunodiffusion. Evaluation of plasma lipoprotein 
by analytical ultracentrifugation and compositional 
analysis in the five subjects lacking {j2-

glycoprotein I demonstrated low concentrations of 
HDL2b and HDL3. More striking, however, was the 
lack of a consistent and marked effect on the 
plasma lipoproteins such as is found in other apoli
poprotein deficiency states. As reflected by 
analysis of fasting plasma lipoproteins, the lack of 
apolipoprotein H does not result in a significant 
perturbation of normal lipoprotein metabolism. 

A collaboration with Doctors Levy, Anderson et 
al. (NHLBI, Bethesda) reviewed the NHLBI Type II 
Coronary Intervention Study, a double-blind, 
placebo-controlled trial, that evaluated the efficacy 
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of cholesterol lowering induced by cholestyramine 
on progression of coronary artery disease (CAD). 
The rate of CAD progression in patients treated 
with cholestyramine plus diet was compared to that 
of patients treated with placebo plus diet. CAD 
progression was defined angiographically. Signifi
cant decrease in total cholesterol (TC), low-density 
lipoprotein cholesterol (LDLc), and increases in 
high-density lipoprotein cholesterol (HDLc) as well 
as increases in HDLc/TC and HDLc/LDL ratios 
were observed with cholestyramine. A subset of 
these subjects was studied by AnUC at three 
points-diet-baseline, 2 years, and 5 years-for 
both placebo and drug groups. HDLc change was 
due to increase in HDL2a+b' and LDLc lowering was 
in the S/ 4-10 subfraction. When the relationship 
between CAD progression and lipid changes was 
examined, independently of specific treatment 
group, a significant inverse relationship was found 
between progression at 5 years and the combina
tion of an increase in HDLc and a decrease in 
LDL ; changes in HDLc/TC and HDLc/LDLc were 
the best predictors of CAD change. These findings 
support the hypothesis that increases in HDLc 
(HDL2a+b) and decreases in TC or LDLc (S/ 4-1 0) 
can prevent or delay CAD progression. 

ANALYTIC ULTRACENTRIFUGE CALl BRA liON AND DETERMINATION OF LIPOPROTEIN 
SPECIFIC REFRACTIVE INCREMENTS 

Talwinder S. Kahlon, Gerald L. Adamson, Laura A. Glines, Frank T. Lindgren, 
Marie A. Laskaris,* and Virgie G. Shore* 

Human plasma lipoprotein distribution profiles 
have been analyzed quantitatively for some 35 
years using the analytic ultracentrifuge (AnUC). 
However, information on calibration of the 
schlieren optical system is limited to the Beckman 
technical bulletin, 1 which describes a special 
scribed quartz wedge calibration cell. There 
appears to have been no independent, accurate 
validation of this . invariant means of checking the 
relative calibration of an AnUC. A reevaluation of 
the specific· refractive increments (SRI's) for each 
major lipoprotein class-high density lipoprotein 
(HDL) and low density lipoprotein (LDL)-is also 
necessary for accurate concentration determina-

*Lawrence Livermore National Laboratory, Livermore, CA. 

tions. These classes are measured in the density in 
which they are analyzed, i.e., 1.061 gjml for-LDL 
and 1.200 g/ml for HDL. 

The available lipoprotein SRI data are limited to 
the following values: 0.00171 .:ln/g/1 00 ml for {j
lipoprotein (equivalent to LDL, Sf 0-12) and 
0.00178 .:ln/g/1 00 ml for a1 lipoprotein, both 
measured in saline2; 0.00151 .:ln/g/100 ml for 
Sf 0-12 and Sf 0-100 LDL measured in 
1.063 gjml NaC13; and 0.00158 .:ln/g/1 00 ml for 
Sf 20-400 very low-density lipoproteins (VLDL) as 
measured in 0.194-molal NaCI.4 These increments 
were measured at 5461 A, similar to that with the 
Hg light source and filter in the AnUC. The VLDL 
SRI's were measured with a precision Abbe refrac
tometer using a Na0 1,2 light source (5890 and 



5896 A). There are no experimental SRI data for 
HDL under the conditions of AnUC flotation in 
NaBr at d = 1.200 g/ml. 

Accurate quantification of the major classes and 
subfractions of human plasma lipoproteins is impor
tant for characterizing· lipid and lipoprotein abnor
malities and evaluating therapy. To calibrate the 
analytic ultracentrifuge,· we routinely use the Beck
man calibration wedge cell with parallel scribed 
lines 1 em apart. Such a cell gives a rectangular 
pattern in the schlieren diagram, which determines 
magnification and also provides an area correspond
ing to an invariant refractive increment. We have 
independently validated this wedge calibration cell 
with a special boundary-forming cell in which 
1.174% sucrose is overlaid with distilled water. 
Figure 1 schematically compares the two calibration 
procedures and their results. The comparison of 
wedge-cell area with the extrapolated zero-time 
boundary-area refractive increment agrees to within 
less than 1%, corresponding to a refractive incre
ment error of ± 0.00002 ~n. 

Next, lipoprotein SRI's were redetermined from 
five fresh serum samples fractionated for total LDL 
and total HDL. Total lipoprotein mass was deter
mined using precise CHN elemental analysis and 
compositional analyses. The results given in 
Table 1 yielded corrected SRI's of 0.00142 and 
0.00135 ~n/g/1 00 ml for LDL and HDL, respec
tively. 

STANDARD CALIBRATION CELL 
(Scribed optical wedge) 

.f::.r. . . 
~68 

181 

Table 1 also gives similar· data for two frozen 
samples, low in VLDL, one held 7 weeks and the 
other 1 year at -70 o C. These freeze-thawed sa.m
ples were selected to evaluate the ·potential' for 
long-term frozen serum as a stable LDL and .. HDL 
standard. These data suggest that there. ;fs· little 
change in total macromolecular mass in .b'oth the 
LDL and HDL fractions and subnatants as jhe result 
of -70°C storage over a year and single thawing. 
Thus, frozen aliquots of such a sample -~ith very lit
tle VLDL and high in HDL might provide an accept
able lipoprotein frozen standard for LDL and HDL. 

The average SRI for LDL and HDL determined 
by AnUC was lower by 10% and 5%, respectively, 
than that determined by refractometry. These 
unexpected results suggest the presence in both 
the LDL and HDL fractions of lipoprotein macro
molecules close to the densities of 1.061 and 
1.200 g/ml. At these solution densities (given for 
26°C} such molecules would not be expected to 
undergo significant flotation (or sedimentation) at 
52,640 rpm and hence would not contribute to the 
flotation boundary and refractive index increment 
resolved by the schlieren optical system. Thus, our 
current values using 0.00154 and 
0.00149 ~n/g/1 00 ml unaerestimate LDL and HDL 
concentrations by 9% and 11%, respectively. 
Corrections of all previous LDL and HDL AnUC 
data can be made using appropriate factors of 
1.087 and 1.1 06, respectively. 

BOUNDARY CELL 

l____) 1 .1 7 4?/o Sucrose Sol.-

~n 

Area Calib Cell 
~e · ~r 

T 
(0.00918 rad) (0.9984) 

1.20 em 

115.77 cm2 corresponds to 0.007638 ~n 
(magnification = 11.62 X) ~ t!::j 

0 time area 
25.94 cm2 

~n = 0.001711 

Precision refractometry, ~n = 0.001717 Na0 line 
Hg line measurement within error of measure, ± 0.00002 ~n 

Fig. 1. Comparison of refractive index increment calibration for the analytical ultracentrifuge by the Beckman 
scribed optical wedge cell and the sucrose boundary-forming cell. (XBL 8211-4248) 
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.·'· Table 1. Total lipoprotein mass by CHN elemental analysis and composition analysis (mg/ml). 

LOLa HDL" 

Sample No. % s; o-12 2VL1° 4VL2
1 2VLH1° 4VLH1.5 

1 

6569 96.2% 4.19 (4.03)b 0.29 (0.40)b 8.00 (7.72)b 0.58 ( ----)b 

6661 93.4% 4.47 (4.15) 0.21 (0.28) 8.38 (7.34) 0.53 (0.26) 

6662 95.5% 5.18 (4.81) 0.29 (0.46) 8.85 (8.40) 0.79 (0.73). 

7608 95.5% 8.42 (8.05) 0.86 (0.89). 12.00 (11.93) 3.16 (3.38) 

7684 97.5% 10.65 (1 0.68) 1.31 (----) 13.25 (13.50) 3.05 (----) 

Mean difference (5) (95.6%) (96.1%) 

7072 (frozen 7 wk)c 98.7% 9.37 (8.43) 1.32 (----) 12.94 (12.86) 3.41 (----) 

7609 (frozen 1 yr)C 96.9% 8.73 (8.23) 1.10 (1.05) 14.23 (13.18) 3.11 (3.39) 

Mean difference (2) (92.1%) (96.0%) 

a 2VL1 ° and 2VLH1 ° are abbreviations for total low density and total high density dialyzed 

fractions, respectively, concentrated twofold over serum. The corresponding LDL and HDL 

subnatant fractions, concentrated fourfold, are designated 4VL2
1 and 4VLH1.

5
1, respectively. 

b Values in parentheses are composition analysis, i.e., total protein, triglycerides, free 

cholesterol, cholesteryl esters, and P-containing phospholipids. No carbohydrates are 

analyzed, nor are the 5%-6% of lipids (free fatty acids and certain phospholipids). 

c Frozen sample at -7o•c obtained earlier from subject 7608. 
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ORIGINS OF SUBPOPULA liONS OF HIGH-DENSITY LIPOPROTEINS: MOLECULAR 
MECHANISMS 

Alex V. Nichols, Patricia ). Blanche, Elaine L. Gong, Trudy M. Forte, and· 
Virgie G. Shore* 

Mature plasma high-density lipoproteins (HDL) 
are comprised of several subpopulations of spheri
cal partiCles ranging . in size from 7 to 12 nm. 1 

*Lawrence Livermore National Laboratory 

Our interest in HDL subpopulations derives from· 
·epidemiologic observations of an inverse correlation 
of HDL levels with risk of arterial disease. While 
the metabolic origins of such subpopulations have 
yet to be elucidated, there is considerable evidence 
that they arise in part from lecithin:cholesterol acyl-



transferase (LCA T) induced transformation of nas
cent or precursor HDL. Lipoprotein particles con
sidered likely precursors to HDL subpopulations 
include discoidal and small spherical particles such 
as those observed in HDL from plasma of LCAT
deficient subjects. 2 

Figure 1 (a) shows a gradient gel electrophoresis 
pattern describing the particle size distribution of 
HDL from an LCAT-deficient patient and indicates 
the migration locations of the discoidal and the 
small spherical particles. A representative particle 
size distribution of HDL from plasma of ·a normal 
subject is shown in Fig. 1 (b). Our research effort 
has been directed in major part to the question of 
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Fig. 1. Gradient. gel electrophoresis pattern of (a) HDL from 
LCAT-deficient patient and (b) the d .,;;; 1.20 gjml fraction (con
taining LDL and HDL) from a normal human subject. Particle 
size ranges shown are based on hydrated molecules. 

(XBL 8411-8055) 

183 

how the particle size distribution shown in Fig. 1 (a) 
is transformed by LCAT and by factors in the 
transformation milieu to the distribution of major 
subpopulations observed in the normal HDL pat
tern shown in Fig. 1 (b). Since LCAT deficiency is a 
rare disorder and access to patient plasma is 
extremely limited, we have approached the 
transformation problem by using model analogs to 
precursor species identified in the patients' plasma. 
In the past year we focused our research activity3A 
on in vitro preparation, characterization, and 
transformation of lipoprotein species with properties 
of the small spherical HDL detected in the LCAT
deficient patients' pattern. 

Direct interaction of the constituent molecular 
components [phosphatidylcholine, unesterified 
cholesterol, triglyceride, cholesteryl ester, and apoli
poprotein (apo A-1)] making up the small spherical 
HDL, in the presence of amphipathic molecules 
(e.g., sodium cholate, a biologic detergent, or lyso
phosphatidylcholine, a product of the LCA T reac
tion) was effective in producing particles [Fig. 2(b)] 
with properties comparable to those of the small 
spherical HDL [Fig. 2(a)]. On the other hand, 
model discoidal complexes5 of apo A-1 and phos
phatidylcholine, upon interaction with LCAT in the 
presence of very small amounts of cholesterol, 
could also be converted to particles with properties 
comparable to those of the· small spherical HDL 
[Fig. 2(c)]. We established that the latter process 
was accompanied by phospholipid depletion from 
the discoidal complexes via the phospholipase A-2 
action of LCAT, with production of unesterified 
fatty acids and lysophosphatidylcholine. A small 
amount of cholesterol was also esterified in the 
course of the phospholipid depletion. By chemical 
cross-linking, the products formed by the above 
two methods were shown to contain two apo A-1 
molecules per particle, just like the small spherical 
HDL; the major difference between the two pro
ducts and the small spherical HDL was a higher 
phospholipid content in our product particles 
(approximately 1.5 to 2.0 times higher). 

Upon interaction with LCAT and a source of 
cholesterol [for 24 hours at 3rCJ, both of our small 
products transformed to larger, round HDL-Iike pro
ducts in the particle size intervals of the (HDL~algge 
and (HDL3a) e subpopulations (Fig. 3). The latter 
is the majorggHDL species obserVed in plasma of 
most normal individuals [see Fig. 1 (b)]. By chemical 
cross-linking, we established that the HDL-Iike 
transformation product had three apo A-1 molecules 
per particle. In ·addition, the transformation from 
small precursor to large, round product appeared to 
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Fig. 2. (a) HDL profile from LCA T-deficient patient indicating 
size of small spherical HDL (7.7 nm). (b) Model spherical parti
cles formed by direct interaction (detergent facilitated) of the 
lipid and protein components found in .the small spherical HDL 
of LCA T-deficient patients. (c) Model spherical .·particles 
formed by interaction with LCAT of model discoidal complexes 
in the presence of a very small amount of cholesterol. • 

(XBL 84 7 7 -8056) 

be discontinuous and not a gradual build-up of 
core mass (specifically, cholesteryl ester) in the pro
duct particles. We interpreted this increase in 
apo A-1, coupled with the discontinuous increase in 
particle size, as consistent with ~ fusion process in 
which two intermediate products (each with two 
apo A-I . molecules) fuse to give a product with 
three apo A-1 molecules conjointly releasing one 
apo A-1 molecule into the surrounding medium. 
Indeed, we were able to show that the apo A-1 
content of the ultracentrifugally isolated fraction; 
containing the product species, ha·d decreased in 
accord with the stoichiometry of this proposed 
fusion process. 
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Fig. 3. Change in model spherical particles (----) upon incuba
tion with LCA T and a source rich in cholesterol. The final pro
duct (after 24 hours) resembles normally occurring plasma 
(HDL2)

88
e and (HDL3)

88
e subpopulations. (XBL 847 7-8057) 

Comparison of the molar composition of our 
transformation product with available compositional 
data· on normal plasma HDL of similar apparent 
molecular weight indicated reasonably close agree
ment in the number. of core-forming molecules but 
a somewhat higher content of phospholipid 



molecules in our product. The calculated ratio of 
surface to core volume for our large product (4.0:1) 
fell within the range (2.7:1 - 4.2:1) calculated for 
normal plasma HDL of similar apparent molecular 
weight. 

Our studies provide additional insight into the 
possible mechanisms involved in the origins of sub
populations of human plasma HDL, particularly 
those in the size range of the (HDL

2 
) and 

(HDL3 )gg,e subpopulations. Our confiden~~8in the 
physiologic relevance of our model system studies 
is increased by a recent report6 describing LCAT
mediated transformation of small spherical HDL iso
lated from LCAT -deficient plasma. In this study, 
the transformation was associated with a similar 
increase in the number of apo A-1 molecules per 
particle and with formation of a major product in 
the (HDL2a) e particle size interval. Pathways and 
mechanisms

88
involved in the formation of larger, 

core-containing products in the particle size range 
of the important and possibly "anti-atherogenic" 
(HDL2b)gse subpopulation, as well as the smaller 
species, \HDL3b) e and (HDL3c) e' are currently 

d 
. . .88 gg 

un er mvest1gat1on. . 
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DIFFERENTIAL EFFECTS OF ALCOHOL INTAKE AND EXERCISE ON HIGH-DENSITY 
LIPOPROTEIN SUBCLASSES 

Ronald M. Krauss, Frank T. Lindgren, William L. Haskell,* Carlos Camargo, 
Jr.,* Pau.l T. Williams,* Karen M. Vranizan,* and Peter D. Wood* 

High-density lipoproteins (HDL) in plasma are 
often divided into two subtractions: the less dense 
HDL2, the concentration of which appears to be 
inversely associated with coronary heart disease 
(CHD); and the more dense HDL , which has an 
uncertain relation to CHD risk. Afcohol consump
tion correlates with both reduced CHD and 

*Stanford Heart Disease Prevention Program 

increased plasma H DL-cholesterol concentration; 
however, the relationships between moderate 
alcohol intake and HDL and HDL3 are obscure. 
To study the effect of arcohol on these HDL sub
fractions, 24 male moderate drinkers were assigned 
at random to abstention (n = 12) or to control 
drinking (n = 12) groups. After six weeks, concen
trations of HDL-cholesterol and HDL3 mass 
decreased in abstainers (Fig. 1) (p ~ 0.05; all signi
ficance levels are for abstention versus drinking 
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Fig. 1. Distribution of mean high-density lipoprotein (HDL) 
concentration by flotation rate for treatment (top panel) and 
control (middle panel) groups. Difference curves (bottom panel) 
are formed by subtracting the mean change in HOL mass of the 
control group from the mean HOL change of the treatment 
group during the abstention (0-6 weeks) and resumed consump
tion (6-11 weeks) period. (XBL 851-8719) 

controls), while HDL2 mass was unchanged. 
Resumption of drinking increased HDL-cholesterol 
(p ~ 0.05) and HDL3 mass (p ~ 0.05) without 
affecting HDL2 mass concentrations. 

To our knowledge, this report represents the 
first randomized controlled trial to reveal a differen
tial effect of moderate alcohol intake on serum 
high-density lipoprotein subfraction concentrations. 
The unexpected conclusion from this trial is that 
alteration of moderate alcohol intake affects serum 
concentrations of HDL3 rather than HDL2. The 
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experimental design and results suggest a casual 
relationship for three reasons: 

1) Elimination of alcohol from the diet of the 
treatment group significantly decreased HDL3 
serum concentrations relative to controls, and 
resumed consumption significantly elevated 

· HDL3 to levels consistent with the treatment 
group's baseline concentrations. 

2) The change in serum HDL3 concentration 
directly correlated with the change in an 

.. individual's alcohol consumption. 
3) Matching the treatment and control partici

pants by their baseline values (Fig. 2) showed 
that the dose-response relationship between 
changes in alcohol intake and HDL3 serum 
concentrations was not simply a consequence 
of the baseline alcohol levels being charac
teristic of those individuals whose HDL will 
change owing to factors independent of the 
alcohol change. itself. 

These results are consistent with our cross
sectional observations of a significant (p ~ 
0.05) correlation between reported alcohol intake 
and serum concentrations of HDL-cholesterol (r = 
0.30) and HDL3 mass (r = 0.39), but not between 
alcohol intake and HDL2 mass (r = 0.15, N.S.)in 81 
middle-aged men. The results also contrast sharply 
with the effects of exercise conditioning on HDL 
subfractions. It is known that endurance exercise, 
such as jogging and running, results in increases in 
HDL-cholesterol comparable with those seen with 
moderate alcohol intake. 

.It has been speculated that the mechanism that 
causes the exercise-mediated increase in HDL
cholesterol might also cause the alcohol-mediated 
rise. However, in previous cross-sectional studies, 
we have found that running elevates primarily 
HDL2 mass. Our recent, controlled 1-year exercise 
trial in middle-aged men revealed that running sig
nificantly elevated serum concentrations of HDL2 
mass and decreased HDL3 mass concentrations 
(Table 1 ). Thus the mechanisms that elevate HDL3 
concentrations as a consequence of moderate 
alcohol intake are unlikely to be the same as those 
that selectively elevate HDL2 mass and decrease 
HDL3 mass in runners. Although moderate alcohol 
intake (relative to abstention) is clearly associated 
with reduced coronary heart disease, the health 
benefits of endurance exercise may not be the 
same as those conferred by moderate alcohol con
sumption, particularly with respect to HDL compo
sition. Alcohol may supplement exercise to pro-
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Fig. 2. Regression analysis that matches treatment and control participants for their baseline alcohol intake level 
and then tests whether those treatment subjects with larger changes in their alcohol intake 'also experi~ncedthe 
greater changes in HDL relative to their matched controls. Significance levels (p) refer .to the differences in the 
slopes of the regression linesJot the treatment and control groups. (XBL 857-87 78) 

mote cardiovascular health but should not be con
sidered as an alternative. 

Our finding that serum con.centrations of HDL3 
mass are elevated by moderate alcohol intake is in 
contrast to the observations of others that the high 
chronic alcohol intake of alcoholics substantially 
elevates HDL2 but only modestly elevates HDL3 
serum concentrations. Autopsy studies show that 
alcoholics exhibit less atherosclerosis than non
drinkers, or even moderate drinkers; indeed, the 

elevation of HDL~ with chronic alcohol intake is 
consistent with the hypothesized HDL-mediated 
relationship between alcohol intake and CHD. Our 
results suggest that among . moderate drinkers, the 
association between alcohol intake and CHD is not 
mediated by increases in HDL2 mass. The HDL3 
fract!on of high-density lipoproteins may not be 
inert with respect to CHD, or the association 
between moderate alcohol intake and CHD may 

··operate via a mechanism unre.lated to HDL. 
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Table 1. Comparison of age, body mass index, lipids, lipoproteins, lipoprotein, and hepatic lipase 
measurements in cross-sectional samples of long-distance runners and sedentary men. 

Runners• Sedentary men• Difference Significanceb 
(mean ± S.D.) (mean ± S.D.) (mean ± S.E.) (p) 

Age (yr) 46. 9 ± 7.5 45.7 ± 6.1 1.3 ± i3 0.81 

Body mass index (kg/cm2) 2.2 ± 0.2 2.5 ± 0.3 0.3 ± 0.1 0.006 

Lipids and Lipoproteins 

Plasma total cholesterol (mg/dl) 190.9 ± 36.6 217.0 ± 31.1 -26.1 ± 11.3 0.02 
Plasma total triglycerides (mg/dl) 70.8 ± 35.0 123.0 ± 59.3 -52.2 ± 12.5 0.001 

Plasma HDL-cholesterol (mg/dl) 64.9 ± 12.5 49.6 ± 8.7 15.3 ± 3.8 0.0001 
Serum HDL-mass of F1.20 0-1.5 (mg/dl) 70.0 ± 13.7 82.3 ± 17.5 -12.3 ± 4.5 0.02 
Serum HDL-mass of F,20 1.5-2.0 (mg/dl) 51.2 ± 8.4 52.3 ± 7.8 -1.1 ± 2.6 0.98 
Serum HDL-mass of F1.20 2.0-9.0 (mg/dl) 213.0 ± 45.6 144.8 ± 47.9 68.2 ± '14.5 0.0002 

Plasma LDL-cholesterol (mg/dl) 116.1 ± 30.7 147.0 ± 27.5 -30.9 ± 9.5 0.004 
Serum LDL-mass of Sf 0-7 (mg/dl) 138.4 ± 45.3 227.6 ± 67.9 -89.2 ± 15.6 0.0001 
Serum LDL-mass of Sf 7-12 (mg/dl) 136.7 ± 39.8 134.2 ± 43.8 2.5 ± 12.7 0.85 
Serum LDL-mass of S/ 12-20 (mg/dl) 34::3 ± 18.2 43.8 ± 20.7 -9.5 ± 5.9 0.16 

Plasma VLDL-cholesterol (mg/dl) 9.1 ± 8.3 20.4 ± 11.7 -11.3 ± 2.8 0.001 
Serum VLDL-mass of S/ 20-400 (mg/dl) 36.8 ± 41.6 106.1 ± 72.0 -69.3 ± 15.0 0.001 

Post-Heparain Lipase Activity 

Lipoprotein lipase (mEq fatty acid/ml/hr) 5.0 ± 1.8 3.6 ± 1.2 1.4 ± 0.6 0.04 
Hepatic lipase (mEq fatty acid/mljhr) 4.1 ± 2.1 6.5 ± 2.6 -2.4 ± 0.9 0.02 

• Sample sizes are: 12 runners and 64 sedentary men for all lipid and lipoprotein variables, age and body mass 

index, and 12 runners and 16 sedentary men for lipoprotein and hepatic lipase measurements. 

b All significance levels are obtained. from two sample Wilcoxin sign rank tests. 

STRUCTURAL AND-METABOLIC DIFFERENCES AMONG SUBSPECIES OF TRIGLY(:ERIDE
RICH LIPOPROTEINS 

Ronald M. Krauss, Thomas A. Musliner, and Christine Giotas 

Lipoproteins rich in triglyceride are of interest 
because they are believed to play a role in atheros
clerosis. Our studies of these lipoproteins have 
progressed along three lines: 1) characterizing sub
species of triglyceride-rich lipoproteins (TRL); 2) 
identifying low-density lipoprotein precursors in 
these subclasses, using in vitro studies; and 3) 
investigating differential production of LDL from 
human triglyceride-rich precursors in vivo in the rat. 
Each is described below. 

CHARACTERIZATION OF MULTIPLE SUBSPECIES 
OF TRL 

Previous work in our laboratory has demon
strated the presence of multiple distinct particle 
subpopulations in the size range of the very low
density (VLDL) and intermediate-density (IDL) 
lipoproteins. These species have been identified in 
whole plasma by 2 to 16% polyacrylamide gradient 
gel electrophoresis (PGGE). In order to study the 
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metabolism of these TRL subspecies by lipolytic 
enzymes improved methods for their separation 
and identification were necessary. A discontinuous, 
nonequilibrium density gradient ultracentrifugation 
(DGU) technique was devised for this purpose. 
Whole plasma or lipoprotein fractions were 
adjusted to d = 1.210 g/ml, overlayered with solu
tions of density 1.020, 1.01 0, and 1 .000 gjml, and 
·centrifuged for 6 hours at 40,000 rpm in a 
swinging-bucket rotor. Successive fractions were 
characterized by PGGE, isopycnic banding on 
equilibrium DGU, analytic ultracentrifugation, 
chemical composition, and apolipoprotein composi
tion. The species described in Table 1 were identi
fied. 

The "small VLDL" . fraction was distinguishable 
from "large VLDL" in all normal subjects. Its flota
tion (S() rate, lipid composition, and migration on 
agarose gel electrophoresis suggested that "small 
VLDL" corresponds to the {1-VLDL that accumulates 
in patients with type 3 hyperlipoproteinemia. IDL-
1 was the predominant species in 
1.006-1.019 g/ml fractions from normal subjects, 
but lesser amounts of small VLDL and IDL-2 were 
consistently present. Small amounts of both IDL-1 
and IDL-2 overlapped into the conventional LDL 
density range (1.019-1.063 g/ml). Apolipoprotein E 
was present in all subfractions containing IDL 
. subspecies. 

We conclude that a lipoprotein subpopulation 
corresponding to {1-VLDL and overlapping the IDL 
density range is uniformly present in normal and 
hyperlipidemic subjects. Conventional I DL prepara
tions of density 1.006-1.019 g/ml can include 
three lipoprotein subpopulations of overlapping 
density distribution. Nonequilibrium, discontinuous 
DGU combined with PGGE provides a useful tool 
for identifying and partially fractionating these 
species. 

Patients with severe hypertriglyceridemia 
showed a predominant increase in levels of large 
VLDL. The overlapping IDL-1 and IDL-2 sub
species previously identified in normal plasma were 

Table 1. 

Species Density (g/ml) Peaks; Diameter (A) 

Large VLDL < 1.006 >30 > 330 
Small VLDL < 1.006-1.010 18:-30 300-330 
IDL-1 1.010-1.022 14-18 280-300 
IDL-2 1.013-1.030 10-14 270-285 
LDL-1 1.025-1.032 8-10.5 262-275 
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also observed in hypertriglyceridemic plasma, gen
erally at levels comparable to normals. The densest 
of the I DL fractions from hypertriglyceridemic 
plasma also included smaller lipoproteins in the 
LDL size range (255-260 A) that were not present 
in the corresponding fractions from normals. 
Patients with dysbetalipoproteinemia, in contrast, 
showed a predominant increase in lipoproteins 
corresponding to the cholesterol-enriched "small 
VLDL" subspecies identified in normals. Levels of 
IDL were increased in dysbetalipoproteinemic 
plasma as well, primarily the IDL-1 subspecies. 
Lipoprotein subpopulations corresponding to small 
VLDL, IDL-1, and IDL-2 were also identified in 
patients with two other disorders also related to 
atherosclerosis: familial hypercholesterolemia and 
familial combined hyperlipidemia. 

IDENTIFICATION OF LDL PRECURSORS IN 
SUBCLASSES OF TRIGLYCERIDE-RICH 
LIPOPROTEINS: IN VITRO STUDIES 

Nonequilibrium density gradient ultracentrifuga
tion fractions from normolipidemic and hyperlipi
demic subjects were incubated in vitro with 
lipoprotein lipase (LPL) purified from bovine milk. 
The products ·formed were characterized in detail. 
VLDL of particle diameter greater than 360 A gave 
rise to a broad spectrum of remnant particles 
without formation of a discrete LDL species. A 
discrete product was formed, however, from pre
cursor lipoproteins in the small VLDL and IDL-1 
size and density ranges. The lipolytic product was 
shown to have characteristic LDL size, density, and 
composition; on agarose gel electrophoresis it 
migrated to the leading edge of the {1 region. IDL-
2 also appeared to be susceptible to hydrolysis by 
lipoprotein lipase, giving rise to a product in the 
LDL size and density range. A subpopulation of 
particles in the IDL-1 distribution, however, did not 
yield a product of. LDL size and density in these 
incubations. Chemical analysis of these IDL-sized 
residual lipoproteins revealed them to be 
triglyceride-poor and cholesterol-enriched, with a 
composition similar to the more buoyant LDL sub
species identifiable in normal plasma. 

DIFFERENTIAL PRODUCTION OF LDL FROM 
HUMAN TRIGLYCERIDE-RICH PRECURSORS IN 
VIVO IN THE RAT 

The catabolism of radioiodinated human 
triglyceride-rich lipoprotein subfractions, separated 
by nonequilibrium density gradient ultracentrifuga
tion, was studied in the rat. At intervals from 1 



minute to 8 hours after intravenous infusion, resi
dual 1251-apoB was measured, and the products 
were identified and sized by GGE combined with 
electrophoretic blotting and autoradiography. Sub
fractions containing the small (300-330 A) 
cholesteryl ester-enriched VLDL subclass showed 
the greatest conversion to a discrete LDL product 
(250-260 A). Fractions containing large VLDL 
species were cleared much more rapidly {ty, = 0.5 
hr vs. 5 hr) and formed only small amounts of LDL. 
Among the IDL fractions, those containing the smal-
lest (270-280 A) and densest (d 
1.013-1.019 g/ml) particles were catabolized most 
slowly {ty, > 8 hr), while those containing larger
sized components (predominantly IDL-1, 280-300 
A) decayed at an intermediate rate {ty, = 6-8 hr). 
In both cases, relative conversion to LDL-sized par
ticles was less than that seen with the small VLDL 
species, with the persistence of IDL-sized com
ponents. 

When VLDL and IDL were infused into rats in 
which the circulation below the diaphragm was 
excluded, the l_ipoproteins were partially degraded 
over 8 hours, but formation of a discrete LDL pro
duct was not observed. 

When radiolabeled precursors isolated from a 
patient with dysbetalipoproteinemia were stud.ied, 
fractions containing small VLDL were degraded to 
IDL-sized particles (280-290 A) but were not con
verted to the smaller, LDL-sized product observed 
in fractions from the corresponding precursors of 
normals. Both large and small VLDL subfractions 
isolated from dysbetalipoproteinemic plasma, how-
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ever, showed more rapid decay of 1251-apoB fol
lowing infusion into rats than did their counterparts 
from normals. 

In summary, our studies lead to the following 
conclusions: 
1) Three subpopulations of cholesterol-enriched 

lipoproteins intermediate in size and density 
between VLDL and LDL appear to be univer
sally present in normal subjects as well as in 
patients with several types of hyperlipidemia. 
Since a variety of clinical and experimental 
data point to an association between lipopro
teins in this size and density range with ath
erosclerosis, it is likely that one or more of 
these subspecies represents a particularly ath
erogenic particle. 

2) A lipoprotein subpopulation corresponding to 
,B-VLDL and overlapping the IDL density range 
is uniformly present in normal and hyperlipi
demic subjects. This subspecies from normal 
subjects is preferentially converted to LDL in 
vivo in the rat and in vitro upon incubation 
with milk lipoprotein lipase. Lipoproteins of 
this subclass from patients with dysbetali
poproteinemia, however, are not converted to 
LDL-sized products in vivo in the rat. 

3) IDL from normal subjects includes a com
ponent that is slowly catabolized in the rat 
and does not appear to give rise to LDL, 
either in vivo or in vitro. 

4) Subdiaphragmatic organs appear to be 
involved in the conversion of triglyceride-rich 
precursors to LDL in vivo. 

SPECIFIC RECOGNITION OF LOW-DENSITY LIPOPROTEIN SUBSPECIES FROM 
HYPERTRIGL YCERIDEMIC SUBJECTS BY A MONOCLONAL ANTIBODY 

Ronald M. Krauss, Roger Cubicciotti, * and Alexander E. Karu* 

On the basis of evidence accumulated in our 
laboratory for the presence of major distinct sub
species of plasma low-density lipoproteins (LDL), 
studies were undertaken to identify possible differ
ences in structure or conformation of the protein 
components of these species that might account for 
their different physical and chemical properties. In 
collaboration with Dr. Alex Karu at the Naval Bios-

*Naval Biosciences Laboratory, Oakland 

ciences Laboratory in Oakland and Dr. Roger 
Cubicciotti, a postdoctoral fellow, we prepared 
monoclonal antibodies against LDL and developed 
direct and competitive enzyme immunoassays (EIA) 
to identify possible differences in reactivity among 
LDL subspecies. While most of the antibodies 
showed no major differences in reactivity, one 
(IVA5) was found to show increased binding of 
apolipoprotein B in a small, dense, triglyceride
enriched LDL subspecies that is present in small 
amounts in normal subjects and abundantly in 



hypertriglyceridemic subjects- (Fig. · 1 ). Reactivity 
with apoB-1 00 was shown on Western blots of 
(SDS) sodium dodecyl sulfate gels. Electrophoretic 
blots of native 2%-16% gradient gels of plasma or 
LDL showed reactivity of IVAS with the smallest 
LDL species of diameter 220-225 A as well as with 
VLDL, IDL, and larger LDL bands from hypertrigly
ceridemic but not normolipidemic subjects. Furth
ermore, reactivity with this band was not demon
strated by a variety of polyclonal and monoclonal 
antibodies. While mild denaturing conditions did 
not change immunoreactivity of IVAS with LDL, 
reactivity was lost after boiling LDL in SDS, indicat
ing that reactivity was probably directed against a 
relatively stable, but conformation-dependent, apoB 
epitope. These findings suggest that- IV AS recog
nizes an epitope characteristically expressed in 
small, dense, triglyceride-enriched species of LDL, 
as well as in other lipoproteins in hypertriglyceri
demic subjects that may be metabolically related to 
LDL. 

Additional studies carried out in collaboration 
with Teng, Marcel, et al. at the Clinical Research 
Institute of Montreal have also shown differences in 
immunorea¢tivity of LDL subspecies. Using three 
density subfractions prepared from each of 12 nor· 
mal subjects, we showed that reactivi-ty with each 
of six monoclonal ~ntibodies declined progressively 
with increasing density (measured as a function of 
the cholesteroljapoB ratio). This relationship was 
particularly strong with three of the antibodies, two 
of which had been shown earlier to react with a 
portion of the apoB recognition site of the LDL 
receptor in skin fibroblasts. The results ar~ compac 
tible with the concept that epitopes in small, dense 
LDL (recognized by IVAS) are not recognized by 
the antibodies of Teng et al., and, as a result of 
enrichment of _total LDL with particles containing 
these epitopes in fractions of increased density, 
immunoreactivity with the total LDL fraction 
declines. An alternative explanation is that epi-
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Fig. 1. Top panel: Densitometric scans of low-density lipopro
teins (LDL) from a normal subject and a hypertriglyceridemic 
patient following equilibrium density ultracentrifugation. The 
normal control LDL bands are predominantly in fractions 2 and 
3 (d = 1.030-7.040 gjml), while the patient's LDL is present in 
lower concentration and is predominantly in fraction 5 (d = 
1.050 gjml). Bottom panel: ReaCtivity of each LDL density sub
fraction with monoclonal antibody /VAS measured by enzyme 
immunoassay. Results are expressed as a-bsorbance at 405 nm 
at 30 minutes for patient LDL fraction divided by results for 
control LDL fraction. (XBL _857-8771) 

topes recognized by these antibodies, particularly 
the three showing the greatest density. dependen~e, 
are influenced by lipid environment or other factors 
affecting conformation of apoB as a function of par
ticle size or density. 
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INTERMEDIATE-DENSITY LIPOPROTEINS AND CORONARY ARTERY DISEASE PROGRESSION 
IN fi)'PERCHOLESTEROLEMIC MEN 

Ronald M. Krauss, Frank T. Lindgren, Paul T. Williams,* Sheryl F. Kelsey, John 
Brensike, * Katherine M. Detre, t and Robert I. Levy§ · 

' Measurements of lipoproteins and lipoprotein 
subfractions by analytic ultracentrifugation in a sub
set of 57 hypercholesterolemic male participants in 
the National Heart, Lung and Blood Institute Type 
II Coronary Intervention Study revealed that 2-year 
changes in the mass of intermediate-density 
lipoproteins (I DL) of flotation rate S/ 10-14 were 
predictive of coronary artery disease progression at 
5 years. The strength of the relationship, demon
strated by unvariate and stepwise multiple logistic 
regression analyses, exceeded that for other 
lipoprotein subfractions measured, including high
density lipoproteins (HDL) arid HDL subspecies. 
Furthermore, multiple logistic regression analyses 
showed that changes in ratios of HDL cholesterol 
to total and LDL cholesterol, known coronary 
disease risk factors, showed a high degree of 
equivalence with change in St. 10-14 mass in 
predicting disease progression (Table 1 ). 

Comparisons of lipoprotein changes in the 
31 men treated with diet plus cholestyramine vs. 
the 26 men treated with diet plus placebo revealed 
significant drug-induced reductions of low-density 
lipoproteins (LDL) of S/ 5-12 and increases in HDL 
of flotation rate (F 1".20) 1.5-5.0 (primarily HDL

2
a) 

(Figs. 1 and 2). Mean reduction of IDL of S/ 10-14 
was 7.7% of the total change in LDL plus IDL mass, 
and change in IDL but not IDL mass was signifi
cantly inversely correlated with change in HDL 
cholesterol. Coronary progression status was not 
significantly related to drug treatment in this subset 
of men, and the relationship of S/ 1 0-14 mass to 
progression remained significant (p < 0.05) when 
adjusted for group assignment to cholestyramine or 
placebo: 

The findings are consistent with earlier reports 
that IDL have a direct involvement in development 
of coronary artery disease and suggest that ratios of 

*Stanford Heart Disease Prevention Program, Stanford University, 
Stanford, CA. 

tDepartment of Epidemiology and School of Pu.blic Health, 
University of Pittsburgh, Pittsburgh, PA. 
*Deceased, was associated with National Heart, Lung, and Blood 
Institute, National Institutes of Health, Bethesda, MD. 

§College of Physicians and Surgeons, Columbia, University, New 
York, N.Y. . 

Table 1. Multiple logistic regression: Independent effects of 
changes ins; 10-14 mass and lipoprotein 

cholesterol measurements on coronary progression status. 

Coefficient ± S.E. P 

(X 100) 

Univariate: 

.:l s; 10-14 mass 4.5 ± 2.1 0.03 

.:l HDL total cholesterol -12.5 ± 6.2 0.04 

.:l HDL/LDL-cholesterol -7.7 ± 3.6 0.03 

Multivariate: 

Intercept 28.4 ± 34.0 0.40 

.:l s; 10-14 mass 4.8 ± 2.5 0.05 

.:l HDL-cholesterol -0~11 ± 0.54 0.83 

Intercept 30.9 ± 32.0 0.33 

.:l s; 10-14 mass 4.0 ± 2.1 0.06 

.:l HDL-cholesterol -2.5 ± 2.7 0.35 

Intercept 38.7 ± 32.8 0.24 

.:l s; 10-14 mass -8.7 ± 6.8 0.21 

.:l HDL-cholesterol/total cholesterol 3.0 ± 2.3 0.19 

Intercept 44.7 ± 33.7 0.18 

.:l s; 10-14 mass -5.8 ± 4.0 0.14 

.:l HDL-cholesteroljLDL-cholesterol 2.7 ± 2.3 0.23 

HDL cholesterol to total or LDL cholesterol may be 
indicators of coronary disease risk at least in part by 
virtue of relationships with IDL metabolism. In 
hypercholesterolemic men treated with diet and 
cholestyramine, reduction in IDL, while of relatively 
small magnitude, may contribute importantly to 
reduced incidence of coronary heart disease. 
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Fig. 1. Distribution of mass of S/ 0-20 lipoproteins (LDL plus 
IDL) measured by analytic ultracentrifugation for subjects with 
coronary artery disease progression (A) and without progression 
(B) at post-diet baseline (solid curve) and at 2 years (dashed 
curve). In panel C is shown the difference of the baseline 2-
year changes for the progression minus nonprogression groups. 
All curves were drawn with computer-assisted techniques. 
Shaded area gives interva ls in which this difference is significant 
at p < 0.05 using the Wilcoxon two-tailed rank-pair test. 

(XBL 841 0-7987) 
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Fig. 2. Distribution of mass of S/ 0-20 lipoproteins (LDL plus 

IDL) measured by analytic ultracentrifugation for subjects 
treated with diet plus cholestyramine (A) and diet plus placebo 
(B) at post-diet baseline (solid curve) and at 2 years (dashed 
curve). In panel C is shown the difference of the baseline 2-
year changes for the cholestyramine minus placebo groups. All 
curves were drawn with computer-assisted techniques. Shaded 
area gives intervals in which this difference is significant at p < 
0.05 using the Wilcoxon two-tailed rank-pair test. 

(XBL 847 0-7988) 

ELECTRON MICROSCOPIC STRUCTURE OF LIPOPROTEINS IN FISH-EYE DISEASE 

Trudy M. Forte and Lars A. Carlson* 

Although from the title one might expect an 
exotic disease associated with fish, this disease is in 
fact associated with an inborn error in lipid meta
bolism in humans. The abnormality is associated 
with exceedingly high plasma triglyceride levels, a 
deficiency of plasma HDL, and an accumulation of 
lipid in the corneas that leads to corneal opacity 
and blindness. Opacification of the cornea makes 
the eyes resemble those of cooked fish, hence the 

*Karolinska Hospital and Institute, Stockholm, Sweden 

odd name. Generally, exceedingly low levels of 
HDL are associated with premature vascular 
disease, but this is not the case in fish-eye disease. 

Little is known about the physical properties of 
lipoprotein particles in this unusual lipoprotein dis
turbance; thus, when the opportunity arose we 
examined the various lipoprotein classes in four 
patients (including two controls) in an attempt to 
find any unusual structural parameter that might 
identify the lipoprotein abnormality. The lower
density lipoprotein classes-VLDL, IDL, and LDL-



were all normal in electron microscopic morphol
ogy, although the sizes of the particles were distinct 
from control plasma (Table 1 ). The size differences 
may be related to the large amounts of triglyceride 
transported in these lipoproteins. HDL structures 
were distinct from those of control plasma. The 
HDL of the patients were morphologically hetero
geneous and can be characterized by the appear
ance of discoidal structures and large vesicular par
ticles in this fraction (Figs. 1 and 2). Additionally, 
small spherical particles similar to those of normal 
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controls are also present. 
This work represents only a first step in under

standing fish-eye disease. Although we can identify, 
by electron microscopy, unusual lipoprotein parti
cles in fish-eye patients, the basic metabolic defect 
or defects responsible for their abnormally low H DL 
levels still remain to be elucidated. In addition, the 
relationship between aberrant HDL and lipid accu
mulation in the cornea and the nonassociation of 
reduced HDL levels with atherosclerosis still need 
to be explained. 

Fig. 1. Electron microscopic structure of the major lipoprotein classes in fish-eye disease: (a) very-low-density 
lipoproteins; (b) intermediate-density lipoproteins; (c) /ow-density lipoproteins (arrow designates an unusually large, 
irregularly shaped structure); (d) high-density lipoproteins (HDL). The HDL fraction is heterogeneous with respect 
to morphology; the small round particles in the background are normal, but the larger particles, some of which 
look like stacked coins, are abnormal. This patient's HDL contained a few very large, round vesicular particles 
(arrow). Bar = 100 nm. (XBB 833-2522) 
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Fig. 2. Electron microscopic image of HDL from patient 2 of Table 7. Numerous large vesicular structures are 
obvious. Bar= 100 nm. (XBB 833-2524) 

Subject 

FED 1 
FED 2 
c 1 
C2 

Table 1. Size (nm ± SO) of lipoproteins from patients with 
fish-eye disease: summary of electron microscopic data. 

HDL* 

VLDL IDL LDL Spherical Long axis disc 

44.6 ± 22.2 29.4 ± 3.5 23.5 ± 3.0 7.6 ± 1.3 17.4 ± 4.7 
42 .8 ± 19.8 28.0 ± 4.1 23.3 ± 3.8 7.8 ± 1.3 20.8 ± 5.1 
39.5 ± 11.4 31 .1 ± 3.3 25 .8 ± 3.0 8.7 ± 1.4 
38.4 ± 12.5 30.1 ± 3.3 24.9 ± 3.4 8.1 ± 1.6 

FED = fish-eye disease; C = control. 

*Large vesicular structures were also present in this fraction in FED subjects. 

Disc thickness = 4.4 ± 0.3 nm. 
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SECTION 6. CELLULAR AND MOLECULAR BIOLOGY 

INTRODUCTION 

Carcinogenesis and mutagenesis studies at the 
cellular and molecular levels were added to the 
Division's research program in 1980. Investigations 
on the various aspects of carcinogenesis and 
mutagenesis come under the broad category of cel 
lular and molecular biology, and therefore addi
tional cellular and molecular biologists were 
recruited and new programs were developed. The 
increasing importance of having a subdisciplinary 
group of these scientists working together led to 
the formation of the Cellular and Molecular Biology 
Group. Bringing this group together encourages 
productive interactions and, hopefully, creates the 
"critical mass" that will foster scientific creativity 
and imaginative planning necessary for quality 
research . 

This has been an important step forward in the 
Division's research program, because the marriage 
of these two branches of biology is at the cutting 
edge of basic scientific research today. A classic 
example of resulting scientific progress is the evolu
tion of studies on viral and cellular oncogenes
studies that had their origins in strict molecular 
biology but are now moving rapidly into cellular 
biology as evidence piles up that c-oncogene pro
ducts are likely involved in regulation of normal cell 
growth and differentiation. 

The individual reports presented below do not 
attempt to represent the total research effort of this 
group but are examples that highlight our current 
research progress. In this introduction, we will 
present the overall research concept of each group 
member along with a summation of current studies. 
We are starting with those doing the more molecu
lar research and ending with those doing the more 
cellular research, recognizing that a strict separation 
of research effort into molecular and cellular topics 
is not possible because the concepts and tech
niques employed by this group are a continuum 
from the molecular to the cellular level. 

Michael Esposito, Robert Mortimer, and Priscilla 
Cooper are all interested, from different viewpoints, 
in the mechanisms for DNA replication and recom
bination and the role of these processes in repair of 
DNA following damage due to chemicals or irradia
tion . The overall goal of Esposito's investigations is 
to dissect the mechanisms of mitotic as well as 
meiotic recombination of DNA. Their cel lular 

substrate for these studies is yeast mutants with 
various proficiencies of recombinate activity. This 
year he has joined with junko Hosoda, who has a 
profound background in DNA-protein interactions 
in the T 4-phage system, to identify and purify the 
proteins involved in normal recombination and 
replication of DNA in specific yeast mutants. The 
long-term goal of this collaboration is to use the 
purified proteins to construct recombination and 
replication systems in vitro. By manipulation of 
such well defined systems, these processes can be 
characterized at the molecular and biochemical 
level. 

Robert Mortimer and his group have isolated a 
series of yeast mutants that are particularly useful 
for studying DNA repair mechanisms because they 
exhibit varying increased sensitivities to irradiation. 
They report here in a series of project summations 
on how DNA repair genes involved in this 
increased sensitivity act in recombination and the 
gene products involved . Cloning of some of the 
genes and insertion into other mutants provides an 
insight into the role of these genes in DNA repair 
and in mitosis. The availability of a temperature
sensitive mutant and the use of genetic engineering 
to insert a repair gene adjacent to a known regula
tory sequence provide imaginative approaches for 
determining if the product of a specific gene is 
involved in resistance to irradiation and, if so, for 
identifying that product. 

The research interests of Priscilla Cooper are 
also focused on the mechanisms for DNA repair 
and replication, but with f. coli as the model sys
tem. She reports here on the efforts of her group 
to elucidate the role of inducible long patch repair 
of DNA following damage by carcinognic/ 
mutagenic agents and the gene products involved . 
Of particular current interest is the relationship 
between the long patch repair system and the 
well-defined adaptive response in promoting sur
vival after alkylation damage in f. coli. Regine 
Goth-Goldstein has evidence that survival after 
treatment with certain alkylating agents may be 
inducible in mammalian cells. Although the molec
ular mechanisms are quite likely different, the simi
larity in the adaptive survival curves for E. coli vari
ants and her data are provocative. Here Regine 
Goth-Goldstein and Mildred Hughes report on the 



isolation of clones of resistant cells which will aid, 
much as the mutants of yeast and f . coli have, in 
studies aimed at discovering the basis for adaptive 
resistance to alkylating agents at the molecular 
level. 

Mina Bissell ' s research has always been unique 
in that she integrates molecular and cellular 
approaches in her research projects. During the 
past year, she spent a sabbatical in England at the 
Imperial Cancer Research Fund Laboratories specifi
cally to update her background in molecular tech
niques so that she can continue effectively with the 
molecular aspects of her multifaceted research pro
gram. In the first two presentations, she describes 
the application of these techniques to clarification 
of the relationship between rearrangements in DNA 
of a transforming virus and the expression or 
suppression of the transformed phenotype. The 
third report describes the possible relationship 
between other modifications of DNA: namely, the 
extent of methylation and the expression of the 
phenotype typical of a virally transformed cell. 
Another of her research interests, the mechanism of 
action of tumor promoters in the carcinogenic pro
cess, is the topic of the fourth report. 

While Mina Bissell was in England, her cowork
ers continued to be productive. David Dolberg, 
until recently a postdoctoral student with Bissell 
working on the mechanisms of viral transformation 
in vivo, has found that wounding enhances virally 
induced tumorigenesis and speculates on the 
mechanism of this enhancement. These studies 
reinforce the concept that viral carcinogenesis, like 
chemical carcinogenesis, is not a simple, one-step 
process. Eva Lee, formerly a graduate student with 
Bissell, worked closely with Gordon Parry on regu
lation of differentiated functions in mouse mam
mary epithelial cells in culture . The portion of their 
work presented below demonstrates the mul
tifaceted nature of the regulation of the functional 
state of these cells and the value of this cellular 
substratum as a model for studies on modulation of 
the differentiated state. In the report following Eva 
Lee's, Gordon Parry describes some of his work 
with Betsey Cullen and Lenny Moss, a graduate stu
dent in comparative biochemistry, on the role of 
cell surface/ extracellular matrix interactions in 
modulating differentiated functions of mammary 
epithelial cells. The studies describe the use of 
monoclonal antibodies to cell surface components 
to probe the role of cell-to-cell interactions in 
expression of molecules on the cell surface. 

Martha Stampfer and jack Bartley are also 
studying normal mammary epithelial cells in culture, 
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but from humans rather than experimental animals. 
The overall goal of their research is to develop a 
reliable culture system for human epithelial cells 
that is suitable for studies of carcinogenesis and to 
use this system to investigate factors influencing 
malignant transformation of human epithelial cells. 
They describe their current success in growing cells 
in a totally defined medium (in collaboration with 
Dr. Richard Ham of the University of Colorado); the 
modulation of differentiated function by culture 
conditions; and the initiation of transformation in 
culture following treatment with benzo(a)pyrene, a 
common environmental pollutant. One of their 
current goals is to investigate the relationship 
between perturbations in the normal pathway of 
differentiation and the carcinogenic process. 

Richard Schwarz is also interested in expression 
of differentiated function in culture and in the rela
tionship between this expression and transforma
tion. For these purposes, he is using primary avian 
tendon cells (fibroblasts) that can be virally 
transformed in culture. The work he describes in 
this report is on the effect of transformation on cel
lular activity. His work with M . Martis demon
strates that transformation specifically involves 
decreases in collagen synthesis and that this change 
involves, but may not be regulated by, similar 
changes in the level of messenger RNA for col
lagen. 

Cellular differentiation is also the subject of 
Glenn Hall' s research addressing mechanisms of 
multicellular organization into tissue-like structures. 
He has developed a culture system in which 
epithelial cells are induced to form lumina, and he 
is following cytoskeletal-extracellular matrix interac
tions that occur during this morphogenesis. Glenn 
Hall and jan Scherer, in collaboration with Mina 
Bissell, present evidence that changes in the 
expression and distribution of cytoskeletal elements 
occur in response to the extracellular matrix and 
that hormones that induce lumen formation affect 
the composition of extracellular components. 

The subject of the final report for the Cellular 
and Molecular Biology Group, while developed 
from results at the cellular level, is directed toward 
health problems in the human population. Bac
terial and animal test systems have been used in 
recent years in an attempt to quantify the potential 
health risk of various environmental chemicals. 
Bruce Ames and Lois Gold have been collaborating 
on research to standardize the animal carcino
genesis literature and to provide a measure of carci
nogenic potency which can be used to improve 
efforts to estimate human risk. Analyses of their 



data base of approximately 3000 experiments are 
being used to compare carcinogenic potency and 
target sites across species and to see whether 
potency from animal experiments is related to 
potency as measured by various short-term tests, 
such as the Salmonella test developed by Ames and 
his collaborators. 
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Our first year as a group has been exciting and 
fruitful. New collaborations have been established, 
and new initiatives have evolved from the 
increased scientific interactions. We look forward 
to many more years as active contributors to the 
research effort of the Division and of Lawrence 
Berkeley Laboratory. 

GENETIC RECOMBINATION IN SACCHAROMYCES CEREVISIAE: COINCIDENT 
HETEROALLELIC RECOMBINATION AND PROPERTIES OF REC GENE MUTANTS 

Michael S. Esposito, Dimitrios Maleas, Kathleen Bjornstad, and Libby Holbrook 

The overall goal of our experimental program is 
to understand the mechanisms of mitotic and mei
otic chromosomal recombination in Saccharomyces 
cerev1S1ae. Our approach involves comparative 
genetic studies of the properties of spontaneous 
mitotic and meiotic recombination in recombina
tion-proficient (Rec+) diploid hybrids and characteri
zation of both hyporecombination (Rec-) and 
hyperrecombination (Rec++) mutants isolated in 
strain LBL1 .1- 3 Our recent efforts have focused 
upon documenting the properties of coincident 
heteroallelic recombination during mitosis of yeast 
and the genetic and biochemical characterization of 
REC gene mutants. The latter studies, conducted in 
collaboration with the laboratory of Junko Hosoda, 
are described in our joint report. 

COINCIDENT HETEROALLELIC RECOMBINATION 
IN MITOSIS 

In previous studies we have compared the pro
perties of mitotic and meiotic recombination with 
respect to the initiation of events relative to chro
mosomal duplication, formation of asymmetric and 
symmetric heteroduplex DNA re~ions, polarity of 
gene conversion in Rec+ strains,4• and the effects 
of both Rec++ and Rec- mutants on aspects of the 
recombination process.6.7 During the course of 
these studies we obtained preliminary evidence that 
mitotic cells exhibit coincident conversion of widely 
separated genetic markers located on the same 
chromosome. Such classes· of conversional events 
have not been observed among meiotic gene con
vertants. We have documented the occurrence of 
this phenomenon in Rec+ diploid hybrids and have 
employed recombinant DNA techniques to deter
mine whether coincident conversion of discrete 
genetic markers located on the same chromosome 

reflects single events of nonreciprocal recombina
tion or clustering of nonreciprocal events on 
recombinationally active mitotic chromosomes. 

COINCIDENT Leu+Trp+ HETEROALLELIC 
RECOMBINANTS 

During mitosis, heteroallelic recombination 
events at the TRP5 locus on chromosome VII are 
coupled with heteroallelic recombination events at 
LEU7, a locus 18 eM from TRPS, 1200 times more 
frequently than expected for two independent acts 
of recombination . This result was obtained by 
simultaneous determination of the mitotic rates of 
occurrence of heteroallelic recombination resulting 
in Leu+, Trp-, Leu-Trp+, and Leu+Trp+ proto
trophic heteroallelic recombinants in a Leu -T rp
diploid strain (JG44) heteroallelic at both LEU1 and 
TRP5 (Table 1 ). 

ANALYSIS OF Trp+ COLONIES UNSELECTED FOR 
HETEROALLELIC RECOMBINATION AT LEU1 

The preceding result predicted that one in 103 

Trp+ heteroallelic recombinants should be Leu+ as 
well. We tested 7568 Trp+ heteroallelic recom
binants and found 15 Leu+ heteroallelic recom
binants among them. This frequency, 1.98 X 
1 o- 3, is very close to the expected value. In addi
tion to 15 Leu+ prototrophs we recovered a total of 
10 Trp+Leu- recombinants which harbored /eu/-7 2 
leul-c double mutant recombinants. Such recom
binants can only be detected by nonselective 
methods and are expected to be recovered as fre
quently as Leu+ recombinants. Individuals homoal
lelic at the LEU7 locus were also recovered; they 
can arise by both conversional events at LEU7 as 
well as exchange in the LEU1 -CENV/1 interval asso-
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Table 1. Observed versus expected rates of coincident heteroa /lelic 
recombinational events for various pairs of loci. 

Distance Observed Expected Enhancement of 
double events Loci examined separated rate rate 

LEU/, TRP5 18 eM 1.1 X 10-8 0.9 X 10 - 11 1200 X 

MET73, LEU/ 94 eM 0.1 X 10-8 0.5 X 10 - 11 200 X 

ciated with heteroallelic recombination at the TRPS 
locus. 

DISTANCE DEPENDENCE OF COINCIDENT 
EVENTS 

To determine whether coincident heteroallelic 
recombination events exhibit distance dependence 
we measured the rate of simultaneous heteroallelic 
recombination at the LEU1 and MET13 loci, which 
are separated by 94 eM on chromosome VII. The 
observed rate for double events is only 200 times 
greater than expected (Table 1 ). The distance 
between the LEU1 and MET13 is about 5 times 
greater than that between LEU7 and TRPS, and the 
level of nonrandom association is about one-sixth 
of that observed for the LEU1 and TRPS heteroal
lelic marker pairs. We and other investigators8- 10 

have previously observed that mitotic recombina
tion events on separate chromosomes occur at rates 
10 to 100 times greater than expected for indepen
dent events. These earlier observations indicate that 
mitotic recombination is initiated with low probabil
ity during mitotic cell division and that cells that do 
initiate recombination are competetent to undergo 
recombination involving more than one pair of 
homologous chromosomes. The present results 
demonstrate that among such cells simultaneous 
events on the same chromosome exhibit distance 
dependence. This dependence may reflect estab
lishment of preconditions for recombination such as 
pairing of DNA segments and recombinational inter
mediates such as heteroduplex DNA regions that 
subtend genetic markers located on the same chro
mosome. 

COINCIDENT HETEROALLELIC RECOMBINATION 
FLANKING A HETEROZYGOUS PLASMID 
INSERTION 

We have also examined coincident conversion 
in diploids heteroallelic at LEU7 and TRPS, hetero
zygous for an integrated 12.1 kilobase-pair DNA 
plasmid, pJM53, inserted into the chromosomal 
interval between the heteroallelic markers at LEU1 

and TRPS. The p]M53 plasmid, a YipS derivative 
incorporating the URA3 gene, contains a 6.6-kbp 
DNA segment of chromosome VII and integrates at 
a site approximately 10 kbp from the LEU1 locus, 
between LEU7 and TRP5. 3'

6 The heterozygous 
p]M53 insert is mitotically stable; the frequency of 
Ura- mitotic segregants, which no longer contain 
the insert, is less than 2.2 X 10-3. 

The pJM53 heterozygous insert has been used 
as an unselected heterozygous middle marker to 
test the hypothesis that Leu+Trp+ double conver
tants reflect gene conversional events that extend 
from the LEU1 to the TRPS locus. It is valid to do 
so since the p]M53 insert does not affect the 
mitotic rate of occurrence of Leu+Trp+ intragenic 
recombinants. In JG44, a diploid hybrid lacking the 
pJM53 insert, the rate of double recombinational 
events resulting in Leu+Trp+ recombinants was 
determined to be 1.1 X 10-8 and 1.8 X 10- 8 in 
two separate experiments. 6 In JG300, a diploid 
heterozygous for the pJM53 insert, we determined 
that the recombination rate resulting in Leu+Trp+ 
events is 0.9 X 1 o-8. JG300 is co-isogenic to 
JG44. The JG300 strain was constructed by intro
ducing the pJM53 plasmid into one of the parents 
of the ]44 diploid. The p]M53 integrant was then 
mated with the other parent of the JG44 strain. 

Leu+Trp+Tyr-, Leu-Trp+Tyr-, and 
Leu -Trp -Tyr+ prototrophic intragenic recombinants 
at the LEU7, TRPS, and TYR1 loci, of independent 
origin, were isolated in diploid JG300 to monitor 
the frequency of Ura- recombinants arising by 
mitotic recombination among gene convertants at 
the loci flanking the pJM53 insertion (i .e., LEU1 and 
TRP5) and at the TYR1 locus on an independent 
chromosome (chromosome II). Ura- segregants of 
JG300 reflect homozygosis for absence of the 
URAJ-bearing pJM53 insert because JG300 is a 
ura3jura3 homozygote. The results are shown in 
Table 2. Among convertants, Ura- segregants are 
most frequent among Leu+ prototrophs, nearly as 
frequent among Trp+ prototrophs, and less frequent 
among Tyr+ prototrophs. Ura - segregants are 



Table 2. Recombination events at p}M53 in }CJOO 
resu lting in Ura- segregants. 

Colon ies Tested No. Ura - No. Tested Freq. Ura -

Leu+ Convertants 53 196 0.27 

Trp+ Convertants 43 223 0.19 

Tyr+ Convertants 7 83 0.08 

Control 0 452 < 0.002 

approximately 3 times more frequent among Leu+ 
and Trp+ convertants, events at loci bracketing the 
pJM53 heterozygous insert, than they are among 
Tyr+ convertants at TYR7, a locus on an indepen
dent chromosome. Ura- segregants are approxi 
mate ly 40 times more frequent among Tyr+ conver
tants than among nonrecombinant control colonies. 
These data demonstrate that mitotic recombina
tional events on independent chromosomes are 
nonrandomly associated and that Ura- segregants 

201 

occur more frequently among intragenic recom 
binants of the LEU7 and TRP5 loci than among 
those of the TYR7 locus. 

If the nonrandom association of events at the 
LEU7 and TRP5 loci reflects long recombinational 
intermediates, we would expect Leu+ and Trp+ 
double convertants of JG300 to exhibit an even 
higher level of Ura- segregants. Table 3 demon
strates that this expectation is fulfilled . Among 
Leu+Trp+ heteroa llelic recombinants of independent 
origin, the frequency of Ura - segregants, 0.68, is 
approximately three times greater than that 
observed among single Leu+Leu- and Leu - Trp+ 
convertants of JG300. These data support the view 
that recombinationa l intermediates can extend from 
LEU7 to TRP5 and that those that do can result in 
genotypic alterations in the region of the pJM53 
insert. 

We constructed a second hybrid, JG400, to test 
the hypothesis that the preponderance of 
Leu+Trp+Ura - segregants observed in JG300 
reflects the fact that Leu+Trp+ segregants arise 

Table 3. Recombinational events at p}M53 among Leu+Trp+ 
convertants of }CJOO and }C400! 

Original Genotype at pJM53: 

Diploid Genotype 
pJM53 
pjM53 

pJM53 No. Tested 

JG300 
leul-1 2 pJM53 trpS-d 

111 3 49 165 
leul -c trpS-c 

(0.68) (0.02) (0.30) 

JG400 
leul - 12 _ _ trpS-d 

6 13 41 60 
leul-c pJM53 trpS-c 

(0.10) (0.22) (0.68) 

JG300 
MATa trpS-d pJM53[YRA3] leu l - 12 ura3 .!.Y__r_l-=--!_ 
MAT a trpS - c leu l- c ura3 tyr1-2 

JG400 
MAT a trpS -d leul - 12 ura3 
MAT a trpS-c pJM53[URA3 j leul-c ura3 

Diplo ids JG300 and JG400 are heterozygous for a plasmid insert, pJM53, an 

11.1 kb YipS derivative (Galin et al. , 1984). pJM53 contains a 6.6-kbp fragment of 

chromosome VII that integrates 10 kbp from the LEU1 locus, between LEUI and 

TRPS as shown below. Meiotic map distances were obtained by Golin and Espos ito 

(1984). 

trpS-c trpS-d pJM53 leu l-12 leul-c VII 

0.3cM 13.4cM 7.8cM 0.04cM 3cM 

10 kbp 



approximately 68% of the time by a coincident 
conversional event in which the DNA segment 
bearing the trp5-c and /eul-c alleles is the donor of 
the requisite wild-type DNA sequences at these 
loci and that pJM53/-heteroduplexes are nonran
domly repaired to . the -/- configuration. This 
hypothesis predicts that approximately 68% of the 
Leu+Trp+ segregants of JG400 will be heterozygous 
at the site of the pJM53 insert. The results sum
marized in Table 3 are in agreement with this 
hypothesis. 
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DNA-BINDING PROTEINS AND REC-GENE MUTANTS IN SACCHAROMYCES CEREVISIAE 

Junko Hosoda, Kathleen A. Bjornstad, Herbert W. Moise, and Michael S. Esposito 

During the past year we began a collaborative 
program to characterize the single-strand DNA
binding (SSB) and double-strand DNA-binding (DSB) 
proteins of wild-type yeast strains and mutants 
exhibiting defects in DNA, repair, and recombina
tion. Employing genetically well-characterized 
mutant and control strains, we applied biochemical 
strategies previously developed for purification of 
bacteriophage T4 DNA metabolic proteins1- 3 to 
identify the major yeast DNA-binding proteins. The 

results of our preliminary studies4 are summarized 
below. 

Previous studies in viral-prokaryotic systems, 5 

higher eukaryotes, and Saccharomyces cerevisiae6 

have demonstrated that DNA-cellulose (or DNA
agarose) affinity chromatography is an efficient first 
step in the identification of proteins involved in 
recombination, repair, and replication. We initiated 
experiments to identify the DNA-binding proteins 
of mitotic yeast cells and of rec mutants isolated in 



strain LBL 1. Our preliminary experiments4 

employed denatured DNA-cellulose chromato~ra
phy combined with fluorography of [ 5S] 
methionine-labeled proteins separated by high
resolution two-dimensional nonequilibrium pH gra
dient gel electrophoresis. 7 Single-strand DNA
cellulose chromatography was employed in this ini
tial survey because most proteins that have affinity 
for double-strand DNA also have some affinity for 
single-strand DNA. We observed that approxi
mately 10% of soluble yeast proteins bind to 
single-strand DNA cellulose at a NaCI concentration 
of 0.05-M. Weak to intermediate binders that elute 
with 0.1 to 0.2-M NaCI constitute approximately 
50% of the bound proteins, and strong binders that 
elute with 0.4 to 2.0-M NaCI constitute the remain
ing 50% (Fig. 1 ). Two-dimensional gel analysis of 
peak fractions demonstrated that each peak con
tained a large number of proteins. The 0.2-M and 
0.4-M peaks contained the largest number of pro
teins and highest total amount of protein (Figs. 2 
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Fig. 1. Elution profiles of 1355] methionine-labeled yeast soluble 
proteins from single-stranded DNA-cellulose columns. A part of 
each profile, including breakthrough and wash {0.05-M NaCI) 
fractions, is omitted. (XBL 845-7126) 
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and 3, respectively). Only a small fraction of yeast 
DNA-binding proteins is basic. They are enriched 
in the strong DNA-binding protein fractions 
(0.4-2.0-M NaCI). The vast majority of proteins are 
acidic to neutral, demonstrating that most of the 
binding to the DNA-cellulose matrix is not due to 
nonspecific acid-base binding. 

ANALYSIS OF DNA-BINDING PROTEINS 

The two-dimensional gel patterns of each peak 
fraction from three separate chromatographies of 
proteins from the Rec+ control strain LBL 1 /n were 
almost identical. Previous comparisons of the two
dimensional gel patterns of DNA-binding proteins 
of the wild-type and mutants of bacteriophage T4 
by ). Hosoda and colleagues have resulted in 
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Fig. 2. Fluorograph of a two-dimensional gel of 1355] 
methionine-labeled proteins in the 0.2-M NaCI elution fraction 
from a single-strand DNA-cellulose column charged with pro
teins of the control haploid strain LBLI/ n. The hatched circles 
mark the positions of nonradioactive proteins added as internal 
standards. The standards are: aldolase subunit (40,000 mol wt); 
32*111, a tryptic fragment of T4 gene-32 protein (26,000 mol wt); 
soybean trypsin inhibitor (21,000 mol wt); bovine hemoglobin 
{3-chain {15,800 mol wt); and a-chains {15, 100 mol wt). The 
arrows indicate a polypeptide not observed in rec490 and a 
polypeptide absent, present in reduced amount, or Jacking nor
mal DNA-binding capacity in rec467. (XBB 849-6920) 
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Fig. 3. Fluorograph of a two-dimensional gel of [35SJ 
methionine-labeled proteins in the 0.40-M NaCI elution fraction 
from a single-strand DNA-cellulose column charged with pro
teins of strain LBL 7/ n. The standards are as described in Fig. 2. 
The arrows indicate two polypeptides not observed in rec336. 

(XBB 849-6926) 

unambiguous assignment of individual proteins to 
discrete T 4 genetic loci involved in recombination, 
repair, and DNA synthesis.1-3 To determine 
whether this approach would be useful in Sac
charomyces cerev1S1ae we surveyed the two
dimensional gel patterns of the 0.2-M and 0.4-M 
fractions of nine rec mutants, isolated in strain 
LBL 14 and a strain carrying the rad52 mutation. 
Fluorograms of two-dimensional gels of the 0.2-M, 
0.4-M, 0.6-M and 2.0-M NaCI peak fractions 
obtained by elution of single-strand DNA-cellulose 
columns have been surveyed in detail. Three 
mutants (rec336, rec467, and rec490) are associated 
with the loss of one or two polypeptides. Others, 
including rec754 and the rad52 mutant, exhibit 
multiple changes including simultaneous loss 
and/or appearance of proteins not previously 
observed. Analysis of such mutants is more diffi
cult and will require careful analysis of other than 
0.2-M and 0.40-M fractions, as well as repeated 
experiments. 
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The long-range goal of our studies is to employ 
purified proteins to assemble both an in vitro 
DNA-replication system and an in vitro recombina
tion system. Our aim is to characterize eukaryotic 
chromosomal DNA replication and recombination at 
the biochemical and molecular levels, employing 
well-characterized DNA substrates and proteins 
encoded by CDC, REC, and RAD genes known to 
mediate replication, recombination, and repair in 
vivo. 
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MEIOTIC RECOMBINATION IN YEAST 

John C. Game and Robert K. Mortimer 

We are studying meiotic recombination in yeast 
by characterizing the in vivo role of gene products 
that are essential for this process and are attempt
ing to work out the sequence in which these pro
ducts are required. Such information, when com
bined with knowledge of the molecular activities of 
the same gene products, may help to clarify the 
mechanism of recombination as well as its relation
ship to other meiotic processes. As described pre
viously,1 we are using conditional mutants to inves
tigate the timing of meiotic recombination and have 
constructed double-mutant combinations carrying a 
heat-sensitive allele at one locus and a cold 
sensitive allele at another. We induce meiosis in 
such strains exposed to various temperature 
regimes such as permissive temperature for one 
gene product followed by permissive temperature 
for the other, and vice versa; this is to determine if 
the products actually function in a dependent 
sequence and, if so, in what order, a methodology 
analogous to that described in Ref. 2. 

We have also characterized the behavior of the 
single mutants by using different temperature 
regimes during meiosis. This helps to determine 
the time and stage during meiosis at which the 
gene product actually functions. In addition, by 
exposing cells undergoing meiosis to intermediate, 
or "semi-permissive," temperatures, one can con
trol the level of expression of the gene being stu
died. In this way, one can obtain live meiotic pro
ducts from mutant strains, such as radS0-11, that 
are inviable when the mutation is fully expressed. 
Subsequent study of such products can reveal the 
nature of the genetic defects that occur when mei
otic cells are stressed for the gene product in ques
tion, and this in turn reveals information about the 
function of the gene in wild-type meiotic cells. 

We have focused particularly on the RADSO 
gene, using a cold-sensitive mutant allele (radS0-11) 
previously isolated in this laboratory. Figure 1 
shows the effect of temperature on the frequency 
and kinetics of meiotic recombination in this 
mutant. Using viable haploids from various tem
peratures, we have been able to show that those 
cells that survive meiosis in this mutant are con
fined to the fraction that has a nearly wild-type 
amount of recombination and that this fraction 
becomes smaller as the temperature is lowered . 
We are attempting to determine if this indicates 
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HIS+ Prototrophs Per Viable Unit 
Versus Time in Sporulation Medium 
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Fig. 1. Recombination in the hisl locus vs. time in meiosis
inducing medium at various temperatures in yeast. 

(XBL 848-7892) 

that RADSO has an ali-or-nothing "threshold" type 
of function in meiosis, or if, alternatively, it indi
cates that even a small reduction in wild-type 
recombination frequency is lethal to sporulating 
yeast cells. 

Experiments with double mutants have involved 
radS0-11 in combination with cdc21, cdc9, and 
top2 heat-sensitive mutations, which code for thy
midylate synthetase, DNA ligase, and DNA 
topoisomerase II, respectively. Results suggest that 
CDC27 and RADSO function consecutively in a 
dependent sequence in yeast meiosis, but no such 
sequential function could be demonstrated for 
RADSO, COC9 or RADSO, TOP2. Experiments with 
the top2 single mutant analogous to those with the 
radS0-11 single-mutant strain are in progress. 
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Flp+-DEPENDENT LOSS OF 2JJ, DNA IN rad52-1 AND rad52-DISRUPTION STRAIN 

David Schild, Kenneth Mason, and Robert K. Mortimer 

Mutations in the yeast RAD52 gene have effects 
on both DNA repair and recombination, but it is 
not known if these mutations are leaky. We have 
recently constructed three different in vitro gene 
disruptions of RAD52 by cloning the LEU2 and 
TRP7 genes into a Bg/11 site in the 5' half of the 
cloned RA052 gene 1 and by replacing an approxi
mately 0.1-kilobase C/ai-Bgl!l fragment of RAD52 
with the URA3 gene. Strains carrying these disrup
tions are viable and show the same x-ray survival as 
strains carrying the rad52-1 mutation. These results 
indicate that rad52-1 is not a leaky allele of RAD52 
and that RAD52 is nonessential for normal mitotic 
growth. These disruptions can be used to construct 
isogenic Rad+ and rad52 strains; unlike rad52-1, the 
disruptions are nonreverting. 

While examining rad52-1 and rad52-disruption 
strains, we noticed that several were [cir0

]; i.e., they 
lacked the endogenous 2JJ, plasmid of yeast. Even 
rad52 [cir+] strains were observed to segregate a 
high frequency (-10%-30%) of [cir0

] mitotic cells, 
as assayed by both a new genetic assay and by 
Southern analysis. Since rad52 diploids undergo 
spontaneous chromosome loss, 2 we asked whether 
loss of 2JJ, DNA was a general property of DNA in 
rad52 strains or whether it was related to some 
special property of 2JJ, DNA, such as Flp-mediated 
recombination . Flp-mediated recombination is a 
site-specific recombination event, generally within a 
single 2JJ, molecule, that inverts one-half of the 
molecule with regard to the other half; the Flp 
enzyme that mediates this recombination is coded 
for by 2JJ, itself. Several groups have shown that 
the flipping reaction occurs in rad52-1 strains, but 

they could not rule out subtle effects caused by the 
rad52-1 mutation. In order to discover whether 
any effects on flipping existed in the rad52 mutant 
strains, isogenic RAD52 [cir0

] and rad52-disruption 
[cir0

] strains were constructed, and 2JJ, vectors 
pCV20 (flp -) and pCV21 (Fip+)-kindly supplied by 
J. Broach3-were transformed into these strains. 
Although pCV20 was maintained in the rad52 strain 
with about the same stability as pCV20 or pCV21 in 
the wild-type (Rad+) strain, the Flp+ pCV21 plasmid 
was lost at a much higher frequency in the rad52 
strain. We are currently investigating whether Flp
mediated recombination might occasionally result in 
broken 2JJ, molecules that require RAD52 for their 
repair or if such recombination might produce 
knotted structures that require RAD52 to become 
disentangled. 
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CLONING OF THE RAD50 GENE AND OF AN ALLELE-SPECIFIC SUPPRESSOR OF RAD50 

Karen C. Sitney, C. Rebecca Contopoulou, Isabel L. Calderon,* and 
Robert K. Mortimer 

The isolation of a plasmid that complements 
the rad50-1 allele has been reported by this 
Laboratory. 1 This plasmid has now also been 

*Department of Genetics, University of Seville, Spain. 

shown to complement rad50-3 but no other known 
rad50 alleles. A 3.0-kilobase BamHI fragment inter
nal to the gene was subcloned into the integrating 
plasmid YipS and has been shown to integrate 
close to CEN XV. The map position of the struc
tural RA050 gene is on chromosome XIV, tightly 
linked to pet2.2 
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The allele specificity of this complementing 
plasmid, YEp13-21 OB, may be indicative of interac
tive suppression. Two approaches are being used 
to test this hypothesis. Revertants of radS0-7 have 
been isolated and are being characterized. This 
allele of RADSO appears especially susceptible to 
reversion or modification. One class of revertant 
that has been isolated has a temperature-sensitive 
phenotype but confers radiation resistance to 
radS0-7 at 30oC. This mutation has not yet been 
mapped. 

Plasmids that will allow genomic disruption of 
the 2108 gene are being constructed. Subclones 
have been made which show the 2708 activity to 
reside on a 3.3 -kb Hindiii-Sall fragment. This frag
ment has an internal BamHI site we are using to 
insert the yeast H/53 gene on a 1.8-kb BamHI frag
ment. This plasmid will be used to disrupt the 
chromosomal copy of 27 08. 

It has also been noted that the map position 
established for 2108 is very close to that reported 
for makl, the structural gene for topoisomerase I. 
Although restriction data suggest that mak 1 and 

2108 are distinct genes, genetic studies are under 
way to test whether they may in fact be allelic. 

In addition, the RAOSO structural gene has 
been cloned by our laboratory by complementation 
of radS0-4, using a library constructed by Carlson 
and Botstein. The restriction map of our insert par
tially overlaps that previously published for RADSO 
by another group. 2 The complementing activity has 
been localized to a 3.3-kb Saii-Hindlll fragment. 
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STUDIES OF THE STRUCTURE AND REGULATION OF THE YEAST RAD54 AND RAD52 
GENES 

Herschell S. Emery, David Schild, David E. Kellogg, and Robert K. Mortimer 

In 5. cerevisiae at least eight genes (RAOSO to 
RAD51) participate in recombinational repair of x
ray damage to DNA. Three genes - RA051, 
RAD52, and RAD54 - form a subgroup.1 These 
genes show extreme sensitivity to x rays, virtually 
complete abolition of mitotic recombination, and 
severe defects in mating-type switching. To under
standing the roles played by this group, we have 
initiated a study of the structure, transcription, and 
regulation of RAD54 and RAD52. 

To test if these genes are transcriptionally regu
lated, we have determined the levels of RA054 and 
RAD52 RNA in yeast cultures grown for various 
lengths of time following x irradiation. Internal 
fragments of the genes (cloned previously in our 
laboratory) were used as hybridization probes to 
quantify the RNAs relative to an uninduced RNA 
species. Our preliminary results suggest that a 3.0-

kilobase RA054 transcript is present in unirradiated 
cells. Its steady-state level is increased 3- to 5-fold 
within 30 min of x irradiation. We have also iden
tified a 1.6-kb transcript of RA052 in unirradiated 
cells. We have not thus far been able to detect x
ray induction of this transcript. We are currently 
studying expression in yeast of a fused gene com
posed of the 5' end of RAD54 fused downstream to 
a portion of the f. coli lacZ gene. Such construc
tion will be used to confirm and extend our find
ings regarding RAD54 regulation and should prove 
useful for genetic analysis of the gene or genes 
involved. 

Using 51 nuclease mapping, we have deter
mined the direction of RA054 transcription and the 
approximate points of initiation. Two putative tran
scription starts have been identified at -128 and 
-159. We have determined thus far 750 base pairs 



of continuous DNA sequence through this region . 
'TAT A" boxes are located at -179 and -189 . The 
inferred amino terminal sequence of RAD54 protein 
shows a remarkable bias toward ARG, L YS, and 
PRO residues, from which we infer a highly basic, 
protruding amino terminus that might be involved 
in nuclear targeting or DNA binding of the protein . 
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FUSION OF THE RAD54 CODING REGION TO THE GAL1 PROMOTER 

John Takakuwa and Robert K. Mortimer 

Among three mutations (rad51-1 , rad52-1 , and 
rad54-3) known to confer extreme sensitivity to x 
rays, rad54-3 confers somewhat more sensitivity 
than the others. Like other mutations within the 
RAD52 epistatic group, rad54-3 is pleiotropic. In 
addition to x-ray sensitivity, rad54-3 mutants are 
defective in the repair of double-strand breaks, in 
mitotic recombination, and in mating-type switch
ing.1 Our laboratory has ~reviously reported the 
cloning of the RAD54 gene. 

Using the cloned RAD54 gene and a plasmid 
generously provided by Mark johnston of the 
Department of Genetics, Washington University, St. 
Louis, we have fused the coding region of RAD54 
to the GA L 1 promoter. The resulting plasmid, 
pTM-X6, contains the GALl transcription start 
ligated to a site just downstream from the transcrip
tion starts of RAD54, as confirmed by Sl and 
sequence data (Herschel! Emery, unpublished data). 
We have found that rad54-3 strains transformed 
with pTM-X6 become resistant to x rays when 
grown on galactose or glucose/galactose media but 
remain x-ray sensitive w hen grown on a glucose 
medium (YEPD), (Fig. 1 ). 

We are further characterizing the transformed 
strains and are attempting to use them to identify 
the RAD54 gene product. 
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Fig. 1. Survival curves of strain 6A (triangles), of strain 6A 
transformed with plasmid p8M258 (squares, grown post
irradiation on either glucose or galactose), and of strain 6A 
transformed with plasmid XTM-X6 (diamonds, grown on glucose; 
circles, grown on galactose). (XBL 8417 -8042) 
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CHARACTERIZATION OF RAD55 
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Susan T. Lovett, John C. Game, and Robert K. Mortimer 

Among genes affecting recombination and 
recombinational repair in Saccharomyces cerevisiae, 
RAD55 is unusual in that all four known alleles 
have cold-sensitive phenotypic effects. Cold sensi
tivity is often indicative of proteins or protein com
plexes that are stabilized by hydrophobic interac
tions; examples of such complexes include ribo
somes and microtubules. We have discovered that 
even null alleles of RAD55- a large insertion and 
deletion of the entire gene, constructed in vitro 
and transposed to the yeast chromosome-will 
yield a cold-sensitive phenotype (x-ray sensitive at 
2r c, resistant at 36 °C} . 

At least with respect to survival after x
irradiation, RAD55 function appears to be largely 
dispensable at high temperatures. RA055 function 

2. Calderon, I.L., Contopoulou, C.R., and Morti
mer, R.K. Isolation and characterization of 
yeast DNA repair genes. II. Isolation of 
plasmids that complement the mutations 
rad50-1 , rad57 - 1, rad54-3, and rad55-3. Curr. 
Genet. 7, 93-100 (1983) . 

may be replaced by another gene's function at 
36°C and not at 2rc or, alternatively, requirement 
for RAD55 function may simply diminish with 
increasing temperature; i.e., RAD55 may serve 
merely to stabilize a complex that is intrinsically 
cold sensitive . To elucidate the role of RAD55 in 
recombination, we have determined the properties 
of RAD55 mutants at both "permissive" and " non
permissive" temperatures with respect to mitotic 
and meiotic homologous recombination and 
mating-type switching. In addition, we have iso
lated extragenic mutations that increase or decrease 
the "permissivity" of RA055 mutations and have 
determined their preliminary genetic characteriza
tion. 

INDUCTION OF RESISTANCE TO THE LETHAL AND REPLICATION-BLOCKING EFFECTS OF 
DNA DAMAGE 

Priscilla K. Cooper, Mark Henteleff, Philippe Hugues, Vincent Ling, and 
Peter Origenes 

In large part the consequences of DNA damage 
for both mutation and cell killing depend on the 
nature and timing of cellular processing of lesions. 
In recent years evidence has accumulated that cells 
possess an unsuspectedly large array of responses 
to DNA damage that are induced by the presence 
of the damage itself. In bacteria, for example, it 
has now been shown that Escherichia coli has at 
least three and possibly four regulatory networks 
controlling expression of a somewhat overlapping 
set of genes having effects on the consequences of 
DNA damage. These are the SOS regulatory net-

work, the adaptive response, and the heat shock 
response, with some evidence suggesting that a 
fourth network may be involved in responses to 
oxidative damage. Our interest is in the SOS and 
the adaptive responses. SOS responses, which are 
induced by a variety of treatments that damage 
DNA or otherwise interfere with DNA replication, 
comprise a diverse set of functions that are coordi
nately controlled by the recA-IexA regulatory cir
cuit. Adaptive responses are induced by alkylating 
agents; they are independent of the recA and lexA 
genes, being regulated instead by the ada gene. 



Induction of SOS responses confers increased 
ability to survive DNA damage but is also responsi 
ble for the mutagenesis resulting from such dam
age, whereas the adaptive response confers 
increased resistance to both the killing and 
mutagenic effects of alkylation damage. In both 
cases there is a dichotomy between the processes 
affecting survival after damage and those affecting 
mutation, and in both cases excision repair seems 
to be required for the induced resistance. Our pre
vious work identified and characterized a uvr
dependent SOS process, long patch excision repair, 
and suggested that it may be the primary process 
effecting enhanced resistance to damage by ultra
violet light (UV). More recently, we have obtained 
evidence suggesting that long patch excision repair 
also contributes to enhanced survival of alkylation 
damage; indeed, it has been shown that alkylating 
agents induce the SOS responses in addition to the 
adaptive response . Our research goals are: 1) to 
elucidate the means by which the induced long 
patch process promotes survival of UV damage; 2) 
to identify the induced gene products that are 
required for this process; and 3) to understand the 
interaction of the effects of the SOS and adapative 
responses on survival and mutagenesis. 

The long patch repair pathway is induced by 
various conditions that induce other SOS functions, 
including incubation of a recA441 mutant at 41 oc 
in the presence of adenine. Using this mutation, 
the effect of the presence of long patch repair 
capability at the time of irradiation can be com
pared with the effect of induction of that capability 
by the irradiation itself. We have previously 
employed this approach in UV survival experiments 
to demonstrate that the major component of 50S
induced UV resistance reflects the operation of a 
uvr-dependent process. However, since the exci
sion nuclease activity encoded by the uvrA,B,C 
genes is regulated by the rec-lex genes, a possible 
interpretation of this result was that the uvr
dependent enhancement of survival simply reflects 
increased exc1s1on capability. Accordingly, we 
examined the effect of inhibition of protein syn
thesis by treatment with chloramphenicol (CAP) 
during a period of post-irradiation incubation before 
determining survival. We have previously demon
strated that the rate and extent of excision of UV 
damage is not altered by post-UV CAP treatment 
but that the long patch excision repair pathway is 
blocked . 

As shown in Fig. 1, and in agreement with ear
lier observations of others, post-irradiation inhibition 
of protein synthesis substantially increases the sen-
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Fig. 1. Survival of uvr• recA44 7 Escherichia coli cells after 
UV irradiation as measured by colony-forming ability. Before 
irradiation cells were grown either continuously at 32 ' C (consti
tutive control conditions) or for 90 minutes at 4 7 ' C in the pres
ence of adenine (induction of 505 functions via the recA44 7 
mutation). After irradiation the cells were plated either 
immediately or after 7 hour of incubation with chloramphenicol 
(CAP). (XBL 847 7-8040) 

sitivity of the cells . This sensitization, however, is 
completely eliminated by recA441-mediated induc
tion of SOS functions prior to irradiation. In fact, 
the cells that had been induced prior to UV and 
then CAP-treated were substantially more resistant 
than the control cells and almost as resistant as the 
induced cells not treated with CAP. In agreement 
with our previous conclusion that the majority of 
50S-induced resistance is urv dependent, we found 
much less sensitization of a uvrA- strain by the 
post-UV CAP incubation (not shown). Control 
experiments with a rec+ uvr+ wild-type strain esta
blished that there is no effect of a 41 o C incubation 
on the CAP sensitization in the absence of the 
recA441 mutation. Thus, inhibition of protein syn
thesis after UV apparently kills cells largely by 
preventing induction of an important rec-lex regu
lated post-incision function, presumably long patch 
repair. 



This conclusion is strengthened by our recent 
finding that killing by the alkylating agent and 
potent carcinogen N-methyi-N' -nitro-N
nitrosoguanidine (MNNG) is similarly increased by 
posttreatment inhibition of protein synthesis and 
that this sensitization is also prevented if SOS func
tions are induced prior to MNNG damage. Since 
initiation of excision repair of methylation damage 
is independent of the uvr genes and instead 
involves action of specific glycosylases that we 
have shown are not increased by SOS induction, 
this finding is particularly significant in corroborating 
the importance of induced 50S-dependent repair 
synthesis for survival. 

We have also used the recA441 mutation to 
examine the effects of pre-induction on DNA repli
cation after UV. We previously found that the abil
ity to perform normal replication after UV, as meas
ured by transfer of DNA to hybrid density in CsCI 
gradients, was dramatically increased by recA441-
mediated pre-induction in urv+ cells and in fact 
was maintained at the control level for doses up to 
40 J/m2 or so. Post-UV replication was unaffected 
by SOS induction in uvrA- cells. More recently, 
we have found that this uvr-dependent enhance
ment in replication ability can be explained by a 
decrease in the duration of a post-UV block in 
DNA synthesis. This is shown in Fig. 2 as the 
results of an examination of the kinetics of DNA 
synthesis after UV in the uvr+ and uvrA- strains 
with and without prior SOS induction. Even at the 
lowest dose tested there is a brief cessation of syn
thesis in the uvr+ strain, and the duration of this 
block increases with dose. Such a block is not 
seen in the uvrA- strain; instead, there is a dose
dependent decrease in the rate of synthesis. There 
is no alteration of these kinetics by prior induction 
in the uvrA- case, but in the uvr+ strain the time 
before resumption of synthesis is reduced by the 
induction. 
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Fig. 2. Kinetics of post-irradiation DNA synthesis in uvr+ (top 
panels) and uvrA- (bottom panels) recA441 cells of E. coli. 
Synthesis in unirradiated controls is shown by the heavy lines. 
Cells were either induced for 505 functions before irradiation 
by 90 minutes of incubation at 41 oc as in Fig. 1 (solid circles) 
or not (open symbols). (XBL 8471-8039) 

These results, taken together with the survival 
data, suggest that long patch repair is required to 
repair a lesion that is a block to replication and that 
cannot be repaired by the constitutive process. 
The DNA synthesis data suggest to us that this 
lesion may be a pyrimidine dimer in the vicinity of 
a growing fork, or more especially a dimer near the 
growing fork that is being acted on by the inc1s1on 
complex. Testing this hypothesis is one of our 
principal immediate objectives. 

EFFECTS OF ALKYLATING CARCINOGENS ON MAMMALIAN CELLS IN CULTURE 

Regine Goth-Goldstein and Mildred Hughes 

Specific mutations affecting the repair of DNA 
lesions and the cell's sensitivity to mutagens have 
been a very successful tool for analyzing DNA 
repair and for linking specific DNA lesions to cer-

tain biological effects. We are especially interested 
in defining the biological consequences of DNA 
lesions induced by alkylating carcinogens such as 
N-methyi-N' -nitro-N-nitrosoguanidine (MNNG). To 



quantify the toxic and mutagenic effects of these 
agents, we work with a simple mammalian cell sys
tem, a well-established Chinese hamster ovary 
(CHO) cell line. Cell killing by an agent is meas
ured by the reduction in colony-forming ability, and 
its mutagenicity by testing for three different 
genetic markers: resistance to 6-thioguanine, oua
bain, and diphtheria toxin. Our goal is to select 
from CHO cells a number of variants with altered 
sensitivity to alkylating agents and to characterize 
the biochemical basis for this alteration. 

CHARACTERIZATION OF MNNG-RESISTANT 
CLONES 

We found that when our CHO cells (CH0-9) 
are treated with MNNG at a dose that kills most 
cells many of the surviving cells are more resistant 
to the toxic effects of MNNG. One clone, Cl 3, is 
representative of such MN NG-resistant cells and 
has been studied in more detail. Cl 3 was isolated 
after treatment of CH0-9 cells with 3 J.Lg/ml 
MNNG. Cl 3 cells have the same chromosome 
numbers (21) as the parent line. They also have 
the same growth rate and the same cell-cycle 
parameters, but they are much more resistant to 
MNNG, having a 0 37 eight times that of CH0-9. 
The dose response of Cl 3 survival is exponential, 
in contrast to the parent line, which has a biphasic 
response (Fig. 1 ). The increased resistance to 
MNNG is a stable trait of Cl 3 cells: their response 
to MNNG has been unaltered for many months in 
continuous culture. Cl 3 cells are also more resis
tant to N-methylnitrosourea (MNU) and streptozo
tocin, an MNU derivative, and they are slightly 
more resistant to methyl methanesulfonate (MMS). 
But they have the same sensitivity as the parent 
line to all three ethyl homologues (N-ethyi-N'
nitro-N-nitrosoguanide, N-ethylnitrosourea, and 
ethyl methanesulfonate) and to other DNA
damaging agents, such as x rays or bifunctional 
alkylating agents. The resistance of Cl 3, therefore, 
to methylating N-nitroso compounds. 

Although Cl 3 cells are more resistant to the 
toxic effects of MNNG they are as sensitive as the 
parent line to its mutagenic effects . In Cl 3 cells 
mutations to 6-thioguanine resistance are induced 
by MNNG at the same frequency as in CH0-9 
(Fig. 2) . This demonstrates that in the case of 
alkylating agents the lesions that lead to cell killing 
are different from the lesions that cause mutations. 

The increased resistance to the cytotoxic effect 
of MNNG is not due to decreased drug uptake, 
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Fig. 1. Cell survival after MNNG in parent line CH0-9 (e) and 
in the MNNG-resistant clone, Cl 3 (.). (XBL 849-19578) 
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Fig. 2. MNNG-induced mutations to 6-thioguanine resistance 
in CH0-9 (e) and Cl 3 (.). (XBL 849-7951C) 



because the same amount of 14C-MNNG is bound 
to acid -precipitable material in Cl 3 as in the parent 
line. 14C-MNNG methylates the DNA of both cell 
lines to the same extent, with the same amounts of 
3-methyladenine, 7 -methylguanine, and 0 6-

methylguanine being formed. There is also no 
difference between the two cell lines in the repair 
of these methylated purine bases. In both cases 
3-methyladenine is removed quite fast, 7-
methylguanine at a slower rate, and 0 6-methyl 
guanine is not repaired at all. Therefore, the dif
ferent MNNG sensitivity of the two variants is not 
due to a difference in repair of the major DNA 
methylation products. 

We have started to examine two other resistant 
clones, Cl 1.5, isolated from CH0-9 after treatment 
with 1.5 ~g/ml MNNG, and Cl U, isolated after 
pretreatment with streptozotocin. Both clones have 
a similar increased resistance to MNNG as Cl 3, 
though the shapes of the survival curves differ 
slightly. Cl 1.5 and Cl U survival is a shouldered 
response with a steeper slope than that of Cl 3. 
Therefore, it is probably coincidence that the slope 
of Cl 3 survival is the same as the slope of the flat 
component in the CH0-9 survival curve (compare 
Fig. 1 ). Cl 1.5 and Cl U resistance also seems lim
ited to methyl N-nitroso compounds. The question 
is how cell killing by these agents differs from cell 
killing by ethyl N-nitroso compounds and by other 
monofunctional alkylating agents. 
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CHARACTERIZING THE MECHANISM BY WHICH 
RESIST ANT CELLS ARISE 

We could isolate resistant clones such as the 
ones described above only after treatment with 
methylating N-nitroso compounds. After treatment 
with MMS or with ethylating N-nitroso compounds 
the surviving cells have the same sensitivity to a 
second dose of these agents as the non-pretreated 
cells. The resistant clones isolated after MNNG 
treatment could arise by three mechanisms: selec
tion of a resistant subpopulation, gene mutation, or 
some other inducible permanent change. 

A gene mutation seems very unlikely because 
the resistant clones appear at such a high frequency 
and are not observed after treatment with the 
potent mutagen ENU. A resistant subpopulation 
cannot be excluded yet, even though the flat part 
of the MNNG survival curve does not seem to be 
due to a resistant subpopulation, as any clone 
derived from a single cell of our CHO line gives a 
similar biphasic survival curve . If such subclones 
are treated with MNNG and the surviving popula
tion is exposed to a second dose of the drug, we 
find increased resistance in all clones, even though 
the absolute increase varies greatly between the 
different clones. Treatment with the bifunctional 
alkylating agent chloroethylnitrosourea does not 
increase the resistance of the surviving cell popula
tion, indicating that the inducible resistance to 
methylating nitroso compounds is not related to the 
acquired resistance of tumor cells observed in 
chemotherapy. 

EXPRESSION OF ROUS SARCOMA VIRUS IN RAT CELLS: TRANSFORMATION WITH AND 
WITHOUT PROVIRAL GENOMIC REARRANGEMENT* 

Mina J. Bissell, Sian Searle, Anthony Green, David A. F. Gillespie, and 
John A. Wyke 

Although avian tumor viruses enter and 
integrate into mammalian cells, they are rarely 
expressed. Previous studies have concentrated on 
these rare expression and events, usually after high 
multiplicity of infection (MOl) . We designed an 

*This report and the three following reports were based on work 
performed at Imperial Cancer Research Fund Laboratories, Lon
don, during M.).B. 's sabbatical leave under the auspices of the 
U.S. Department of Energy and a Fogarty Senior Fellowship from 
the National Institutes of Health. 

experiment to investigate the nature of the provirus 
integration and the frequency of expression when 
no selection pressure was applied and when the 
input virus-to-cell ratio was low enough to generate 
single integration, yet high enough to insure infec
tion . Rat-1 cells were seeded at 2 X 105 in 35-mm 
dishes and infected with 0.8 (MOl) of B-77 strain of 
Rous sarcoma virus (RSV). One hundred single 
cells were cloned 20 hours later and passaged con
tinuously until transformed foci began to appear in 
some cultures (between 2 weeks to 3 months). 



DNA prepared from all cultures was cut by restric
tion enzymes and analyzed by Southern blots. 

The results are as follows: 1) 40% of cells con
tained either a single provirus (26) or two or more 
proviruses (13). 2) Roughly one-fifth of the 
infected cultures became transformed in either sin
gle or multiple provirus categories. 3) The " nor
mal" cells with single provirus were hybridized to 
chick cells by polyethylene glycol fusion. Two
thirds gave rise to competent viruses, and those 
that failed had internal deletions. Thus the inability 
to express the transformed phenotype is not neces
sarily due to loss of viral functions. 4) A com
parison of transformed cells with their normal 
ancestors did not reveal a change in the integrity of 
the provirus at the time of transformation, as has 
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been found to be also the case when the 
transformed cells give rise to " normal" revertants. 

In contrast, when selection pressure was 
applied to another series of experiments, i.e., when 
early transformants were picked soon after infection 
in mass cultures, three out of six transformants 
showed rearrangements of viral sequences upstream 
(5') to the integrated provirus, analogous to those 
described in the following art icle. We postulate 
that the 5' rearrangements may enhance the 
probability of expression of the provirus in the 
mammalian cells but are not necessary for transfor
mants to arise. They may also play a role in modu
lating the expression of the provirus, since many of 
the transformed rat cells with rearranged viral 
sequences give rise to "normal" revertants. 

DIFFERENTIAL EXPRESSION OF TWO CONTIGUOUS v-src GENES AFTER TRANSFECTION: 
SUPPRESSION OF AN EXPRESSED GENE, ACTIVA liON OF A SILENT GENE 

Pedros Levantis, David A. F. Gillespie, Mina J. Bissell, and john A. Wyke 

Rapid transformation of Rous sarcoma virus in 
rat-1 cells has been shown to be frequently accom
panied by rearrangement of some viral sequences 
5' to the complete provirus. One such cell line, 
A-11 , was found to contain an additional v-src gene 
directly 5' to the integrated provirus. 1 Investigation 
of src-specific RNA transcripts of A-11 showed the 
5' src to be largely silent and the 3' v-src gene to 
be the main template for pp60-src. Cloned junction 
fragments, each bearing a v-src gene derived from 
A-11, were tested for transforming potential in 
NIH/3T3 cells. In direct contrast to the original A-
11 cell line, the cloned 5' v-src was found to be 
almost entirely silent. The gene could be partly 
activated by cotransfection with the cloned 5' junc
tion of another cell line, B-31, which did not con
tain a v-src gene. Molecular dissection of the 5' v
src gene showed that 5' rat cellular DNA sequences 
contained in the cloned junction fragments were 
dispensable in transformation assays and therefore 

contained no cellular enhancers. Furthermore, the 
5' long terminal repeat of the provirus contained in 
the original clone could be removed without any 
effect on the transforming capability of the 
relegated clone. Removal of viral sequences 3' to 
the duplicated v-src gene by Bal 31, however, lead 
to a linear decrease in the number of transformants. 
These results show that disruption of linear 
sequences of genes by cloning could create new 
and unexpected regulatory signals leading to 
expression or suppression. They further indicate 
that regulatory cis-acting signals may span large 
fragments of the genome. 
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EXPRESSION OF RSV IN RAT CELLS: THE CELL PHENOTYPE AND THE EFFECT OF GENE
ACTIVATING AGENTS ON RETRANSFORMA TION BY AZACYTIDINE 

Mina ]. Bissell and Sian Searle 

A revertant clone of A-11 (an RSV-transformed 
rat cell line- see preceding report in this section), 
21 N, gives rise to transformed colonies when 
treated with 5-azacytidine (aza-C) . The transfor
mants are hypomethylated in some proviral 
sequences compared with the parent cell line. 1 

Untransformed, aza-C-treated cells retain the 
methylation pattern of the parent 21 N. In an 
attempt to reactivate the silent provirus in 21 N with 
other reported gene-activating agents, we treated 
cell monolayers with either salt, sodium butyrate, 
phorbol didecanoate (PDD), or a combination of 
these, using 4-aPDD (the inactive isomer of POD) 
or solvents as controls. 

After eight passages, no transformants arose 
under any conditions. To our surprise, when salt 
and POD-treated cultures were further treated with 
aza-C, retransformation was suppressed a hundred
fold or more. Sodium butyrate was too toxic, and 
it was difficult to determine for the monolayers that 
survived whether or not retransformation was 
suppressed. While treated cells were capable of 

retransformation by RSV, there was a five-fold to 
ten-fold inhibition, implicating either a membrane
mediated effect or a transacting factor as partially 
responsible. The cytotoxicity of aza-C, however, 
was comparable in treated and control cultures, rul
ing out decreased permeability as a cause of resis
tance. 

The DNA of treated and untreated cultures is 
being analyzed for possible changes in the provirus 
methylation patterns. We are also investigating 
whether this effect is due to the particular chromo
somal location of provirus in 21 N or whether it 
occurs with other silent oncogenes. 
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THE CYTOSKELETON OF EPITHELIAL CELLS AS A TARGET FOR TUMOR-PROMOTING 
PHORBOL ESTERS 

Stuart Kellie, John W. Wyke, and Mina ]. Bissell 

Phorbol-12-myristate-13-acetate (PMA or TPA) 
has a profound and rapid influence on the mor
phology and cytoskeleton of the MOCK, a dog kid
ney epithelial cell line. Within 20 minutes TPA 
induces a rapid change in the morphology of these 
cells from a flat, cuboidal state to a rounded or 
elongated one in which the cell membranes 
become convoluted . Concomitant with this mor
phological change is a rapid dissolution of stress 
fibers and a redistribution of F-actin from actin 
cables to a membrane location. This rearrangement 
of actin is mimicked by the rearrangement of a 

actinin and a reduction in the number of vinculin
containing adhesion plaques. Unusual F-actin con
figurations are often found emanating from a per-

inuclear location containing a-actinin and terminat
ing in a vinculin-containing adhesion plaque. 

The cytoskeletal rearranagements induced by 
TPA occur in the presence of inhibitors of oxidative 
phosphorylation and glycolysis. Furthermore, con
trary to reports in the literature for fibroblasts, these 
changes are not dependent on protein synthesis, 
but are partly abrogated by the presence of cyto
chalasin B. This reduction is probably due to an 
inhibition of membrane ruffling that arises in the 
presence of cytochalasin B. Previous results have 
suggested that TPA affects the movement of lipids 
in the plasma membrane because of changes in the 
mobility of membrane proteins, 1 but no obvious 
differences in the ability of glycoproteins to redistri-



bute in the plane of the membrane were found, as 
judged by FITC-concanavalin A-induced patching. 

The rapidity of this cytoskeletal response to 
TPA suggests that the cytoskeleton is one of the 
primary targets affected after the binding of TPA to 
the plasma membrane, and experiments are in pro
gress to examine the mechanism by which this may 
occur. 
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WOUNDING AND ITS ROLE IN RSV-MEDIA TED TUMOR FORMATION 

David S. Dolberg, Robert E. Hollingsworth, and Mina ). Bissell 

In most studies of tumor formation mediated by 
Rous sarcoma virus (RSV), the virus is administered 
by subcutaneous or intramuscular injection, which 
inherently involves some local wounding. Viral 
infection results in the rapid growth of an acute, 
localized sarcoma that becomes palpable within 1 
to 2 weeks, the production of circulating progeny 
virions, and, in most cases, the death of the host 
within a month. Curiously, acute tumors usually 
form only at the site of inoculation. Occasionally, 
ectopic tumors can be generated by decreasing the 
effective dose of virus (smaller viral inoculum, use 
of older birds, etc.), but they appear with a much 
longer latency and only in addition to the acutely 
forming local tumor. If circulating virus were 
present, and if RSV infection and concomitant "src" 
gene expression were sufficient for neoplastic 
transformation and sarcomagenesis in chickens (as 
has been proposed 1 ), then tumors should form 
elsewhere as well. 

To determine whether viral progeny were 
indeed present throughout the animal, we assayed 
several types of tissues from tumor-bearing chick
ens for the presence of focus-forming virus. Tis
sues were minced, liquified, serially diluted, and 
tested for their ability to transform cultured chick 
embryo fibroblast (CEF) cells in a focus assay. Pro
geny virions were present in all tissues assayed, 
indicating that virus was being shed into the circu
lation and was likely available to tissues throughout 
the animal. Why, then, do tumors form preferen
tially at the site of inoculation? Perhaps the 
wounding associated with inoculation, or the subse
quent healing, plays a part. 

Wounding and wound healing are good candi
dates for a supporting role in tumor formation for 
several reasons. It is suspected, for instance, that 

wounding is a first-stage promoter in chemical car
cinogenesis. In addition, human tumors are often 
found to develop at sites of wounding. Finally the 
process of wound healing involves the release and 
localization, at the wound, of several growth fac
tors, one of which (PDGF) has recently been shown 
to be coded for by a proto-oncogene (c-sis) . We 
report here that wounding is in fact involved in 
RSV-mediated tumor formation. 

We compared the tumor-forming effect of 
wounds from virus injections with other distal 
wounds in the following way. Ten-day-old chicks 
were inoculated intramuscularly in the right wing 
with 5 X 106 focus-forming units (ffu) of the 
Schmidt-Ruppin-D strain of RSV in a volume of 
0.1 mi. The opposite wing was pierced with a 
small stainless steel clip that remained in place 
throughout the experiment (Fig. 1 ). As expected, 
palpable tumors formed at the site of injection, 
with a 1 0-day latency, in over 90% of the animals. 
When clipping occurred at the same time as injec
tion, tumors also formed at the clip with the same 
frequency, but with a 20% longer latency. Tumors 
induced by injection or wounding were indistin
guishable by histological examination. Tumors 
could be induced in both wings by injecting virus 
in one wing and saline in the other; however the 
clipping procedure, which provided a continuous 
irritation, seemed to exaggerate the effect. 

The timing of the clip-inflicted wound affected 
the latency of the resulting tumors. The longer the 
clipping was delayed subsequent to virus injection 
(up to about 2 weeks), the shorter was the latency 
of the wound tumor. During this delay the infec
tion, and the resulting viremia and tumorigenesis, 
continued to progress. The shorter latency may be 
due to the higher titer of circulating virus present at 



Fig. 1. Chicken with injection tumor (left wing) and wound
induced tumor (right). (XBB 839-7 7 375} 

the time of wound infliction. When the tumor and 
viremia were allowed to progress for 2 weeks or 
longer prior to wounding, no tumors formed at the 
wound site. This may be due to an immunological 
response by the animal. On the other hand, when 
the wound was inflicted up to 1 week before virus 
injection, the latency of the wound tumor 
increased. Clips inserted more than 1 week before 
injection failed to cause tumors altogether. We 
interpret these results to mean that as the wound 
heals it loses its ability to complement the effect of 
RSV in tumor formation. The latency of injection 
tumors remained the same under all conditions. 

Wounding sometimes caused tumors to form at 
the site of clipping even when RSV was admin
istered orally. RSV (1 06 ffu) was administered orally 
as an aerosol to 5-day-old chicks, and their wings 
were clipped as described. Tumors formed at the 
clip in 15% of the cases (3 out of 20) but were not 
found anywhere else. This low percentage reflects 
the inefficiency of establishing a blood-borne infec
tion by this route; nevertheless, it appears that 
infection can be established in the absence of 
wounding (possibly in erythrocytes) but that 
wounding is required for the growth of tumors. In 
the absence of wounding the chicken apparently 
can clear the virus without incurring a tumor. This 
may explain why the natural occurrence of RSV
mediated tumorigenesis is a rare event. 

An increase in src-specific kinase activity in tis
sues of a viremic chick is indicative of viral gene 
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expression and also implies that the tumorigenic 
potential of the virus is manifest in those tissues. 
We therefore assayed tissue samples from infected 
birds for the presence of kinase activity. Tissues 
from both injection- and wound-induced tumors 
contained a 20- to 40-fold increase in src-specific 
kinase activity. Except for a small increase in the 
spleen no other tissue showed any increase. This 
suggests that wounding in some way enables target 
tissues to either integrate the virus or express the 
viral gene product. 

Cultures of chick embryo fibroblasts (CEF) must 
be actively dividing to have virus integration. It is 
possible that wounding acts as a mitogen for other
wise quiescent tissues. Newly hatched chickens, 
however, grow very rapidly, doubling their body 
weight every 7 days. Nevertheless, we measured 
the numbers of cycling cells in wounded and 
nonwounded tissues, using flow cytofluorimetry. * 
Wing tissues from 1 0-day-old normal and wounded 
chicks, as well as tumor tissues, were digested to 
single cells and fixed in methanol, and the DNA 
was labeled with propidium iodide. We found no 
obvious differences in the level of DNA synthesis in 
wounded and nonwounded tissues, indicating that 
the percentage of dividing cells does not increase 
detectably in target tissues after wounding. 
Another possibility is that wounding changes the 
distribution of differentiated cells within the cycling 
population, in turn influencing viral infection or 
gene expression. However, if wounding increases 
the population of a preexisting cell population that 
is susceptible to tumorigenesis, then tumors should 
still form at a low, but detectable, level in the 
absence of wounding. 

In conclusion, it appears that tumor formation is 
a far more complicated process than the transfor
mation of cells in culture would lead us to believe 
even for an overtly oncogenic virus such as Rsv: 
The notion that understanding RSV-mediated tumor 
formation in birds will be reached exclusively 
through elucidation of pp60-src function is surely 
an oversimplification of what is a very complex 
relationship between the virus and the bird. 
Although the initiation of tumorigenesis may be 

*We thank Dr. Jim Bartholomew, (Chemical Biodynamics Divi
sion, LBL) for his assistance. 



related to RSV infection, the course of the disease 
is at least influenced by the stage of development 
of the animal (as we and others have shown previ
ously2) and by perturbations of the cellular 
environment. A full appreciation of the process of 
tumor formation must ultimately depend on further 
study of the animal in which these events transpire. 
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MOLECULAR MECHANISMS INVOLVED IN CASEIN GENE EXPRESSION AND SECRETION IN 
MOUSE MAMMARY EPITHELIAL CELLS 

Eva Yue-Hwa P. Lee, Wen-Hwa Lee, Gordon Parry, and Mina ). Bissell 

Mouse mammary epithelial cells (MMEC) 
secrete a group of milk-specific proteins including 
various caseins and whey proteins. Dissociated 
mammary epithelial cells maintain expression of 
most of their differentiated functions only if cells 
are plated on a suitable substratum. Collagen 
extracted from rat tail and matrix prepared from 
mid-pregnancy rat mammary glands have been 
used as substrata for culturing mammary epithelial 
cells. Casein production ·and secretion, cell mor
phology, and production of a-lactalbumin have 
been used as markers to assess the degree of dif
ferentiation of mammary cells in culture. The gen
eral consensus is that cells express their differen
tiated properties at higher levels and for longer 
periods of time on such substrata. 

Using two-dimensional gel electrophoresis to 
analyze the secreted proteins of MMEC cultured on 
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tissue-culture plastic and attached and floating 
type-1 collagen gels, we demonstrated previously 
that each culture secreted a different spectrum of 
milk-specific proteins. 1 Caseins were secreted 
mainly by cells cultured on floating collagen gels, 
whereas transferrin was secreted by cells cultured 
under all three culture conditions. To understand 
how the flat substrata impede casein secretion and 
at what level the floating collagen gel maintains the 
expression of caseins, we quantified the mRNA for 
caseins and studied the kinetics of casein synthesis 
and secretion. 

Here we demonstrate that modulation of the 
expression of caseins by floating collagen gels is 
manifested at several regulatory points: 1) Cells 
cultured on floating collagen gels have 3 to 10 
times more casein mRNA than cells cultured on 
plastic or attached collagen gels (Fig. 1 ). 2) Cells 
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Fig. 1. Quantitation of {3-casein mRNA and whey acidic protein (WAP) mRNA. RNA was extracted and processed 
from 6-day cultures or 8-day lactating glands with phenol-chloroform using standard procedures. After prehybridi
zation, it was hybridized with 32P-Iabeled, nick-translated mouse caseins or WAP eDNA probes. (XBB 844-3004) 



on "flat" substrata nevertheless synthesize a signifi
cant amount of caseins, indicating that the remain
ing mRNA is functional. 3) Cells on all substrata 
are inducible for casein mRNA and casein proteins 
by prolactin, but the extent of induction is greater 
on collagen than on plastic, i.e., the substratum 
confers an altered degree of inducibility (Fig. 2) . 
4) Cells on all substrata synthesize casein proteins 
at rates proportional to the amount of casein 
mRNA, but the newly synthesized caseins in cells 
on plastic are degraded intracellularly, while those 
synthesized by cells on floating gels are secreted to 
the medium (Fig. 3) . 5) Cells on all substrata exam
ined lose virtually all mRNA for whey acidic protein 
(WAP), even though this mRNA is abundant in the 
mammary gland itself (Fig. 1 ); we conclude that 
additional as-yet-unknown factors are necessary for 
WAP synthesis and secretion in culture. 

MG 
A ....,.-, 

-P +P 

• • 

219 

The impairment of secretion by cells on plastic 
may be due to changes in post-translational modifi
cation of caseins. Our preliminary data suggest that 
caseins in cells on plastic are phosphorylated to a 
lesser degree than those on floating gels and that 
secreted caseins are highly phosphorylated when 
measured by double labeling with 35S-methionine 
and 32P-phosphate (unpublished data). 

How does the extracellular matrix or its com
ponents affect gene expression, post-translational 
modification, and secretion? It was shown in thy
roid cells cultured on attached gels that the lack of 
response to acute stimulation by thyroid-stimulating 
hormone (TSH) and failure to concentrate iodide 
was due to the inaccessibility of iodide and TSH to 
the basolaterally localized iodide pump and TSH 
receptor-adenyl cyclase complex.2 In the mam
mary epithelial system, the accessibility of hor-
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Fig. 2. Induction of casein mRNA in mammary epithelial cells by prolactin. Cells were cultured without prolactin 
for 5 days, and half were induced for 36 hours with prolactin. RNA was isolated and treated as in Fig. 1. MG: 
Lactating mammary gland RNA. Other legends as in Fig. 1. (XBB 847-5495) 
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Fig. 3. Pulse-chase labeling of (3-casein. Cells on plastic (A) or on floating gels (B) were incubated in methionine
free medium for 1 hour and then pulsed with 150 !lCi/ ml 3sS-methionine per plate. One dish was harvested after a 
15-minute pulse; the rest were pulsed for 30 minutes, then washed once with medium containing excess cold 
methionine and chased for various periods. Some extracellular degradation of caseins occurs in the media of both 
cells on plastic and collagen gels. (XBB 847-5007) 



mones and other components of the medium to 
the basolateral surface is not the main factor, since 
mammary epithelial cells cultured on floating 
glutaraldehyde-treated collagen gels still failed to 
secrete caseins .1 The change in cell shape brought 
about by floating gels may be important in casein 
synthesis and secretion, and in this context it is 
interesting to note that cells within the "dome" 
areas on plastic are the ones synthesizing the 
highest level of caseins (data not shown) . Support 
for a relationship between cell shape changes and 
expression of differentiated functions has come not 
only from studies of the mammary gland but also 
from other systems. 3A Bissell et al. 5 have proposed 
a network of interacting components composed of 
the extracellular matrix, transmembrane receptors, 
the cytoskeleton, and the nuclear matrix, all contri
buting to the maintenance of the differentiated 
state. The ultimate mechanisms relating cell shape, 
the cytoskeleton, and the components of the extra
cellular matrix of mammary cells6 to that of casein 
gene expression merit further investigation. 
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THE USE OF MONOCLONAL ANTIBODIES IN STUDIES OF THE SURFACES OF MAMMARY 
EPITHELIAL CELLS 

Gordon Parry, Betsey Cullen, and Lenny Moss 

Milk fat globule membranes, derived from the 
apical surface of epithehal cells in the lactating 
mammary gland, provide a convenient source of 
tissue-specific antigens for production of mono
clonal antibodies. Earlier studies have demon
strated that antibodies against certain components 
in the milk fat globule membrane react strongly 
with the surfaces of cultured breast carcinoma cells 
and may be of use in diagnosis of primary and 
metastatic breast cancers. 

We have recently initiated investigations of 
plasma membrane composition and structure in a 
human breast carcinoma line, 734B, and have gen
erated monoclonal antibodies against human milk 
fat globule membranes to probe cell surface organi
zation . While these studies look very promising, 
they have not yet reached a conclusive stage. How
ever, in the course of the work we have observed 

some interesting patterns of antibody binding to 
cultures of the 734B cells that may be important in 
understanding mechanisms generating heterogene
ous phenotypes in tumors. 

We have characterized three monoclonal anti
bodies in detail. They react with a high-molecular
weight mucin (> 500 kD) that is rich in carbohy
drate. In fact, the mucin cannot be detected on 
gels using a protein stain but can be detected using 
periodic acid-Schiff reagent that stains carbohy
drate. Western blotting experiments demonstrated 
that the antigen recognized is found in both the 
milk fat globule membrane and in skim milk. The 
components in milk that react with the antibodies 
are of lower molecular weight than those in the 
membrane fraction and are most likely derived from 
the membrane by proteolytic cleavage and shed
ding. Each antibody recognizes a different set of 



shed antigens in skim milk, and this is consistent 
with the idea that they recognize different epitopes 
of the mucin. 

When cultures of 734B breast carcinoma cells 
were stained, it was found that only a small propor
tion of the cells reacted with the antibody. lmmu
noelectron microscopy studies revealed that all 
three antibodies bound to the apical surface of the 
cells and stained both the microvilli and intervening 
regions of plasma membrane. One antibody, LBL-
3, also stained some material that was associated 
with the culture substratum. 

The 734B cells grow as distinct islands such that 
the cells in the center of the islands are surrounded 
by other cells, while cells on the edge of islands 
have a free surface. Immunofluorescence and 
immunoperoxidase staining demonstrated significant 
differences in the cells stained by the antibodies. 
Notably, LBL-3 reacted with many large flattened 
edge cells (as well as some cells in the middle of 
the islands), while these were unstained by the 
other two antibodies LBL-1 and -2. These reacted 
predominantly with cells in the interior of the 
islands (Fig. 1 ). 

To assess whether or not this heterogeneity was 
a consequence of genetic variations in these popu
lations of cells, we isolated several clones of 734B 
cells. The same staining patterns were observed in 
the clones as in the uncloned population, demon
strating that the variations observed in staining pat
terns were probably epigenetically induced in cul
ture . 

The possibility that we are thus considering is 
that the position of the cell in the islands of 
epithelial cells can influence cell surface antigeni
city. The position of the cell itself reflects the 
extent of cell-cell and cell-substratum interactions, 
and thus these factors may influence surface 
antigen expression. Extrapolating this concept to 
tumors, it might be predicted that some tumor-cell 
heterogeneity arises as a result of local cell-cell and 
cell-substratum influences and not necessarily as a 
result of changes in genetic material of cells 
comprising the tumor. 
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Fig. 1. Paired phase and fluorescence micrographs of 7348 
cultures stained with monoclonal antibodies. (A), (B): LBL- 7; 
(C), (D): LBL-2; (E), (F): LBL-3. (XBB 8412-9509) 
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GROWTH OF HUMAN MAMMARY EPITHELIAL CELLS IN CULTURE 

Martha R. Stampfer and Jack C. Bartley 

Our laboratory has been working to develop a 
cell culture system utilizing human mammary 
epithelial cells (HMEC) in order to study experi
mentally human cellular carcinogenesis, physiology, 
and molecular biology. The availability of human 
epithelial cell substrates is particularly important 
because this cell type is the origin of 85% to 90% 
of human cancers and is responsible for many of 
the differentiated functions of the body. Epithelial 
cells display numerous differences in biological 
behavior from fibroblastic cell types, which have 
been more commonly used in tissue culture. 
Human cells also behave differently than the com
monly used rodent cells. We believe that an 
understanding of human cellular processes will thus 
ultimately require examining human cell substrates. 

HMEC are especially valuable as substrates not 
only because they are the origin of the most com
mon cancer in women in this country but also 
because they perform many specialized normal 
functions. Although abundant quantities of human 
mammary tissues are readily available as discard 
material from common surgical procedures (mastec
tomy, reduction mammoplasty), the difficulty of 
growing pure epithelial cells in culture has been the 
limiting factor in their general use. Our laboratory, 
in collaboration with that of Dr. Richard Ham of 
the University of Colorado, has developed tech
niques that should now make culture in vitro of 
HMEC as easy as growth of human fibroblastic 
cells.l,2 In our early studies, the HMEC were 
grown in a medium, MM, that contained several 

undefined factors (serum, conditioned media). 
More recently, we have developed a serum-free 
medium, MCDB 170, that allows long-term growth 
of HMEC from both normal and tumor tissues. 
Approximately 45 to 60 population doublings can 
be achieved. Thus a virtually unlimited number of 
cells are available from individual specimen donors. 
These cells may be stored frozen for repeated use 
in our laboratory or sent to colleagues elsewhere. 

Our laboratory is using this cell system to focus 
on the following questions: 1) what controls 
expression of HMEC-differentiated functions in cul
ture; 2) what cellular parameters are associated with 
the transformation of normal HMEC to immortal 
and/or malignant cells; and 3) what effect transfor
mation has on the expression of differentiated func
tions? 
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EXPRESSION AND MODULATION OF DIFFERENTIATION OF HUMAN MAMMARY 
EPITHELIAL CELLS IN CULTURE 

Jack C. Bartley and Martha R. Stampfer 

One of our main objectives is to use the 
human mammary epithelial cell (HMEC) system to 
examine the possibility that transformation in these 
cells involves perturbations in normal cell matura
tion and/or differentiation. To do this, we must 
first be able to induce, identify, and characterize 
stages of maturation and differentiation in normal 
HMEC in culture. Unlike hematopoietic and epi-

dermal cells, an identifiable progression from stem 
cell through terminal differentiation has not been 
defined in mammary epithelia. Additionally, in hor
monally responsive epithelia such as mammary 
gland, exogenous physiological influences (hor
monal changes accompanying the estrus cycle, 
pregnancy, lactation, and weaning) modulate func
tional differentiation and may modify the pathway 



of maturation. The interrelationship between 
maturation and functional differentiation in MEC is 
not clear. 

Based on information from experimental animal 
systems, we have chosen several markers to charac
terize HMEC from various sources and under vari
ous culture conditions. To define the maturation 
process, which likely involves cell-matrix and cell
cell interactions, we are examining synthesis and 
arrangement of extracellular matrix components, 
cytoskeletal elements, and the glycoproteins on the 
cell surface. The binding of peanut lectin to 
glycoproteins is also being used to study cell sur
face components. Because of its specific functions, 
MEC express many specific properties that can be 
used to evaluate functional differentiation: 
mammary-specific enzymes such as thioesterase II 
and a-lactalbumin; synthesis of milk components 
(lactose, medium-chain triglyceride, and casein); 
and the overall utilization of glucose, or more 
specifically, the conversion of glucose to glycogen. 

Major questions that arise with respect to 
expression of differentiated function when cells are 
placed in culture are: 1) Do they retain the charac
teristics expressed in vivo? 2) Can this expression 
be modulated by physiological stimuli? And 3) 
what is the effect of continued passage in culture 
on expression of differentiated functions? We have 
used the pattern of glucose metabolites as a marker 
to address these questions. Previous studies have 
demonstrated that this marker is particularly useful 
for characterizing various stages of differentiated 
function in mouse mammary epithelial cells.1 

Compared to mouse MEC, the metabolite pattern 
of HMEC in MM resembles that of MEC freshly iso
lated from mice in midpregnancy, whereas the pat-

223 

tern of HMEC grown in MCDB 170 more closely 
resembles that of MEC from mature virgin mice. In 
particular, the rate of glycogen synthesis was much 
higher in MM. HMEC grown in MCDB 170 for 10 
passages retained a relatively unchanged glucose
metabolite pattern, which also was similar to that 
seen in freshly isolated epithelial tissue . However, 
switching cells grown for eight passages in MCDB 
170 to MM caused a rapid change (within 4 hours) 
to a pattern of glucose use typical of MM-grown 
cells . The rapidity of this change indicates modula
tion of differentiated function rather than selection 
of a subpopulation of cells with altered properties . 
We have started examining the fate of glucose in 
cells grown out from tumor specimens. Of the four 
specimens tested thus far, three express rates of 
glycogen synthesis comparable to less differentiated 
cells (normal HMEC in MCDB 170), even when 
grown in MM. These results suggest that cancerous 
HMEC may be locked in a lower stage of differen
tiation than normal HMEC in MM. 

In a secretory cell, such as MEC, the secretion 
of specific proteins can also be used to evaluate 
expression of normal function. The pattern of pro
tein synthesis and secretion by HMEC in culture 
can be determined by separating the proteins of 
the cell and of the medium by two-dimensional gel 
electrophoresis after exposing the growing mono
layers to 355-methionine for 6 hours. 

When the pattern of newly synthesized proteins 
are compared, it is clear that each growth medium 
induces synthesis and secretion of some unique 
proteins, although most of the proteins are the 
same in both media. The differences are most 
easily seen in the pattern of labeled proteins 
released into the medium. As with the glucose 



metabolite pattern, shifting cells grown for many 
passages in one medium into the other medium 
brings about a change in the spectrum of proteins 
synthesized within 6 hours. 

More recently, we have employed the Western 
blotting technique, which utilizes antibody reac
tions, to identify the proteins released into the 
medium by HMEC growing in each medium. The 
antibodies currently being used will identify human 
lactoferrin, a- lactalbumin, casein, and butyrophilin. 
As can be seen in Fig. 1, lactoferrin and a

lactalbumin, both normal milk components, can be 
identified in medium from cells grown in MM but 
not in MCDB 170, even if 20 times as much MCDB 
170 is used for protein isolation. The protein bands 
identified by the antibody technique can also be 
detected by autoradiography, indicating that the 
milk proteins are synthesized by HMEC in culture. 
These preliminary results are also consistent with 
the glucose metabolite studies in suggesting that 
HMEC growing in MM are functionally comparable 
to MEC under the influence of pregnancy in vivo 
and confirm that HMEC in our culture system can 
be induced into specific functional states that 
represent physiological stages. 
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Fig. 1. Western blots of proteins in spent medium reacting 
with antibodies to human whey proteins. Normal HMEC in 
second passage were grown either in MCDB 7 70 or MM. The 
medium was collected for the 48-hr period prior to the next 
passage. The proteins were precipitated with 10% TCA and 
separated by PACE. The proteins were transferred to nitrocellu
lose and rabbit antibodies to human whey proteins were applied 
followed by goat anti-rabbit lgC conjugated to peroxidase. The 
proteins reacting with the antibodies were visualized with 4-
chloro-7 -naphthol. Left lane contains medium proteins from 
cells grown in MCDB 7 70; right lane, with multiple bands, con
tains medium proteins from cells grown in MM. Migration of 
a-lactalbumin and lactoferrin is shown for reference. 

(XBB 840-8094) 

IN VITRO TRANSFORMATION OF HUMAN MAMMARY EPITHELIAL CELLS 

Martha R. Stampfer and Jack C. Bartley 

We have been performing studies on the 
transformation in vitro of human mammary 
epithelial cells (HMEC), both to understand the 
number and nature of the events involved in 
human epithelial cell carcinogenesis and to identify 
agents responsible for inducing the different stages 
in the progression to malignancy. The common 
environmental pollutant, benzo(a)pyrene (BaP), has 
been used to induce transformation .1 

In three separate experiments, we have found 
that addition of BaP to actively growing primary 

cultures of HMEC consistently induces extended 
life in culture. The treated cell populations can 
maintain cell division for several months beyond 
the time when control cells senesce. The growth 
patterns and morphology of these extended-li fe (EL) 
cells display wide heterogeneity. From the variety 
of EL cells generated, two apparently immortal con
tinuous cell lines have emerged, designated 184A 1 
and 184BS. These two lines have very distinctive 
morphologies (Fig. 1 ), with the 184A 1 cells showing 
less cell-cell contact than the normal 184 parental 
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Fig. 1. Giemsa-stained cultures of normal and BaP treated HMEC from specimen 784. (A) Untreated normal 784, 
passage 9; (B) extended life 7 84Aa, passage 8; (C) continuous-cell line 7 84A 7, passage 7 5; (D) continuous-cell line 
784A 7, passage 42; (E) extended-life 784Be, passage 5; (F) continuous-cell line 78485, passage 7 7. (XBB 845-3406) 

cells, while the 18485 cells grow as tightly packed 
colonies. These lines are clearly of human mam
mary epithelial origin since they retain the epithelial 
characteristics of powdery, cell-associated fibronec
tin, expression of epithelial-specific keratin fibrils, 
and the mammary-specific properties of expression 
of thioesterase II and the human mammary milk fat 
globule antigens. These lines can also be demon
strated to derive from the originally treated speci
men 184 because both the parental cells and the 
continuous lines have the same pattern of seven 
different polymorphic isoenzymes. Although 
immortally transformed, these cell lines are likely 
not malignant transformants, since at the passages 
thus far tested neither forms tumors in immunodefi-

cient nude mice, and they display little or no 
anchorage-independent growth. However, when 
one of these lines (18485) is infected with the Kir
sten mouse sarcoma virus (K-MSV), which contains 
the v-ras oncogene, it does become tumorigenic. 
We are now testing the effect of K-MSV infection 
on 184A 1 and various EL cultures. We thus have 
available an autogenic series of cell substrates 
potentially representing different stages in malignant 
progression. 

We are also characterizing these continuous 
cell lines and EL cells for a variety of properties 
possibly associated with neoplastic transformation 
and/or differentiation. We have found that the 
untreated parental cells and one EL culture, 184Aa 



(the precursor of the line 184A 1 ), have normal 
karyotypes, whereas the two continuous cell lines 
have several (unrelated to each other) chromosomal 
deletions, translocations, and replicate chromo
somes. Similar to tumor-derived cells, these lines 
display increased survival after split-dose exposure 
to x rays, whereas the normal cells do not, and 
show greatly decreased glycogen synthesis in MM 
medium. The 184A 1 line at early passages also has 
reduced lactate production and greatly increased 
fructose diphosphate synthesis. Analysis of cell sur
face proteins has shown that, compared to the 
untreated cells, both lines have greatly increased 
expression of the human milk fat globule antigens. 
These antigens are normally expressed to a greater 
extent in both tumor-derived and lactating cell 
populations. The 18485 cells also have increased 
binding of the peanut agglutinin (PNA) lectin, a 
property usually associated with more differentiated 
cells, whereas most (90%) 184A 1 cells show no 
PNA binding. However, treatment of 184A 1 cells 
with neuraminidase, which clips off sialic acid from 
surface glycoproteins, prior to exposure to PNA, 
allowed binding to virtually all the cells. This result 
indicates that the apparently less differentiated 
184A 1 cells do have PNA-binding sites but that the 
sites are "masked" by the addition of sialic acid to 
the glycoprotein. Whether these sites on the two 
cell lines involve the same core protein is currently 
under investigation. 

When analyzed for newly synthesized proteins, 
the 184A 1 and 184Aa cells resembled the normal 
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184 cells except for reduced fibronectin synthesis 
by 184A 1. 18485 also had little fibronectin syn
thesis, but its pattern of synthesized proteins was 
unique. In particular, 18485 grown in MCDB 170 
synthesized proteins that normal 184 cells produced 
only when grown in MM and also made increased 
amounts of certain proteins that are usually present 
in low quantities. The two continuous-cell lines 
also showed differences between each other and 
their parental cells in their requirements for specific 
growth factors. 

Altogether, these results suggest that at least 
two different pathways to the development of 
immortal transformation in vitro may exist. Proper
ties related to differentiated function can be 
affected by this transformation, but not necessarily 
in a uniform manner. Thus, the 18485 line in some 
ways appears to be in a more differentiated state 
than the parental cells grown in MCDB 170, 
whereas the 184A 1 cells may be less differentiated. 

The contribution of Gerri Levine, Linda 
Hayashi, Annie Pang, Kristy Venstrom, Annette 
Drew, Kerry Lewis, and jeanie Stevens is gratefully 
acknowledged. 
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MANIPULATION OF THE DIFFERENTIATED STATE BY ONCOGENESIS 

Missie Joe Martis and Richard I. Schwarz 

Embryonic avian tendon cells are highly dif
ferentiated for the production of one protein: col
lagen (type 1 ). Roughly half of the total protein 
synthesis of the cell is devoted to collagen's precur
sor, procollagen. In cell culture, when normal pri
mary avian tendon (PAT) cells are infected with 
Rous sarcoma virus (RSV), procollagen synthesis, as 
a percent of total protein synthesis, dramatically 
declines from 49% ( ± 3.5%) to 3.6% ( ± 2.4%). 
We wanted to resolve how much of this percen
tage change is due to the specific decrease in pro-

collagen production and how much is due to the 
increased synthesis of noncollagen proteins. 

Although the percentage value is useful in 
describing the relative commitment of a cell to a 
given function, this value can be distorted. One 
problem arises when making comparisons between 
percentage values such as the drop from 49% to 
3% in procollagen production. Dividing these 
values gives a 16-fold change, but the actual 
change in procollagen synthesis relative to noncol
lagen synthesis is 25-fold. This is because, in the 



percentage value, procollagen production appears 
in both the numerator and the denominator, dis
torting the relative change at high values. 

The second problem is not so easily corrected. 
Percentage values can fluctuate because of changes 
in either procollagen synthesis or noncollagen syn
thesis, or both. In the extreme, one could imagine 
that after transformation procollagen production 
remains constant and noncollagen synthesis 
increases 25-fold. 

While this is an unlikely scenario, malignant 
transformation of PAT cells causes dramatic changes 
in the cell behavior that would make some change 
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in noncollagen production extremely likely. The 
morphology of the cells is completely altered 
(Fig. 1 ), and the rate of cell proliferation in the 
transformed cultures continues at a high rate even 
at cell densities that inhibit further growth in their 
normal counterpart (Fig. 2). 

To distinguish what part of the 25-fold change 
is specific to procollagen production, we divided 
the percentage value into its component parts and 
looked at the absolute incorporation into procol
lagen and noncollagen proteins on a per-ceil basis. 
In addition, we looked at the steady-state mRNA 
levels. With transformation the rate of incorporation 

Fig. 1. Morphology of normal (A) and RSV-transformed (B) 
PAT cells on day 3 of secondary cultures. (XBB 849-6699) 
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Fig. 2. Growth curves of normal (e) and RSV-transformed (II.} 
PAT cells. Day 0 is when the cells were subcultured as secon
daries. (XCG 849-13305) 

into procollagen per cell decreased 16-fold, while 
the incorporation into noncollagen proteins 
increased 1.5-fold (Fig. 3) . The combination 
accounts for the overall 25-fold change. Similarly, 
the steady-state level of procollagen mRNA drops 
15-fold, while the level of mRNA for the enzyme 
glyceraldehyde phosphate dehydrogenase, used as 
a control, increased 1.4-fold (Table 1 ). 

These results strongly support our current 
model of the transformation of PAT cells by RSV. 
In this model the process of transformation is seen 
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Fig. 3. Incorporation of j
3H]-proline into procollagen (a) and 

noncollagen proteins (b) per cell on day 3 of both normal (e) 
and transformed (II.} secondary cultures. The values have been 
corrected for the high proline content of the procollagen 
molecule. (XCG 849-1 3306) 

as a highly specific inhibitor of procollagen produc
tion . Our current aim is to determine the step or 
steps in the collagen pathway that are specifically 
blocked after transformation. In this way, we will 
be able to explain, at least in this case, why normal 
control mechanisms become inoperative in main
taining the normal differentiated state after transfor
mation. 

Table 1. Procollagen synthesis and mRNA levels in normal and 
transformed cells on day 3 of secondary culture. 

Normal 

Transformed 

% Procollagen 
synthesis 

49 ± 3.5 

3.6 ± 2.4 

32P cpm bound to 
procollagen mRNA" 

23,688 ± 782 

1,642 ± 177 

32P cpm bound to 
GAPDH mRNA" 

428 ± 137 

580 ± 92 

a Per microgram of total cellular RNA using a nick-translated 

eDNA probe. 
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CHANGES IN GLYCOSIDIC CHAINS THAT CORRELATE WITH CORTISOL-INDUCED LUMEN 
FORMA liON BY A MURINE MAMMARY GLAND CELL STRAIN 

H. Glenn Hall, Janis S. Scherer, and Mina J. Bissell 

We have previously reported the formation of 
lumina by NMuMG ("normal " murine mammary 
gland) cells cultured on a rat tail tendon collagen 
gel and overlaid with additional collagen. 1 We 
have explored the ability of the cells to form 

lumina in a hormone-supplemented, serum-free 
defined medium. Compared to cells maintained in 
medium with serum, cells in the serum-free 
medium formed more abundant lumina with a dif
ferent morphology (Fig. 1 ). Lumina that formed in 

Fig. 1. Lumina formed by NMuMC cells, growing on collagen, 1 week after being overlaid with additional col
lagen. (A) Cells grown in medium containing 5% fetal calf serum, showing elongated lumina (arrows). (B) Cells 
grown in serum-free defined medium with cortisol. Most of the cells in the culture surround lumina (arrows). (C) 
Cells grown in serum-free defined medium without cortisol. Lumina formation is arrested, and cell clusters form in 
regions of the initial lumina (arrows). [(A) XBB 840-9040, (B) XBB 840-9041, 

(C) XBB 840-9042)] 



the presence of serum tended to be elongated and 
branched; in the absence of serum, they were more 
rounded and tended to coalesce. When cortisol 
was omitted from the serum-free medium, lumen 
formation, although initiated, did not progress. 

We have used the presence and absence of 
cortisol to modulate lumen formation and to follow 
biochemical activities that may be correlated. Our 
procedure was to analyze the glycosaminoglycans 
synthesized by the cells. Cells grown as a mono
layer on collagen, in serum-free medium with and 
without cortisol, were overlaid with collagen and 
labeled for three days with 3H-glucosamine. The 
cells and the collagen gels were digested with 
pronase to release glycosidic chains, including 
glycosaminoglycans. The digest was analyzed by 
diethylaminoethyl-cellulose ion-exchange chroma
tography. We found that two major, heterogene
ous peaks of labeled material elute from the 
column (Fig. 2) . The second peak, larger than the 
first, elutes in a position expected for heparan sul
fates. We have previously shown, by 35504 incor
poration and separation on cellulose acetate, that 
these cells synthesize considerable heparan sulfate. 
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The first peak elutes sooner than expected for 
hyaluronic acid. Neither the first nor the second 
peak are sensitive to digestion by hyaluronidase. 
From cells in the presence of cortisol undergoing 
lumen formation, the first peak relative to the 
second is larger in comparison to the peaks from 
cells in the absence of cortisol with lumen forma
tion arrested. Treating the samples with neuramini
dase results in earlier elution of the first peak: the 
material thus consists of sialic acid-containing 
glycosidic chains. 

We are continuing attempts to identify the 
material of the first peak, since its quantity corre
lates with conditions under which lumen formation 
takes place. We suspect that it may consist of 
high-molecular-weight mucins known to be 
secreted from mammary cells, or perhaps glycosidic 
chains from cell surface glycoproteins. We have 
found previously that tunicamycin, which interferes 
with protein glycosylation, totally disrupts normal 
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Fig. 2. Elution profiles from DEAE-cellulose columns of [3H]
glucosamine-labeled glycosidic chains and glycosaminoglycans 
synthesized by NMuMG cells. (A) From cells overlaid with col
lagen, undergoing lumen formation in serum-free medium with 
cortisol. (B) From cells overlaid with collagen, with lumen for
mation arrested in serum-free medium without cortisol. (C) 
The same material analyzed in Fig. 2A digested with neuramini
dase prior to chromatography. 

[(A) XBL 8411-6413, (B) XBL 8411-6412, 
(C) XBL 8417-6414)] 

epithelial organization and lumen formation by 
NMuMG cells. 
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CHARACTERIZATION OF THE INTERMEDIATE CYTOSKELETON OF MURINE MAMMARY 
GLAND CELLS AND ITS ASSOCIATION WITH COLLAGEN GEL SUBSTRATA 

H. Glenn Hall, Janis S. Scherer, and Mina J. Bissell 

As a step toward understanding the mechanism 
of collagen -induced reorganization of cells to form 
lumina, 1 we are searching for cytoskeletal elements 
whose synthesis or distribution may be affected by 
collagen. NMuMG ("normal" murine mammary 
gland) cells, grown on plastic or on a rat tail tendon 
collagen gel, were labeled with 355-methionine and 
lysed in 1% deoxycholate, a non ionic detergent. 
The cell lysate was separated into a soluble (cyto
sol) and an insoluble (cytoskeleton) fraction. A 
third fraction (matrix) was an 8-M 1% 2-
mercaptoethanol wash of either the plastic or the 
collagen gel substratum upon which the cells were 
grown. 

The proteins from the three fractions were 
analyzed by two-dimensional polyacrylamide gel 
electrophoresis, using equilibrium isoelectric focus
ing gels for the first dimension and sodium dodecyl 
sulfate slab gels for the second. To analyze the 
samples for the first dimension, they were first dis
solved in 8-M urea. The solubility properties of the 
proteins of the cytoskeletal fraction (insoluble in the 
detergent wash, but soluble in 8-M urea) and their 
two-dimensional electrophoretic separation pattern 
resemble those known for cytokeratins, the inter
mediate filament proteins of epithelial cells . 
Autoradiographs of the samples are shown in Fig. 1. 
One group (I) of at least three proteins has a 
molecular weight of about 55 kD and isoelectric 
points between pH 6.0 and 7.0. A second group 
(II) of three or four proteins has a molecular weight 
of about 51 kD and isoelectric points between pH 
5.0 and 5.5, and a third group (Ill) of two to three 
proteins has a molecular weight of about 44 kD 
and isoelectric points between pH 5.0 and 5.5 
Actin migrates closely with the most basic of the 
small group and is the prominent protein of the 
fraction . 

A protein resembling vimentin, the intermediate 
filament protein of fibroblasts and cultured 
epithelial cells, is also present in this fraction . A 
52-kD protein with an isoelectric point between the 
basic and acidic groups, about pH 5.6, appears 
from cells grown on collagen but not from cells 
grown on plastic. The expression of this protein, 
however, is variable. All of these proteins are 
found in the 8-M urea wash (matrix fraction) of the 
collagen-gel substratum, suggesting that they have a 

transmembrane association with the collagen, an 
association that persists after cell lysis. In the 
matrix fraction, the characteristic crescent pattern of 
vimentin-derived peptides is more apparent than in 
the cytoskeletal fraction, suggesting that vimentin, 
compared to the cytokeratins, is preferentially asso
ciated with the collagen. There was insufficient 
labeled material from the urea wash of plastic subs
trata to analyze by electrophoresis. 

The identity of these proteins was verified by 
specific immunostaining (Western blotting) of the 
proteins from the matrix fraction. The monoclonal 
antibody AIF, which recognizes all intermediate fila
ment proteins, 2 stains the suspected vimentin and 
cytokeratin proteins (Fig. 2). The cytokeratin pat
tern seen here is characteristic of that of other cells 
where at least one higher-molecular-weight basic 
group is present along with at least one lower
molecular-weight acidic group. Another mono
clonal antibody, AE3, which specifically recognizes 
the high-molecular-weight basic cytokeratins, 3 stains 
the group I proteins and the most acidic member of 
group II. A third monoclonal antibody, AE1 , specif
ically recognizes the low-molecular-weight acidic 
cytokeratins 3 and stains the group Ill proteins. 
Staining with AE1 and with a monoclonal against 
actin distinguishes the most basic member of group 
Ill from the actin that migrates so closely. The 
group of vimentin peptides stains with the anti 
intermediate filament monoclonals but not with the 
monoclonals specific for cytokeratins as would be 
expected. Proteins in group II and the 52 kD also 
only stain with AI F, indicating that they are related 
to intermediate filaments but may not be cytokera
tins. 

Primary mouse mammary cells were labeled 
and the cytoskeletal and matrix fractions were 
prepared in the same way as for the NMuMG cell 
strain. The protein patterns from these fractions 
from the two cell types were very similar (Fig. 3), 
with the 52-kD protein expressed in the primary 
cells grown on collagen as in the NMuMG cells . 
Other studies have demonstrated that cytokeratin 
expression is tissue specific and that cytokeratin 
proteins serve as reliable markers for different 
epithelial cell types . The similarity of the patterns 
from primary mammary cells and the NMuMG cell 
line suggests that the tissue-specific expression of 
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Fig. 1. Autoradiographs of 355-methionine-labeled proteins, separated by two-dimensional gel electrophoresis, 
from NMuMC cells. (A) Th e cytoskeleta l fra ction from cells grown on plastic. (B) The cytoskeletal frac tion from 
cells grown on a collagen gel. (C) The matrix fraction, the urea wash of a collagen gel after cell lys is; (A) = actin; 
V = vimentin; Vd = vimentin-derived peptides; I, II, Ill = different protein groups described in the text. Large arrow 
points to 52-kD protein. j(A) XBB 820-70032A, (B) XBB 820-70032B, 

the cytokeratins is stable even after numerous pas
sages in culture . 

Lumen formation was induced in NMuMG cells 

(C) XBB 840-9036 Jj 

growing on collagen by an overlay of additional col
lagen. An attempt was made to follow possible 
differences in the transmembrane associations of 
the cytoskeleton with the collagen gel during lumen 



233 

formation . The cells were labeled for 24 hours 
after overlay with 355-methionine, the upper col
lagen gel was separated from the lower collagen 
gel, and the 8-M urea wash of the gels were 
analyzed separately. After one day, lumen formation 
is at a very early stage, but differences in the distri
bution of the cytoskeletal proteins as well as other 
proteins are seen (Fig. 4). Actin preferentially parti 
tions with the lower collagen gel, whereas the 
cytokeratins partition with the upper gel. This dif
ferent distribution may reflect either a basal-apical 
polarity difference in the distribution of newly syn
thesized cytoskeletal components within individual 
cells or different populations of cells attached to 
the two gels. We intend to expand upon these 
findings by following the distribution changes 
throughout the course of lumen formation, so that 
we may better understand the dynamics of 
cytoskeletal rearrangements and their exterior asso
ciations during morphogenesis. 
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Fig. 2. The proteins from the matrix fraction of cells grown on 
collagen, separated by two-dimensional gel electrophoresis and 
stained with intermediate filament antibody (AIF). 

(XBB 840-9037) 
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Fig. 3. Autoradiographs of [355]-methionine-labe/ed proteins, separated by two-dimensional gel electrophoresis, 
from primary murine mammary cells. (A) The cytoskeletal fraction from cells grown on plastic. (B) The cytoskeie
tal fraction from cells grown on a collagen gel. Large arrow points to 52-kD protein. 

[(A) XBB 840-9038, (B) XBB 840-9039)] 
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Fig. 4. Autoradiographs of 355-methionine-labeled proteins, separated by two-dimensional gel electrophoresis, 
from NMuMC cells grown on and overlaid with collagen. (A) The 8-M urea wash of the upper collagen gel. (B) 
The 8-M urea wash of the lower collagen gel. (A) = actin; I, II, Ill = different protein groups described in the text. 
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Efforts to use animal bioassays in the evaluation 
of the potential health risk of chemicals to humans 
have been hampered by the lack of a standardized 
method of comparing experimental results. Experi
mental protocols as well as the type of information 
reported in the literature are quite diverse. More
over, quantitative estimates of carcinogenic potency 
have not been made for large numbers of chemical 
carcinogens. Our Carcinogenic Potency Database 
is an attempt to quantify and standardize the animal 
bioassay literature and to organize it systematically. 

TD50: A NUMERICAL INDEX OF CARCINOGENIC 
POTENC\' 

As an index of carcinogenic potency, we have 
recommended the TD50, the tumorigenic dose rate 
for 50% of the test animals. Briefly, the TD50 is 
defined as the chronic dose to induce tumors in 
half the test animals (in the absence of tumors in 
the control group). TD~0 can be calculated for any 
single category of neoplasm or any combination of 
neoplasms. This numerical index permits comparis-



ons of diverse test results and improves past efforts 
to estimate carcinogenic potency in two ways. 
First, our calculation takes into account whatever 
spontaneous tumor incidence occurs in control 
animals. Second, where data are available about the 
time of death and tumor incidence of each animal, 
we estimate a TD50 using this information; this is 
important because animals given high doses of 
chemical. frequently die early owing to toxicity, 
rather than tumors, and failure to account for this 
early mortality could lead to underestimates of the 
true potency. A full statistical description of the 
TD50 is given in Sawyer et al. 1 

We have found that the range of TD50's is 
· more than 1 0-million-fold. The range of carcino
genic potency for male rats, for example, is shown 
in Fig. 1, where we present the most potent TD50 
values for a selected group of compounds that 
have been evaluated as tumorigens by the authors 
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Fig. 1. Range of carcinogenic potency in male rats. 
(XBL 841-7514) 
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of the published results. In each case, we have 
indicated the value for the most potent TD50 for a 
target site or sites that was considered positive and 
for which the statistical significance of TD50 is less 
than 0.01. At one extreme is the TD50 value for 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), TD50 = 

101 ng, the most potent, and at the other extreme 
is that for FD & C Green No. 1, TD50 = 5. 98 g, the 
weakest. 

THE CARCINOGENIC POTENCY DATABASE 

The database of test results reported in the 
literature prior to july 1981 is being f.ublished in its 
entirety in 1984, in a plot format. ,J It includes 
data on approximately 800 experiments on 200 
chemicals from the National Cancer 
Institute/National Toxicology Program (NCI/NTP) 
and 1800 experiments on 550 chemicals from the 
g~neral published literature. 

The database is readily accessible for qualitative 
and quantitative analysis. All positive and negative 
experiments that fit a set of standard criteria based 
on suitability for estimation of potency have been 
included in the database; i.e., tests in which expo
sure was chronic, the route of administration was 
likely to result in the whole body being exposed, a 
single compound was administered to the animals, 
and a control group was used. Some chemicals for 
which there is otherwise sufficient evidence of car
cinogenicity are not included if, for example, the 
route of administration was skin painting or subcu
taneous injection or if the dose .level could not be 
measured in mg/kg/day. 

We have included in the database information 
about a variety of factors that are important in 
interpreting bioassays, such as: the TD50 and its 
statistical significance, the species and strains that 
have been tested chronically, the route and dura
tion of compound administration, the tumor types, 
the proportion of animals with specific types of 
tumors in dosed and control groups, the shape of 
the dose-response curve, and the author's opinion 
about carcinogenicity. 

During the past year we have updated the data
base to include experimental results published 
through December 1982. More than 270 experi
ments have been added, including about 65 test 
agents not included earlier. Among the new com
pounds are many to which large numbers of people 
are exposed, such as formaldehyde and ethylene 
oxide, and such food additives as locust bean gum, 
allyl isothiocyanate, and cinnamyl anthranilate. 



COMPARISON OF METHODS USED TO ESTIMATE 
CARCINOGENIC POTENCY: LIFETABLE VS. 
SUMMARY INCIDENCE DATA 

Statistical analyses of bioassay results have usu
ally been based on summary incidence data. The 
percentage of animals developing a tumor of 
interest is calculated for each treatment and control 
group, and the relationship between these fractions 
and the administered dose is examined. Most 
animal bioassay data are published only in the form 
of summary incidence. 

Recently, interest has focused· on the impor
tance of using time-to~tumor or lifetable data in the 
analysis of animal carcinogenicity studies in order to 
adjust for the differential effects of toxicity among 
dose groups and for differences in the time pattern 
of tumor incidence. If the dose level administered 
to the animals is toxic, then premature death from 
non-neoplastic causes may prevent some animals 
that would have developed tumors from developing 
them. Summary incidence data will, in such cases, 
indicate a smaller proportion of tumor-bearing 
animals than would be obtained with actuarial 
adjustment and hence may result in an underesti
mate of the carcinogenicity of the test agent. 

Statistical methods based on lifetable data are, 
however, far more complex than those based on 
summary incidence data, from both a conceptual 
and a computational viewpoint. We have com
pared the two methods of analysis, using those 
experiments in the NCI/NIP Bioassay Program pub
lished prior to July 1980 that have a statistically sig
nificant carcinogenic effect (p < 0.01) in the life
table analysis. A histogram of the ratios of the 
TD50 from the most potent lifetable site to the 
TD50 from the equivalent summary incidence site is 
shown in Fig. 2. The lower the ratio, the _more 
potent is the lifetable estimate of TD50 compared 
to the summary estimate. 

As expected, the lifetable TD50 is nearly always 
more potent than the summary TD50 (i.e., ratio < 
1.0); however, the overall differences are not large. 
For about half the cases the effect of using lifetable 
data is to reduce the TD50 (to increase potency) by 
less than 30%. The median ratio is 0.72, and 90% 
of the ratios lie between 0.30 and 1.30. The simi
larity in the TD50 estimates by the two methods of 
analysis suggests that summary incidence data can 
be used to estimate carcinogenic potency with a 
high degree of confidence. 

Summary estimates can be improved if experi
mental results are published for the number of 
animals with the tumor(s) of interest as a proportion 
of the number alive at the time of the first tumor in 
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the experiment, rather than as a proportion of the 
number initially exposed. Such information adjusts 
for early mortality and removes from the potency 
calculation those animals that were not alive and at 
risk of tumor at the time of tumor occurrence. 

Estimates of the shape of the dose-response 
curve by summary and lifetable methods are 
consistent for two-thirds of the most potent sites in 
statistically significant experiments. While more 
dose-response curves are classified as curving 
upward by lifetable methods, statistically significant 
sites with linear curves are also usually found within 
the same experiment or in other experiments of the 
same test agent. If in fact there is a difference in 
the dose response in such cases, then estimation of 
risk at low dose might be quite different when 
based upon the results for the two different target 
sites. 

SOME TAUTOLOGOUS ASPECTS OF THE 
COMPARISON OF CARCINOGENIC POTENCY IN 
RATS AND MICE 

A basic issue in cancer research is how reason
able it is to use the results of animal experiments to 
predict carcinogenic potency in man. We began an 
attempt to answer this question by comparing 
potency in rats and mice, using the results of 
experiments conducted by the National Cancer 
Institute/National Toxicology Program.4 If there is 
little correlation between these two species, we 
cannot hope to extrapolate animal experimental 
results to man. 

We have found that the carcinogenic potencies 
of chemicals that are positive in both rats and mice, 
as defined by the TD50 measure, are highly corre
lated. We have also shown that the experimental 
doses administered to the two species are highly 
correlated; these doses are defined as the max-



imum level of exposure predicted not to alter the 
normal longevity· of the animals from effects other 
than- canter (MTD, maximally· tolerated dose). 
Because of the nature -of the usual experimental 
design, the wide range· of MTD's found in practice, 
and the experimental observation .. that a 100% 
tumor incidence in a treated group· is only rarely 
seen, it is implied that the carcinogenic potencies 
of chemicals that are positive in both rats and mice 
will also be veryhighly correlated. . 

This "artifact" of potency estimation does not 
imply that there is no basis for extrapolating animal 
results in man, but it does suggest that the interpre
tation of correlation studies of potency needs much 
further thought. We have begun to explore biologi
cal bases for a close relationship between maxi
mally tolerated doses and carcinogenic potency. 
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